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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
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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.

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 377, 759–786

776 P. Sánchez-Blázquez et al.

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
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Figure 7. Metallicity gradients for ETGs as a function of central velocity dispersion compared with some literature data. Galaxies with velocity dispersion
!70 km s−1, at the left of the vertical dashed grey line, are somehow uncertain. Top left: metallicity gradients are compared with Rawle et al. (2010) (R10) as
black points (including the results for Shapley and A3389 clusters), Mehlert et al. (2003) (M03) as blue triangles, Sánchez-Blázquez et al. (2007) (SB07) as
purple circles, Spolaor et al. (2009) (S09) as green stars, Koleva et al. (2009a,b) (K09) as light green points, Ogando et al. (2005) (O05) as cyan diamonds,
Reda et al. (2007) (R07) as orange pentagons and Proctor (2003) (P03) as green triangles. The blue and red arrows are for the results in Wu et al. (2005) and
La Barbera & de Carvalho (2009). Top right: our ETGs divided in young and old central ages are compared with literature data: diamonds with continue bars
are for ETGs with 0 < age1 ≤ 6 Gyr; triangle with dashed bars are for age1 > 6 Gyr. Bottom left: legend of symbols for literature data. Bottom right: age
gradients divided by age are plotted versus literature data (M03, SB07 and R10) as above.

and 8) could be affected by some systematics due to the low
signal-to-noise ratio and instrumental resolution of SDSS spectra.
Notwithstanding this caution, our recovered gradients reproduce
fairly well the literature results for dwarf ETGs (e.g. Spolaor et al.
2009). Also, the indication of shallower gradients at the lowest σ 0

seems robust, due to the clear turnover at log σ0 ∼ 2.2 km s−1 and
the inversion in the range 1.85 ! log σ0 ! 2.2 km s−1.

4 D ISCUSSION

Our results seem to support the idea that the metallicity trend ver-
sus the stellar mass for LTGs is mainly driven by the interplay
of gas inflow and winds from SNe and evolved stars (Matteucci
1994; Kobayashi 2004; Pipino et al. 2008). These processes tend
to increase the central metallicity and prevent the enrichment of
the outer regions. Therefore more massive systems have on aver-

age larger central metallicities which correspond to steeper negative
gradients.

Low-mass ETGs (M∗ ! 1010.3–1010.5 M⊙, see Table 1) show
a similar correlation of the metallicity gradient with stellar mass
(Fig. 4), which suggests that they might experience the effect of in-
fall/SN feedback as LTGs. For instance, low-mass ETGs in Fig. 8 are
consistent with SN feedback (both soft and strong), as predicted in
chemodynamical simulations in Kawata (2001). On average, weaker
SN feedback gives gradients in agreement with ours at intermediate
log σ0(∼2.2 km s−1), while the stronger feedback recipe seems to
reproduce better the low log σ0 side of the correlation. A recipe
including the SN feedback with a varying power as a function of
mass (Dekel & Silk 1986; Dekel & Birnboim 2006) would allow a
fairly good match of the observed decreasing trend of the gradients
for the less massive galaxies (as in Kawata & Gibson 2003), but
it fails to reproduce our observed gradients for the very massive
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Figure 14. Age gradient, metallicity gradient and [α/Fe] gradient versus log σ e, dynamical mass Mdyn and log λR for the 48 early-type galaxies in the SAURON
sample. Fast and slow rotators are indicated by blue triangles and red circles, respectively. Cluster and field galaxies are shown as filled and open symbols.
NGC 4550, classified as slow rotator due to two counter-rotating discs, is shown as orange filled symbol. The one slow rotator at small log σ e is NGC 4458.
NGC 474, which shows star formation at larger radii and thus shows a significantly negative age gradient (see also Paper XIII and Section 4.1.1), is labelled in
the age gradient panels. There is a break in the metallicity gradient versus Mdyn relation at a mass of ∼3.5 × 1010 M⊙ first detected by Spolaor et al. (2009)
and indicated by the thick grey line. The grey shaded area in the left-middle panel shows the approximate region occupied by the simulations of Hopkins et al.
(2009a, their fig. 29).

In Fig. 16, we show the SSP equivalent age, metallicity and
[α/Fe] versus log σ e, the dynamical mass Mdyn and log λR relations
for the one Re aperture. In agreement with Thomas et al. (2005)
we find a correlation of age with velocity dispersion σ e. This cor-
relation is driven by the very young, low-mass galaxies (σ e <

100 km s−1) showing widespread signs of young stellar populations
and the substantial fraction of fast rotators in the intermediate-mass
range which are affected to various degrees by the contribution
from younger stars linked to disc-like kinematics. Since the cur-
rent sample is not complete, particularly at the low-mass end, it is
difficult to assess how many low-mass, old systems exist. Perhaps
more importantly, the age versus dynamical mass plot shows that
a strong contribution from young stellar populations is confined to
the low-mass end (! 2 × 1010 M⊙). With increasing mass, the rel-
ative fraction of ‘young’ galaxies decreases because any recent star
formation contributes relatively less to the total mass of the system.
The slow rotators appear to be the oldest galaxies in the sample with
a weak trend of decreasing λR and increasing SSP-equivalent age.
Confirmation of this trend awaits the analysis of a larger more com-
plete sample of slow rotators. However, there is also a substantial
number of fast rotators for which the last star formation event was
either long ago or very minor in mass fraction so that they show old
SSP-equivalent ages.

In agreement with previous investigations (e.g. Kuntschner et al.
2002; Thomas et al. 2005; Bernardi et al. 2006; Collobert et al. 2006;
Thomas et al. 2010) there is mild evidence for early-type galaxies
residing in low-density regions to have slightly younger ages on

average compared to the cluster environment. For the SAURON
sample, we find mean ages of 10.8 ± 0.8 and 9.7 ± 0.9 Gyr for
cluster and field galaxies, respectively (the errors are given as errors
on the mean).

In summary, massive slow rotators have typically old SSP-
equivalent ages while low-mass fast rotators make up the
most prominent examples of young SSP-equivalent ages. In the
intermediate-mass range, galaxies show a range of SSP-equivalent
ages of greater than 5 Gyr. The contributions from younger stel-
lar populations are linked to secondary star formation in disc- or
ring-like structures (see Section 4.1.1).

Despite the various, distinct components and structures we find
in the stellar population maps and discuss in Section 4.1, the global,
integrated metallicity estimates over one effective radius show a
significant, positive correlation with log σ e. A linear fit, excluding
NGC 3032, gives (see Fig. 16)

[Z/H](Re) = 0.32(±0.07) log σe − 0.82(±0.15) .

The metallicity–log σ e relation is in agreement with previous inves-
tigations (e.g. Kuntschner 2000; Thomas et al. 2005). On average
we find smaller metallicities compared to the study of e.g. Thomas
et al. (2005), which is caused by the larger aperture we use in our
analysis (one Re versus Re/10). The most extreme case of a post
starburst galaxy in our sample, NGC 3032, deviates from the rela-
tion. However, we ascribe this to the extreme luminosity weighting
of young and old stars in this galaxy and therefore consider the SSP-
equivalent estimate of the metallicity as not meaningful. There is

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 408, 97–132
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IAA et al.: Metallicity, age, and stellar mass density across the Hubble sequence

Fig. 12. Radial profiles of hlog Z?iM as a function of Hubble type (left) and of galaxy stellar mass (right). Mass bins are log M?(M�) = 9.1�9.6,
9.6�10.1, 10.1�10.6, 10.6�10.9, 10.9�11.2, 11.2�11.5, 11.5�11.8. Symbols and colors are as Fig. 6. These results are obtained with base GMe.

Fig. 13. Left: As Fig. 7 but for hlog Z?iM . Right: The inner gradient as a function of the galaxy stellar mass. Symbols and colors are as in Fig. 7.

Fig. 14. AV measured at 1HLR as function of Hubble type (left) and
galaxy stellar mass (right). Symbols and colors are as in Fig. 5. The
black line is the average hlog Z?iM obtained in 0.4 dex bins of log M?.

of the galaxy6 as well as the AV value derived from spectral fits

6 The galaxy average extinction for each galaxy is calculated as the
mean of all the 20 radial values obtained for each galaxy between the
center and 2 HLR.

of the integrated spectra.7 The left panel in Fig. 14 shows AHLR
V

as a function of morphology. Ellipticals and S0s have almost no
extinction, with mean AHLR

V = 0.01 ± 0.01, and 0.06 ± 0.07 mag,
respectively. Sa, Sb and Sc galaxies have AHLR

V around 0.25 mag,
and somewhat smaller (0.19 ± 0.08 mag) in Sd’s.

There is no clear behavior of stellar extinction with galaxy
stellar mass. In general, galaxies with M?  1011M� have
AHLR

V = 0.2–0.3 mag. More massive galaxies are less extin-
guished, and for fixed mass early types tend to have smaller
AHLR

V , but the dispersion is large.

