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• Bulge and Disk, but no signs of spiral arms 


• Old stellar populations and very little ongoing star formation 

Lenticular Galaxies (S0) 

DSS

NASA/ESA

NASA



• S0s are quenched 
spirals?


• The Morphology-Density 
Relation showing 
opposite trends between 
S0s and Spirals


• A popular explanation is 
that spiral galaxies 
falling into clusters lose 
their gas via ram-
pressure stripping or 
tidal interactions

Environmental effects of clusters
Scenarios for S0 Formation I 
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Fig. 4.—The fraction of E, SO, and S + I galaxies as a 
function of the log of the projected density, in galaxies Mpc-2. 
The data shown are for all cluster galaxies in the sample and 
for the field. Also shown is an estimated scale of true space 
density in galaxies Mpc-3. The upper histogram shows the 
number distribution of the galaxies over the bins of projected 
density. 

demonstrates that the populations change smoothly 
with density over five orders of magnitude, from 10“2 

to 103 galaxies Mpc-3. 
The advantage afforded by the use of density 

instead of radius as the independent parameter in the 
study of population gradients is illustrated in Figure 5. 

The population gradients in six moderately irregular 
clusters have been determined as a function of surface 
density and as a function of radial distance from the 
centroid of the galaxy distribution. The gradients are 
much more striking when the density is employed as 
the independent parameter, which indicates that the 
local density enhancements represent real physical 
associations and that populations are largely a 
function of local rather than global conditions. 

The data of Figure 4 and subsequent diagrams have 
not been corrected for contamination by field galaxies, 
which constitute a fraction of the population running 
from about 40% at log />proj = 0.0 to less than 5% 
at log Ppr0j = 2.0. Using the “observed” proportions 
50/35/15 for S + I/S0E, as discussed in §11, it can 
easily be shown that the field introduces a negligible 
error in the determination of the proportions at each 
density. The densities themselves have been corrected 
to reflect the density of the local region with the field 
removed. 

It is interesting to note that the Oemler data fit 
well onto the relationship of Figure 4. The representa- 
tive populations “spiral rich,” “spiral poor,” and 
“cD” are close to the proportions at projected 
densities of 0.5, 1.5, and 1.8, respectively. 

Analyses of individual clusters indicate that the 
relation between population and density holds within 
individual clusters as well as, on the average, from 
cluster to cluster. Since, as will be shown, this relation- 
ship holds among clusters of different morphology 
(i.e., regular or irregular, concentrated or diffuse), it 
is clearly basic in the understanding of cluster 
populations. 

b) Discussion 
Spitzer and Baade (1951) first suggested that cluster 

SO galaxies result when disk gas is removed from 

Fig. 5.—Population gradients in 6 moderately irregular clusters (A754, A993, A1736, A1983, 0326 — 53, 0559 —40) as a function 
of radial distance from the cluster centroid and as a function of local surface density, showing the advantage of density as the free 
parameter. 
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• Galaxy mergers can form classical bulge


• Mergers induce a bar in the disc, that can build up a pseudo-
bulge


• Discs in S0s are dynamically hotter than those in spirals


• Blue globular cluster population has a wade age range 


• The number of field S0s with counter-rotating gas kinematics is 
higher than in denser environment, implying that this gas could 
have been accreted from dwarf satellites

Galaxy mergers 
Scenarios for S0 Formation II



• Faded field spiral galaxies that 
exhausted their gas reservoirs and 
lost their spiral structures through 
disc instabilities 


• Similar Tully-Fisher relation with 
Spirals, but fainter luminosities (due 
to old stars)

Passive evolution of spirals
Scenarios for S0 Formation III

The S0 Tully–Fisher relation 1127

radius, Rhalf, the bulge-to-total fraction, B/T, and the galaxy incli-
nation i. In a few cases, the derived bulge scale length was found to
be smaller than the seeing (∼2.5 arcsec). In those cases, the struc-
tural parameters are not well constrained by the observations, so
the values were excluded. The structural parameters derived for the
remaining 48 galaxies are listed in Table A1.

