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Probing baryon physics in galaxies

Stars in galaxies keep the fossil record over formation history 
Stellar population models to derive parameters 
Multi-band photometry over large wavelength base or medium-resolution 
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Stellar evolutionary tracks 
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Stellar libraries in comparison
Stars Stellar population models

Maraston & Strömbäck 2011
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Element ratios through semi-theoretical 

response functions

C. Maraston
stellar atmospheres

Korn, Maraston, Thomas 2005   
Tripicco & Bell 1995; Trager et al 2000
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Full Spectral Fitting Code FIREFLY

Gives an array of fits, each as a combination of 
single-burst modes (SSPs), to get SFH, metallicity, 

age distribution, etc.

Fast computation of likelihood 
surfaces of properties

Ability to change and compare input 
stellar population model ingredients 

Reconstructs SFHs from 
combinations of bursts

SP models of Maraston & Strömbäck 2011

pPXF (Cappellari & Emsellem 2004)
STARLIGHT (Cid-Fernandes et al)
FSPS (Conroy et al 2014)
...

Wilkinson & Maraston 2015
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Deriving element abundance ratios

Thomas et al 2011; Johansson et al 2012;  
Graves & Schiavon 2008; Proctor & Sansom 2002
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Model comparison

Kuntschner et al 2010
The Astrophysical Journal, 780:33 (17pp), 2014 January 1 Conroy, Graves, & van Dokkum
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Figure 18. Comparison between different techniques for estimating ages and elemental abundances. Our results are compared to techniques that rely on Lick index
fitting, including Graves & Schiavon (2008, EZ_Ages), Thomas et al. (2010, T10), Johansson et al. (2012, J12), and Worthey et al. (2013, W13). The EZ_Ages results
are based on modeling the exact same stacked spectra as used herein, the W13 results are based on similar but not identical stacks, while the T10 and J12 results are
linear fits to results obtained for ∼4000 SDSS early-type galaxies with light-weighted ages greater than 2.5 Gyr. Note that T10 derive a single [α/Fe] ratio, which we
plot in both the [Mg/Fe] and [O/Fe] panels, as it is not entirely clear which element their [α/Fe] parameter is most sensitive to. Qualitatively the derived trends agree
well between various methods/groups, although quantitative differences are clearly evident.
(A color version of this figure is available in the online journal.)

Mg b index when 20 stars are used along a 13 Gyr isochrone,
compared to only 3 stars along a 5 Gyr isochrone. This translates
directly into differences in the derived [Mg/H] abundances, and
therefore any model using only a small number of stars along
an intermediate-age isochrone will tend to overestimate the
[Mg/H] abundance.

In summary, there is broad agreement between models for
those elements that impart strong, localized changes in low-
resolution data (especially C, N, Mg, and Ca; see Figure 2). In
such cases models based on spectral indices seem to perform as
well as our model based on full-spectrum fitting. The power of
fitting the detailed spectrum lies in measuring parameters that
either impart a more subtle change in the spectrum (as in the
case of Si and Mn), or affect large swaths of the spectrum (as in
the case of O, Ti, and most of the iron peak elements).

7. DISCUSSION

The main results from this paper are summarized in Figure 19,
where we show the abundance patterns of 13 elements as a

function of early-type galaxy velocity dispersion. This is the
most comprehensive analysis of the detailed abundance patterns
of the stars within distant galaxies to-date. We emphasize that
the spectra sample approximately the inner 0.5 Re, and thus the
abundances derived should be representative of the inner regions
of the galaxies. In this section we discuss several implications
of these results.

The qualitative agreement between our results and those of
previous authors is, for the most part, very encouraging. This
is significant because our model is a major departure from
all previous analyses of the abundance patterns of early-type
galaxies. Previous work focused on the analysis of selected
spectral indices with theoretical spectral models that were
relatively simple with respect to the theoretical spectral libraries
used herein. In addition, we have included a large number of
additional free parameters in order to marginalize over our
ignorance of various aspects of stellar evolution and stellar
populations. In spite of these differences in techniques, there
is excellent agreement in the trends, including the derived light-
weighted ages, the weak variation in [Fe/H] and [Ca/Fe],

14

Conroy et al 2014

Johansson et al 
Graves&Schiavon 
Thomas et al 
Worthey et al 
Conroy et al

Good (dis)agreement!
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Formation timescales and downsizing

6. FORMATION EPOCHS

The relations shown in Figure 6 (see also eqs. [1] and [3]) can
be used to constrain the epochs of the main star formation ep-
isodes and the star formation timescales for early-type galaxies
as a function of their mass and environmental densities. It should
be emphasized that the majority of the objects in the present
sample obey these relationships. Only 15% of the sample (Fig. 4,
squares) require a 20% contribution from intermediate-age pop-
ulations on top of the base old population described by equa-
tion (1), and a further 9% (diamonds) are best modeled assuming
70% young populations. The young low-mass galaxies (Fig. 4,
triangles) do not play a significant role in the total mass budget of
early-type galaxies, the latter being dominated by L! galaxies
with M! " 1011 M# situated at the turnover of the luminosity
(mass) function (Bell et al. 2003; Baldry et al. 2004). This im-
plies that about 90% of the total stellar mass hosted by early-
type galaxies is well represented by the relationships given in
equation (1).

6.1. RelatinggTimescale and ! / Fe Ratio

The key point of this analysis is that the ! /Fe ratio lifts the
degeneracy between formation epoch and formation timescale.
This is done by relating the observationally derived luminosity-
averaged ! /Fe ratios of the stellar populations with the time-
scales of their formation. For this purpose we simulate the
formation and chemical evolution of a set of toy galaxies as-
suming various star formation histories characterized by dif-
ferent timescales, similar to the exercise presented in Thomas
et al. (1999).

We start with a gas cloud of primordial chemical composi-
tion. By imposing a star formation rate as a function of time,
which is given by the specific star formation history assumed,
we let the gas cloud form stars. These stars enrich the gas of the
cloud (the interstellar medium) with heavy elements produced
mainly in supernova explosions. For the aim of this paper we
follow the chemical enrichment of ! and Fe peak elements. A
key point is that we take the delayed enrichment of Fe from
Type Ia supernovae into account using the prescription of Greggio
& Renzini (1983; see Thomas et al. 1998 for more details). Stellar
populations successively form out of more and more chemically
enriched gas, resulting in the buildup of a composite stellar pop-
ulation. Every generation of stars in this composite will have the
chemical composition, and hence ! /Fe ratio, of the gas out of
which it had formed. We examine this population 12 Gyr after
the formation of the first stellar generation and calculate its V
light–averaged [! /Fe] ratio, which corresponds to the quantity
observationally derived in this study. The weight in V luminosity
of the single stellar populations as a function of their ages is
adopted from theM=L ratios of Maraston (2005). The IMF slope
is kept fixed to Salpeter. As in Thomas et al. (1999), the simu-
lations are carried out assuming a closed box, which implies that
selective mass loss is assumed not to occur and thus not to affect
the ! /Fe ratio.

The star formation histories in the different runs are chosen to
be Gaussians of various widths !t (FWHM). We find the fol-
lowing linear relationship between ! /Fe ratio and log!t:

½!=Fe% & 1

5
' 1

6
log!t: ð4Þ

The equation reflects what has already been shown in Thomas
et al. (1999), namely, that a ratio ½!=Fe% ¼ 0:2 of a composite
stellar population requires formation timescales!tP 1 Gyr. The

larger !t, the lower is the final ! /Fe ratio of the stellar popula-
tion because of the late enrichment of Fe from Type Ia super-
novae. Star formation extended over the Hubble time yields an
! /Fe close to solar.We note that this link between! /Fe ratio and
star formation timescale is in very good agreement with the more
detailed chemical evolution simulations of Pipino & Matteucci
(2004).

The combination of equations (1) and (3) with equation (4)
then yields correlations of !t with " and mass for early-type
galaxies valid in both high and low environmental densities:

log!t & 3:44' 1:68 log "

& 3:67' 0:37 log (M!=M#): ð5Þ

Equations (1) and (3) further give the light-average ages as a
function of ", constraining the epoch at which the object has
formed.

6.2. The Star Formation Histories

The resulting star formation histories for various galaxy
masses and velocity dispersions are shown in Figure 10. The
x-axis is look-back time; the upper x-axis gives the correspond-
ing redshifts assuming"m ¼ 0:3,"# ¼ 0:7, andH0 ¼ 75 kms'1

Mpc'1 (Spergel et al. 2003). The top and bottom panels show the
results for dense and loose environments, respectively.

It should be kept in mind that Figure 10 is based on average
ages and! /Fe ratios at a givenmass. As discussed in x 4, the data
require a scatter in ! /Fe ratio of the order of 0.05–0.07 dex (see
Fig. 7), which translates into a spread in star formation timescale
of about a factor of 2. The observed spread in average age is
consistent with a scatter of about 20%–25% (see Fig. 7). For
a cluster early-type galaxy with stellar mass M! " 5 ; 1011 M#
(" ¼ 280 km s'1), for instance, this implies a spread about the

Fig. 10.—Star formation histories of early-type galaxies as a function of their
stellar masses M! (see labels). The stellar masses M! correspond to the velocity
dispersions " ¼ 100, 140, 190, 240, 280, and 320 km s'1 (see eq. [2]). The star
formation histories are derived from the mean ages and [! /Fe] ratios shown in
Fig. 6 and eqs. (1) (or [3]) and (4). Redshifts assume "m ¼ 0:3, "# ¼ 0:7, and
H0 ¼ 75 kms'1Mpc'1 (Spergel et al. 2003). The dotted linemarks the average age
of a high-density object with M! ¼ 1011 M# (" ¼ 320 km s'1) for comparison.
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Figure 4. Comparison of SSP-equivalent parameters (x-axis) and mass-weighted parameters derived using spectral fitting (y-axis) within
the same aperture of one e↵ective radius R

e

. Magenta points highlight the objects with low Fe as discussed in Section 2.3. Identity lines
are given for age and metallicity. The right panel shows [↵/Fe] versus t50, the time taken to form half the current-day mass. The relation
t50 = �15.3[↵/Fe] + 5.2 given by eqn. 2 in de La Rosa et al. (2011) is over plotted on our data with a green dashed line. The blue dotted
line shows the canonical conversion of abundance ratio to star formation timescale from equation (4) of Thomas et al. (2005) based on
chemical evolution models: [↵/Fe] ⇠ 1

5 � 1
6 log�t. The red solid line and text indicate our best-fitting function of this same form, giving

an empirical relation between [↵/Fe] and t50 for the ATLAS3D sample.