5.4.2. Radial profiles

Fig. 15 shows AV (R) profiles stacked by Hubble type (left panel),
and mass (right). Spirals have AV ⇠ 0.2 mag in the disk and up to
0.6 mag in the center. Their AV profiles are similar for all Hubble
types except for Sd’s, where AV does not change much from disk
to center. Ellipticals and S0’s also show negative AV gradients,
although at distances larger than 1 HLR they are almost dust-
free. The radial profiles in di↵erent bins of M? (right panel) show

7 The di↵erence between AHLR
V and hAVigalaxy is �0.03 ± 0.06, while

between AHLR
V and Aintegrated

V it is �0.0 ± 0.1.
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Full Spectral Fitting Code
FIREFLY
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single-burst modes (SSPs), to get SFH, metallicity, 

age distribution, etc.

Fast computation of likelihood 
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Ability to change and compare input 
stellar population model ingredients 
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MaNGA Id: 1-217304

10 Goddard et al.

�2.0

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

lo
g(

A
ge

(G
yr

))

Running Median

Voronoi Cells

Linear Fit

Light Weighted

� Age=-0.016±0.079
�2.0

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5
Mass Weighted

� Age=0.068±0.032

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Radius (R/Re)

�2.5

�2.0

�1.5

�1.0

�0.5

0.0

0.5

[Z
/H

]

�[Z/H]=-0.104±0.026

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Radius (R/Re)

�2.5

�2.0

�1.5

�1.0

�0.5

0.0

0.5

�[Z/H]=-0.11±0.054

Figure 7. Examples of light and mass weighted radial gradients of stellar population properties obtained from full spectral fitting for
one galaxy from the MaNGA survey (MaNGA Id 12-84679). Grey circles represent the individual Voronoi cells from the DAP data cube,
the orange line shows the running median and the red line shows the straight line fit.

picture breaks down. This is largely due to galaxies at this
mass being bulge dominated.

4.2.1 E↵ects of Galaxy Environment on Stellar
Population Gradients: Late Types

Once again, we split the early type sample into four di↵erent
environmental densities Low �, Mid-Low �, Mid-High � and
High �. The Figures 14(a) and 14(b) show the derived radial
gradients of light weighted age and metallicity as a function
of the stellar mass (log(M�)). The di↵erent colours corre-
spond to di↵erent environmental percentiles. The right hand
sub panels show the distribution of gradients for that prop-
erty. Table 1 shows the median light/mass age and metal-
licity gradients derived for the four di↵erent environmental
density bins. The light weighted age gradients all lie around
similar values, with a scatter about ⇠ -0.10 dex/Re and ly-
ing all within each others error budget. The same applies
for the light weighted metallicity gradients, where the val-
ues from the four di↵erent environmental bins all lie close to
each other, with no significant deviation. Figures 14(c) and
14(d) show the mass weighted age and metallicity gradients.
The age gradient fluctuates around ⇠ 0.01 dex/Re for the

di↵erent environmental densities. The metallicity gradient
varies quite a bit but the large error bars do not suggest
that this is a physical e↵ect. Once again, this consistency of
gradients across the four di↵erent environmental densities
allows us to conclude that the late type galaxies light/mass
weighted stellar population gradients have no dependency
on environment.

4.3 Central vs Satellite Galaxies

Most galaxies in the universe are situated in many body
systems. This can range from dense clusters of thousands
of galaxies, to galaxy pairs. The central galaxies in clusters
tend to be the most luminous and most massive (in terms
of M⇤) galaxies in the universe and reside at the potential
minimum of the dark matter halo. These galaxies also seem
to be drawn from a di↵erent luminosity function compared
to most other bright elliptical galaxies (Bernstein & Bhavsar
(2001)), thus hinting at a di↵erent evolutionary process.
Satellite galaxies, which are galaxies moving relative to the
potential minimum (having fallen in to the larger halo), are
also thought to have specific evolutionary procedures. Their
star formation is thought to be rapidly quenched when gas

MNRAS 000, 1–21 (2015)

• Recover 
literature values 
of gradients 
~-0.16/0.3 
(Mehlert et al 2003, 
Spolaor et al 2009) 
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Comparison with STARLIGHT
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Table 1. Median light weighted and mass weighted gradients for both early type and late type galaxies. The gradients are split by
di↵erent environmental densities. Errors correspond to the 1-� value from the distribution.

Morphology Property Low � Mid-Low � Mid-High � High �

r (dex/Re) r (dex/Re) r (dex/Re) r (dex/Re)

Early Type Mass Weighted Age 0.08 ± 0.10 0.09 ± 0.08 0.10 ± 0.08 0.08 ± 0.07

Light Weighted Age -0.02 ± 0.09 0.01 ± 0.08 0.00 ± 0.09 -0.01 ± 0.07

Mass Weighted [Z/H ] -0.06 ± 0.09 -0.07 ± 0.08 -0.06 ± 0.09 -0.05 ± 0.07

Light Weighted [Z/H ] -0.14 ± 0.09 -0.14 ± 0.08 -0.11 ± 0.07 -0.11 ± 0.07

Late Type Mass Weighted Age 0.01 ± 0.12 0.01 ± 0.15 0.02 ± 0.16 -0.01 ± 0.20

Light Weighted Age -0.10 ± 0.12 -0.11 ± 0.15 -0.11 ± 0.17 -0.10 ± 0.20

Mass Weighted [Z/H ] -0.02 ± 0.12 -0.10 ± 0.15 -0.13 ± 0.16 0.00 ± 0.20

Light Weighted [Z/H ] -0.10 ± 0.12 -0.15 ± 0.14 -0.14 ± 0.15 -0.08 ± 0.19

�0.6 �0.4 �0.2 0.0 0.2

FIREFLY � log(Age(Gyr))

�0.6

�0.4

�0.2

0.0

0.2

S
TA

R
LI

G
H

T
�

lo
g(

A
ge

(G
yr

))

Light Weighted Mass Weighted

Figure 8. Comparison of the stellar population gradients ob-
tained using the output results from the two di↵erent spectral fit-
ting codes, namely FIREFLY and STARLIGHT. For both cases,
the models of M11 were used with an Kroupa IMF. Additionally,
the same method of obtaining the radial gradient was used and
errors were deduced from bootstrap resampling. The grey line
shows a 1-1 correspondence between the gradients.

is removed due to ram pressure stripping. Therefore, it
is interesting to consider how stellar population gradients
in central and satellite galaxies change as a function of
environment. In order to separate the MaNGA galaxy
sample used in this work in to central/satellite galaxies,
we use a halo based group finder developed in Yang et al.
(2007) (see paper for more information). In Yang et al.
(2007), all galaxies from the SDSS with a z < 0.20 and r
band magnitude brighter than 18 mag were selected and a
halo based group finder was used to identify the location
of galaxies within di↵erent dark matter halos. Once these
halos had been identified the most massive and luminous
galaxies were defined as central galaxies and the others were
defined as satellite galaxies. In our MaNGA galaxy sample,
we have classified 224 central galaxies and 72 satellite
galaxies.

Figure 15 shows the light weighted and mass weighted
age/metallicity gradients as a function of environment, split
into central (grey) and satellite (red) galaxies. Figures 15(a)
and 15(c) show the light and mass weighted age gradients.
For central galaxies, light weighted age gradients are
generally flat µ = 0.01 ± 0.15 dex/Re and mass weighted
age gradients are slightly positive µ = 0.06 ± 0.11 dex/Re .
The scenario is similar for the satellite galaxies, where
light weighted age gradients are flat µ = �0.06 ± 0.15
dex/Re and mass weighted gradients are slightly positive
µ = 0.07 ± 0.11 dex/Re . Figures 15(e) and 15(f) show the
light and mass weighted metallicity gradients. For central
galaxies, light weighted metallicity gradients are generally
negative µ = �0.11 ± 0.13 dex/Re and mass weighted
metallicity gradients are flat µ = �0.06 ± 0.17 dex/Re . As
before, the scenario is exactly similar for satellite galaxies,
where the light weighted metallicity gradients are negative
µ = �0.11 ± 0.14 dex/Re and mass weighted metallicity
gradients are flat µ = �0.07 ± 0.19 dex/Re . This is an
interesting result and suggests that, both the light and
mass weighted age/metallicity gradients are independent of
the distinction between central or satellite galaxies.

Figures 15(b) and 15(d) show the error weighted median

MNRAS 000, 1–21 (2015)
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Table 1. Median light weighted and mass weighted gradients for both early type and late type galaxies. The gradients are split by
di↵erent environmental densities. Errors correspond to the 1-� value from the distribution.

