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ABSTRACT

This is the third paper of a series where we study the stellar population gradients (SP;
ages, metallicities, a-element abundance ratios and stellar initial mass functions) of
early type galaxies (ETGs) at z < 0.08 from the MaNGA-DR15 survey. In this work
we focus on the SO population and quantify how the SP varies across the population
as well as with galactocentric distance. We do this by measuring Lick indices and com-
paring them to stellar population synthesis models. This requires spectra with high
signal-to-noise which we achieve by stacking in bins of luminosity (L,) and central
velocity dispersion (og). We find that: 1) There is a bimodality in the SO popula-
tion: SOs more massive than 3 x 101°M show stronger velocity dispersion and age
gradients (age and o, decrease outwards) but little or no metallicity gradient, while
the less massive ones present relatively flat age and velocity dispersion profiles, but
a significant metallicity gradient (i.e. [M/H] decreases outwards). Above 2 x 10 M,
the number of SOs drops sharply. These two mass scales are also where global scaling
relations of ETGs change slope. 2) SOs have steeper velocity dispersion profiles than
fast rotating elliptical galaxies (E-FRs) of the same luminosity and velocity disper-
sion. The kinematic profiles and stellar population gradients of E-FRs are both more
similar to those of slow rotating ellipticals (E-SRs) than to SOs, suggesting that E-FRs
are not simply SOs viewed face-on. 3) At fixed o, more luminous SO0s and E-FRs are
younger, more metal rich and less a-enhanced. Evidently for these galaxies, the usual
statement that ‘massive galaxies are older’ is not true if o is held fixed.
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t al. 2018).
The properties of early type galaxies (hereafter ETGs) pro- ot al. 2018)

vide insight into their assembly and evolutionary paths, be-
ing crucial for our understanding of galaxy formation. In

While there are clear correlations between the stellar
populations of galaxies and their morphology, even amongst

arxiv

particular, the formation mechanisms of the SO population
are still debated. Many key properties of the stellar popula-
tion of a galaxy — the total mass in stars, the mean stellar
age, star formation history, chemical composition (metallic-
ity, a-element abundance ratios, dust content) and the Ini-
tial Mass Function (hereafter IMF) — are encoded in its spec-
trum (Worthey 1994; Trager et al. 1998; Kauffmann et al.
2003; Bernardi et al. 2006; Panter et al. 2007; Thomas et al.
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just ETGs, the stars in more massive galaxies tend to be
older, more metal rich, more a-enhanced (implying that they
formed their stars over a shorter timescale) (e.g. Thomas
et al. 2005), with velocity dispersion driving many of the ob-
served correlations (e.g. Bernardi et al. 2005). These changes
contribute to the observed scaling relations between half-
light radius, velocity dispersion and stellar mass. In particu-
lar, curvature in these scaling relations (e.g. Bernardi et al.
2011) is thought to indicate changes in the stellar population
and assembly history across the early-type population.

Moreover, there are stellar population variations even
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within a single galaxy. The stellar population gradient (i.e.,
the correlation between stellar population and distance from
the center) contains hints about the assembly history and is
expected to constrain inside-out versus outside-in and in-
situ versus ex-situ formation scenarios (Parikh et al. 2019;
Ferreras et al. 2019; Lacerna et al. 2020). These gradients are
revealed thanks to Integral Field Unit surveys — such as the
one used in this work, MaNGA (Bundy et al. 2015) — which
provide spatially resolved spectra for individual galaxies.

One of the goals of the present study is to see if we can
decode the story that is encoded both in the curvature of
scaling relations and in SP gradients. In Papers I and II of
this series (Dominguez Sanchez et al. 2019; Bernardi et al.
2019) we analyzed the stellar population gradients from
stacked spectra of slow and fast rotator elliptical galaxies
(hereafter E-SRs and E-FRs). The main goal here is to study
the gradients in SOs.

Previous work suggests that whereas more luminous S0s
have been formed at high redshift by violent, dissipative pro-
cesses, less luminous lenticulars have been formed by secu-
lar processes gently stripping gas from spiral discs (Barway
et al. 2007, 2009). More recent work suggests that the bulges
of high-mass, old, and metal-rich SOs are older than their
discs, while the bulges of young, metal-poor and lower mass
SOs are slightly younger than their discs (Fraser-McKelvie
et al. 2018, FM2018 hereafter). We would like to see how
our data align with these findings. Our study is also mo-
tivated by the suggestion that the distinction between fast
rotator ellipticals and SOs is artificial: that E-FRs are simply
SOs viewed face-on (Cappellari 2016; Graham et al. 2019).
The stacked spectra in Papers I and II did not allow a clear
test of this assertion. Therefore, a secondary goal here is to
check if the kinematic profiles, stellar populations and SP
gradients of E-FRs and SOs are similar.

Section 2 discusses how we select our sample, and the
relevant photometric, spectroscopic and morphological infor-
mation available to us. It also compares the global scaling
relations (how size and velocity dispersion vary with stellar
mass) of SOs with those of E-FRs and E-SRs. Whereas this
comparison does not use any information from gradients or
stellar population modeling, Section 3 measures gradients
in the kinematics and the chemical abundances of SOs. It
then uses the measured chemical abundances to constrain
the stellar populations (light-weighted age, metallicity, o-
enhancement, IMF) of SOs. To check if E-FRs are simply
face-on S0s, Section 4 performs a similar analysis of E-FRs
which are selected to have similar luminosities and velocity
dispersions as our S0s. Section 5 discusses our results in the
context of previous work, especially how our analysis of gra-
dients compares with the bulge-disk analysis of FM2018. A
final section summarizes our findings.