Figure 5. Residuals from the SSP-velocity dispersion trends plotted as a function of molecular gas fraction. Median errors are indicated
in the bottom left corner of each panel, with H2 mass fraction errors within the plotting symbol. Arrows indicate 3� upper-limits for
the H2 mass. Diamonds denote CO detections in the Virgo cluster. Open circles show detections of non-Virgo objects. Filled magenta
symbols correspond to the ‘low-Fe’ objects discussed in Section 2.3. Their weak Fe5015 indices result in low metallicity and high [↵/Fe].
We speculate that these objects have had recent gas accretions, giving rise to young, metal poor stars that have not yet been enriched
with ejecta from Type 1a supernovae. Only one of these low-Fe objects is found in the Virgo cluster (filled magenta diamond).

code of Cid Fernandes et al. (2005). We also show the
canonical relation between abundance ratio and star for-
mation timescale from Thomas et al. (2005), equation (4):
[↵/Fe] ⇠ 1

5 � 1
6 log�t, where �t is the FWHM of the

assumed Gaussian SFH. This relation reproduces the non-
linearity of our measured timescale against [↵/Fe]. We also
note that the limited age resolution of the SSP models at the
oldest ages creates a ‘floor’ in the t50 values at the shortest
timescales. This important region, corresponding to the ear-
liest epochs of massive galaxy formation, is where abundance
ratios can yield higher fidelity than our SFH. We therefore
use our empirical half-mass formation time to constrain a
relation of the same form as that of Thomas et al. (2005) to

relate [↵/Fe] to t50. The resulting expression is indicated by
the red line in Fig. 4, and is given by:

[↵/Fe] = 0.28� 0.19 log(t50) . (3)

The objects plotted with magenta symbols in Figure
4 (the low-Fe objects) are mostly outliers to the [↵/Fe]-
t50 trend, having large values of t50 - i.e. long formation
timescales, contrary to what is expected from their high
[↵/Fe] values. The relatively weak iron indices result in low
metallicities and subsequently high [↵/Fe], but since they
also have low velocity dispersions, they are strong outliers
in the scaling relations shown in Figure 8. Figure 5 shows
the residuals of the SSP parameter - velocity dispersion re-
lations for an R

e

/8 aperture, plotted against molecular gas

c� 0000 RAS, MNRAS 000, 1–33

11

Figure 6. SSP-equivalent population parameters measured within one e↵ective radius, plotted on the plane of e↵ective radius Rmaj
e

versus dynamical mass, MJAM. Colours indicate the population parameters as indicated in each plot after spatially averaging with the
LOESS technique described in the text. For a fixed range in MJAM, the smallest galaxies are generally the oldest, most metal rich and
alpha-enhanced. Dashed lines show lines of constant velocity dispersion: 50, 100, 200, 300, 400 and 500 km s�1 from left to right, as
implied by the virial mass estimator MJAM= 5Rmaj

e �2/G. The red curve shows the ‘zone of exclusion’ (ZOE) defined in Cappellari et al.
(2013b).

Figure 7. Same as Figure 6, but using the mass-weighted age and metallicity, and t50 - the time taken to form half the stars inside 1R
e

.

4 POPULATION TRENDS WITH VELOCITY
DISPERSION AND MASS

In this section we present a more traditional two-dimensional
analysis of the stellar population parameters, examining
their scaling properties with velocity dispersion and mass,
for SSP-equivalent and mass-weighted properties. This al-
lows a more quantitative study of these relations and their
scatter, as well as providing context for our findings on the
Mass Plane, allowing direct comparison to previous authors.
All linear fit parameters are given in Table 5.

4.1 SSP-equivalent parameters versus velocity
dispersion

Figure 8 shows the resulting SSP-equivalent parameters for
our three aperture radii, plotted against the e↵ective velocity
dispersion, log(�

e

), given in column 2 of Table 1 in Cappel-
lari et al. (2013a). As shown in the previous section, the pop-
ulation parameters correlate tightly with velocity dispersion,
confirming the trends from previous authors. For compari-
son, in Figure 8 we overplot with dashed lines the relations
from Thomas et al. (2010) based on analysis of 3,360 galax-

c� 0000 RAS, MNRAS 000, 1–33

Thomas et al 2005

McDermid et al 2015

Formation time-scales from ử/Fe ratio 
With ages: downsizing 
Strongest correlation with velocity 
dispersion
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Galaxy populations with SDSS

Measuring galaxy environments in large scale photometric surveys 3
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Figure 1. Galaxy distribution for the SDSS main footprint (top left) and the projected galaxy environment for the redshift range: 0.025 < z < 0.08 for
spectroscopic redshift measurements (top right), photometric redshift measurements (bottom left) and simulated photometric redshift measurements (bottom
right) with a redshift uncertainty of 0.06. The projected environments are measured with a conical aperture (with a radius of 0.5Mpc at the lower redshift
bound) that extends through the whole redshift range. Dense environments are shown in red and sparse environments are in blue. The 10th and 90th

environment percentiles are used for the lower and upper limits on the colour bars.

2.1 Fixed aperture

Perhaps the simplest method to measure galaxy environment is to
count the number of galaxies (excluding the target) within a fixed
volume centred on the target. A number density can be computed
by dividing the number of galaxies found by the comoving vol-
ume. This type of approach is known as a fixed aperture method.
A variety of apertures have been used including: spheres (Croton
et al. 2005), cylinders (Gallazzi et al. 2009) and annuli (Wilman,
Zibetti & Budavári 2010). These fixed aperture methods are dis-
crete measures of environment as the number count is either a pos-
itive integer or zero and the volume is fixed. The discrete nature
of these environment measures makes it difficult to distinguish be-
tween low density environments. Field galaxies can exist in isola-
tion with no other galaxies present within an aperture, centred on
the target galaxy. In this approach such galaxies would be flagged
and removed from the analysis.

The size of the aperture used in a study, for example, the ra-
dius of the sphere or the radius and height of the cylinder, must be
chosen. Choosing a small aperture will result in a large number of
the target volumes being devoid of galaxies. However the measure
would be sensitive to the most dense environments. Conversely, a
large aperture will reduce the number of target volumes that are

devoid of galaxies, enabling it possible to measure a range of low
density environments. Probing increasingly large scales, however,
tends to homogeneous the environments. Ideally the choice of scale
should match the scale of the physical processes that are believed
to drive the evolution of the galaxy properties.

2.2 Nearest neighbour

The other main family of methods is the nearest neighbour meth-
ods. For each target galaxy in the dataset the N th nearest neighbour
galaxy is identified. A 3-dimensional treatment, based on spherical
volumes, can be applied to simulations (Haas, Schaye & Jeeson-
Daniel 2012) as the distances between galaxies can be determined
accurately. More often in observational studies cylindrical volumes
are used to constrain the nearest neighbours, to mitigate the effects
of redshift distortions or redshift errors. In either case the comov-
ing distance to the N th nearest neighbour is computed and this is
used as the radius to compute a comoving volume centred on the
target galaxy. Dividing N by this volume gives a number density.
Dense environments are obtained when the N th nearest neighbour
is close to the target.

One difficulty with the N th nearest neighbour method is that
if there are N � 1 neighbours in a group, near the target, the N th

c� 0000 RAS, MNRAS 000, 000–000

Etherington & Thomas 2015

Large survey area allows precise 
mapping of large scale structure and 
galaxy environment with statistical 

analysis of galaxy populations

1780 D. Thomas et al.

conclude that there is no considerable change as a function of envi-
ronmental density, hence the age–σ relationship is independent of
environment.

Very different is the behaviour of the blue cloud (rejuvenated)
population. In this case, the environment plays a critical role. The
rejuvenation fraction increases with decreasing environmental den-
sity. Hence early-type galaxies in lower density environments are
not generally younger (at a given mass), but the fraction of rejuve-
nated galaxies is higher. This dependence on environment is very
similar to what has been found by Schawinski et al. (2007a) al-
beit tracing only the most recent residual star formation episodes in
early-type galaxies through near-UV colours.

Blue horizontal branches from metal-poor or peculiar metal-rich
subpopulations (Greggio & Renzini 1990; Dorman, O’Connell &
Rood 1995; Yi, Demarque & Oemler 1998) may mimic an apparent
presence of young populations (Lee, Yoon & Lee 2000; Maraston
& Thomas 2000; Maraston et al. 2003; Trager et al. 2005; T05).
This degeneracy is very difficult to disentangle in unresolved stellar
populations. We use therefore further indicators of residual star
formation that are independent of horizontal branch morphology for
consistency checks. The α/Fe element abundance ratio is a useful
quantity, because it quantifies the relative importance of delayed
chemical enrichment from Type Ia supernovae owing to late residual
star formation (e.g. Greggio & Renzini 1983; Matteucci & Greggio
1986; Matteucci 1994; Thomas, Greggio & Bender 1999; Greggio
2005). We further study emission line properties as indicators for
possible star formation and/or active galactic nuclei (AGN) activity,

as the ancillary use of emission line diagnostics allows us to break
this degeneracy.

3.3 The α/Fe ratio as a function of environment

Fig. 3 shows contour plots for the α/Fe–σ relations using the same
symbols and colour coding as in Fig. 2. We confirm previous find-
ings of a very well-defined and tight correlation between velocity
dispersion and α/Fe ratio. The linear fits are again performed on
the red sequence population (orange contours) as defined in the
previous section. The distribution about this fit is shown in the top
right-hand panel (black histogram and orange line). The cyan line
is the rejuvenated population. The dotted lines in all panels indi-
cate the fit including all environmental densities. Also in this case
the slope and zero-point of the correlation are consistent with no
variation as a function of environment.

The environment-dependent rejuvenated population (cyan con-
tours) is offset from the general fit to slightly lower [α/Fe] ratios
by ∼0.1 dex. Note that errors in age and α/Fe do not correlate such
that they could create the offset in α/Fe seen here (see fig. 3 in
T05). This result is critical, as it supports the interpretation that the
low light-averaged ages of the rejuvenated population are indeed
caused by the presence of residual star formation in these objects.
This conclusion is further supported by the fact that rejuvenated
elliptical galaxies with low α/Fe ratios tend to have extra light
in the centre pointing towards a dissipational formation scenario
(Kormendy et al. 2009). Fig. 3 shows that the offset in α/Fe ratio

Figure 3. Contour plots of the relationship between stellar velocity dispersion and α/Fe ratio for various environmental densities as indicated by the inset
histograms. The environmental density is proportional to the number density per volume, but no precise physical units are associated to it. The lowest and
highest density bins contain 658 and 571 out of 3360 galaxies, respectively. The cyan contours are rejuvenated objects with light-averaged ages smaller than
2.5 Gyr (see Fig. 2), the orange contours are the old red sequence population. Underlying grey contours include both populations. The solid line is a linear fit
to the red population, the parameters of the fit are given at the top of each panel. The dotted line is the fit all environmental densities (parameters from top
left-hand panel). Its distribution is shown by the top right-hand panel (same colour coding). The label gives the standard deviation σ for the fit. The α/Fe–σ

relationship for the red sequence population is independent of environment.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 404, 1775–1789

Environment and self-regulation in galaxies 1781

is relatively small, however, which suggests that only minor star
formation episodes are responsible for this rejuvenation. This is in
agreement with the mean stellar ages derived from the mid-infrared
fluxes of early-type galaxies that only allow for small amounts of
recent star formation (Temi, Brighenti & Mathews 2005).