Morphology Property Low � Mid-Low � Mid-High � High �

r (dex/Re) r (dex/Re) r (dex/Re) r (dex/Re)

Early Type Mass Weighted Age 0.08 ± 0.10 0.09 ± 0.08 0.10 ± 0.08 0.08 ± 0.07

Light Weighted Age -0.02 ± 0.09 0.01 ± 0.08 0.00 ± 0.09 -0.01 ± 0.07

Mass Weighted [Z/H ] -0.06 ± 0.09 -0.07 ± 0.08 -0.06 ± 0.09 -0.05 ± 0.07

Light Weighted [Z/H ] -0.14 ± 0.09 -0.14 ± 0.08 -0.11 ± 0.07 -0.11 ± 0.07

Late Type Mass Weighted Age 0.01 ± 0.12 0.01 ± 0.15 0.02 ± 0.16 -0.01 ± 0.20

Light Weighted Age -0.10 ± 0.12 -0.11 ± 0.15 -0.11 ± 0.17 -0.10 ± 0.20

Mass Weighted [Z/H ] -0.02 ± 0.12 -0.10 ± 0.15 -0.13 ± 0.16 0.00 ± 0.20

Light Weighted [Z/H ] -0.10 ± 0.12 -0.15 ± 0.14 -0.14 ± 0.15 -0.08 ± 0.19
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Figure 8. Comparison of the stellar population gradients ob-
tained using the output results from the two di↵erent spectral fit-
ting codes, namely FIREFLY and STARLIGHT. For both cases,
the models of M11 were used with an Kroupa IMF. Additionally,
the same method of obtaining the radial gradient was used and
errors were deduced from bootstrap resampling. The grey line
shows a 1-1 correspondence between the gradients.

is removed due to ram pressure stripping. Therefore, it
is interesting to consider how stellar population gradients
in central and satellite galaxies change as a function of
environment. In order to separate the MaNGA galaxy
sample used in this work in to central/satellite galaxies,
we use a halo based group finder developed in Yang et al.
(2007) (see paper for more information). In Yang et al.
(2007), all galaxies from the SDSS with a z < 0.20 and r
band magnitude brighter than 18 mag were selected and a
halo based group finder was used to identify the location
of galaxies within di↵erent dark matter halos. Once these
halos had been identified the most massive and luminous
galaxies were defined as central galaxies and the others were
defined as satellite galaxies. In our MaNGA galaxy sample,
we have classified 224 central galaxies and 72 satellite
galaxies.

Figure 15 shows the light weighted and mass weighted
age/metallicity gradients as a function of environment, split
into central (grey) and satellite (red) galaxies. Figures 15(a)
and 15(c) show the light and mass weighted age gradients.
For central galaxies, light weighted age gradients are
generally flat µ = 0.01 ± 0.15 dex/Re and mass weighted
age gradients are slightly positive µ = 0.06 ± 0.11 dex/Re .
The scenario is similar for the satellite galaxies, where
light weighted age gradients are flat µ = �0.06 ± 0.15
dex/Re and mass weighted gradients are slightly positive
µ = 0.07 ± 0.11 dex/Re . Figures 15(e) and 15(f) show the
light and mass weighted metallicity gradients. For central
galaxies, light weighted metallicity gradients are generally
negative µ = �0.11 ± 0.13 dex/Re and mass weighted
metallicity gradients are flat µ = �0.06 ± 0.17 dex/Re . As
before, the scenario is exactly similar for satellite galaxies,
where the light weighted metallicity gradients are negative
µ = �0.11 ± 0.14 dex/Re and mass weighted metallicity
gradients are flat µ = �0.07 ± 0.19 dex/Re . This is an
interesting result and suggests that, both the light and
mass weighted age/metallicity gradients are independent of
the distinction between central or satellite galaxies.

Figures 15(b) and 15(d) show the error weighted median
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Figure 9. Figures 9(a), 9(b), 9(d) and 9(d) show number density contour plots of individual spaxel light and mass weighted stellar
population properties as a function of radius for early type galaxies split by mass. Figures 9(c) and 9(d) show the running median value
obtained for each of the four individual mass bins, where the light weighted median is plotted in orange and the mass weighted median
is plotted in red. MNRAS 000, 1–21 (2015)
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Figure 9. Figures 9(a), 9(b), 9(d) and 9(d) show number density contour plots of individual spaxel light and mass weighted stellar
population properties as a function of radius for early type galaxies split by mass. Figures 9(c) and 9(d) show the running median value
obtained for each of the four individual mass bins, where the light weighted median is plotted in orange and the mass weighted median
is plotted in red. MNRAS 000, 1–21 (2015)

General downsizing and age/Z-mass relation recovered 
Outside-in formation, but light-weighted age gradient flat: rejuvenation in outskirts 
Metallicity gradient changes slope to negative in light weight: rejuvenation 
involves pristine gas in outskirts and internal, re-processed gas in centre
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Figure 12. Figures 12(a), 12(b), 12(d) and 12(d) show number density contour plots of individual spaxel light and mass weighted
stellar population properties as a function of radius for early type galaxies split by mass. Figures 12(c) and 12(d) show the running
median value obtained for each of the four individual mass bins, where the light weighted median is plotted in orange and the mass
weighted median is plotted in red.MNRAS 000, 1–21 (2015)
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Figure 12. Figures 12(a), 12(b), 12(d) and 12(d) show number density contour plots of individual spaxel light and mass weighted
stellar population properties as a function of radius for early type galaxies split by mass. Figures 12(c) and 12(d) show the running
median value obtained for each of the four individual mass bins, where the light weighted median is plotted in orange and the mass
weighted median is plotted in red.MNRAS 000, 1–21 (2015)

Ages radially independent, but Inside-out formation in light-weight 
Higher metallicities in light-weight: residual star formation involves internal, re-
processed gas at all radii (mostly lower mass galaxies) 
Residual star formation in the outskirts not dominated by accretion of pristine gas 
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Table 2. Table showing the median light and mass weighted age/metallicity gradients obtained for the 224 central and 72 satellite
galaxies from the MaNGA galaxy sample, for di↵erent environmental densities. Errors on the quantities are given by 1/

p
N where N is

the number of galaxies in that specific bin.

Property Classification Low � Mid-Low � Mid-High � High �

r (dex/Re) r (dex/Re) r (dex/Re) r (dex/Re)

Light Weighted Age Central �0.03 ± 0.07 �0.01 ± 0.06 0.03 ± 0.07, 0.00 ± 0.08

Satellite 0.00 ± 0.12 �0.12 ± 0.13 �0.05 ± 0.07 �0.01 ± 0.12

Mass Weighted Age Central 0.08 ± 0.07 0.08 ± 0.06 0.06 ± 0.07 0.01 ± 0.08

Satellite 0.11 ± 0.12 0.07 ± 0.13 0.03 ± 0.11 0.09 ± 0.12

Light Weighted [Z/H ] Central �0.12 ± 0.07 �0.12 ± 0.06 �0.11 ± 0.07 �0.10 ± 0.08

Satellite �0.16 ± 0.12 �0.14 ± 0.13 �0.11 ± 0.11 �0.10 ± 0.12

Mass Weighted [Z/H ] Central �0.05 ± 0.07 �0.06 ± 0.06 �0.08 ± 0.07 �0.07 ± 0.08

Satellite �0.16 ± 0.12 �0.12 ± 0.13 �0.05 ± 0.11 �0.06 ± 0.12
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Figure 10. Comparison of the light weighted (orange) and mass
weighted (red) stellar population gradients for early type galaxies
in this work.

age gradient for each of the four di↵erent environmental
density bins (values can be found in Table 2). The errors
on the weighted median are given by 1/

p
N , where N is the

number of galaxies in that specific bin. Overall there is a
good agreement in the age gradient derived for each of the
di↵erent environmental densities. This implies that there is

no dependence of the gradients on the environment for both
central and satellite galaxies. This agrees well with what
we have found in earlier sections, where the light/mass
weighted age gradients were found to be independent of
environment. Additionally, Figures 15(f) and 15(h) show
the error weighted median metallicity gradient for each of
the four di↵erent environmental density bins. Once again,
there is a consistent negative light weighted metallicity
gradient that does not vary a great deal between the four
di↵erent environmental bins for both central and satellites.
The mass weighted metallicities are slightly higher than
the light weighted values but are overall negative and
consistent across the di↵erent environments. In conclusion,
it appears that the galaxy environment does not appear to
make any significant di↵erence to the light/mass weighted
age and metallicity gradients for both central and satellite
galaxies. In addition to this, we see no significant deviation
between the gradients obtained for central and satellite
galaxies, suggesting that the gradients are independent of
this distinction.

4.4 Beam Smearing E↵ects on Radial Gradients

For integral field spectroscopic surveys, a cause for concern
is the e↵ect of ‘beam smearing’ of radial gradients. This
e↵ect is caused when a signal for a given pixel position is
spread out into nearby pixels and can cause flattening of the
radial gradients. As the individual MaNGA IFU fibers have
the same spatial resolution (1-2kpc), this e↵ect should have
an impact on the smallest integral field units. Additionally,
due to the increased sensitivity to brighter stellar popula-
tions, the light weighted properties should be a↵ected more
by beam smearing. To quantify the impact of this e↵ect,
we look at the light weighted age and metallicity gradients
for both morphological samples across di↵erent IFU sizes
and split by galaxy mass. Figures 16 and 17 show our results.