2 DATA
2.1 MaNGA survey and photometry

The MaNGA survey (Bundy et al. 2015; Drory et al. 2015;
Law et al. 2015, 2016; Yan et al. 2016a,b) is a component
of the Sloan Digital Sky Survey IV (Gunn et al. 2006; Smee
et al. 2013; Blanton et al. 2017; hereafter SDSS IV) using in-
tegral field units (IFUs) to measure spectra across ~ 10000

nearby galaxies. The MaNGA selection function, while com-
plicated, is well defined (Wake et al. 2017). In what fol-
lows, when we refer to ‘weighted’ quantities, the weight is
ESWEIGHT from Wake et al. (2017).

In this work, as in Papers I and II, we use the MaNGA
DR15 (Westfall et al. 2019; Aguado et al. 2019; Fischer et al.
2019). The photometric parameters we use come from the
PyMorph Photometric Value Added Catalogue (MPP-VAC)
presented in Fischer et al. (2019), which provides photomet-
ric parameters from Sérsic and Sérsic + Exponential fits
(we use the ‘truncated’ magnitudes and sizes). We refer the
reader to the corresponding references for further details on
the observations and photometric reductions.

2.2 Sample selection: Morphology

This paper uses a clean sample of SO galaxies to study their
properties as a function of global parameters (i.e. absolute
magnitude, central velocity dispersion) as well as galacto-
centric distance (i.e. their gradients).

To select our SO sample we use the Deep Learning
Morphological Value Added Catalog (Fischer et al. 2019,
MDLM-VAC) that provides morphological properties de-
rived from supervised Deep Learning algorithms based on
Convolutional Neural Networks (see Dominguez Sanchez
et al. 2018 for more details). The selection requires

TType <0 and Pso > 0.5.

The first condition selects early-type galaxies (1948 observa-
tions of 1908 galaxies) instead of late-type galaxies, and the
second selects SOs (896 observations of 880 galaxies) rather
than Es. About ~ 20% of the MaNGA DR15 galaxies are
S0s. Some previous work uses results from the Galaxy Zoo2
analysis (Willett et al. 2013; Hart et al. 2016) to select lentic-
ulars. This can result in a sample in which Spirals contribute
as much as 40% (e.g. see Figs.24-26 in Fischer et al. 2019).
In contrast, objects identified by the MDLM-VAC as SOs
are significantly less likely to be Spirals (also see Section 5).
To illustrate, we show a random selection of images in the
Appendix.

In addition, the IFU observations provided by MaNGA
enable an estimate of the angular momentum . defined in
Emsellem et al. (2007) (corrected for seeing following Gra-
ham et al. 2018) for each galaxy. When combined with the
ellipticity € returned by the MPP-VAC, this allows us to sep-
arate slow from fast rotating galaxies (e.g. Paper II). This
Ae — € diagnostic shows that the vast majority of SOs are
FRs (see Figs. 28-30 in Fischer et al. 2019). While this is
not surprising, it is reassuring, as the angular momentum
played no role in the MDLM-VAC morphological classifica-
tion. Although, in principle, E-FRs can have A, < 0.2, in
what follows, when we show E-FRs, they have A > 0.2 un-
less we specify otherwise. This is similar to our convention
in Papers I and II.

2.3 Curvature in scaling relations

Before we analyse the stellar populations of our SO sam-
ple, Figure 1 shows updated versions of plots which first
appeared in Bernardi et al. (2011), highlighting the pres-
ence of two mass scales in the early-type galaxy population:

MNRAS 000, 1-15 (2020)



MaNGA: Properties of SO galaxies 3

=] AR R T T
SO (All) E-FR (A} E-SR (All}
i : :
‘g 1.0 - -
Oio 0.5F | |
o .
o o
—1 B
0.0 L L
9.5 10.010.511.011.5 9.5 10.010.511.011.5 9.5 10.010.511.011.5
Logig M. (o]
1.5 J ) : A j " : A ' ' : N
SO (z < G.08) E-FR (z ¢ 0.08): E-SR (z € 0.08):
8} H . H : : £
210} .
x 0.5 - |
=4 .
o B
3 3
0.0 r
—_ E-FR (z < 0.08)i
E gt
= 2.2 i
bﬂ)
2 2.0
o .
o .
—
1’8 . : - -

9.510.010.511.011.5
Logio M. [Me)

9.5 10,010.511.011.5
Logyo M. [Mo]

9.5 10,010.511.011.5
Logye M. [Mo]

Figure 1. Correlation of stellar mass with size (top and middle) and velocity dispersion (bottom) for SOs (left), E-FRs with Ac > 0.2
(middle) and E-SRs (right) in MaNGA. Middle panels show the subset of the objects in the top panels which have z < 0.08. Solid black
lines in each panel show linear fits to the full sample (SO + E-FR + E-SR) in the mass range 10.5 < log;q M+ /M < 11.3, while colored
curves show the median and quartiles of each subsample. Dotted vertical lines show two mass scales at which the scaling relations curve
away from this linear fit; this curvature is thought to reflect changes in the typical formation or assembly history. Above 2 x lOllM@ dry
mergers are expected to dominate; here, the fraction of SOs drops sharply and Es dominate the counts (Table 1). Below 3 x 10'9M, S0s
dominate. The remainder of this paper studies if the stellar populations and/or assembly histories of SOs change dramatically around

3 x 1019Mg.

MORPHOLOGICAL FRACTIONS AT FIXED M,

M. S0 E-FR E-FR  E-SR
[101°M ) de >0.2 X <02
> 20 0.14 0.28 0.17 0.41
3-20 0.60 0.23 0.06 0.11
01-3  0.87 0.07 0.01 0.05

Table 1. Morphological fractions in the specified mass bin,
weighted by the MaNGA selection function, in each of three mass
bins shown in Figure 1.