2.3 Line indices, ages and metallicities

We have the full spectral data for seven Fornax cluster galaxies from
which we extracted Lick indices. A detailed description of the line
indices calculation is given in our forthcoming study of the stellar
populations of these galaxies (Bedregal et al., in preparation, here-
after Paper III). Briefly, we convolved the spectral bins with appro-
priate Gaussians (including galactic and instrumental dispersions)
in order to achieve the 3 Å resolution of Bruzual & Charlot (2003,
hereafter BC03) simple stellar populations models. The indices Hβ,
Mgb, Feλ5270 and Feλ5335 were measured within Re/8 (‘Cen-
tral’ values), between 0.75 and 1.25 Re (‘1 Re’ values) and between
1.5 and 2.5 Re (‘2 Re’ values).The resulting values are presented in
Tables A2 and A3.

Central line indices for a handful of objects in our sample
can be found in the literature (Fisher, Franx & Illingworth 1996;
Terlevich & Forbes 2002; Denicoló et al. 2005) mainly correspond-
ing to field S0s from the N99 subsample. Unfortunately, these data
sets mainly include the brightest objects of the sample, so it is diffi-
cult to make meaningful comparisons with the fainter galaxies from
Fornax. Also, differences between the two samples could arise be-
cause of the superior quality of Fornax data, effect which is difficult
to quantify. In consequence, we will focus our analysis of the line
indices, ages and metallicities on the data from the Fornax cluster
only.

From Fornax galaxies’ indices, one can derive measures of the
luminosity-weighted ages and metallicities. To this end, we have
used the simple single-age stellar population models of BC03 to
translate the measured line indices into estimates of age and metal-
licity. As a check on the uncertainties inherent in this process,
we have repeated the calculations using the Mgb index and the
combined indices 〈Fe〉 (Gorgas, Efstathiou & Aragón-Salamanca
1990) and [MgFe]’ (González 1993; Thomas, Maraston & Ben-
der 2003) as the metallicity-sensitive index. Solar abundance ra-
tios were assumed for the models. The resulting ages, metallic-
ities and their uncertainties (which include the effects of covari-
ance between the two parameters) are also shown in Tables A2
and A3.

3 R E S U LT S A N D D I S C U S S I O N

The basic result of this analysis is presented in the Tully–Fisher
plots of rotation velocity versus absolute magnitude shown in Figs 1
and 2 (for the B- and Ks-band, respectively). In these plots, the
solid line represents the TFR of spirals in local clusters found by
Tully & Pierce (2000, hereafter TP00), shifted by −0.207 mag in
order to be consistent with the adopted Hubble constant of H0 =
70 km s−1 Mpc−1. The long-dashed line in the B-band represents the
TFR of cluster spirals by Sakai et al. (2000, hereafter Sak00). The
difference between these lines give an indication of the remaining
systematic uncertainty in the spiral galaxy TFR with which we seek
to compare the S0s.

Figure 1. B-band Tully–Fisher relation of S0 galaxies. Solid line represents
the TFR of spiral galaxies from Tully & Pierce (2000); dashed line represents
the spiral TFR by Sakai et al. (2000); dotted line is the best fit to the S0 data
points using the slope from Tully & Pierce (2000). The error bars in the right
down corner correspond to the median value for each subsample, while for
the Fornax cluster data we plot the errors for each data point.

Figure 2. Ks-band Tully–Fisher relation of S0 galaxies. Solid line represents
the TFR of spiral galaxies from Tully & Pierce (2000); dotted line is the best
fit to the S0 data points using the slope from Tully & Pierce (2000). The
error bars in the right down corner correspond to the median value for each
subsample, while for the Fornax cluster data we plot the errors for each data
point.