For early type galaxies, we look at the light weighted
metallicity and the mass weighted age as these show
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Table 2. Table showing the median light and mass weighted age/metallicity gradients obtained for the 224 central and 72 satellite
galaxies from the MaNGA galaxy sample, for di↵erent environmental densities. Errors on the quantities are given by 1/

p
N where N is

the number of galaxies in that specific bin.

Property Classification Low � Mid-Low � Mid-High � High �

r (dex/Re) r (dex/Re) r (dex/Re) r (dex/Re)

Light Weighted Age Central �0.03 ± 0.07 �0.01 ± 0.06 0.03 ± 0.07, 0.00 ± 0.08

Satellite 0.00 ± 0.12 �0.12 ± 0.13 �0.05 ± 0.07 �0.01 ± 0.12

Mass Weighted Age Central 0.08 ± 0.07 0.08 ± 0.06 0.06 ± 0.07 0.01 ± 0.08

Satellite 0.11 ± 0.12 0.07 ± 0.13 0.03 ± 0.11 0.09 ± 0.12

Light Weighted [Z/H ] Central �0.12 ± 0.07 �0.12 ± 0.06 �0.11 ± 0.07 �0.10 ± 0.08

Satellite �0.16 ± 0.12 �0.14 ± 0.13 �0.11 ± 0.11 �0.10 ± 0.12

Mass Weighted [Z/H ] Central �0.05 ± 0.07 �0.06 ± 0.06 �0.08 ± 0.07 �0.07 ± 0.08

Satellite �0.16 ± 0.12 �0.12 ± 0.13 �0.05 ± 0.11 �0.06 ± 0.12
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Figure 10. Comparison of the light weighted (orange) and mass
weighted (red) stellar population gradients for early type galaxies
in this work.

age gradient for each of the four di↵erent environmental
density bins (values can be found in Table 2). The errors
on the weighted median are given by 1/

p
N , where N is the

number of galaxies in that specific bin. Overall there is a
good agreement in the age gradient derived for each of the
di↵erent environmental densities. This implies that there is

no dependence of the gradients on the environment for both
central and satellite galaxies. This agrees well with what
we have found in earlier sections, where the light/mass
weighted age gradients were found to be independent of
environment. Additionally, Figures 15(f) and 15(h) show
the error weighted median metallicity gradient for each of
the four di↵erent environmental density bins. Once again,
there is a consistent negative light weighted metallicity
gradient that does not vary a great deal between the four
di↵erent environmental bins for both central and satellites.
The mass weighted metallicities are slightly higher than
the light weighted values but are overall negative and
consistent across the di↵erent environments. In conclusion,
it appears that the galaxy environment does not appear to
make any significant di↵erence to the light/mass weighted
age and metallicity gradients for both central and satellite
galaxies. In addition to this, we see no significant deviation
between the gradients obtained for central and satellite
galaxies, suggesting that the gradients are independent of
this distinction.

4.4 Beam Smearing E↵ects on Radial Gradients

For integral field spectroscopic surveys, a cause for concern
is the e↵ect of ‘beam smearing’ of radial gradients. This
e↵ect is caused when a signal for a given pixel position is
spread out into nearby pixels and can cause flattening of the
radial gradients. As the individual MaNGA IFU fibers have
the same spatial resolution (1-2kpc), this e↵ect should have
an impact on the smallest integral field units. Additionally,
due to the increased sensitivity to brighter stellar popula-
tions, the light weighted properties should be a↵ected more
by beam smearing. To quantify the impact of this e↵ect,
we look at the light weighted age and metallicity gradients
for both morphological samples across di↵erent IFU sizes
and split by galaxy mass. Figures 16 and 17 show our results.

For early type galaxies, we look at the light weighted
metallicity and the mass weighted age as these show
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Table 3. Median light weighted and mass weighted gradients (in dex) for both early type (ET) and late type (LT) galaxies. The gradients
are split by IFU size and by mass. Errors correspond to the 1-� value from the distribution. NaN represents not a number and this
occurs in cases where there are no galaxies in that specific ifu-mass bin.

Property Mass Bin 19 Fiber 37 Fiber 61 Fiber 91 Fiber 127 Fiber

r (dex) r (dex) r (dex) r (dex) r (dex)

ET Mass Weighted Age log(M� ) < 10.5 0.06±0.09 0.08±0.14 0.12±0.14 0.30±0.43 0.07±0.15
10.5 > log(M� ) < 10.9 0.04±0.07 0.12±0.12 0.09±0.11 0.10±0.12 0.09±0.12
10.9 > log(M� ) < 11.3 0.20±0.13 0.11±0.14 0.14±0.13 0.11±0.13 0.11±0.13

log(M� ) > 11.3 0.03±0.11 0.18±0.10 0.16±0.15 0.17±0.10 0.13±0.13

ET Light Weighted [Z/H ] log(M� ) < 10.5 -0.06±0.13 -0.14±0.22 -0.07±0.15 0.0±0.5 -0.10±0.22
10.5 > log(M� ) < 10.9 -0.06±0.12 -0.14±0.12 -0.14±0.10 -0.17±0.10 -0.20±0.22
10.9 > log(M� ) < 11.3 -0.16±0.23 -0.14±0.12 -0.13±0.09 -0.22±0.18 -0.20±0.10

log(M� ) > 11.3 0.00±0.05 -0.15±0.10 -0.14±0.19 -0.15±0.09 -0.18±0.16

LT Light Weighted Age log(M� ) < 9.7 -0.11±0.14 -0.08±0.21 -0.07±0.28 -0.13±0.10 -0.27±0.19
9.7 > log(M� ) < 10.0 -0.05±0.06 -0.06±0.28 -0.16±0.18 -0.12±0.17 -0.05±0.15
10.0 > log(M� ) < 10.5 NaN ± NaN -0.01±0.09 -0.09±0.09 -0.08±0.13 -0.15±0.11

log(M� ) > 10.5 0.21±0.10 -0.01±0.06 -0.02±0.12 -0.18±0.09 -0.14±0.12

LT Mass Weighted [Z/H ] log(M� ) < 9.7 0.35±0.26 0.07±0.32 0.02±0.20 0.16±0.28 -0.03±0.27
9.7 > log(M� ) < 10.0 0.01±0.13 -0.12±0.34 -0.23±0.29 -0.03±0.17 -0.13±0.32
10.0 > log(M� ) < 10.5 NaN ± NaN 0.06±0.19 -0.25±0.38 -0.23±0.33 -0.20±0.27

log(M� ) > 10.5 -0.08±0.33 -0.02±0.04 -0.12±0.19 -0.53±0.22 -0.22±0.30
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Figure 13. Comparison of the light weighted(orange) and mass
weighted(red) stellar population gradients for late type galaxies
in this work.

Di↵erent models for galaxy formation and evolution
predict a range signatures for age and metallicity gradients.
Monolithic collapse models (Larson (1974)) predict steep
metallicity gradients (between -0.4/-1.0 dex), whereas
simulations of galaxy growth via major mergers tend to
flatten out metallicity gradients entirely. Previous studies
have looked at the values of age and metallicity gradients
in early type galaxies. Mehlert et al. (2003) used long slit
spectroscopy to study the stellar population gradients of
35 galaxies in the coma cluster finding flat age gradients
µ ⇠ 0 and negative metallicity gradients µ ⇠ -0.16. More
modern investigations (Spolaor et al. (2009), Kuntschner
et al. (2010), Rawle et al. (2010), Koleva et al. (2011),
González Delgado et al. (2015), Roig et al. (2015)) have
used a combination of integral field spectroscopy and
novel methods to measure gradients. All studies found
negative metallicity gradients and relatively flat age gra-
dients (Rawle et al. (2010) r[Z/H] = �0.13 ± 0.04 dex /
r log(Age(Gyr)) = �0.02±0.06 dex, Kuntschner et al. (2010)
r[Z/H] = �0.28 ± 0.12 dex/ r log(Age(Gyr)) = 0.02 ± 0.13)
agreeing with older literature. In this work, we found
early type galaxies have flat age gradients and negative
metallicity gradients (r log(Age(Gyr)) = 0.009 ± 0.06 dex,
r[Z/H] = �0.148 ± 0.05 dex), which fits in well with previ-
ously obtained values. The values for metallicity are much
flatter than predicted by Monolithic collapse models alone
and are steeper than predicted from major mergers alone,
thus we conclude that our results appear to be consistent
with a two phase formation scenario in-situ formation
and contributions from minor mergers. Interestingly, our
results for early type galaxies show no dependence of stellar
population gradients on the mass of the galaxy (similar to
what was found in Koleva et al. (2011), Sánchez-Blázquez
et al. (2014), Roig et al. (2015) and simulations Kobayashi
(2004)), or its local environment. Tortora et al. (2011)
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Table 3. Median light weighted and mass weighted gradients (in dex) for both early type (ET) and late type (LT) galaxies. The gradients
are split by IFU size and by mass. Errors correspond to the 1-� value from the distribution. NaN represents not a number and this
occurs in cases where there are no galaxies in that specific ifu-mass bin.