3 x 10*° Mg and 2 x 101 M. (Following Paper I, we define
M, as the product of M, /L, from Mendel et al. 2014, and
L, from the MPP-VAC.) The difference here is that we have

MNRAS 000, 1-15 (2020)

used the MDLM-VAC classifications to separate the early-
type population into SOs (left), E-FRs (with Ae > 0.2; mid-
dle) and E-SRs (right). The top and middle panels show the
Re-M. correlation; they only differ because of a redshift cut.
This redshift cut matters more for the E-SRs than for the
S0s, which are the subject of this paper. We have included
the top panel since there are too few E-SRs at z < 0.08
to see the change in curvature at 2 x 10*' Mg clearly. The
bottom panels show the o.-M, relation for the objects at
z < 0.08. The vertical dotted lines identify the mass scales
at which the scaling relations change.

The MaNGA selection algorithm is complicated, so Fig-
ure 1 and the following figures show results when galaxies
have been weighted by ESWEIGHT to account for the MaNGA
selection. We note that since most of our analysis is done in
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M, DISTRIBUTION AT FIXED MORPHOLOGY

Sample M, =01-3 3—20 > 20
101°Mo]  [1010Ms]  [10100)]

Observed z < 0.08
E-SR 0.10 0.48 0.42
E-FR (A\e < 0.2) 0.11 0.55 0.34
E-FR (Ae > 0.2) 0.11 0.69 0.20
S0 0.48 0.49 0.03

Observed All
E-SR 0.06 0.28 0.66
E-FR (Ae < 0.2) 0.08 0.42 0.50
E-FR (Ae > 0.2) 0.09 0.53 0.38
S0 0.44 0.49 0.07
Weighted

E-SR 0.30 0.52 0.18
E-FR (A\e < 0.2) 0.27 0.60 0.13
E-FR (A > 0.2) 0.24 0.68 0.08
S0 0.65 0.34 0.01

Table 2. Stellar mass distribution for the different morphological
types in the z < 0.08 sample, the full sample, and when objects
have been weighted to account for the MaNGA selection function.
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Figure 2. Distribution of central velocity dispersion og and abso-
lute magnitude M, for SOs (left) and Es (right). Filled and open
ellipses in the right hand panel show slow and fast rotator Es.
FRs dominate at fainter luminosities; essentially all the SOs are
FRs. Grid shows the values of M, and og which define the bins in
(Table 3). The label Bms, where m denotes the magnitude and s
the o¢, indicates the bin reported in Table 3.

narrow mass bins the effect of weighting is negligible except
for when we compare the observed counts in one mass bin
with those in another (see Table 2).

Table 1 shows the morphological fractions in fixed mass
bins, weighted by ESWEIGHT. These weighted counts show
that SOs account for more than 85% of the sample below
3x10'° Mg, but less than 15% above 2x 10*! M. In contrast,
E-SRs are only about 5% of the objects below 3 x 10'° Mg
but about 40% of the objects above 2 x 10" M. (These
fractions do not depend on the redshift cut.)

While it is tempting to attribute some of the change
in scaling relations at these mass scales to morphology, it
is important to note that, even in the SO population, the

BINNING OF GALAXIES

Bin M, Logio oo SO0 Galaxies SO Galaxies
[mag] km s~1] z <0.08 all z
B00O —19.5,—20.5 1.90, 2.00 50 50
B0O1 —19.5,—-20.5  2.00, 2.10 49 49
B02 —19.5,—20.5 2.10, 2.20 36 36
B11 —20.5,—21.5  2.00, 2.10 35 35
B12 —20.5,—-21.5 2.10, 2.20 63 64
B13 —20.5,—21.5 2.20, 2.30 63 63
B22 —21.5,—-22.5 2.10, 2.20 22 23
B23 —21.5,—22.5 2.20, 2.30 55 63
B24 —21.5,—-22.5 2.30, 2.40 37 39

Table 3. Bin definitions and number of SOs in each bin, with and
without redshift cut.

scaling relations change dramatically at 3x 10'° M. Papers I
and II studied the E-FR and E-SR galaxies. In what follows,
we will perform a similar study of the SOs, paying particular
attention to SPs and gradients above and below 3 x 10*° M.

Before moving on, Table 2 shows the range of stellar
masses M, spanned by the different morphological types.
Here, the weighted fractions are the most relevant: they show
that only about a third of E-SRs have M, < 3 x 10'°M,
whereas nearly two-thirds of SOs have such masses. In ad-
dition, about 20% of E-SRs but essentially no SOs have
M. > 2 x 10" M.

2.4 Sample selection: Binning in oo and L,

We remove from our sample galaxies with no available
photometric parameters (FLAG_FIT=3 in MPP-VAC), or
with unreliable spectra due to contamination by neighbours
(identified by visual inspection). We also limited our sample
to galaxies with z < 0.08 and R. < 15 arcsec, for reasons
we discuss in Paper I. Note that the redshift cut has little
impact: it only removes 12 SO galaxies, 11 of which have M,
< -21.5 (see Table 3).

To measure absorption features accurately, in particu-
lar the TiO indices associated with IMF variations, spectra
must have SN > 100. As we discussed in Paper I, this re-
quires to create stacked spectra. We do so by first binning in
central velocity dispersion o¢ and absolute magnitude M,.
The bin limits and the number of galaxies in each bin are
given in Table 3. The left hand panel of Figure 2 shows how
the SOs (colored symbols) populate the 9 bins (grids). For
comparison, the right hand panel shows the distribution of
slow and fast rotating Es. Papers I and II considered the
objects in the four brightest bins in the right hand panel.
Although our main focus here is on the SOs, in Section 4 we
compare S0s with E-FRs.