3.4 Total metallicity as a function of environment

The contour plots for the Z/H–σ relations are shown in Fig. 4
using the same symbols and colour coding as in Fig. 2. Again, we
confirm the existence of a well-defined Z/H–σ relation. Our data
mainly improve on its tightness and significance. The linear fits are
again performed on the red sequence population (orange contours)
as defined in the previous section. The distribution about this fit
is shown in the top right-hand panel (black histogram and orange
line). The cyan line is the rejuvenated population. The dotted lines
in all panels indicate the fit including all environmental densities.
Like for age and α/Fe ratio, these relationships are independent of
environment.

Fig. 4 further shows that the rejuvenated galaxies (cyan sym-
bols) have slightly higher metallicities than the bulk popula-
tion by ∼0.1 dex. This agrees well with previous findings of an
age–metallicity anticorrelation at given σ in early-type galaxies
(e.g. Trager et al. 2000a). The slight increase in metallically sug-
gests that the residual star formation in these galaxies does not in-
volve purely metal-poor pristine gas but must include at least some
fraction of previously enriched interstellar medium either from in-

ternal reprocessing or external accretion. Again, the fact that the
offset is small suggests that the rejuvenation event involves only a
minor fraction in mass.

3.5 Colour

As a cross-check of the stellar population parameters derived from
absorption line indices we briefly discuss u − r colour. Fig. 5 shows
contour plots for the u − r– σ relation using the same symbols
and colour coding as in Fig. 2. All environmental densities are
included. The linear fits are again performed on the red sequence
population (orange contours) as defined in the previous section. The
rejuvenated population (cyan contours) with light-averaged ages
below 2.5 Gyr as defined in Fig. 2 is well separated from the red
population showing bluer u − r colour by about 0.2 mag. The old
population forms a well-defined red sequence, while the rejuvenated
objects occupy the region that is known as the ‘blue cloud’. The
u − r colour clearly reinforces the conclusions drawn from Fig. 2.

3.6 Star formation activity and AGN

It is interesting to analyse the ionization states of the gas in the
early-type galaxies as a function of their position on the age–σ re-
lationship. In particular, the possibility of blue horizontal branch
stars mimicking the presence of young stellar populations can
be ruled out if rejuvenation coincides with star formation activ-
ity detected through emission lines. The majority of the sam-
ple (77 per cent) shows no significant emission lines, hence are

Figure 4. Contour plots of the relationship between stellar velocity dispersion and total metallicity for various environmental densities as indicated by the
inset histograms. The environmental density is proportional to the number density per volume, but no precise physical units are associated to it. The lowest and
highest density bins contain 658 and 571 out of 3360 galaxies, respectively. The cyan contours are rejuvenated objects with light-averaged ages smaller than
2.5 Gyr (see Fig. 2), the orange contours are the old red sequence population. Underlying grey contours include both populations. The solid line is a linear fit
to the red population, the parameters of the fit are given at the top of each panel. The dotted line is the fit for all environmental densities (parameters from top
left-hand panel). Its distribution is shown by the top right-hand panel (same colour coding). The label gives the standard deviation σ for the fit. The Z/H–σ

relationship for the red sequence population is independent of environment.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 404, 1775–1789

Environmental density

Thomas et al 2010
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Figure 11. The normalised distributions of log M� (left) and log � (right) when controlled for � and M� respectively, for all objects in
black and di�erent emission line classes in varying colours. The numbers at the top-right of each panel indicate the means and standard
deviations of both distributions. From top to bottom: star forming (blue), composites (purple), Seyferts (green) and LINERs (red).
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Figure 10. The fraction of, from left to right, top to bottom, star forming, composite, Seyfert and LINER objects in log M⇥ - log �
space for our main sample.

class
log M⇥ log �

d prob. d prob.

SF 0.301 < 10�308 0.058 3.5 ⇤ 10�15

Composite 0.168 < 10�308 0.048 0.03218
Seyfert 0.240 9.8 ⇤ 10�12 0.077 0.13049
LINER 0.414 < 10�308 0.120 0.0464509

Table 2. KS test results from comparing the emission line class distributions shown in Fig. 11 with their control group from the overall
sample. The KS-test distance is labelled ‘d’, and ‘prob.’ is the probability that the two distributions are drawn from the same sample.
Numbers denoted as < 10�308 were too small to be stored as double precision.

stellar histories and track the most recent period of star
formation. They theorise that star formation is quenched
by AGN feedback, before the AGN itself runs out of fuel
and the galaxy settles into quiescence, in a mass-dependent
process. We extend this work by looking at environmental
dependence, and find that our picture agrees with theirs,
with environment having minimal importance.

This apparent dominance of mass over environment as
a star formation driver is in agreement with other studies
of star formation fractions (e.g. Thomas et al. 2010; Rogers
et al. 2010). Thomas et al. (2010) find that an increase in
the fraction of galaxies with young stellar populations is ob-
served at lower masses and densities, with mass being the

driving factor, due to an increased fraction of ‘rejuvenated’
galaxies (objects which have had recent minor star forma-
tion events, i.e. those in the ‘blue cloud’) which are defined
as having low ages and �/Fe and high metallicities. Rogers
et al. (2010) also find that mass (using stellar velocity dis-
persion as a proxy) is a more important driver of star forma-
tion than local environment. They observe that the fraction
of objects with recent star formation is lower in environ-
ments with high halo masses, and suggest that the (minor)
decrease in star formation fraction at higher environments
could be due to the higher e⇤ciency of gas stripping in more
massive haloes. It is worth noting that these di�erent ap-
proaches all agree with the finding that star formation is

c� 2013 RAS, MNRAS 000, 1–16

Peng et al 2010
Ferreras et al 2011

Anna Gallazzi’s talk
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Redshift evolution of dark matter fraction
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FIG. 11.— Ratio between the stellar and dynamical masses as a function of redshift, for galaxies with logM⋆> 11M⊙. Colored points are the mean
of Mdyn/M⋆ for our redshift bins, the filled star and triangles are mean values for different samples, and open squares are individual measurements.
Green solid lines indicate our fit in the range 0.08 < z < 2.18, green dashed lines indicate the fit with slope zero. Black-dotted horizontal line delimits
the non-physical regime (below the line).

BC03” with reddening included, as it is assumed in the
z > 0.7 literature stellar masses, which gives an offset to
Maraston (2005) based stellar masses of 0.13 dex.

This offset is consistent with differences in stellar mass
due to stellar population models found for BOSS galaxies
(see Appendix of Maraston et al. 2013) and for galaxies in
COSMOS (Ilbert et al. 2010).

Stellar masses of the z > 0.7 sample were obtained as-
suming an exponentially decaying star formation history.
Pforr et al. (2012) show that a setup with “only−τ” mod-
els, would not make significant variations to stellar masses
(-0.01 dex), suggesting that the larger offset we use here
(corresponding to a wide choice of star formation histo-
ries) is more conservative. Moreover, galaxies at high-
z could better modeled with an exponentially increasing
star formation history (Maraston et al. 2010), which, with
Maraston (2005) models, would give stellar masses 0.2 dex
higher than the ones we consider here, compensating the
offset with Bruzual & Charlot (2003) models.

Some of the galaxies in our sample might not be pas-
sive (see for instance the Bezanson et al. 2013a sample). In
Pforr et al. (2012) star-forming mocks show an offset of
about 0.12 dex in the case of “wide BC03” fitting setup,
which is of the same order of the offset for passive galax-

would give the same scaling factors of the z=2 ones. This might not be correct
for real galaxies, where offsets could be smaller at z ∼ 1.

ies. Hence, the choice of the offset for passive galaxies will
not affect our results (and in case the evolution would be
stronger).

In Figure 11 we show local SDSS and BOSS galaxies
together with the EDIsCS and van de Sande et al. (2013)
samples, covering the full range of redshift 0.08 < z <
2.18.

Our aim here is to compare our BOSS and SDSS data
with Figure 7, left panel, of van de Sande et al. (2013),
which lacks of intermediate redshift data. Compared to
that figure, we invert their y-axis to be consistent with our
previous figures, and use the ratio of Mdyn/M⋆ as a func-
tion of log(1 + z).

For the local SDSS and BOSS data we consider the
median data in each redshift bin (colored points in Fig-
ures 9 and 10, and in the actual fit we did not consider
the red point as for our previous analysis), and we binned
data from each literature work to a median value of the
Mdyn/M⋆ ratio and redshift.

For local SDSS galaxies and high-redshift galaxies er-
rors are given as standard errors (the standard deviation
of the distribution of the points is shown with the dotted
lines too). For the BOSS sample errors come from Monte
Carlo simulations (see Section 6.1).

By fitting our data in the full redshift range of 0.08 <
z < 2.18, we find Mdyn/M⋆∝ (1 + z)−0.32±13 (see Fig-
ure 11). The slope is slightly shallower than what we find

SDSS-III/BOSS 
Mdyn/M* evolution at >2σ 
significance 
Dark matter fraction within Re 
has been lower in the past

Dark matter fraction in centres 
of massive galaxies grows with 

cosmic time

Beifiori et al 2014
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ABSTRACT

We study the redshift evolution of the dynamical properties of ∼180,000 massive galaxies from SDSS-III/BOSS
combined with a local early-type galaxy sample from SDSS-II in the redshift range 0.1 ! z ! 0.6. The typical
stellar mass of this sample is M⋆ ∼ 2 × 1011 M⊙. We analyze the evolution of the galaxy parameters effective
radius, stellar velocity dispersion, and the dynamical to stellar mass ratio with redshift. As the effective radii of
BOSS galaxies at these redshifts are not well resolved in the Sloan Digital Sky Survey (SDSS) imaging we calibrate
the SDSS size measurements with Hubble Space Telescope/COSMOS photometry for a sub-sample of galaxies.
We further apply a correction for progenitor bias to build a sample which consists of a coeval, passively evolving
population. Systematic errors due to size correction and the calculation of dynamical mass are assessed through
Monte Carlo simulations. At fixed stellar or dynamical mass, we find moderate evolution in galaxy size and stellar
velocity dispersion, in agreement with previous studies. We show that this results in a decrease of the dynamical
to stellar mass ratio with redshift at >2σ significance. By combining our sample with high-redshift literature
data, we find that this evolution of the dynamical to stellar mass ratio continues beyond z ∼ 0.7 up to z > 2 as
Mdyn/M⋆ ∼ (1 + z)−0.30 ± 0.12, further strengthening the evidence for an increase of Mdyn/M⋆ with cosmic time.
This result is in line with recent predictions from galaxy formation simulations based on minor merger driven mass
growth, in which the dark matter fraction within the half-light radius increases with cosmic time.

Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation –
galaxies: high-redshift – galaxies: kinematics and dynamics

Online-only material: color figures

1. INTRODUCTION

Early-type galaxies play an important role in observational
studies of galaxy formation and evolution. Tight empirical cor-
relations between the observed dynamical and stellar popula-
tion properties of early-type galaxies have been derived that set
useful constraints to their formation histories. These are correla-
tions between size (effective radius, Re), surface brightness and
stellar velocity dispersion (σe), i.e., the fundamental plane (FP;
Dressler et al. 1987; Djorgovski & Davis 1987; Bender et al.
1992, 1993), the stellar mass plane (Hyde & Bernardi 2009b;
Auger et al. 2010a), the fundamental manifold of galaxies
(Zaritsky et al. 2008), as well as correlations between galaxy
color and stellar population age and metal abundance with
galaxy mass (see review by Renzini 2006).

Such scaling relations represent a powerful phenomenologi-
cal tool to study the co-evolution of baryonic and dark matter
in galaxies. The latter has been studied extensively for the lo-
cal galaxy population. The tightness of the FP has been used
to constrain stellar population variations or dark matter content
in galaxies (Renzini & Ciotti 1993) or to study non-homology
(Ciotti et al. 1996). Gerhard et al. (2001) studied the dynami-
cal properties and dark halo scaling relations of giant elliptical
galaxies and found that the tilt of the FP is best explained by
a stellar population effect and not by an increasing dark matter
fraction with luminosity.

Cappellari et al. (2006), using data from the SAURON survey
(de Zeeuw et al. 2002), suggested that dynamical to stellar mass-
to-light ratios larger than one are due to dark matter, assuming
a constant stellar initial mass function (IMF; Kroupa 2001) and
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FIG. 9.— Left-hand panels: Effective radii as a function of redshift. Central panels: σe as a function of redshift Right-hand panels: Ratio between the
dynamical and stellar masses as a function of redshift. Top and bottom panels indicate galaxies selected using M⋆ and Mdyn, respectively. The shaded contour
region indicates the BOSS sample in which the correction for progenitor bias has been applied, while the colored filled circles are the mean of each property for
four redshift bins. Contours show 10 equally-spaced density levels showing the percentage of galaxies compared to the peak value of each plot. Green solid lines
indicate our fit, green dashed lines indicate the fit with slope zero, black dotted lines indicate our fit once the size correction has not been applied. Error bars
indicate the 1σ uncertainty derived as in Section 6.1. Numbers in the panels include galaxies up to 0 < z ≤ 0.55 within ±1σ of the stellar and dynamical
mass distribution of BOSS galaxies. The red-continuous lines and arrows indicate the range where we fit our data. For this plot a constant β was used.
For z < 0.2 we select galaxies with Re > FWHM PSF (results do not change if we do not apply this cut).

M⋆ in the highest mass systems would be a consequence of
the fact that at low-z those systems have smaller gas content
and larger Re and larger dark matter masses enclosed within
Re. High-z progenitors which are gas rich, are formed in gas
rich mergers which result in smaller sizes, with less dark mat-
ter within Re.

7.1. Comparison with high-redshift literature data

In this Section we compare our results with similar work
at higher redshift of Saglia et al. (2010) and van de Sande
et al. (2013).

We collect public catalogs of structural parameters, stel-
lar masses and stellar velocity dispersions of Saglia et al.
(2010), for a sample of 154 cluster and field galaxies (41
field galaxies and 113 cluster galaxies) at median redshift

z ∼ 0.7, part of the EDIsCS survey. In order to derive dy-
namical masses, we follow Section 3.4, by using a variable
β(n) derived from EDIsCS Sérsic indices and Equation 20
of Cappellari et al. (2006). We rescale sizes in kpc of Ta-
ble 1 and 2 of Saglia et al. (2010) to our cosmology and
stellar velocity dispersions are rescaled to Re using Equa-
tion 2 (this does not change the values presented in Saglia
et al. 2010, where a Jorgensen et al. 1995 relation has
been used). Saglia et al. 2010 stellar masses, derived using
Bruzual & Charlot (2003) models and a diet-Salpeter IMF
(Bell & de Jong 2001), are rescaled to a common Kroupa
IMF (to match the IMF used for our local SDSS and BOSS
sample), assuming -0.05 dex offset, following Table 2 of
Bernardi et al. (2010). For our tests, we select galaxies

radius sigma Mdyn/Mstar
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Figure 10. Relation between the metallicity gradient and the central velocity
dispersion. Different symbols indicate different shapes of the inner profile
as indicated in the inset.

7.2 Metallicity gradients

The mean [Z/H] gradient of our sample is ![Z/H]/log r = −0.306
with an rms dispersion of 0.133. This value suggests a mean reduc-
tion of metallicity in elliptical galaxies of more than 50 per cent
per decade of variation in radius. This value is compatible with
the values derived by other studies, e.g. ![Z/H]/log r = −0.23 ±

0.09 (Gorgas et al. 1990); ![Z/H]/log r = −0.25 ± 0.1 (Fisher,
Franx & Illingworth 1995). In principle, the strength of the metal-
licity gradient is related to the merging history of the galaxies,
as, while dissipational processes tend to create stronger gradients,
mergers between galaxies destroy these gradients (e.g. Mihos &
Hernquist 1994; Kobayashi 2004). The mean metallicity gradients
for non-merger and merger galaxies derived by Kobayashi (2004)
are ![Z/H]/!log r ∼ −0.30 and −0.22, respectively. As can be
seen, galaxies in our sample are compatible with both of these values.
The direct comparison between the metallicity gradient obtained
with single stellar population models and numerical simulations is,
however, difficult, due to the manner by which the results from nu-
merical simulations are transformed to the observational plane. An-
other way to determine the evolutionary paths of early-type galaxies
is to study the relation between the metallicity gradients and other
global properties of these systems, as different physical processes
are expected to lead to different correlations. For example, dissi-
pational processes are believed to create steeper gradients in more
massive galaxies (Carlberg 1984; Bekki & Shioya 1999), although
this is sensitive to the adopted feedback prescription in the simu-
lations (e.g. Bekki & Shioya 1998, 1999). Dissipationless mergers
of galaxies, on the contrary, are expected to produce some dilu-
tion of the gradients in galaxies (White 1980) deleting or produc-
ing an inverse correlation among stellar population gradients and
luminosity.

Fig. 10 shows the correlation of the metallicity gradient with the
velocity dispersion for our sample of galaxies. Although the sample
is not very large, we confirm the lack of correlation previously noted
by other authors using line-strength indices (e.g. Gorgas et al. 1990;
Davidge 1991, 1992; Davies et al. 1993; Mehlert et al. 2003). Galax-
ies with steeper gradients are not the most massive of our sample
but the ones with σ ∼ 200 km s−1.

A similar trend was found by Kormendy & Djorgovski (1989)
between the colour gradients and MB in a sample obtained by com-
bining data with different quality from Vader et al. (1988), Franx,
Illingworth & Heckman (1989) and Peletier, Lauberts & Valentijn
(1989). Carollo et al. (1993) compared the Lick index Mg2 gradient

Figure 11. Relation between the metallicity gradient and the central metal-
licity. Different symbols show galaxies younger than 5 Gyr (filled circles),
between 5 and 8 Gyr (stars) and older than 8 Gyr (squares).

and both the mass and the luminosity (derived from the Fundamen-
tal Plane), and they concluded that there is a change in the slope of
the trends approximately at the same mass as found here. They also
found a significant correlation between the gradients and mass for
galaxies with Mtot ! 1011 M⊙, where Mtot represents the total mass
of the galaxy. Our sample is too small to perform reliable statistical
tests to study the significance of the correlations in the two magni-
tude ranges. Confirming the presence of a slope change in the grad
[Z/H]–σ plane at MB ∼ −21.5 will require a larger sample of com-
parable quality to that presented here. However, there is a significant
degree of evidence now which indicates that the metallicity gradient
is not constant with the mass of the galaxies, but gets steeper for
galaxies around this magnitude.

As we said earlier, the correlation between the metallicity gradi-
ent and the mass of the galaxies in the context of mergers of galaxies
depends on the degree of dissipation in the merging. A positive cor-
relation, as suggested by some authors (e.g. Carollo et al. 1993; this
study) for galaxies with MB > −20.5, is expected in mergers with
gas (Bekki & Shioya 1999), while the opposite trend (as suggested
by some studies e.g. Franx 1988; Vader et al. 1988) is expected
in dissipationless mergers, assuming that more massive galaxies
have suffered more mergers (as predicted by hierarchical models of
galaxy formation). Therefore, if the trends are confirmed, they could
be explained assuming a decrease, with the mass of the galaxy, of
the degree of dissipation during the last major merger event.

Several studies (Carollo, Dazinger & Buson 1993; González &
Gorgas 1995) have found that galaxies with stronger central Mg2

indices showed, also, steeper Mg2 gradients. Although other authors
(Kobayashi & Arimoto 1999; Mehlert et al. 2003) have failed to
find this correlation, it has been recently confirmed by some studies
(Kuntschner et al. 2006; Sánchez-Blázquez et al. 2006d). However,
Kuntschner et al. (2006) claim that the correlation is driven by S0
galaxies or, in particular, by young galaxies. If the central metallicity
values were correlated with the metallicity gradient, it would imply
that the global metallicities of ellipticals were more similar than the
central ones. Unless such aperture effects are taken into account,
the impact upon the interpretation of scaling relations – such as
the redshift evolution of the colour–magnitude relation – could be
significant.

In Fig. 11 we have plotted this relation, but using the metallicity
instead of the Mg2 index. We have separated, with different sym-
bols, galaxies in different ranges of central ages. There exists a
trend for which galaxies with higher central metallicities also show

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 377, 759–786
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Figure 16. Relation between the metallicity gradient and the parameter
(a4/a) × 100, extracted from Bender et al. (1989).