Property Mass Bin 19 Fiber 37 Fiber 61 Fiber 91 Fiber 127 Fiber

r (dex) r (dex) r (dex) r (dex) r (dex)

ET Mass Weighted Age log(M� ) < 10.5 0.06±0.09 0.08±0.14 0.12±0.14 0.30±0.43 0.07±0.15
10.5 > log(M� ) < 10.9 0.04±0.07 0.12±0.12 0.09±0.11 0.10±0.12 0.09±0.12
10.9 > log(M� ) < 11.3 0.20±0.13 0.11±0.14 0.14±0.13 0.11±0.13 0.11±0.13

log(M� ) > 11.3 0.03±0.11 0.18±0.10 0.16±0.15 0.17±0.10 0.13±0.13

ET Light Weighted [Z/H ] log(M� ) < 10.5 -0.06±0.13 -0.14±0.22 -0.07±0.15 0.0±0.5 -0.10±0.22
10.5 > log(M� ) < 10.9 -0.06±0.12 -0.14±0.12 -0.14±0.10 -0.17±0.10 -0.20±0.22
10.9 > log(M� ) < 11.3 -0.16±0.23 -0.14±0.12 -0.13±0.09 -0.22±0.18 -0.20±0.10

log(M� ) > 11.3 0.00±0.05 -0.15±0.10 -0.14±0.19 -0.15±0.09 -0.18±0.16

LT Light Weighted Age log(M� ) < 9.7 -0.11±0.14 -0.08±0.21 -0.07±0.28 -0.13±0.10 -0.27±0.19
9.7 > log(M� ) < 10.0 -0.05±0.06 -0.06±0.28 -0.16±0.18 -0.12±0.17 -0.05±0.15
10.0 > log(M� ) < 10.5 NaN ± NaN -0.01±0.09 -0.09±0.09 -0.08±0.13 -0.15±0.11

log(M� ) > 10.5 0.21±0.10 -0.01±0.06 -0.02±0.12 -0.18±0.09 -0.14±0.12

LT Mass Weighted [Z/H ] log(M� ) < 9.7 0.35±0.26 0.07±0.32 0.02±0.20 0.16±0.28 -0.03±0.27
9.7 > log(M� ) < 10.0 0.01±0.13 -0.12±0.34 -0.23±0.29 -0.03±0.17 -0.13±0.32
10.0 > log(M� ) < 10.5 NaN ± NaN 0.06±0.19 -0.25±0.38 -0.23±0.33 -0.20±0.27

log(M� ) > 10.5 -0.08±0.33 -0.02±0.04 -0.12±0.19 -0.53±0.22 -0.22±0.30
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Figure 13. Comparison of the light weighted(orange) and mass
weighted(red) stellar population gradients for late type galaxies
in this work.

Di↵erent models for galaxy formation and evolution
predict a range signatures for age and metallicity gradients.
Monolithic collapse models (Larson (1974)) predict steep
metallicity gradients (between -0.4/-1.0 dex), whereas
simulations of galaxy growth via major mergers tend to
flatten out metallicity gradients entirely. Previous studies
have looked at the values of age and metallicity gradients
in early type galaxies. Mehlert et al. (2003) used long slit
spectroscopy to study the stellar population gradients of
35 galaxies in the coma cluster finding flat age gradients
µ ⇠ 0 and negative metallicity gradients µ ⇠ -0.16. More
modern investigations (Spolaor et al. (2009), Kuntschner
et al. (2010), Rawle et al. (2010), Koleva et al. (2011),
González Delgado et al. (2015), Roig et al. (2015)) have
used a combination of integral field spectroscopy and
novel methods to measure gradients. All studies found
negative metallicity gradients and relatively flat age gra-
dients (Rawle et al. (2010) r[Z/H] = �0.13 ± 0.04 dex /
r log(Age(Gyr)) = �0.02±0.06 dex, Kuntschner et al. (2010)
r[Z/H] = �0.28 ± 0.12 dex/ r log(Age(Gyr)) = 0.02 ± 0.13)
agreeing with older literature. In this work, we found
early type galaxies have flat age gradients and negative
metallicity gradients (r log(Age(Gyr)) = 0.009 ± 0.06 dex,
r[Z/H] = �0.148 ± 0.05 dex), which fits in well with previ-
ously obtained values. The values for metallicity are much
flatter than predicted by Monolithic collapse models alone
and are steeper than predicted from major mergers alone,
thus we conclude that our results appear to be consistent
with a two phase formation scenario in-situ formation
and contributions from minor mergers. Interestingly, our
results for early type galaxies show no dependence of stellar
population gradients on the mass of the galaxy (similar to
what was found in Koleva et al. (2011), Sánchez-Blázquez
et al. (2014), Roig et al. (2015) and simulations Kobayashi
(2004)), or its local environment. Tortora et al. (2011)
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Figure 11. Left sided plots show the distribution of light and mass weighted age and metallicity gradients obtained for early type
galaxies, where the di↵erent colours indicate the four environmental densities. Right hand plots show the error weighted median stellar
population gradients as a function of mass, where mass bins correspond to 25th, 50th, 75th and > 75th percentile values of the mass
distribution.

the clearest evidence of gradients. In both cases, there
appears to be no e↵ect of beam smearing as the values
remain relatively similar across the di↵erent IFU sizes (see
Table 3). For light weighted metallicity gradients we see
that the values all lie between flat and slightly negative
with errors covering this space of values. Mass weighted
age gradients appear to be positive in most cases and have
smaller values in the smallest 19 fiber bundle. However,
this minor di↵erence is covered by the error margin on
the results. This result disagrees with what was found in
Wilkinson et al. (2015), who found a subtle evidence for
beam smearing of light weighted metallicity gradients using
a much smaller sample of 17 galaxies. The light weighted
age gradients for late type galaxies mostly have negative
age gradients that are consistent within error across the
five di↵erent IFU sizes (see Table 3), however the 19 Fiber
IFU in the highest mass bin (log(M�) > 10.5) has a positive
gradient. This outlier is down to small number statistics for
that mass bin as the MaNGA survey does not have many
candidates that fit this mass-IFU combination. The mass
weighted metallicity gradients for late type galaxies are
generally very scattered as seen in Figure 14. The lowest
mass bin appears to have positive gradients across all IFU
sizes and generally the gradients become more negative
as the mass gets larger. There appears to be no smearing

of the gradients due to IFU size. Overall we feel that for
both morphological classes, the stellar population gradients
derived in this paper are not a↵ected by beam smearing in
any significant way.

5 DISCUSSION

In this paper we investigate the dependence of stellar pop-
ulation gradients on local environment for both early and
late type galaxies, using the MaNGA survey. A key feature
of this work is the large sample of galaxies investigated,
allowing for a detailed statistical analysis. We find that
early type galaxies on average have flat age gradients and
negative metallicity gradients, whereas late type galaxies
have negative age gradients and a scatter of metallicity
gradients. We additionally subdivide the galaxies into two
further groups: centrals or satellites, based on their location
within in their dark matter halo. The most important
result in this paper is that we find that the gradients for
age and metallicity, in each part of the analysis, appear
to be completely independent of local environment. We
additionally find that metallicity gradients appear to
correlate with mass for late type galaxies. In this next sec-
tion, we compare our findings to other work in the literature.
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Figure 14. Left sided plots show the distribution of light and mass weighted age and metallicity gradients obtained for late type galaxies,
where the di↵erent colours indicate the four environmental densities. Right hand plots show the error weighted median stellar population
gradients as a function of mass, where mass bins correspond to 25th, 50th, 75th and > 75th percentile values of the mass distribution.

used N-body+hydrodynamical simulations to analyse the
dependence of mass and environment on early type galaxies.
The study found that age gradients were generally flat
and were independent of galaxy mass or environment,
which agrees well within this paper. However, metallicity
gradients were found to have a dependence on mass and
environment, where they were shallowest in the lowest mass
galaxies and gradients were much steeper in the densest
environments. This is also found in La Barbera et al. (2011).
The discrepancy in results could be down to a range of
factors, such as initial conditions in the simulation, initial
mass functions and so on.

For late type galaxies, we have found that age gradi-
ents on average appear to be negative (r log(Age(Gyr)) =
�0.115 ± 0.08 dex), which implies that the central stellar
population is older than on the outskirts. This agrees well
with our current understanding of how star formation works
in disk galaxies and with other studies that have used IFS
(Sánchez-Blázquez et al. (2014), Zheng et al (submitted),
r log(Age) = �0.11± 0.38 dex). The metallicity gradients for
late type galaxies tend to be on average slightly negative
(r[Z/H] = �0.062 ± 0.2 dex), but are generally quite
scattered. This is similar to what was found by the CALIFA
survey (González Delgado et al. (2015)), where gradients

mass weighted metallicity gradients were found to range
from -0.4 to 0.4 dex/Re . In the CALIFA study a similar
weak trend of stellar metallicity and galaxy mass was found,
where lower mass galaxies had shallow/slightly positive
gradients that became steeper and more negative as the
mass of the galaxy increased. One possible explanation
for this could be the bulge-to-disk fraction changing as a
function of mass, but this is beyond the scope of this paper
and will be the study of future work. Lastly, it is essential
to reiterate the main result of this paper which shows that
there appears to be no local environmental dependence on
the internal stellar population gradients of the late type
galaxies.