3 GRADIENTS IN THE SO0 SAMPLE
3.1 Velocity dispersion

To measure SP gradients we follow the same methodology as
in Paper I (see section 2.3 there). Briefly, for each M, and
oo bin, we compute stacked spectra from concentric ellip-
soidal shells that have width 0.1R. ma; along the major axis

MNRAS 000, 1-15 (2020)
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Figure 3. Velocity dispersion gradient for low (top) and high (bottom) mass SOs, shown as a function of Sersic index n and ellipticity
€. In left hand panels, estimated dispersions include a contribution from rotation; in right hand panels, this rotation has been removed.
In all panels, symbols show individual galaxies and curves show the trend defined by the median value.

(so they are b/a thinner along the minor axis). The stacked
value is the median rest-frame normalized flux of all the in-
dividual spaxels from MAPS-VOR10-GAU-MILESHC with
S/N > 5 which belong to each radial bin. To avoid variations
due to the spectral slope, the normalization is done in the
continuum region of each of the lick indices that we mea-
sure (defined in Table 3 of Paper I). The spectra are then
smoothed to a common resolution of 300 km s~ ! to allow for
a fair comparison between the different bins and the values
from stellar population synthesis models.

To bring them to the 300 km s~! resolution, we first
need to measure the velocity dispersion of each stack. The
velocity dispersion varies with galactocentric distance. We
illustrate this gradient by taking the ratio of log;y[o(<
Riin)/0(< Rmax)] to 10g;o(Rmin/Rmax) (Figure 3). Where
possible, we set Rmin = Re/4 and Rmax = R.. However,
for some galaxies, the angular size corresponding to R./4 is
less than 1.2 arcsec, so seeing is an issue. For these we set
Rmin = Re/2. For a few other galaxies, the available spec-
tra do not extend all the way out to R.. For these, we set
Rmax = 3R /4. Our notation o(< R) means we estimate o
from a stacked spectrum constructed using all the available
spaxels within R. We can do this in two ways: either by sim-
ply stacking all the spaxels directly (as this approximates
what would have been observed by a large fiber), or by first
removing the mean rotation speed from each spaxel before
stacking.

Figure 3 shows the gradients measured in this way as
a function of Sersic index n and image ellipticity e (a face-
on disk would have € = 0) for low (top) and high (bottom)
mass S0s. There are clear trends with both n and € when
rotation is included in the dispersion estimate (left hand
panels). These trends are not present when rotation has been
removed (right hand panels). Clearly, removing rotation is
preferable. Comparison of the top-right and bottom-right
panels shows that, once rotation has been removed, the more
massive SOs clearly have larger gradients. Thus, from the
velocity dispersion profiles alone, we already have a hint that
the mass scale 3x 10'° M, so apparent in Figure 1, is special.

Figure 4 shows the full velocity dispersion profile for

MNRAS 000, 1-15 (2020)
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Figure 4. Velocity dispersion profiles obtained from the stacked
spectra of the SO sample. Colors correspond to the bins presented
in Figure 2, as stated in the legend (the same symbols are used for
bins with the same op). SOs with larger o9 have steeper profiles
and, for the same o, more luminous galaxies have steeper profiles.

each bin after removing the mean rotation speed from each
spaxel before stacking. It is easy to see that the profiles
are steep at larger oo values and, at fixed oo, steeper for
the brightest galaxies (compare the cyan with the dark red
lines). In fact, the fainter (M, > —20.5) SOs show a much
flatter velocity dispersion profile — consistent with Figure 3
(right panels) — which, we will show in the next sections,
comes along with a strong gradient in metallicity but almost
no age gradient.

3.2 Lick indices and SSP models

For each stack, we measure a set of Lick indices which
we compare to the predictions of the MILES SSP mod-
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Figure 5. Lick index Hg versus [MgFe| diagram for the SO sample. Colored symbols show measurements from the stacked spectra in each
bin at different galactocentric distances as indicated by the arrow. These are superimposed on age-metallicity grids from the MILES-
Padova models with other SP parameters as indicated. Model grids all have same IMF slope (I', = 1.3) but different a-enhancement

values (shown as different grey scales — the grids are nearly identical).
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Figure 6. Same as Figure 5 but now for <Fe>. Model grids again
all have 'y, = 1.3, but the dependence on a-enhancement is much
stronger.

els (Vazdekis et al. 2010) to estimate age, metallicity, a-
enhancement, IMF slope and M, /L. In particular, we use
three index-index diagrams to constrain our parameter
space: Hg-[MgFe] is sensitive to age and metallicity, <Fe>-
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Figure 7. Same as Figure 5 but now for TiO2gpgg. In this case,
[a/Fe] is fixed to 0.10 and grids with different IMF slopes are
shown, color-coded according to the legend.

[MgFe] is sensitive to the a-enhancement and TiO2gpss-
[MgFe] is a good IMF indicator. The indices are defined
following Trager et al. (1998), except for TiO2spgs which
was introduced by La Barbera et al. (2013) (see Table 3
from Paper I).

MNRAS 000, 1-15 (2020)
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Figure 8. Best-fitting IMF slope as a function of galactocentric
distance. Colors represent the bins defined in Figure 2; symbols
indicate the value of og. The IMF slope is estimated by comparing
the Lick indices, especially TiO2gpgs, with the MILES bimodal
IMF SSP models. The horizontal dashed line indicates the Kroupa
IMF.

We use the MILES-Padova models with BiModal IMFs
to interpret our measurements. Our results depend on a
number of assumptions such as the choice of SSP models,
the IMF parametrisation or the indices used as IMF indica-
tors, as discussed in the Appendix of Paper I. To ease the
comparison with the results from Paper I and II, we use
exactly the same methodology (including SSP library, a-
enhancement correction of the MILES-Padova models and
best-fitting procedure) explained in detail in Section 3 of Pa-
per L. In Paper I we also discussed the impact of variations
in [X/Fe] elements when constraining IMF slopes (Figure 12
from Paper I) and we tested 4 different assumptions (Fig-
ure 13 and Table 4 from Paper I). In this work we restrict
our analysis to what we called assumption 3 (i.e., allowing
for IMF variations for each bin and with galactocentric dis-
tance) and fixing Ax,/re) = 0.003.