A conservative estimate of the maximum rotation velocity (v) was
computed as the error-weighted mean of the two data pairs with the
highest rotational velocities. To compute the mean velocity disper-
sion we co-added all the individual spectra with radii between the
seeing limit and the effective radius. Prior to this, we shifted all the
spectra to rest frame using the rotation curves. The final values for
the sample of galaxies presented here are listed in Table 1. A non-
parametric Spearman rank-order test gives a significant correlation
with a level of significance lower than 0.05. However, we are aware
that this correlation is driven mainly by two galaxies (NGC 1600
and 2865) and that larger samples would be necessary to confirm its
existence.

Fig. 16 shows the relation between the metallicity gradient and
the parameter (a4/a) × 100, which measured the deviation of the
shape of the isophotes from a perfect ellipse. Positive values of a4
indicate discy isophotes while a4 < 0 indicates that the isophotes
have a boxy shape. Most of the values were taken from Bender
et al. (1989), who defined this parameter as the peak value of a4/a
in the case of peaked profiles and the value at 1 effective radius in
the case of monotonically increasing or decreasing profiles. For the
galaxy NGC 2865, the value was extracted from Reda et al. (2004).
We could not find references (measured in the same way) for three
of our galaxies: NGC 3384, 4458 and 4464 and, therefore, they are
not included in the figure. For the rest of the galaxies, there exists
a strong correlation between grad[Z/H] and (a4/a) × 100. Discy
galaxies show stronger gradients and the strength of the gradient
gets lower with the boxiness of the isophotes. This strong correla-
tion is surprising as the a4 parameter measured in simulated galaxies
depends on the projection effects, and therefore, the same galaxy
can have boxy and discy isophotes depending of the viewing an-
gle (Stiavelli, Londrillo & Messina 1991; Governato, Reduzzi &
Rampazzo 1993; Heyl, Hernquist & Spergel 1994; Lima-Neto &
Combes 1995; Gibson et al. 2007). Bekki & Shioya (1997) per-
formed numerical simulations of mergers between gas-rich galax-
ies, studying the effect of star formation on the structural parameters
of the remnant. They found that the rapidity of gas consumption by
star formation greatly affects the isophotal shape of the merger rem-
nant. Mergers with gradual star formation are more likely to form
elliptical galaxies with discy isophotes, while those where the star
formation is more rapid are more likely to form boxy ellipticals
(although this depends on the viewing angle and, therefore, these
scenario can lead to galaxies that can be seen as discy too). This
scenario could explain the relation between the metallicity gradi-
ent and the shape of the isophotes found here. Furthermore, if the

Figure 17. Relation between the [E/Fe] gradient and the metallicity gradient
for our sample of galaxies.

metallicity gradients are correlated with the shape of the isophotes
and also with the central values of age and metallicity, this implies
that the young ages observed in many early-type galaxies are not the
consequence of a frosting population that form, for example, due
to the accretion of small galaxies, but that the physical process that
produced the recent star formation is related with the process shap-
ing the gradients in the galaxies. This could happen, for example,
in a scenario of mergers between galaxies.

7.3 Chemical abundances gradients

The chemical abundance ratios variations with radius give informa-
tion about the time-scales of the star formation within the galaxies.3

Fig. 6 shows the [E/Fe] gradients for our sample of galaxies. As
can be seen in the figure, galaxies show a broad variety in the slope
of the [E/Fe] profiles. In particular, contrary to what it would be
expected by models of dissipative collapse, some of the galaxies
show negative [E/Fe] gradients, indicating, if interpreted assuming
a single episode of star formation, more extended star formation
histories in the external parts.

Several theoretical works have studied the [Mg/Fe] gradients us-
ing chemical and cosmological chemodynamical evolution cores.
Martinelli et al. (1998) and Pipino et al. (2006) modelled the sce-
nario suggested by Franx & Illingworth (1990) where metallicity
gradients are the consequence of the time delay in the develop-
ment of galactic winds between the central and external parts of
the galaxies. In this scenario stars in the outermost regions form
earlier and faster than the ones in the centre and, therefore, a nat-
ural outcome from this model is an increase of the [Mg/Fe] ratio
with radius. In particular, the recent work by Pipino et al. (2006)
predicts a value of grad [E/Fe] ∼ +0.2–0.3 dex, which reproduces
the observations by Méndez et al. (2005) but it is steeper than any
of the gradients measured here. In this scenario, the duration of the
star formation is the only parameter controlling the local metallicity.
Therefore, we would expect to find a correlation between the [Z/H]
and the [E/Fe] gradients (under the assumption that [E/Fe] is a good
measure of the time-scales of the star formation).4 Fig. 17 shows the
relation between both gradients. As can be seen, we do not detect any
significant correlation in our sample of galaxies; a non-Spearman

3 This is true if we assume that there is no variations of the initial mass
function (IMF) along the radius and that the feedback processes blow away
all the elements with the same efficiency.
4 Other scenarios can produce differences in the [E/Fe] ratio, as differences
in the IMF or selective loss of gas. See e.g. (Faber et al. 1992; Worthey 1998;
Trager et al. 2000b) for details.
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Figure 18. Relation between the [E/Fe] gradient and the central velocity
dispersion of the galaxies.

rank order coefficient shows a probability of correlation lower than
40 per cent.

On the other hand, cosmological and semicosmological chemo-
dynamical simulations by Gibson et al. (2007) and Kobayashi
(2004), respectively, predict slightly shallower values, although still
steeper than the values obtained here. In particular, Gibson et al.
(2007) quoted, for a galaxy with σ ∼ 250 km s−1 a value of grad
[E/Fe] = +0.1, while Kobayashi (2004) gives mean values of grad
[E/Fe] = +0.15 and +0.2 for non-major mergers and major mergers
galaxies, respectively.

There have been two previous studies presenting [E/Fe] gradients
with high quality data in two individual galaxies. Méndez et al.
(2005) found a positive gradient in the galaxy NGC 4697 which
was reproduced by above quoted models of Pipino et al. (2006), and
Proctor et al. (2005) analysed the gradient of the galaxy NGC 821,
which showed a young population in its centre, finding a [E/Fe]
gradient compatible with being zero or slightly negative. However,
these authors claimed that if, as happens in the solar neighbourhood,
oxygen does not track Mg in early-type galaxies, then the derived
[E/Fe] could turn out to be positive.

Also Mehlert et al. (2003) derived [E/Fe] gradients for a sample
of 35 early-type galaxies in the Coma cluster. They obtained a mean
value of 0.05 ± 0.05 dex, and the deviation from the mean for all
their objects can be explained by the errors alone. Therefore, they
concluded that early-type galaxies show α/Fe gradients consistent
with zero. This does not exclude, however, the presence of negative
α/Fe gradients for some of the galaxies of their sample. In any case,
the quality of this sample of gradients is not as high as the one
in the other aforementioned studies. These authors also analysed
the relation between the gradients of metallicity and [E/Fe] without
finding any significant correlation.

In order to study whether galaxies with positive and negative
[E/Fe] gradients are intrinsically different, we have analysed the re-
lations between the slope of the gradient and other parameters of the
galaxies. Fig. 18 shows the relation between the [E/Fe] gradients and
the central velocity dispersion. A non-parametric rank-order Spear-
man test gives a non-significant correlation, although galaxies with
negative gradients of [E/Fe] tend to be in the low mass end of our
sample. We showed earlier in this section that there exists a corre-
lation between the [Z/H] gradient and the central value of [Z/H]. In
Fig. 19 we check the same relation for the values of [E/Fe]. With
different symbols galaxies with power-law (stars) and core (circles)
inner profiles are represented. This cut also corresponds to a cut
in the central σ at 200 km s−1. As can be seen, there is a correla-
tion between the central value of and the gradients in [E/Fe], but
there seems to exist a dichotomy between galaxies with core (or

Figure 19. Central [E/Fe] inside a reff/8 aperture as a function of the [E/Fe]
gradient. Symbols are the same as in Fig. 10: stars and circles represent
galaxies with power-law and core inner profiles, respectively.

galaxies with σ > 200 km s−1 in our sample) and power-law

(all galaxies with σ < 200 km s−1 in our sample) inner profiles.
For galaxies with a power-law inner profile we found a clear corre-
lation between the central value and the gradient of the [E/Fe], while
galaxies with a core profile lie above the relation. This different re-
lation may be indicating fundamental differences in the formation
processes of galaxies with σ lower and above 200 km s−1. This value
could mark the transition between wet and dry mergers (Faber et al.
2005), and its physical motivation may be related to the thermal
properties of inflowing gas in these galaxies and their interplay with
feedback processes (Binney 2004; Dekel & Birnboim 2006). The
transition between the cold flows and hot flows can be very sharp,
especially if feedback from active galaxy nuclei is included.

When this mechanism is introduced in cosmological models of
galaxy formation, most massive galaxies form their stars at high
redshift and in very short time-scales and then have assembled later
mainly through dry mergers (Cattaneo et al. 2006). This scenario can
also explain the preferentially boxy isophotes of these systems, their
lower rotation and their older stellar populations. If confirmed, it also
supports the idea of biased merging, for which more massive galax-
ies merge, preferentially, with other massive galaxies, as predicted
in the hierarchical models of galaxy formation (e.g. Kauffmann
& Charlot 1998) and also supported in the relation of the metal-
poor globular-cluster colours and the galaxy luminosity (Brodie &
Strader 2006).

We explore now the correlation between the [E/Fe] gradient and
the a4 parameter, which measures the degree of boxiness or disciness
of the isophote shapes. As can be seen in Fig. 20, the correlation is
not as clear as in the case of the [Z/H] gradient. If we exclude the
galaxy NGC 2865 there is perhaps a trend for which galaxies with a
more positive a4 show, also, a steeper, negative [E/Fe] gradient, but,
clearly, NGC 2865 does not fit into this trend. This may represent a
temporal state, as this galaxy shows a very young population in its
centre (this galaxy also deviates from the Mgb–σ relation), but we
cannot conclude anything without a larger sample.

Finally, we analyse the relation between the [E/Fe] gradient
and the anisotropy parameter as we did in Section 7.2. Fig. 21 shows
this relation. Contrary to that seen with the metallicity gradient,
there is no significant correlation between these two parameters for
the whole sample. However, if we eliminate the two most extreme
galaxies (NGC 1600 and 2865) a non-parametric rank-order test
gives a probability of no correlation lower than 1 per cent.
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Figure 20. Relation between the [E/Fe] gradient and the parameter
(a4/a) × 100, which indicates the deviation of the isophotes from perfect
ellipses.

Figure 21. Relation between the [E/Fe] gradient and the anisotropy param-
eter for our sample of galaxies.