In addition to splitting galaxies by morphology, it is
useful and complimentary to separate the galaxies by their
location in the dark matter halo. Central galaxies are the
most massive and luminous in the dark matter halo and
satellite galaxies are the others. In this work we find that
central galaxies have on average, flat age gradients and neg-
ative metallicity gradients (r log(Age(Gyr)) = �0.02 ± 0.11),
r[Z/H] = �0.232 ± 0.18 dex). For satellite galaxies we find
(r log(Age(Gyr)) = �0.07 ± 0.13), r[Z/H] = �0.218 ± 0.17
dex). We find that the gradients for age and metallicity do
not deviate much between the central/satellite distinction
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Figure 15. Individual panel plots showing the distribution of mass and light weighted age/metallicity gradients for central (grey) and
satellite (red) galaxies as a function of environment. The right plots show the median gradients for each di↵erent environmental density,
errors are given by 1/

p
N where N is the number of galaxies in that specific bin.
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Figure 15. Individual panel plots showing the distribution of mass and light weighted age/metallicity gradients for central (grey) and
satellite (red) galaxies as a function of environment. The right plots show the median gradients for each di↵erent environmental density,
errors are given by 1/
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Figure 11. Left sided plots show the distribution of light and mass weighted age and metallicity gradients obtained for early type
galaxies, where the di↵erent colours indicate the four environmental densities. Right hand plots show the error weighted median stellar
population gradients as a function of mass, where mass bins correspond to 25th, 50th, 75th and > 75th percentile values of the mass
distribution.

the clearest evidence of gradients. In both cases, there
appears to be no e↵ect of beam smearing as the values
remain relatively similar across the di↵erent IFU sizes (see
Table 3). For light weighted metallicity gradients we see
that the values all lie between flat and slightly negative
with errors covering this space of values. Mass weighted
age gradients appear to be positive in most cases and have
smaller values in the smallest 19 fiber bundle. However,
this minor di↵erence is covered by the error margin on
the results. This result disagrees with what was found in
Wilkinson et al. (2015), who found a subtle evidence for
beam smearing of light weighted metallicity gradients using
a much smaller sample of 17 galaxies. The light weighted
age gradients for late type galaxies mostly have negative
age gradients that are consistent within error across the
five di↵erent IFU sizes (see Table 3), however the 19 Fiber
IFU in the highest mass bin (log(M�) > 10.5) has a positive
gradient. This outlier is down to small number statistics for
that mass bin as the MaNGA survey does not have many
candidates that fit this mass-IFU combination. The mass
weighted metallicity gradients for late type galaxies are
generally very scattered as seen in Figure 14. The lowest
mass bin appears to have positive gradients across all IFU
sizes and generally the gradients become more negative
as the mass gets larger. There appears to be no smearing

of the gradients due to IFU size. Overall we feel that for
both morphological classes, the stellar population gradients
derived in this paper are not a↵ected by beam smearing in
any significant way.

5 DISCUSSION

In this paper we investigate the dependence of stellar pop-
ulation gradients on local environment for both early and
late type galaxies, using the MaNGA survey. A key feature
of this work is the large sample of galaxies investigated,
allowing for a detailed statistical analysis. We find that
early type galaxies on average have flat age gradients and
negative metallicity gradients, whereas late type galaxies
have negative age gradients and a scatter of metallicity
gradients. We additionally subdivide the galaxies into two
further groups: centrals or satellites, based on their location
within in their dark matter halo. The most important
result in this paper is that we find that the gradients for
age and metallicity, in each part of the analysis, appear
to be completely independent of local environment. We
additionally find that metallicity gradients appear to
correlate with mass for late type galaxies. In this next sec-
tion, we compare our findings to other work in the literature.
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Figure 7. Examples of light and mass weighted radial gradients of stellar population properties obtained from full spectral fitting for
one galaxy from the MaNGA survey (MaNGA Id 12-84679). Grey circles represent the individual Voronoi cells from the DAP data cube,
the orange line shows the running median and the red line shows the straight line fit.

picture breaks down. This is largely due to galaxies at this
mass being bulge dominated.

4.2.1 E↵ects of Galaxy Environment on Stellar
Population Gradients: Late Types

Once again, we split the early type sample into four di↵erent
environmental densities Low �, Mid-Low �, Mid-High � and
High �. The Figures 14(a) and 14(b) show the derived radial
gradients of light weighted age and metallicity as a function
of the stellar mass (log(M�)). The di↵erent colours corre-
spond to di↵erent environmental percentiles. The right hand
sub panels show the distribution of gradients for that prop-
erty. Table 1 shows the median light/mass age and metal-
licity gradients derived for the four di↵erent environmental
density bins. The light weighted age gradients all lie around
similar values, with a scatter about ⇠ -0.10 dex/Re and ly-
ing all within each others error budget. The same applies
for the light weighted metallicity gradients, where the val-
ues from the four di↵erent environmental bins all lie close to
each other, with no significant deviation. Figures 14(c) and
14(d) show the mass weighted age and metallicity gradients.
The age gradient fluctuates around ⇠ 0.01 dex/Re for the

di↵erent environmental densities. The metallicity gradient
varies quite a bit but the large error bars do not suggest
that this is a physical e↵ect. Once again, this consistency of
gradients across the four di↵erent environmental densities
allows us to conclude that the late type galaxies light/mass
weighted stellar population gradients have no dependency
on environment.

4.3 Central vs Satellite Galaxies

Most galaxies in the universe are situated in many body
systems. This can range from dense clusters of thousands
of galaxies, to galaxy pairs. The central galaxies in clusters
tend to be the most luminous and most massive (in terms
of M⇤) galaxies in the universe and reside at the potential
minimum of the dark matter halo. These galaxies also seem
to be drawn from a di↵erent luminosity function compared
to most other bright elliptical galaxies (Bernstein & Bhavsar
(2001)), thus hinting at a di↵erent evolutionary process.
Satellite galaxies, which are galaxies moving relative to the
potential minimum (having fallen in to the larger halo), are
also thought to have specific evolutionary procedures. Their
star formation is thought to be rapidly quenched when gas
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Table 2. Table showing the median light and mass weighted age/metallicity gradients obtained for the 224 central and 72 satellite
galaxies from the MaNGA galaxy sample, for di↵erent environmental densities. Errors on the quantities are given by 1/

p
N where N is

the number of galaxies in that specific bin.

Property Classification Low � Mid-Low � Mid-High � High �

r (dex/Re) r (dex/Re) r (dex/Re) r (dex/Re)

Light Weighted Age Central �0.03 ± 0.07 �0.01 ± 0.06 0.03 ± 0.07, 0.00 ± 0.08

Satellite 0.00 ± 0.12 �0.12 ± 0.13 �0.05 ± 0.07 �0.01 ± 0.12

Mass Weighted Age Central 0.08 ± 0.07 0.08 ± 0.06 0.06 ± 0.07 0.01 ± 0.08

Satellite 0.11 ± 0.12 0.07 ± 0.13 0.03 ± 0.11 0.09 ± 0.12

Light Weighted [Z/H ] Central �0.12 ± 0.07 �0.12 ± 0.06 �0.11 ± 0.07 �0.10 ± 0.08

Satellite �0.16 ± 0.12 �0.14 ± 0.13 �0.11 ± 0.11 �0.10 ± 0.12

Mass Weighted [Z/H ] Central �0.05 ± 0.07 �0.06 ± 0.06 �0.08 ± 0.07 �0.07 ± 0.08

Satellite �0.16 ± 0.12 �0.12 ± 0.13 �0.05 ± 0.11 �0.06 ± 0.12
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Figure 10. Comparison of the light weighted (orange) and mass
weighted (red) stellar population gradients for early type galaxies
in this work.

age gradient for each of the four di↵erent environmental
density bins (values can be found in Table 2). The errors
on the weighted median are given by 1/

p
N , where N is the

number of galaxies in that specific bin. Overall there is a
good agreement in the age gradient derived for each of the
di↵erent environmental densities. This implies that there is

no dependence of the gradients on the environment for both
central and satellite galaxies. This agrees well with what
we have found in earlier sections, where the light/mass
weighted age gradients were found to be independent of
environment. Additionally, Figures 15(f) and 15(h) show
the error weighted median metallicity gradient for each of
the four di↵erent environmental density bins. Once again,
there is a consistent negative light weighted metallicity
gradient that does not vary a great deal between the four
di↵erent environmental bins for both central and satellites.
The mass weighted metallicities are slightly higher than
the light weighted values but are overall negative and
consistent across the di↵erent environments. In conclusion,
it appears that the galaxy environment does not appear to
make any significant di↵erence to the light/mass weighted
age and metallicity gradients for both central and satellite
galaxies. In addition to this, we see no significant deviation
between the gradients obtained for central and satellite
galaxies, suggesting that the gradients are independent of
this distinction.