Figure 5 shows how Hp varies with [MgFe]: Colored
symbols show the values measured for each bin and grids
show the MILES SP models. There are obvious differences
between the radial gradients of the fainter galaxies (red, or-
ange, yellow) and the brighter ones: galaxies with M, >
—20.5 span only a small range of Hg whereas brighter galax-
ies span a much larger range of index strengths. Thus, even
without using SSP models to interpret the measurements,
the scale M, ~ —20.5 (which corresponds to a mass scale
M, ~ 3 x 10'°My) is clearly special.

Figures 6 and 7 show a similar comparison of the <Fe>-
[MgFe] and TiO2spgs-[MgFe] relations defined by the differ-
ent bins. There are again obvious trends with o at fixed L,:
e.g., the <Fe>-[MgFe] relations shift to larger [MgFe] as og
increases and TiO2gpgss increases with o¢ in each L, bin.

Comparison with the model grids in Figure 5 shows that
faint galaxies show almost no age gradient and, while having
mainly sub-solar metallicities, show a large metallicity gra-
dient. In contrast, galaxies with M, < —20.5 show a stronger
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bin - as in Figure 8. Error bars show uncertainties obtained by
bootstrapping galaxies in each bin (see text).

age gradient and little if any metallicity gradient. This is our
first main result. In addition, the grids show that, at fixed
M., age increases with oo (orange is younger than red, pink
younger than purple, cyan younger than green). Finally, the
grids in Figure 6 show that, at fixed L,, [o/Fe| increases
with oo, and those in Figure 7 suggest that the IMF slope
steepens with gg. We use the MILES SSP models to quantify
these trends in the next subsection.

3.3 Stellar population gradients

As we did in Papers I and II, we allow for variations in the
IMF slope when fitting the other SP parameters. The best-
fitting IMF-slope for each bin is shown in Figure 8. There
are significant differences in the IMF slope for the different
populations, ranging from bottom heavy IMF (I',=2.5) for
galaxies with the largest L, and o¢ to Kroupa-like values
(Kroupa 2001, I'y=1.3) for the other extreme (smallest L,
and o0¢). Although the radial gradients are noisy, there is a
clear trend for IMF slope to decrease with decreasing oo (at
fixed L, ). However, galaxies with the same oo do not share
the same IMF slope, implying that luminosity also correlates
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with the IMF. Finally, IMF gradients are obvious for some
bins (e.g., B01, B02, B12) and almost negligible for others
(e.g., B0O, B22).

Figure 9 compares the best-fitting SP parameters as a
function of velocity dispersion when the IMF is allowed to
vary and when it is fixed (to Kroupa). The IMF variations
have an important effect in the inferred M, /L, values, which
affect both stellar mass estimates — Mayn and M. — as we
stressed in Papers I and II. However, the effect of the IMF
on the other SP parameters is much weaker, and the over-

all shape and relative values between bins remain almost
unchanged. This figure highlights the relation between the
velocity dispersion gradient and those in age and metallic-
ity: the low luminosity bins (red, orange and yellow) show
relatively flat velocity and age profiles, while in the other
bins the velocity and age gradients are stronger. The metal-
licity gradients are strongest for the lowest luminosity bins,
weaker for intermediate luminosities, and almost flat for the
most luminous ones. We discuss these trends in Section 6.
Figure 10 shows how the SP estimates shown in the left
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hand panels of Figure 9 (i.e. when allowing for IMF varia-
tions) change with galactocentric distance (rather than o).
Except for M. /L,, fixing the IMF to Kroupa makes little dif-
ference.) To simplify the comparison, bins of different lumi-
nosities are plotted separately in each column. It is evident
that, at fixed M., age increases with oo while metallicity
decreases (except at M, > —20.5, where the values are very
similar). Stated differently, at fixed o, more luminous galax-
ies are younger and more metal rich (compare upright trian-
gles in the three top panels, or the upside-down triangles in
the left and middle panels). Evidently, the usual statement
that ‘massive galaxies are older’ (c.f. Introduction) is not
true if og is held fixed.

Regarding the a-enhancement, at fixed luminosity,
[o/Fe] decreases with oo (compare purple and light pink
tracks), but become very similar for the lowest oo bins at
each M, (e.g., compare cyan and blue). The a-enhancement
profiles are almost flat for all the bins, except for bins B02
(red) and B11 (light pink), which show positive gradients.
Finally, the bottom panels show that, at fixed L, M, /L in-
creases with og but gradients are stronger for the more lu-
minous S0s.

In Figures 9 and 10 the error bars show the 1o variation
in the best-fitting parameters after bootstrapping one galaxy
at a time when constructing the stacked spectra. These un-
certainties are significantly smaller than any systematics due
to the use of different SSP models, IMF parametrizations, or
IMF indicators. They are even smaller than the differences
due to normalising the stacks in different spectral regions.
Therefore, while we are very confident of our stacking proce-
dure, we warn the reader about the other assumptions which
can affect the results presented here.

4 ARE FAST ROTATOR ELLIPTICALS JUST
FACE-ON S0 GALAXIES?

So far we have concentrated on the properties of SOs. As
we noted in the Introduction, whether or not SOs, which are
almost exclusively fast rotators, are fundamentally differ-
ent from fast rotating Es is an open question. Recent work
asserts that E-FRs are just SOs viewed face-on (e.g. Cappel-
lari 2016; Graham et al. 2019). In this section we compare
kinematic profiles and SPs of SOs and E-FRs of the same
luminosity and velocity dispersion. Comparison of the left
and right hand panels of Figure 2 shows the region in the
M,-0¢ plane where there is sufficient overlap to perform this
comparison. This is only possible for bins B12, B13, B23 and
B24.