3.1 Shift between the spiral and S0 TFRs

The first point that is immediately clear from Figs 1 and 2 is that, as
found by previous authors, whichever spiral galaxy TFR we adopt,
the S0s lie systematically below it. It is also interesting to note that
this result holds true for the S0 data from all environments, from
the poorest field objects to fairly rich clusters, so it is clearly a very
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• The luminosities of bulges in S0s are 
brighter than expected from a simple 
cessation of star formation in the disc 


• Younger stellar populations are found 
in the bulge regions of Fornax and 
Virgo S0s, triggered by residual disc 
gas that was channeled into the 
centre of the galaxy 



VLT/MUSE IFU FoV 1′ ✕ 1′ 
(Gemini/GMOS IFU FoV 5″ ✕ 7″)

MUSE Wide Field-of-View IFU Spectroscopy

7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

build up > 50% of their mass through gas accretion and minor mergers. Consequently they should consist of a
rich combination of stellar populations and thus a flat metallicity gradient throughout the disc. Conversely, a
starved spiral disc is likely to have lower metallicities at larger radii due to multiple minor mergers with (metal
poor) dwarf galaxies. Additionally, we will study the ↵-enhancements and the Balmer features of the bulge
and disc in order to determine the relative timescales of the final star-formation activity in each component,
and thus ascertain the timescale over which the iron-enriched gas was transported into the bulge. The residual
images will also help reveal the spatial extent of the recent central star formation, indicating whether it is very
centrally concentrated within the plane of the disc, or distributed throughout the bulge.
The mechanism(s) responsible for the formation of the S0s will also leave an imprint on the disc kinematics.
Gentler gas-stripping processes will not disrupt the (stellar) disc kinematics, and so v/� will be similar to spirals.
Minor mergers however, will disrupt the stellar orbits, resulting in more random motions and decreasing the
value for v/�, as shown in Fig. 1 for a small number of galaxies. We plan to expand this study by isolating the
kinematics of the disc stars in our sample. For this reason, we will observe each galaxy out to ⇠ 3 Re, twice the
coverage of MaNGA, where the line-of-sight velocity flattens out. This coverage will also allow us to better fit
the outskirts of the disc, and robustly subtract the sky component. From previous studies of early-type galaxies
(e.g. Sarzi et al. 2006, MNRAS, 366, 1151; Ja↵é et al. 2014), we also expect to find some levels of emission in the
spectra. The kinematics of the stellar populations and any gaseous component present will be separated using
a modified version of the Penalized Pixel Fitting code (pPXF, Cappellari & Emsellem 2004, PASP, 116, 138),
which will combine stellar template spectra to produce model spectra representing the bulge and disc stellar
populations and gaseous component, which, when added together, would best fit the galaxy spectrum (see
Fig. 1). This modified code has been used successfully to disentangle the kinematics of the counter-rotating
stellar discs and gaseous disc in a long-slit spectrum of NGC 4550 (Johnston et al., 2013, MNRAS, 428, 1296),
and to separate the kinematics of the inner young and outer older stellar populations of k+a galaxies using IFU
spectra from VLT-FLAMES (Rodŕıguez Del Pino et al., 2014, MNRAS, 438, 1038). We will Voronoi bin the
MUSE data cubes to improve the S/N in the outskirts of each galaxy, and apply the modified pPXF code to
each binned spectrum to compute the rotational velocity and velocity dispersion of the gas and of the
stars. We will also calculate the asymmetric drift correction in S0s from the stellar and gas kinematics
and compare to spirals (e.g. Herrmann & Ciardullo 2009, ApJ, 705, 1686). The kinematic maps, will reveal
kinematical disturbances in the gas and/or the stars that will help study di↵erent environmental e↵ects (see
Ja↵é et al. 2011b, MNRAS 417, 1996). Lastly, with the velocity measurements we will compare the cluster vs.
field S0 TFR to assess if there is e.g. enhanced fading in clusters.