4.4 Beam Smearing E↵ects on Radial Gradients

For integral field spectroscopic surveys, a cause for concern
is the e↵ect of ‘beam smearing’ of radial gradients. This
e↵ect is caused when a signal for a given pixel position is
spread out into nearby pixels and can cause flattening of the
radial gradients. As the individual MaNGA IFU fibers have
the same spatial resolution (1-2kpc), this e↵ect should have
an impact on the smallest integral field units. Additionally,
due to the increased sensitivity to brighter stellar popula-
tions, the light weighted properties should be a↵ected more
by beam smearing. To quantify the impact of this e↵ect,
we look at the light weighted age and metallicity gradients
for both morphological samples across di↵erent IFU sizes
and split by galaxy mass. Figures 16 and 17 show our results.

For early type galaxies, we look at the light weighted
metallicity and the mass weighted age as these show
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galaxies from the MaNGA galaxy sample, for di↵erent environmental densities. Errors on the quantities are given by 1/
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the number of galaxies in that specific bin.

Property Classification Low � Mid-Low � Mid-High � High �

r (dex/Re) r (dex/Re) r (dex/Re) r (dex/Re)
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Figure 10. Comparison of the light weighted (orange) and mass
weighted (red) stellar population gradients for early type galaxies
in this work.

age gradient for each of the four di↵erent environmental
density bins (values can be found in Table 2). The errors
on the weighted median are given by 1/

p
N , where N is the

number of galaxies in that specific bin. Overall there is a
good agreement in the age gradient derived for each of the
di↵erent environmental densities. This implies that there is

no dependence of the gradients on the environment for both
central and satellite galaxies. This agrees well with what
we have found in earlier sections, where the light/mass
weighted age gradients were found to be independent of
environment. Additionally, Figures 15(f) and 15(h) show
the error weighted median metallicity gradient for each of
the four di↵erent environmental density bins. Once again,
there is a consistent negative light weighted metallicity
gradient that does not vary a great deal between the four
di↵erent environmental bins for both central and satellites.
The mass weighted metallicities are slightly higher than
the light weighted values but are overall negative and
consistent across the di↵erent environments. In conclusion,
it appears that the galaxy environment does not appear to
make any significant di↵erence to the light/mass weighted
age and metallicity gradients for both central and satellite
galaxies. In addition to this, we see no significant deviation
between the gradients obtained for central and satellite
galaxies, suggesting that the gradients are independent of
this distinction.

4.4 Beam Smearing E↵ects on Radial Gradients

For integral field spectroscopic surveys, a cause for concern
is the e↵ect of ‘beam smearing’ of radial gradients. This
e↵ect is caused when a signal for a given pixel position is
spread out into nearby pixels and can cause flattening of the
radial gradients. As the individual MaNGA IFU fibers have
the same spatial resolution (1-2kpc), this e↵ect should have
an impact on the smallest integral field units. Additionally,
due to the increased sensitivity to brighter stellar popula-
tions, the light weighted properties should be a↵ected more
by beam smearing. To quantify the impact of this e↵ect,
we look at the light weighted age and metallicity gradients
for both morphological samples across di↵erent IFU sizes
and split by galaxy mass. Figures 16 and 17 show our results.

For early type galaxies, we look at the light weighted
metallicity and the mass weighted age as these show

MNRAS 000, 1–21 (2015)

16 Goddard et al.

Table 3. Median light weighted and mass weighted gradients (in dex) for both early type (ET) and late type (LT) galaxies. The gradients
are split by IFU size and by mass. Errors correspond to the 1-� value from the distribution. NaN represents not a number and this
occurs in cases where there are no galaxies in that specific ifu-mass bin.

Property Mass Bin 19 Fiber 37 Fiber 61 Fiber 91 Fiber 127 Fiber

r (dex) r (dex) r (dex) r (dex) r (dex)

ET Mass Weighted Age log(M� ) < 10.5 0.06±0.09 0.08±0.14 0.12±0.14 0.30±0.43 0.07±0.15
10.5 > log(M� ) < 10.9 0.04±0.07 0.12±0.12 0.09±0.11 0.10±0.12 0.09±0.12
10.9 > log(M� ) < 11.3 0.20±0.13 0.11±0.14 0.14±0.13 0.11±0.13 0.11±0.13

log(M� ) > 11.3 0.03±0.11 0.18±0.10 0.16±0.15 0.17±0.10 0.13±0.13

ET Light Weighted [Z/H ] log(M� ) < 10.5 -0.06±0.13 -0.14±0.22 -0.07±0.15 0.0±0.5 -0.10±0.22
10.5 > log(M� ) < 10.9 -0.06±0.12 -0.14±0.12 -0.14±0.10 -0.17±0.10 -0.20±0.22
10.9 > log(M� ) < 11.3 -0.16±0.23 -0.14±0.12 -0.13±0.09 -0.22±0.18 -0.20±0.10

log(M� ) > 11.3 0.00±0.05 -0.15±0.10 -0.14±0.19 -0.15±0.09 -0.18±0.16

LT Light Weighted Age log(M� ) < 9.7 -0.11±0.14 -0.08±0.21 -0.07±0.28 -0.13±0.10 -0.27±0.19
9.7 > log(M� ) < 10.0 -0.05±0.06 -0.06±0.28 -0.16±0.18 -0.12±0.17 -0.05±0.15
10.0 > log(M� ) < 10.5 NaN ± NaN -0.01±0.09 -0.09±0.09 -0.08±0.13 -0.15±0.11

log(M� ) > 10.5 0.21±0.10 -0.01±0.06 -0.02±0.12 -0.18±0.09 -0.14±0.12

LT Mass Weighted [Z/H ] log(M� ) < 9.7 0.35±0.26 0.07±0.32 0.02±0.20 0.16±0.28 -0.03±0.27
9.7 > log(M� ) < 10.0 0.01±0.13 -0.12±0.34 -0.23±0.29 -0.03±0.17 -0.13±0.32
10.0 > log(M� ) < 10.5 NaN ± NaN 0.06±0.19 -0.25±0.38 -0.23±0.33 -0.20±0.27

log(M� ) > 10.5 -0.08±0.33 -0.02±0.04 -0.12±0.19 -0.53±0.22 -0.22±0.30
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Figure 13. Comparison of the light weighted(orange) and mass
weighted(red) stellar population gradients for late type galaxies
in this work.

Di↵erent models for galaxy formation and evolution
predict a range signatures for age and metallicity gradients.
Monolithic collapse models (Larson (1974)) predict steep
metallicity gradients (between -0.4/-1.0 dex), whereas
simulations of galaxy growth via major mergers tend to
flatten out metallicity gradients entirely. Previous studies
have looked at the values of age and metallicity gradients
in early type galaxies. Mehlert et al. (2003) used long slit
spectroscopy to study the stellar population gradients of
35 galaxies in the coma cluster finding flat age gradients
µ ⇠ 0 and negative metallicity gradients µ ⇠ -0.16. More
modern investigations (Spolaor et al. (2009), Kuntschner
et al. (2010), Rawle et al. (2010), Koleva et al. (2011),
González Delgado et al. (2015), Roig et al. (2015)) have
used a combination of integral field spectroscopy and
novel methods to measure gradients. All studies found
negative metallicity gradients and relatively flat age gra-
dients (Rawle et al. (2010) r[Z/H] = �0.13 ± 0.04 dex /
r log(Age(Gyr)) = �0.02±0.06 dex, Kuntschner et al. (2010)
r[Z/H] = �0.28 ± 0.12 dex/ r log(Age(Gyr)) = 0.02 ± 0.13)
agreeing with older literature. In this work, we found
early type galaxies have flat age gradients and negative
metallicity gradients (r log(Age(Gyr)) = 0.009 ± 0.06 dex,
r[Z/H] = �0.148 ± 0.05 dex), which fits in well with previ-
ously obtained values. The values for metallicity are much
flatter than predicted by Monolithic collapse models alone
and are steeper than predicted from major mergers alone,
thus we conclude that our results appear to be consistent
with a two phase formation scenario in-situ formation
and contributions from minor mergers. Interestingly, our
results for early type galaxies show no dependence of stellar
population gradients on the mass of the galaxy (similar to
what was found in Koleva et al. (2011), Sánchez-Blázquez
et al. (2014), Roig et al. (2015) and simulations Kobayashi
(2004)), or its local environment. Tortora et al. (2011)
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Table 3. Median light weighted and mass weighted gradients (in dex) for both early type (ET) and late type (LT) galaxies. The gradients
are split by IFU size and by mass. Errors correspond to the 1-� value from the distribution. NaN represents not a number and this
occurs in cases where there are no galaxies in that specific ifu-mass bin.
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Figure 13. Comparison of the light weighted(orange) and mass
weighted(red) stellar population gradients for late type galaxies
in this work.