Whereas the reason for comparing the SPs is self-
evident, our motivation for comparing kinematics deserves
further comment. Traditionally, SOs are thought to differ
from Es because they have obvious inner dispersion sup-
ported bulge and outer rotation supported disc components.
In IFU datasets, this means that rotation should be obvious
in the outer regions of SOs, provided they are not viewed
face-on. If face-on, then this rotation should be less obvious.
Moreover, the velocity dispersion in the outer parts, where
the disc dominates, should be small, because we expect discs
to be somewhat ‘cold’. In contrast, morphologically, E-FRs
do not have an obvious disc component. Therefore, there is
no particular reason to expect the velocity dispersion profiles
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Figure 12. Ratio of central og to oe (the values shown in the
top left panel of the previous Figure) for SOs (blue) E-FRs (green)
and E-SRs (red) as a function of stellar mass, for the full sample
(left) and when restricted to objects with Re > 3 arcsec (right).

of E-FRs to differ from those of E-SRs. Therefore, compar-
ing the rotation and velocity dispersion profiles of E-FRs
and face-on SOs of similar L and o¢ may be useful.

4.1 Velocity dispersion profiles

To explore this, we first select from our E and SO samples
only those objects which have ¢ < 0.4 (so face-on objects
are a greater fraction). Figure 11 shows how some kinematic
(top panels) and photometric (bottom) properties of the ob-
jects which satisfy this cut vary with stellar mass. The solid
curves in the bottom right panel show that the median €
is similar for all three morphological types. The associated
dashed curves show that the quartiles around the median are
also similar. The bottom left panel shows that the E-SR and
E-FR samples have similar median B/T values of about 0.7,
whereas the SOs have a smaller median B/T, with a small
but statistically significant step at 3x 10'° M. SOs with B/T
values above their median overlap with E-FRs that lie below
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their median. The top right panel shows that E-FRs and SOs
have very similar rotation speeds which are, of course, much
larger than for E-SRs. Finally, the top left panel shows that
E-FRs have central velocity dispersion o similar to E-SRs
and slightly larger than SOs of the same M.. The difference
between SOs and the Es is slightly larger for o. (at, not
within, R.), in qualitative agreement with the discussion in
the previous paragraph. (Rotation does not contribute to
either of the estimated os.)

As we noted above, we are particularly interested in
the slope of the velocity dispersion profile. Figure 12 shows
a crude measure of this slope — the ratio oo /oe — for the three
morphological types, as a function of M,. At high masses,
where a comparison is possible, this ratio is largest for SOs
and smallest for E-SRs. Evidently, the velocity dispersion
drops more steeply for (face-on) SOs than it does for Es.

To check if the fiber size (radius ~ 1 arcsec) is com-
promising our results, the right-hand panel shows the result
of restricting the analysis to objects having R. > 3 arcsecs,
for which the aperture of the fiber should matter less. Com-
parison of the two panels shows that, while there are some
differences at smaller masses, over the range where all the
morphological types can be compared, the differences are
robust. (Restricting to R. > 4 arcsecs reduces the sample
size considerably but does not change our conclusions.) The
steeper o profiles for SOs, despite similar rotation speeds (see
top right panel of Figure 11), indicate that SOs tend to be
more rotationally supported than are E-FRs.

It is worth noting that, for SOs, both B/T and the oo /0.
ratio change dramatically around 3 x 10'° M, the same mass
scale where their stellar population gradients change. Some
of the drop and leveling-off in o¢/c. at low M. may be
artificial, because both values are close to the instrumental
resolution of the spectrograph (~ 60 km/s, see top left panel
of Figure 11). While this resolution has been accounted-for
in our measurements, the o estimates become increasingly
uncertain below this value. Of course, this does not affect our
conclusions about the differences between SOs and E-FRs at
higher masses.

Before moving on to consider the stellar populations,
it is natural to ask if the difference in velocity dispersion
profiles is simply due to differences in B/T ratio. The bot-
tom left panel of Figure 11 shows that, at fixed M., SOs
have smaller B/T than E-FRs, so one would expect SOs
to have steeper velocity dispersion profiles. However, the
Figures show that at fixed morphology, the B/T—M, and
00/0e — M, correlations are both flat (above 3 x 10'°Mg).
As a result, it is not obvious that B/T drives the differences
we see in Figure 12. Indeed, if we only select objects with
0.45 < B/T < 0.6 and 10.5 < log,q(M./Mgy) < 11 then
SOs and E-FRs have log,,(c0/0e) ~ 0.1 and 0.15, just as
in Figure 12. Unfortunately, there are so few objects in this
bin that it is hard to make a more statistically significant
statement.

4.2 Stellar population gradients

We now consider the stellar populations. We estimate SP
parameters of the Es exactly as we did for SOs in Section 3
and note that although our results allow IMF variations, fix-
ing the IMF to Kroupa results in small quantitative changes,
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R/R. for the E-SRs and E-FRs (filled and open symbols) when
allowing for IMF variations. Colors represent the different bins as
stated in the legend, and symbol shape represents og.

but does not change any of the qualitative trends or conclu-
sions.

Figure 13 shows the results: E-SRs (filled symbols) tend
to be older, more metal poor (less metal rich) and more a-
enhanced than E-FRs (open symbols) of the same M, and
00. In addition, the left and middle panels show that at
fixed M,, E-FRs with large oo are older, more metal rich
(at least in the central regions) and more a-enhanced. Stated
differently, at fixed oo, the fainter E-FRs are older, less metal
rich and more a-enhanced. These trends are not so obvious,
or simply absent for E-SRs. However, these SP trends for
E-FRs are rather similar to those of SOs.