8 R E L AT I O N B E T W E E N T H E L O C A L

S T E L L A R P O P U L AT I O N PA R A M E T E R S A N D

T H E L O C A L V E L O C I T Y D I S P E R S I O N

If galactic winds were the only mechanism responsible for the pres-
ence of metallicity gradients we might expect to find a correlation
between the local metallicity and the local potential well, and be-
tween the metallicity and the [E/Fe] gradient. We showed in Sec-
tion 7 that the latter is not present in our sample, but several authors
have found correlations between the colours and metallicity gra-
dients, and the local potential gradient, parametrized using either
the escape velocity (Franx & Illingworth 1990; Davies et al. 1993)
or the velocity dispersion (Mehlert et al. 2003). It is interesting to
check if this correlation is present in our sample.

Fig. 22 shows the relation between [Z/H] at different galactocen-
tric distances versus the velocity dispersion measured at the same
location. To study the degree of correlation we performed a non-
parametric Spearman-rank test. Table 6 shows the results of this test.
Statistically significant correlations are marked with an asterisk. We
have also drawn the result of an unweighted linear fit between the
two parameters.

We do not find a strong correlation between the local metallicity
and the local σ for all the galaxies in the sample. However, we do
find correlations for seven out of 11 galaxies.

The correlation between the local metallicity and local σ arises
naturally in a scenario where the star formation proceeds until the
energy release by the supernova overcomes the binding energy and

then the gas is expelled from the galaxy preventing more star for-
mation. As pointed out by Franx & Illingworth (1990), dissipative
models with inward flows of pre-enriched gas would, in principle,
tend to destroy the correlation. However, Davies et al. (1993) also
showed that due to anisotropy and rotation effects, the velocity dis-
persion is a poor indicator of the escape velocity, which could be
also the reason for the lack of correlation in some of our galaxies.

9 D I S C U S S I O N

Although almost all galaxies show radial abundance gradients, the
origin remains a matter of debate. A radial variation of star formation
rate (SFR), or the existence of radial gas flows, or a combination of
these processes, can lead to abundance gradients in discs (e.g. Lacey
& Fall 1985; Koeppen 1994; Edmunds & Greenhow 1995;
Tsujimoto et al. 1995; Chiappini, Matteucci & Gratton 1997). Merg-
ers are more complicated, because they depend on several param-
eters as the mass fractions of the systems merging, the amount of
dissipation and possible associated star formation. However, un-
der different scenarios we would expect differences in the strength
of the gradients and in their relationship with other global galaxy
parameters.

We have found, in the present paper, that early-type galaxies show
null or very shallow age gradients, negative metallicity gradients,
ranging from grad [Z/H] = −0.19 to −0.51 dex, and both, posi-
tive and negative, but very shallow, [E/Fe] gradients (from −0.09
to 0.06 dex). The existence of both positive and negative [E/Fe]
gradients rule out simple outside-in scenarios where the gradient
is an exclusive consequence of the delayed onset of the galactic
winds in the central parts as suggested in some studies (e.g. Franx
& Illingworth 1990; Martinelli et al. 1998; Pipino et al. 2006). This
is also confirmed by the lack of correlation between [Z/H] and [E/Fe]
gradients.

In the present paper, we have found a correlation between the
metallicity gradient and both the shape of the isophotes, and the
degree of rotational support. These trends are difficult to explain
in monolithic scenarios of galaxy formation, but are well explained
in scenarios of mergers where the degree of dissipation decreases
with the mass. In this context, and assuming that the interaction trig-
gers star formation in the centre of the remnant, the strength and the
rapidity of the central burst (in general, the degree of dissipation dur-
ing the interaction) would determine the shape of the isophotes (a4
becomes larger with the degree of dissipation, or with less efficient
star formation), the central value of [E/Fe] (also higher for more
efficient star formation) and the strength of the [Z/H] and [E/Fe]
gradients – the later could become negative if the gas is transformed
into stars very efficiently in very short time-scales (see Thomas et al.
1999).

The transition between mergers with gas and completely dissi-
pationless mergers is believed to occur at a critical stellar mass
of 3 × 1010 M⊙, which is the mass separating the red and blue se-
quence of galaxies (Kauffmann et al. 2003) in the colour–magnitude
diagram. This mass corresponds roughly to the mass of the galax-
ies showing stronger gradients (Vader et al. 1988; Kormendy &
Djorgovski 1989; this study). The dichotomy observed in the grad
[E/Fe]–central [E/Fe] plane suggests that the transition is not grad-
ual. In order to explain the existence of red and blue sequences in
the colour–magnitude diagram of galaxies (Kauffmann et al. 2003),
cosmological simulations also need to introduce a mechanism that
sharply terminates the star formation in galaxies with stellar masses
M > 3 × 10 M⊙. Feedback from active galactic nuclei (AGNs)
is the most promising candidate for this extra source of heating
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Figure 1. Metallicity gradients ∆[Z/H ] as a function of galaxy central velocity dispersion log σ (left panel) and total B-band absolute magnitude MB (right panel),
both independent proxies of galaxy mass. In the left panel, the 51 data points are coded by original data sample. In the right panel, the points are coded by environment:
isolated/field, group, cluster and brightest group/cluster galaxies (BGGs, BCGs). Also shown are the mass-dependent predictions from the merging models of Bekki
& Shioya (1999) as dot-dashed lines, and the dissipative collapse models of Kawata & Gibson (2003) as dashed lines. The region occupied by the remnants of major
mergers between gas-rich disk galaxies, as simulated by Hopkins et al. (2008a), is shown by the yellow shading.

metallicity gradients found in merger remnants are shallow and
only weakly dependent on the remnant galaxy mass.

Nevertheless, Hopkins et al. (2008a) have been able to re-
produce merger remnants with a variety of metallicity gradients
(0.0 ! ∆[Z/H ] ! −0.6) in simulations of gas-rich disk galax-
ies major mergers, including feedback processes from galactic
winds and black hole growth (Springel et al. 2005). Similarly,
they did not find a strong dependence with mass but they stressed
that the degree of dissipation in the central merger-induced star-
burst is the most important factor in determining the gradient
strength in the remnant. The impact on stellar population gra-
dients of possible subsequent dry mergers of these systems has
the same effect observed for passively evolved gas-rich merger
remnants, in which metallicity gradients tend to flatten with time
(Hopkins et al. 2008b).

In the chemodynamical simulations of Kawata & Gibson
(2003), an elliptical galaxy begins via the dissipative collapse of
a slow-rotating, overdense, top-hat protogalactic gas cloud, on
which CDM perturbations are superimposed. They find a mass
dependence of both the supernova-driven galactic winds and the
gas infall rate, underlying their important role in creating and
shaping metallicity gradients. As a result, metallicity gradients
are steeper in higher-mass galaxies than those of lower-mass
systems.

In Figure 1, our new results populate the previously un-
explored low-mass branch of the parameter space, while the
literature values sample the high-mass region. Galaxies with
log σ < 2.15 (MB " −19) exhibit a tight trend in which the
metallicity gradient becomes less negative and hence shallower
with decreasing mass. At the very low mass end (log σ < 1.8,
MB " −17.5) gradient values change sign, becoming positive
or null. The predictions of Kawata & Gibson (2003) appear to
describe the observed trend, suggesting an early star-forming
collapse as the main mechanism for the formation of low-mass
galaxies. Specifically, star formation efficiency increases with
galactic mass.

A significantly different behavior can be seen in galaxies
with log σ > 2.15 (MB ! −19). A downturn from the tight
low-mass trend is visible marked by a broad scatter such that

galaxies with increasing mass are characterized by shallower
metallicity gradients. However, some of the most massive
galaxies classified as BGGs and BCGs have steeper negative
gradients. The downturn and the broad scatter could be a
consequence of merging and of the amount of gas involved
in the events, which characterize the formation of more massive
galaxies. If a significant fraction of gas dissipates in a rapid
central starburst, then the metallicity gradient of the remnant
will reflect the mean difference between that of the old pre-
merger population and that set by the newly formed young stars.
The gradients of the pre-merger populations have been partially
flattened by violent relaxation, which acts most strongly at larger
galactocentric radii. The metallicity gradient in the remnant is
expected initially to be steep and then to weaken slightly over
∼3 Gyr after the merger (Hopkins et al. 2008a).

In Figure 2, we show metallicity gradient values as a function
of dynamical mass. We estimated the dynamical mass of the
galaxies by log(Mdyn) = 2 log(σ ) + log(Re) + 3.1, where Re
is the effective radius expressed in pc. By averaging the ages
estimated from the models within a radius of Re/8 we obtained
the galaxy central age. In Figure 2, we coded the points by
assigning three age bins: 0–3 Gyr, 3–8 Gyr, >8 Gyr.

The tight low-mass end of the relation is populated by
an almost even number of galaxies with young/intermediate
(0–8 Gyr) and old central ages (>8 Gyr). The galaxies with
younger ages have positive or null gradients. Above the high-
mass turnover the number of galaxies with old central age
becomes prominent. We quantified the mass transition point
around the dynamical mass of ∼3.5×1010 M⊙, which is similar
to the value of 1011 M⊙ found in the data of Carollo et al. (1993).
We note that the mass value of ∼3 × 1010 M⊙ is recurrent in the
literature as the critical transition mass for physical properties
of early-type galaxies, such as feedback processes from active
galactic nuclei (e.g., Kauffmann et al. 2003; Croton et al. 2006;
Cattaneo et al. 2008).

A broader interpretation is that processes of both formation
scenarios arise in the CDM framework for galaxies more
massive than ∼3.5 × 1010 M⊙ (log σ > 2.15,MB ! −19).
A rapid star-forming collapse might have acted at primordial

Spolaor et al 2009

Mehlert et al 2003
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MaNGA Prototype Data Analysis on Quenching Diagnostics 9

Fig. 7.— SDSS image (top panels) and maps of Dn(4000), EW(HδA) and log10EW(Hα) for the centrally star-forming galaxies in P-
MaNGA. From left to right panels the galaxies are sorted by increasing the Dn(4000) measured from the central spaxel of the P-MaNGA
datacube. The black line in each panel indicates the direction of the major axis, with the line length equal to twice the effective radius of
the galaxy. The shorter line on the SDSS image indicates the minor axis, and the line length is set to b/a times the effective radius, where
b/a is the minor-to-major axis ratio determined from the r-band SDSS image.