Di↵erent models for galaxy formation and evolution
predict a range signatures for age and metallicity gradients.
Monolithic collapse models (Larson (1974)) predict steep
metallicity gradients (between -0.4/-1.0 dex), whereas
simulations of galaxy growth via major mergers tend to
flatten out metallicity gradients entirely. Previous studies
have looked at the values of age and metallicity gradients
in early type galaxies. Mehlert et al. (2003) used long slit
spectroscopy to study the stellar population gradients of
35 galaxies in the coma cluster finding flat age gradients
µ ⇠ 0 and negative metallicity gradients µ ⇠ -0.16. More
modern investigations (Spolaor et al. (2009), Kuntschner
et al. (2010), Rawle et al. (2010), Koleva et al. (2011),
González Delgado et al. (2015), Roig et al. (2015)) have
used a combination of integral field spectroscopy and
novel methods to measure gradients. All studies found
negative metallicity gradients and relatively flat age gra-
dients (Rawle et al. (2010) r[Z/H] = �0.13 ± 0.04 dex /
r log(Age(Gyr)) = �0.02±0.06 dex, Kuntschner et al. (2010)
r[Z/H] = �0.28 ± 0.12 dex/ r log(Age(Gyr)) = 0.02 ± 0.13)
agreeing with older literature. In this work, we found
early type galaxies have flat age gradients and negative
metallicity gradients (r log(Age(Gyr)) = 0.009 ± 0.06 dex,
r[Z/H] = �0.148 ± 0.05 dex), which fits in well with previ-
ously obtained values. The values for metallicity are much
flatter than predicted by Monolithic collapse models alone
and are steeper than predicted from major mergers alone,
thus we conclude that our results appear to be consistent
with a two phase formation scenario in-situ formation
and contributions from minor mergers. Interestingly, our
results for early type galaxies show no dependence of stellar
population gradients on the mass of the galaxy (similar to
what was found in Koleva et al. (2011), Sánchez-Blázquez
et al. (2014), Roig et al. (2015) and simulations Kobayashi
(2004)), or its local environment. Tortora et al. (2011)
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Figure 15. Individual panel plots showing the distribution of mass and light weighted age/metallicity gradients for central (grey) and
satellite (red) galaxies as a function of environment. The right plots show the median gradients for each di↵erent environmental density,
errors are given by 1/

p
N where N is the number of galaxies in that specific bin.
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Figure 15. Individual panel plots showing the distribution of mass and light weighted age/metallicity gradients for central (grey) and
satellite (red) galaxies as a function of environment. The right plots show the median gradients for each di↵erent environmental density,
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question and counting how many galaxies fall inside this
circle giving a number density, to more complex methods
taking into account redshift space distortions (Cooper
et al. (2005), Schawinski et al. (2007)) and tidal tensor
prescriptions based on the Hessian of the gravitational
potential (Eardley et al. (2015), Zheng et al, in prep).
These methods probe di↵erent environmental scales so it is
essential to choose the appropriate method that explores
the desired range of the study. In this work, we look at
local galaxy environment, which is well determined using
‘Nearest neighbour’ methods (see Muldrew et al. (2012) for
a review). This method requires choosing a number N of
neighbours, calculating the distance to the N th neighbour
and constructing a volume with this radius. Dividing N by
this volume gives the number density. Dense environments
are obtained when the N th nearest neighbour is close to
the target galaxy. We utilise an algorithm developed in
Etherington & Thomas (2015), and select N=5 in our work.

A local over density � is defined as:

� =
⇢i � ⇢m
⇢m

(2)

where ⇢i is the number density described using N th neigh-
bour or fixed aperture. ⇢m is the mean density of galaxies
within a redshift window centred on the target galaxy. A
galaxies environment is then given by:

log 10(1 + �) (3)

Once local environment was calculated, a distribution of en-
vironments for the MaNGA galaxy sample was built up. We
then compared this to the distribution of environments we
calculated for a magnitude and redshift limited sample of
SDSS DR12 galaxies (Alam et al. (2015)) to ensure that
we were not biasing our measurements and only sampling
MaNGA galaxies from particular environmental densities.
Figure 2 shows this distribution of environments for the
MaNGA galaxy sample compared to the environments of
the SDSS DR12 sample. The MaNGA environment distri-
bution was split into four di↵erent environmental densities
and galaxies were assigned to one of these classes.

• Low � < 25th percentile
• Mid-Low � > 25th & < 50th percentile.
• Mid-High � > 50th & < 75th percentile.
• High � > 75th percentile.

The number of galaxies in each environmental bin is 196,
194, 209 and 207 respectively. The distribution of masses,
redshifts and N � r colors that make up these bins can be
seen in Figure 3.

2.6 Final Sample

Due to the complex geometry of the SDSS (which consists
of an array of parabolic strips), some MaNGA galaxies that
reside close to the footprint edge had to be excluded from
the analysis as an accurate measure of environment wasn’t
possible (see Figure 2) and therefore were not included in
the analysis. Furthermore, a number of galaxies that were
in the final morphologically classified sample had to be ne-
glected from the final analysis due to either having incorrect
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Figure 3. Distributions of mass (log(M� )), redshift (z) and color
(N � r) for the four di↵erent environmental bins that make up
the sample used in this work. Galaxy masses, redshifts and colors
are drawn from the Nasa Sloan Atlas catalogue (NSA1, Blanton
et al. (2005a)).

velocity dispersion estimates from the DAP leading to er-
rors downgrading template spectra and led to errors when
deriving stellar population parameters. There were 85 galax-
ies that had these erroneous features (33 early type galaxies
and 52 late type galaxies spanning a range of environments
and masses), which made up ⇠ 10% of our original sample.
After removing these from our sample, we were left with 505
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Figure 16. Plots showing the light weighted metallicity (left pan-
els) and mass weighted age gradients (right panels) obtained for
early type galaxies as a function of IFU size.

and do not deviate much under di↵erent environmental
classifications. Thus concluding that the central and
satellites age and metallicity gradients are independent
of environment. Similar studies have looked at this rela-
tionship without using integral field spectroscopy. Tortora
& Napolitano (2012) used the central/satellite galaxy
prescription to understand the di↵erences in colour and
stellar population gradients as a function of environment.
They found that the age gradient does not depend on
the distinction between central/satellite, agreeing with
our results. However, contradictions in results arise when
looking at the metallicity gradients, where Tortora &
Napolitano (2012) found that metallicity gradients are
steeper in central galaxies.

6 SUMMARY AND CONCLUSIONS

We have investigated the dependence of stellar population
gradients on environment with a statistically significant sam-
ple of 721 galaxies taken from the first year of the MaNGA
survey. We used the newly developed full spectral fitting tool
FIREFLY to obtain stellar population properties such as age
and metallicity. A galaxies local environment is then deter-
mined using a 5th ‘Nearest neighbour’ algorithm. We found
that early type galaxies tend to have flat age gradients and

Figure 17. Plots showing the light weighted age (left panels)
and mass weighted metallicity gradients (right panels) obtained
for ate type galaxies as a function of IFU size.

negative metallicity gradients, consistent with previous stud-
ies. Neither of the stellar population gradients depend on the
mass or the local environment of the galaxy. For late type
galaxies, we found consistently negative age gradients and a
scatter of metallicity gradients. Interestingly, the metallicity
gradients of late type galaxies appear to be correlated with
the galaxies mass. Similar to early types however, there is
no dependence on environment. The metallicity-mass corre-
lation for late type galaxies could be attributed to a bulge-
to-disk fraction changing as a function of mass. We therefore
conclude that the internal processes of a galaxy play a signif-
icant role in the galaxies evolution and the development of
radial gradients, with environment being a negligible factor.
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IAA et al.: Metallicity, age, and stellar mass density across the Hubble sequence

Fig. 16. Left: As Fig. 7 but for AV . Right: The inner gradient as a function of galaxy stellar mass. Symbols and colors are as in Fig. 7.

Fig. 17. Radial profiles of log µ?, hlog ageiL, hlog Z?iM , and AV (from the upper to the bottom panels) for the di↵erent Hubble types (from E to Sd
from left to right panel) and three di↵erent bins of the ratio of minor to major photometric radius of the galaxy: solid line (0.63 < b/a, face on),
dashed line (0.39  b/a  0.63), and dotted line (b/a < 0.39, edge on).

compare our results for variations of the radial structure in the
inner (R 1 HLR) and outer (1 R 3 HLR) parts with other
observational results in the literature.

6.1. Age and metallicity of bulges and disks

The analysis of SDSS data has generated a general knowledge of
how the age and metallicity of galaxies change with M?, color,
or concentration index (e.g Kau↵mann et al. 2003; Gallazzi et al.
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