Figure 14 presents a direct comparison of the SOs and
E-FRs (symbols connected by solid and dashed lines respec-
tively) in bins B12, B13, B23 and B24. In all but one bin
(B23), the S0s tend to be younger and more metal rich. They
also tend to be slightly less a-enhanced. These differences,
which are also present if we fix the IMF to Kroupa, are note-
worthy, given that they played no role in the morphological
classifications.

Figure 15 shows these SP differences in a slightly dif-
ferent format. The four sets of curves show the joint dis-
tribution of age and metallicity from the center (symbols)
outwards (tails) for SOs (solid) and E-FRs (dotted) in bins
B12, B13, B23 and B24. This shows that SOs tend to have
larger age gradients than their corresponding E-FRs; in con-
trast, the E-FRs tend to have larger metallicity gradients.
In Paper II we showed that E-SRs tend to have constant
ages (of about 10 Gyrs) with some metallicity gradients, so
old E-FRs (bins B13 and B24) are more similar to E-SRs
than are SOs. These systematic SP differences, along with
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the differences shown in Figure 12, suggest that, contrary
to recent claims (e.g. Cappellari 2016; Graham et al. 2019),
E-FRs are not just SOs viewed face-on.

If inclination does not drive the differences between
them, then what does? If bulges are dispersion supported
and older than disks (which are supported by rotation), then
we would expect differences in B/T ratio to be reflected in
the kinematic and stellar population gradients. While E-FRs
do have larger B/T (Figure 11), our sample is too small to
allow us to test if B/T alone drives the kinematic and SP
trends we see.
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5 COMPARISON WITH PREVIOUS WORK

Previous work, based on the joint distribution of color, lu-
minosity and velocity dispersion has argued that residuals
from the o9 — L relation must be age indicators (Bernardi
et al. 2005). The sense of the age correlation is that at fixed
luminosity, older galaxies have larger oo; at fixed o9, older
galaxies are fainter (also see Figure 1 of Shankar & Bernardi
2009). Our Figures 5 and 10 show that this is abundantly
true for SOs. Paper II did not explore a large enough range
of L, to test if this is also true for Es. Figure 13 shows that
it is, at least for Es that are fast rotators.

The properties of 279 MaNGA S0 galaxies have previ-
ously been studied by FM2018. They estimate stellar ages
and metallicities in bulge and disk regions of individual
galaxies, and report a bimodality which strongly correlates
with stellar mass: high-mass (M. >10° M) SOs are old and
metal-rich, with older bulge components; low-mass lenticu-
lars are young and metal-poor without significant differences
in the properties of their disk and bulge components.

As we now discuss, our results are in general agreement
with theirs, despite significant differences in how we esti-
mate SP parameters. However, there are a few subtle but
important differences which we highlight below.

The first potentially important difference is in the mor-
phological classification. FM2018 selected SO galaxies ac-
cording to two conditions: galaxies with Galaxy Zoo2 (Wil-
lett et al. 2013; Hart et al. 2016) weighted ‘smooth’ fraction
> 0.7 and fast rotating, without any further restriction in
luminosity. However, the MDLM-VAC we use here classifies
only 45% of their sample as S0; it classifies 30% of their sam-
ple as Es and 25% as Spirals (see top panel of Figure 24 in
Fischer et al. 2019, which shows that Galaxy Zoo2 smooth
fraction is not good at discriminating between SO and other
morphologies). Figure 25 of Fischer et al. (2019) shows that
many of the objects with smooth fraction > 0.7 have Sersic
index and bulge fraction values that are consistent with be-
ing Spirals, and these are indeed classified as Spirals by the
MDLM-VAC. Figure A4 shows a selection of these objects.

To see how this affects the conclusions of FM2018, Fig-
ure 16 shows how the Spirals, SOs and E-FRs (as classi-
fied by the MDLM-VAC) in their sample populate the age-
metallicity plane, in the format of their Figure 10, for a
number of bins in luminosity. Magenta lines connect bulges
to their disks if the bulge is more than 0.1 dex older, other-
wise the line is black. Comparison of the panels shows that
the vast majority of the fainter, younger, metal-poor objects
which make up FM2018’s ‘second’ population are objects
classified as Spirals in the MDLM-VAC. While some of the
fainter SOs (M, < —20.5) lie below the dashed line, they are
a small fraction of the faint SOs, and so an even smaller frac-
tion of all SOs. Essentially none of the E-FRs lie below the
dashed line. Evidently, the bimodality reported by FM2018
is primarily due to morphology, rather than luminosity.

Although it is clearly evident in their Figure 10 (and
hence in our Figure 16), FM2018 do not comment on a
different sort of bimodality: Whereas the disks and bulges
of massive SOs have essentially the same metallicities (but
different ages), the metallicities of disks and bulges can be
quite different at lower masses. We expect this difference to
be quite dramatic in our sample, because Figures 9 and 10
show that the SP gradients of faint and luminous SOs are
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Figure 17. Comparison of age-metallicity gradients of SOs in the
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Filled circles indicate the central region. Fainter objects tend to
have large metallicity gradients but weak age gradients; luminous

objects tend to have large age gradients but weak metallicity gra-
dients.

very different. To illustrate, Figure 17 shows how the SP
gradients we measure in our nine bins populate the age-
metallicity plane. Notice the nearly horizontal stripes in the
low L bins (centers are less metal poor and very slightly
younger — similar to most faint Spirals in Figure 16), but

vertical stripes at high luminosities (centers are substan-
tially older and only slightly more metal rich, similar to the
E-FRs in Figure 16). This clear bimodality in SO properties
is obvious even though we are restricting our analysis to the
upper end of the mass range covered by FM2018. (Their bi-
modality, which Figure 16 suggests is driven by morphology,
only really manifests at M, > —20 or fainter.)