Attachments (Figures)

Fig. 1: a) 2 cluster (top) and 2 field (bottom) S0s from our target list. The MUSE FoV (green square) and Re (red circle)

are overlaid; b) Decompositions of MaNGA datacubes. Top to bottom: median stacked images of k+a (left) and spiral

(right) galaxies, best fit model, and residuals; c) Example of decomposed bulge and disc spectra of the k+a galaxy in

(b), from Johnston+ (in prep);d) Comparison of v/� for spirals and S0s from planetary nebulae data (Cortesi+ 2013b).

- 3 -

6 Cluster S0s

6 Field S0s

A MUSE study of 12 S0s in radically different environments (cluster vs. field)
Spatially-resolved studies of kinematics and stellar populations of the S0 galaxies  



• Lenticulars in the 
cluster are more 
rotationally 
supported, 
suggesting that 
they are formed 
through processes 
that involve the 
rapid consumption 
or removal of gas 


• S0s in the field are 
more pressure 
supported, 
suggesting that 
minor mergers

V_rot/! profiles and lambda profiles

2964 L. Coccato et al.

Figure 6. Comparison between the values of profiles of V/σ (upper panel) and the proxy for specific angular momentum λ (lower panel) at 1 effective radius of
the sample galaxies. Galaxies are divided into massive and less massive (left-hand panels), bulge dominated and disc dominated (central panels), and luminous
and faint (right-hand panels). The threshold values used to separate the sample are total mass = 6 × 1010 M", bulge-to-total ratio = 0.5, Mk = −23.68 mag,
i.e. the median of the Mk magnitudes. Same results are obtained using W1 = −20.48, i.e. the median of the W1 magnitudes.

Figure 7. As Figs 2 (upper panels) and 3 (lower panels) but after having
removed the eight galaxies marked with asterisks in Table 2, which have
uncertain morphological classification. Green and pink symbols represent
the mean values of spirals and ellipticals, respectively, as in Figs 2 and 3.

with mass. Their results indicate that mass is the main driver for the
formation of lenticular galaxies. According to their interpretation,
massive lenticulars mostly form by morphological or inside–out
quenching (stellar mass higher than 6 × 1010 M"), whereas less
massive lenticulars mostly form by the fading of a progenitor spiral
galaxy.

In order to evaluate possible selection biases in our results,
we repeated the analysis of Sections 3.2 and 3.1 splitting the
sample into massive versus less massive (with the division placed at
6 × 1010 M"), into bulge-dominated versus disc dominated (split
at a disc-to-total luminosity ratio D/T = 0.5), and into luminous
versus faint galaxies (either side of the median value of K-band
magnitudes 〈Mk〉 = −23.83). Results are shown in Fig. 6. It is
evident that the kinematic properties of the galaxies do not differ
when split in these ways. Differences in the distribution of radial
profiles and their values at 1 Re are less significant than when the
sample is divided by environment.

Thus, this kinematic analysis indicates that mass is not the
main driver for different formation scenarios; this may seem at
a first glance to be at odds with the recent findings by Fraser-
McKelvie et al. (2018). However, one should note that we cover
a significantly different range of masses and environments in this
work. Our sample galaxies have masses higher than log (M/M") =
10.2, so all belong to the upper mass range of Fraser-McKelvie et al.
(2018), where mass-driven differences between their properties are
expected to be less evident. Contrastingly, by construction our
sample spans a much wider range of environments than Fraser-
McKelvie et al. (2018), so it should be more sensitive to any
dependency there. Moreover, their study was mainly focused on
stellar population, so it did not explore the kinematic differences
uncovered here.