Fig. 8.— SDSS image (top panels) and maps of Dn(4000), EW(HδA) and log10EW(Hα) for the centrally quiescent galaxies in P-MaNGA.
The galaxies from left to right are ordered by increasing their central Dn(4000). Symbols and lines are the same as in the previous figure.
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Fig. 7.— SDSS image (top panels) and maps of Dn(4000), EW(HδA) and log10EW(Hα) for the centrally star-forming galaxies in P-
MaNGA. From left to right panels the galaxies are sorted by increasing the Dn(4000) measured from the central spaxel of the P-MaNGA
datacube. The black line in each panel indicates the direction of the major axis, with the line length equal to twice the effective radius of
the galaxy. The shorter line on the SDSS image indicates the minor axis, and the line length is set to b/a times the effective radius, where
b/a is the minor-to-major axis ratio determined from the r-band SDSS image.

Fig. 8.— SDSS image (top panels) and maps of Dn(4000), EW(HδA) and log10EW(Hα) for the centrally quiescent galaxies in P-MaNGA.
The galaxies from left to right are ordered by increasing their central Dn(4000). Symbols and lines are the same as in the previous figure.

Star forming Quiescent

D4000

Hδ

Hα

Li et al 2015



Stellar population synthesis and galactic archaeology of unresolved populationsDaniel Thomas - EWASS - June 2015

Spatially resolved BPT: disentangling AGN from SF

SDSS: AGN

MaNGA: Seyfert/
LINER in centre 
with extended star 
formation in 
outskirts

8 F. Belfiore et al.
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Figure 3. The ionised gas properties in P11-61A. The top panels
show the BPT diagnostic diagrams using canonical strong line
ratios and the demarcation lines of Kau�mann 2003 (solid line
in the [NII] BPT diagram) and Kewley 2006 (dashed line in the
[NII] BPT diagram), as described in the text. Points in the BPT
diagrams correspond to individual Voronoi bins within the galaxy
(97 in total in this galaxy) and are colour-coded depending on
their position in the diagram. The open circle shows the line ratios
extracted from the Sloan 3⇥⇥ fibre (using the MPA-JHU emission
line fluxes). The coloured error bars show the median error in
the di�erent areas of the BPT diagram (the colour reflects the
area it corresponds to). The bottom panels show, with the same
colour-coding, the position of these regions on the sky. The black
hexagon shows the coverage of the P-MaNGA fibre bundle, while
the black circle shows the position of the Sloan 3⇥⇥ fibre. The
P-MaNGA PSF is represented in the bottom right corner.

‘Composite’, since they present both LINER-like line ratios
and SF-dominated regions, but the spatial distribution of
the ionisation is more varied. We summarise the di�erences
between the Sloan single fibre classification and the resolved
P-MaNGA analysis in Table 3.

In the Appendix we show BPT diagrams and maps of
the ionisation conditions as derived from the BPT diagrams
for all the galaxies, together with line ratio maps ([NII]/H�
and [OIII]⇥5007).

4.2.1 Resolved Seyfert-like Ionisation in a Star Forming
Disc

In Fig. 3 we show the [NII] and [SII] BPT diagrams for
galaxy P11-61A. Points in the BPT diagram correspond to
individual Voronoi bins (and are colour-coded according to
the demarcation lines shown). The open circle corresponds
to the line ratios obtained from the Sloan 3⇥⇥ diameter fibre
(emission line fluxes from the MPA-JHU DR7 catalogue,

based on Brinchmann et al. 2004; Kau�mann et al. 2003a2).
We note that in both the [NII] and [SII] BPT diagrams the
galaxy is classified as a Seyfert using the Sloan spectra.

Immediately below each BPT diagram we show how re-
gions with di�erent ionisation conditions, according to the
BPT diagrams, are spatially distributed in the galaxy, by us-
ing the same colour-coding. The black hexagon corresponds
to the size on the sky of the P-MaNGA bundle.

In the [NII] BPT we observe Seyfert-like ionisation (red)
in the central regions, with a gradual transition to star-
forming environments (blue) as we move further out into
the disc. There is also evidence for LINER-like line ratios
(orange), mostly in the transition region between Seyfert-
dominated and SF-dominated regions. If we assume that
ionisation is due mainly to a point source in the centre,
then the observed Seyfert � LINER transition could be
explained in terms of a decrease in the ionisation param-
eter because of geometrical dilution of the ionising radiation
(fion ⇥ r�2) and/or hardening of the photoionising radiation
caused by photo-electric absorption. We also recall that, de-
spite the fact that the ionising radiation of a nuclear source
decreases as fion ⇥ r�2, the line emissivity of the resulting
nebular line can easily depart from the r�2 profile because
of the clumpy gas density distribution, changes in the cover-
ing factor, self shading and projection e�ects. We therefore
wish to stress that within individual objects there is no rea-
son to interpret the Seyfert/LINER demarcation as a clear-
cut distinction between di�erent ionisation mechanisms. The
Seyfert/LINER demarcation line is an intrinsically porous
demarcation.

Overall, this observation shows the potential of
MaNGA in spatially resolving star-formation from
the AGN-dominated nuclear regions in active galax-
ies, opening up new possibilities to study AGN host
galaxies and their star formation properties.

4.2.2 Extended Central LINER-like Ionisation

Three galaxies in our sample (P9-127A, P4-127A,
P4-127B) show extended central LINER-like ionisa-
tion. Sloan single fibre fluxes (from the MPA-JHU
catalogue) classify two of these galaxies as Seyfert-
like, while P4-127A has an ambiguous classification.
However, considering the errors associated with the
emission line ratios (and the intrinsic porosity of the
LINER-Seyfert demarcation line), the Sloan line ra-
tios are also consistent with a LINER-like classifica-
tion.

We show the BPT-derived maps of these galax-
ies using P-MaNGA data in Fig. 4 (top three galax-
ies, with the same colour-coding of regions as in
Fig. 3). Both in P9-127A and P4-127B the LINER-
like ionisation dominates within 0.5 Re, while in
the case of P4-127A, the LINER-like ionisation ex-
tends from the central regions out to galactocen-
tric distances larger than 1.0 Re. Interestingly, all
three LINER-like galaxies are massive disc galaxies,

2 The MPA-JHU catalogue is accessible at http://www.mpa-
garching.mpg.de/SDSS/DR7/
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P-MaNGA: Full spectral fitting 13

(a) SDSS image with the P-MaNGA footprint.
(b) Dust extinction, E(B-V). (c) Flux map with isoflux contours (green).

(d) Luminosity-weighted stellar age. (e) Luminosity-weighted metallicity.
(f) Stellar mass.

(g) Mass-weighted stellar age. (h) Mass-weighted metallicity. (i) Stellar mass-to-light ratio in the SDSS i-band.

(j) Radial age profile. (k) Radial metallicity profile. (l) Stellar mass surface density gradient profile.

Figure 5. Group �, galaxy p9-19B as in table 2. Stellar population maps and profiles analyzed using MILES-based models with their full parameter range.
The radial profiles are over-plotted in red with a linear fit to the data, in the age and metallicity profiles to show the derived gradient, and a quadratic fit in
the stellar mass density profile in order to guide the eye. We use a pixel-to-pixel Gaussian filter to smooth the maps for ease of visualisation, but use a 0.5
sigma kernel in order to retain small-scale features.This galaxy has been observed with good observational conditions with a MaNGA-like exposure time and
dithering, and is selected in the MaNGA primary sample. Therefore out of the P-MaNGA dataset, these observations are the most similar to the expected
output of the MaNGA primary sample.
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(a) SDSS image with the P-MaNGA footprint.
(b) Dust extinction, E(B-V). (c) Flux map with isoflux contours (green).
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(f) Stellar mass.

(g) Mass-weighted stellar age. (h) Mass-weighted metallicity. (i) Stellar mass-to-light ratio in the SDSS i-band.

(j) Radial age profile. (k) Radial metallicity profile. (l) Stellar mass surface density gradient profile.

Figure 5. Group �, galaxy p9-19B as in table 2. Stellar population maps and profiles analyzed using MILES-based models with their full parameter range.
The radial profiles are over-plotted in red with a linear fit to the data, in the age and metallicity profiles to show the derived gradient, and a quadratic fit in
the stellar mass density profile in order to guide the eye. We use a pixel-to-pixel Gaussian filter to smooth the maps for ease of visualisation, but use a 0.5
sigma kernel in order to retain small-scale features.This galaxy has been observed with good observational conditions with a MaNGA-like exposure time and
dithering, and is selected in the MaNGA primary sample. Therefore out of the P-MaNGA dataset, these observations are the most similar to the expected
output of the MaNGA primary sample.
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Stellar population gradients

Age	  gradients:	  Nega%ve	  for	  discs,	  flat	  for	  spheroids	  
Metallicity	  gradients:	  Flat	  for	  discs,	  nega%ve	  for	  spheroids

P-MaNGA: Full spectral fitting 21

(a) Light-weighted stellar age map of galaxy p11-19A. (b) Light-weighted stellar age map of galaxy p11-19C.

Figure 12. Group δ galaxies p11-19A and p11-19C as in table 1. These galaxies have been observed under much poorer conditions and much lower exposures

and dithering setup than expected for MaNGA. Both of their maps show an unclear distribution of stellar population properties, with in general high amounts

of variance between neighbouring pixels.

Figure 13. Summary of all of the age (left) and metallicity (right) gradients deduced for the P-MaNGA dataset, using visual morphological classification from

SDSS imaging data.

pixel position into nearby pixels. Beam smearing is the combina-
tion of three observational effects: atmospheric point-spread func-
tion (PSF), sampling size of the IFU fibers, and dithering; the pro-
cess of offsetting the telescope from the target by small amounts
such that the fibers collectively observe whole footprint, including
gaps between fibers. The effect of beam smearing should be great-
est for the smaller IFUs.

Given that our largest sample of galaxies are late-type galax-
ies and these have generally a large range of negative gradients, we
can test to see if decreasing the IFU size results in poorer age gradi-
ent recovery, for these galaxies. Metallicity gradients are not tested
since there are both positive and negative gradients in the late-type
sample which may be hard to separate between, and our early-type
sample is too small to derive meaningful conclusions in this area.

In Figure 15 we plot the age gradient histograms for the late
type galaxies shown in Figure 13, but as a function of IFU size:
N19, N61 and N127 fiber IFUs. In the left-panel we plot the mass-
weighted radial age gradients as we have plotted in Figure 13,
where we find no correlation between mean gradient and IFU size.

The mean age gradients are – 0.12, – 0.19, and – 0.13 dex for
N19, N61 and N127 observations respectively. We also plot light-
weighted age gradients for comparison in the right panel, since
these will be more sensitive to bright stellar populations and so
should be more directly related to beam smearing effects. In this
case the separation is much easier to see, with N19 observations
giving much flatter gradients (mean – 0.08 dex) than N127 observa-
tions (mean – 0.55 dex), and N61 lying in between but closer to the
N127 observations (mean – 0.43 dex). We therefore conclude that
beam smearing does appear to affect the lowest IFU sizes much
more in the light-weighted properties, and thus is more sensitive to
bright stellar populations such as from very young stars, but this
effect is mitigated by calculating mass-weighted properties.