6 DISCUSSION AND CONCLUSIONS

We used stacked spectra to study how the kinematics of
and chemical abundances in SO galaxies vary with velocity
dispersion and luminosity (Figure 2). We interpreted the
chemical abundances using (MILES bimodal) single stellar
population models.

e Qur analysis has uncovered a bimodality in the SO
population. The correlations between size or velocity dis-
persion and stellar mass change slope at around 3 x 10'° Mg
(left hand panel of Figure 1). This coincides with the mass
scale at which gradients in kinematics and stellar population
change dramatically. In particular, there are obvious gradi-
ents in line-index strength (Figures 5-7) which also change
at this mass scale. When fit to our measurements, single stel-
lar population models indicate that the more massive SOs
show strong age gradients but little or no metallicity gra-
dient, while the less massive ones present relatively flat age
and velocity dispersion profiles, but a significant metallicity
gradient (Figure 17).

e S0s with the smallest og in each luminosity bin —i.e.,
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the youngest SOs for their L, — have IMFs that are closest
to Kroupa (Figure 8) — but IMF's are otherwise a little more
bottom heavy. (We accounted self-consistently for IMF dif-
ferences when estimating other SP parameters, which are all
light- not mass-weighted.)

e While at fixed L., age increases with op and metallic-
ity decreases as expected, we find that, at fixed op, more
luminous SOs are younger, more metal rich and less a-
enhanced (compare same symbols in the different panels
of Figure 10). Evidently, the usual statement that ‘massive
galaxies are older’ is not true if oo is held fixed.

e We also found differences between the kinematic pro-
files and stellar populations of the SO and E-FR populations.
The velocity dispersion profiles of (face-on) SOs are steeper
than those of E-FRs (Figure 12), despite the fact that both
populations have similar rotation (top right panel of Fig-
ure 11). This indicates that SOs tend to be less supported
by dispersion than are E-FRs. Like SOs — but in contrast to
E-SRs — at fixed 09, more luminous E-FRs are younger and
more metal rich (Figure 13). However, their gradients differ:
SOs tend to have larger age gradients and smaller metallic-
ity gradients than E-FRs of the same L and oo (Figure 15).
The age-metallicity gradients of E-FRs are more similar to
those of E-SRs. Together, these SP and kinematic differ-
ences suggest that distinguishing between E-FRs and SOs is
meaningful: E-FRs are not just SOs viewed face-on. While
E-FRs tend to have larger B/T ratios (bottom left panel of
Figure 11), our sample is not large enough to determine if
the differences between E-FRs and SOs are entirely driven
by B/T.

Gradient strength is thought to be an indicator of the
interplay between star formation and stellar mass assembly.
The qualitative change in gradients that we see in the SO
population, coupled with the change in global scaling rela-
tions at M. ~ 3x10'° Mg, suggest that this is a special scale
for SOs. It is tempting to assert that, below this mass scale,
S0s are closer to Spirals — mergers are less important than
in situ star formation and perhaps, some gentle gas strip-
ping. These galaxies have metallicity gradients but little age
gradient. They also have similar metallicities but with the
larger o SOs being older and more a-enhanced. However,
the transition from metallicity to age gradients just above
this mass scale suggests gas rich mergers are beginning to
matter, as these would result in more recent star formation
from enriched gas, and hence younger light-weighted ages
with higher metallicity and smaller a-enhancement — this
would explain why at fixed oo, more luminous SOs and E-FRs
are younger, more metal rich and less a-enhanced (compare
same symbols in the different panels of Figure 10). In addi-
tion, if the merger remnant is able to grow a disc, it will have
higher metallicity, younger age and lower [«/Fe] in its outer
regions compared to its progenitors, thus explaining the
change in SO gradients we see as we cross M. ~ 3 x 10° Mg
(Figure 17).

Mergers increase the stellar mass, but the abundance of
S0s drops sharply above 2 x 10** M, (Figure 1); this mass
scale was first identified as being important by Bernardi
et al. (2011). More recent work (Cappellari et al. 2013, and
our Papers I and II) has confirmed its significance. At these
higher masses there is a mix of E-FRs and E-SRs. E-FRs
may result from mergers which do not produce discs, or for
which a disc would have been unstable. Younger E-FRs (pink
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and blue dotted lines in Figure 15) have age-metallicity gra-
dients which are intermediate between those of SOs and older
Es (Figure 13). Older E-FRs (purple and green dotted lines
in Figure 15) have metallicity decreasing outwards from the
center, but little if any age gradient within R.. This is sim-
ilar to E-SRs — which are uniformly old, have metallicity
gradients and are thought to be dominated by dry merger as-
sembly histories. However, these E-FRs tend to be younger,
more metal rich and less a-enhanced than E-SRs of the same
L and o¢ (Figure 13 and Paper II), consistent with E-FRs
having had more extended star formation histories.
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APPENDIX A: IMAGES

Morphology plays an important role in our sample selection.
This Appendix shows a random selection of objects to illus-
trate that our morphological classifications are reasonable.
Comparison of Figures Al and A2 shows that E-SRs and
E-FRs are very similar morphologically, whereas compari-
son of Figures A2 and A3 shows that SOs tend to have more
obvious disks.

Finally, Figure A4 shows a random selection of objects
which FM2018 classify as SOs but we classify as Spirals. A
considerable fraction of these objects are indeed Spirals, sug-
gesting that the FM2018 SO sample is rather impure. As not
all of these objects are obviously Spirals, our SO sample may
be slightly incomplete. However, we believe it is much more
pure.
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