Interestingly, if we consider the results of the stellar population
analysis, we reach a somewhat different conclusion. The size of
the symbols in Fig. 5 are proportional to the log of the total mass.
There does seem to be at least some correlation with mass between
points in Fig. 5, but not with environment. The massive galaxies
tend to concentrate in the region of higher [Z/H] and age, and
low t50, consistent with the findings of McDermid et al. (2015)

MNRAS 492, 2955–2972 (2020)
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Tully-Fisher Relation

2962 L. Coccato et al.

Figure 4. Tully–Fisher relation between circular velocity as determined
by Jeans axisymmetric models and K-band (upper panel), B-band (middle
panel), and 3.6 µm (lower panel) for field (blue) and cluster (red) galaxies.
The thick blue and red lines show the linear fit to the data; shaded area
indicate the 1σ error of the fit. The slope of the S0 Tully–Fisher relation
is fixed to the one determined for the Spirals, whose reference is given in
each panel. MUSE data are identified by a black circle. As comparison, the
Tully–Fisher relations for spirals (green) and S0s (cyan) from Williams et al.
(2010) and Neill et al. (2014) are shown. Outliers are identified with crosses
in the plots and removed from the fit.

Table 3. Mass weighted values of age, [Z/H], and t50 within 1 Re of the
sample galaxies.

GALAXY Age [Z/H] t50
[Gry] [log10(Z/Z!)] [Gyr]

(1) (2) (3) (4)

field
PGC 004187 13.61 ± 0.54 0.02 ± 0.02 1.70 ± 0.54
IC 1989 7.04 ± 0.31 0.12 ± 0.02 4.51 ± 0.31
NGC 3546 12.35 ± 0.49 − 0.11 ± 0.03 2.02 ± 0.49
PGC 045474 13.57 ± 0.21 − 0.00 ± 0.03 1.72 ± 0.21
NGC 2880 11.37 ± 0.68 − 0.21 ± 0.03 2.59 ± 0.68
NGC 3098 9.46 ± 0.54 − 0.34 ± 0.02 4.51 ± 0.54
NGC 6149 10.50 ± 0.78 − 0.40 ± 0.02 3.56 ± 0.78
NGC 6278 11.29 ± 0.80 0.03 ± 0.05 2.58 ± 0.80
NGC 6548 9.99 ± 0.91 − 0.04 ± 0.02 3.50 ± 0.91
NGC 6703 12.50 ± 0.75 − 0.17 ± 0.03 1.61 ± 0.76
NGC 6798 10.58 ± 0.76 − 0.22 ± 0.02 3.37 ± 0.76
PGC 056772 6.39 ± 1.31 − 0.48 ± 0.08 6.81 ± 1.31
cluster
NGC 4696D 9.82 ± 0.56 − 0.16 ± 0.04 4.59 ± 0.76
NGC 4706 13.06 ± 0.15 − 0.20 ± 0.01 0.77 ± 0.72
PGC 043435 10.51 ± 0.39 0.06 ± 0.04 1.75 ± 0.71
PGC 043466 7.12 ± 0.46 − 0.26 ± 0.03 2.06 ± 0.71
NGC 4425 8.97 ± 0.76 − 0.18 ± 0.03 1.00 ± 0.70
NGC 4429 13.60 ± 0.72 − 0.04 ± 0.02 2.82 ± 0.56
NGC 4435 12.36 ± 0.71 − 0.18 ± 0.03 2.01 ± 0.14
NGC 4461 11.96 ± 0.71 − 0.10 ± 0.02 1.96 ± 0.40
NGC 4503 13.28 ± 0.70 − 0.11 ± 0.01 5.44 ± 0.46

Values in Columns 2–4 for the ATLAS3D sample are from McDermid et al.
(2015).