We do not go further to quantify this effect due to small sam-
ple size, and thus overlap with other effects such as radial extent
and other physical galaxy properties. A detailed analysis of N127

MaNGA data, downgraded to the other IFU sizes, will be neces-
sary for robust quantification, which will be subject of future work
once a larger sample is available. Additionally with the much larger
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Summary
Unresolved populations 

Fossil record from stellar population modelling 
Stellar libraries: discrepancies between state-of-the art libraries 
Variable element ratios remain challenging 

Progress from large galaxy surveys 

Statistical analysis of galaxy populations: downsizing 
Robust measurement of environment: mass is driving parameter 
Redshift evolution of galaxy properties becomes accessible 

Spatially resolved stellar populations 

Flat gradient in age and alpha/Fe challenge formation models 
Correlations between stellar pop gradients and galaxy properties uncertain 
Major progress through IFU surveys 
New large-scale IFU surveys are major step forward 
SDSS-IV/MaNGA: large sample size and spectral range 
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Effect of stellar libraries
22 David M. Wilkinson et al.

(a) Light-weighted age maps of p9-127A as a function of stellar library; MILES, STELIB, and ELODIE are shown in the left, middle, and right panels
respectively.

(b) Radial profiles of stellar age, metallicity and surface mass density respectively as a function of stellar library.

Figure 15. The effect on galaxy properties of the stellar library input in the stellar population model. In all cases, models were fit with identical stellar
population parameter grids (see section 3.1). Maps are composed of Voronoi binned cells of properties, corresponding to binned spectra that cover enough sky
area such that the median signal-to-noise at any given cell is as close as possible to 5. Typically this means that the outer Voronoi cells of the galaxy cover a
more extended area than the inner cells. The radial properties are computed from spectra summed in annuli that have radial extent that approximately scales
logarithmically, in order to give the surface mass density (right-hand side) profiles.

about 0.2 going out to 0.4 dex, and the greater smoothness of
the age maps compared to both STARLIGHT/CALIFA and
FIREFLY/P-MaNGA could arise from differences in the ages
of the SSP templates used. For example, the other two codes in-
clude younger ages (in our case down to 6.5 Myr, see Table 4).
The metallicity of the PPXF fits agrees with the other codes
to within 0.1 dex. This suggests that the greatest sensitivity on
the results obtained is from the range of SSPs used, based on
this example. We will investigate these differences in detail for
a larger sample in future work.

In conclusion we find an overall good, � 0.1 dex, agreement
between the CALIFA/STARLIGHT and P-MaNGA/FIREFLY,
and across all three cases consistent recovery of the spatial features
of the galaxy observed, and higher differences in age are present
when comparing with P-MaNGA/PPXF which may just come by
construction. Matching general profiles are recovered in all three
cases, but differences caused by the different analysis codes, stel-
lar population templates used and models are significant and larger
than the random errors in the analysis of detailed features.

6 COMPARISONS WITH OTHER P-MANGA
ANALYSES

In this section we compare the analyses in this paper with other
current analyses of the P-MaNGA data.

6.1 EMISSION LINE RATIOS

Emission line ratios are a powerful tool to study the state of
the ionised gas in galaxies. The Baldwin-Phillips-Terlevich (BPT,
Baldwin, Phillips & Terlevich (1981); Veilleux & Osterbrock
(1987)) diagram, making use of the line ratios [NII] ⌅6584/H� and
[OIII]⌅5007/H⇥, is the most popular diagnostic used to distin-
guish ionisation due to star-formation from ionisation due to other
sources, including Active Galactic Nuclei (AGN), Low Ionisation
Nuclear Emission-line Regions (LINERs) and shocks. A detailed
analysis of the ionised gas content of the P-MaNGA galaxies us-
ing the BPT diagram, complemented with other diagnostics, is pre-
sented in Belfiore et al. (submitted).

In this section we compare the results of the BPT classification
with stellar ages and metallicities derived in this paper from full
spectral fitting. We make use of the emission lines maps created by
Belfiore et al. and plot in Fig. 17 the position of all the regions in
the 14 galaxies considered by Belfiore et al. in the BPT diagram.
Belfiore et al discuss a comparison with D4000 and H⇤ absorption.
Here we extend this analysis by directly comparing with stellar
population ages and metallicities. We make use of the demarcation
lines of Kewley et al. (2001) and Kauffmann et al. (2003). We refer
the reader to Belfiore et al. for a careful discussion of the assump-
tions and caveats implicit in the use of these demarcation lines. We
expect galactic regions (Voronoi bins) which lie below the demar-
cation Kauffmann 2003 line to harbour on-going star-formation in
HII regions. This is confirmed by the study of the stellar population
ages, as evident in the left-hand-side of Figure 17, where the re-
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P-MaNGA: Full spectral fitting 23

(a) Stellar age maps for CALIFA 277 / p9-127A. In the left panel are the results from this paper. In the middle panel are the results from fitting to P-MaNGA
with PPXF. In the right panel, results from fitting CALIFA data with STARLIGHT are shown as derived in Cid Fernandes et al. (2013).

(b) As above but for metallicity.

(c) Radial profiles of age (left-hand panel) and metallicity (right-hand panel), colour-coded by the survey and fitting code used.

Figure 16. Derived stellar population maps and profiles for CALIFA-277, known in this paper as p9-127A, a target shared by both the P-MaNGA and CALIFA
surveys at observational conditions similar to those expected for MaNGA. The galaxy as observed with CALIFA is analysed with the spectral fitting code
STARLIGHT, and is compared to the results from P-MaNGA observations with both FIREFLY analysis and analysis with PPXF as described in section 5.6.

gions lying below the Kauffmann 2003 line present younger stellar
populations, consistently with a significant population of O and B
stars, capable of ionising classical HII regions.

We wish to remark on the cluster of young points (t �
100 Myr) which lie just across the Kauffmann 2003 line: these all
belong to a single galaxy (p11-19C) which is experiencing a star-
burst. This galaxy is found by Belfiore et al. to be Nitrogen enriched
and hence appearing to cross over into the ‘Composite’ region of
the BPT diagram, between the two demarcation lines, although its
ionisation is fully compatible with star-formation.

It is very interesting to note that, as we move away from
the star-forming sequence in the BPT diagram towards the ‘right-
wing’, inhabited by AGN and LINERs, we see progressively older
stellar populations. There is a tantalising hint that the regions ly-
ing at higher [NII]/H�, generally associated with LINERs, are

older than the regions at lower [NII]/H�, generally associated with
AGN. Larger statistics and a bona-fide AGN sample is needed to
make further progress in the study of stellar populations of AGN
and LINER hosts, but the results from these preliminary obser-
vations seem to confirm trends already observed in SDSS for the
global galaxy population (Kauffmann et al. 2003; Kewley et al.
2006; Cid Fernandes et al. 2010). This analysis also confirms the
more simplistic conclusions reached using stellar populations in-
dices (DN(4000) and EW(H⇥A)) in Belfiore et al. and Li et al.
(submitted).

The right-hand-side of Figure 17 shows BPT diagram colour-
coded by stellar metallicity. We see that AGN hosts have more
metal-rich stellar populations, most likely because they are more
massive, which would then give a mass-metallicity relationship as
described in e.g. Thomas et al. (2010). In the star forming regions,
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(a) Stellar age maps for CALIFA 277 / p9-127A. In the left panel are the results from this paper. In the middle panel are the results from fitting to P-MaNGA
with PPXF. In the right panel, results from fitting CALIFA data with STARLIGHT are shown as derived in Cid Fernandes et al. (2013).

(b) As above but for metallicity.

(c) Radial profiles of age (left-hand panel) and metallicity (right-hand panel), colour-coded by the survey and fitting code used.

Figure 16. Derived stellar population maps and profiles for CALIFA-277, known in this paper as p9-127A, a target shared by both the P-MaNGA and CALIFA
surveys at observational conditions similar to those expected for MaNGA. The galaxy as observed with CALIFA is analysed with the spectral fitting code
STARLIGHT, and is compared to the results from P-MaNGA observations with both FIREFLY analysis and analysis with PPXF as described in section 5.6.
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burst. This galaxy is found by Belfiore et al. to be Nitrogen enriched
and hence appearing to cross over into the ‘Composite’ region of
the BPT diagram, between the two demarcation lines, although its
ionisation is fully compatible with star-formation.
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coded by stellar metallicity. We see that AGN hosts have more
metal-rich stellar populations, most likely because they are more
massive, which would then give a mass-metallicity relationship as
described in e.g. Thomas et al. (2010). In the star forming regions,
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Figure 16. Derived stellar population maps and profiles for CALIFA-277, known in this paper as p9-127A, a target shared by both the P-MaNGA and CALIFA
surveys at observational conditions similar to those expected for MaNGA. The galaxy as observed with CALIFA is analysed with the spectral fitting code
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Stellar populations vs gas physics
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Full spectral responses
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Figure 1. Model spectrum for an age of 13 Gyr and solar metallicity. The spectrum has been smoothed with a velocity dispersion of σ = 350 km s−1, equal to the
smoothing applied to the early-type galaxy data analyzed in this paper. Strong features are labeled. Also included is the location of the true stellar continuum, which is
the spectrum that would be observed in the absence of all line opacity. In this figure the model spectrum is computed entirely from synthetic stellar spectra, whereas
for the main analysis the synthetic spectra are only used differentially.
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Figure 2. Relative response of the blue spectral region to an increase in the abundance of nine different elements. Abundances have been increased by 0.3 dex for all
elements except for C, which is increased by 0.15 dex. The changes are with respect to a solar metallicity model with a MW IMF and an age of 13 Gyr. The models
have been smoothed to a velocity dispersion of σ = 150 km s−1. Notice the different y-axis range in each panel. These are noiseless spectra, and so every feature
visible in the figure is real. It is evident from both this figure and Figures 3 and 4 that essentially every spectral region is influenced by one or more elements.

power-law IMF, two population ages (the age of the dominant
population and the mass fraction of a 3 Gyr population), four
nuisance parameters, 13 emission line strengths, the velocity
broadening of the emission lines, and the abundances of C, N,
Na, Mg, Si, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Sr, and Ba, and O, Ne,

S (the latter three are varied in lock-step). These parameters are
fit to the data via a Markov Chain Monte Carlo (MCMC) fitting
technique. The data and models are split into four wavelength
intervals (described below) and, within each interval the spectra
are normalized by a high-order polynomial (with degree n where
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