ATLAS3D sample we used the ages and metallicities determined
by McDermid et al. (2015), which were obtained by integrating the
spectra within 1Re and fitting them with stellar templates from the
MILES library (Vazdekis et al. 2012). The mass-weighted values of
age and metallicity were determined as weighted sum of the age and
metallicity of the templates used (equations 1 and 2 in their paper).
The weights were determined by the fitting routine PPXF executed
with regularization. Emission lines were fitted and removed from
the spectra using GANDALF (Sarzi et al. 2006). Errors were computed
by means of Monte Carlo simulations. For the MUSE sample, we
adopted the same strategy as in McDermid et al. (2015), and limited
our spectral interval to theirs (4750−5400 Å) to avoid systematic
differences in the analysis between the two data sets. From the mass
weights of the individual templates, we determined also t50, the time
in Gyr needed to form 50 per cent of the current-day stellar mass
within 1 Re, following the prescriptions of section 5.1 in McDermid
et al. (2015). The quantity t50 offers a useful proxy for the star
formation time-scale.

The inferred mass-weighted values of age, [Z/H], and t50 are listed
in Table 3 and shown in Fig. 5. There is no apparent difference
between the properties of field and cluster S0s. However, there
is a tendency for more massive galaxies to have higher ages and
metallicities, and lower t50. The stronger dependency of stellar
population parameters on mass suggested by Fig. 5 is not new,
and is particularly evident in larger samples from the literature.
McDermid et al. (2015; their fig. 13) showed that the mass-weighted
stellar populations in early-type galaxies strongly depend on mass,
whereas the correlation with galaxy density is weak though present
(galaxies in less dense environments are younger, more metal-poor,
and have a longer star formation time-scale). In Fraser-McKelvie
et al. (2018) only the dependency of stellar populations with mass
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Figure 4. Tully–Fisher relation between circular velocity as determined
by Jeans axisymmetric models and K-band (upper panel), B-band (middle
panel), and 3.6 µm (lower panel) for field (blue) and cluster (red) galaxies.
The thick blue and red lines show the linear fit to the data; shaded area
indicate the 1σ error of the fit. The slope of the S0 Tully–Fisher relation
is fixed to the one determined for the Spirals, whose reference is given in
each panel. MUSE data are identified by a black circle. As comparison, the
Tully–Fisher relations for spirals (green) and S0s (cyan) from Williams et al.
(2010) and Neill et al. (2014) are shown. Outliers are identified with crosses
in the plots and removed from the fit.

Table 3. Mass weighted values of age, [Z/H], and t50 within 1 Re of the
sample galaxies.

GALAXY Age [Z/H] t50
[Gry] [log10(Z/Z!)] [Gyr]

(1) (2) (3) (4)

field
PGC 004187 13.61 ± 0.54 0.02 ± 0.02 1.70 ± 0.54
IC 1989 7.04 ± 0.31 0.12 ± 0.02 4.51 ± 0.31
NGC 3546 12.35 ± 0.49 − 0.11 ± 0.03 2.02 ± 0.49
PGC 045474 13.57 ± 0.21 − 0.00 ± 0.03 1.72 ± 0.21
NGC 2880 11.37 ± 0.68 − 0.21 ± 0.03 2.59 ± 0.68
NGC 3098 9.46 ± 0.54 − 0.34 ± 0.02 4.51 ± 0.54
NGC 6149 10.50 ± 0.78 − 0.40 ± 0.02 3.56 ± 0.78
NGC 6278 11.29 ± 0.80 0.03 ± 0.05 2.58 ± 0.80
NGC 6548 9.99 ± 0.91 − 0.04 ± 0.02 3.50 ± 0.91
NGC 6703 12.50 ± 0.75 − 0.17 ± 0.03 1.61 ± 0.76
NGC 6798 10.58 ± 0.76 − 0.22 ± 0.02 3.37 ± 0.76
PGC 056772 6.39 ± 1.31 − 0.48 ± 0.08 6.81 ± 1.31
cluster
NGC 4696D 9.82 ± 0.56 − 0.16 ± 0.04 4.59 ± 0.76
NGC 4706 13.06 ± 0.15 − 0.20 ± 0.01 0.77 ± 0.72
PGC 043435 10.51 ± 0.39 0.06 ± 0.04 1.75 ± 0.71
PGC 043466 7.12 ± 0.46 − 0.26 ± 0.03 2.06 ± 0.71
NGC 4425 8.97 ± 0.76 − 0.18 ± 0.03 1.00 ± 0.70
NGC 4429 13.60 ± 0.72 − 0.04 ± 0.02 2.82 ± 0.56
NGC 4435 12.36 ± 0.71 − 0.18 ± 0.03 2.01 ± 0.14
NGC 4461 11.96 ± 0.71 − 0.10 ± 0.02 1.96 ± 0.40
NGC 4503 13.28 ± 0.70 − 0.11 ± 0.01 5.44 ± 0.46

Values in Columns 2–4 for the ATLAS3D sample are from McDermid et al.
(2015).

ATLAS3D sample we used the ages and metallicities determined
by McDermid et al. (2015), which were obtained by integrating the
spectra within 1Re and fitting them with stellar templates from the
MILES library (Vazdekis et al. 2012). The mass-weighted values of
age and metallicity were determined as weighted sum of the age and
metallicity of the templates used (equations 1 and 2 in their paper).
The weights were determined by the fitting routine PPXF executed
with regularization. Emission lines were fitted and removed from
the spectra using GANDALF (Sarzi et al. 2006). Errors were computed
by means of Monte Carlo simulations. For the MUSE sample, we
adopted the same strategy as in McDermid et al. (2015), and limited
our spectral interval to theirs (4750−5400 Å) to avoid systematic
differences in the analysis between the two data sets. From the mass
weights of the individual templates, we determined also t50, the time
in Gyr needed to form 50 per cent of the current-day stellar mass
within 1 Re, following the prescriptions of section 5.1 in McDermid
et al. (2015). The quantity t50 offers a useful proxy for the star
formation time-scale.

The inferred mass-weighted values of age, [Z/H], and t50 are listed
in Table 3 and shown in Fig. 5. There is no apparent difference
between the properties of field and cluster S0s. However, there
is a tendency for more massive galaxies to have higher ages and
metallicities, and lower t50. The stronger dependency of stellar
population parameters on mass suggested by Fig. 5 is not new,
and is particularly evident in larger samples from the literature.
McDermid et al. (2015; their fig. 13) showed that the mass-weighted
stellar populations in early-type galaxies strongly depend on mass,
whereas the correlation with galaxy density is weak though present
(galaxies in less dense environments are younger, more metal-poor,
and have a longer star formation time-scale). In Fraser-McKelvie
et al. (2018) only the dependency of stellar populations with mass
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Figure 4. Tully–Fisher relation between circular velocity as determined
by Jeans axisymmetric models and K-band (upper panel), B-band (middle
panel), and 3.6 µm (lower panel) for field (blue) and cluster (red) galaxies.
The thick blue and red lines show the linear fit to the data; shaded area
indicate the 1σ error of the fit. The slope of the S0 Tully–Fisher relation
is fixed to the one determined for the Spirals, whose reference is given in
each panel. MUSE data are identified by a black circle. As comparison, the
Tully–Fisher relations for spirals (green) and S0s (cyan) from Williams et al.
(2010) and Neill et al. (2014) are shown. Outliers are identified with crosses
in the plots and removed from the fit.

Table 3. Mass weighted values of age, [Z/H], and t50 within 1 Re of the
sample galaxies.

GALAXY Age [Z/H] t50
[Gry] [log10(Z/Z!)] [Gyr]

(1) (2) (3) (4)

field
PGC 004187 13.61 ± 0.54 0.02 ± 0.02 1.70 ± 0.54
IC 1989 7.04 ± 0.31 0.12 ± 0.02 4.51 ± 0.31
NGC 3546 12.35 ± 0.49 − 0.11 ± 0.03 2.02 ± 0.49
PGC 045474 13.57 ± 0.21 − 0.00 ± 0.03 1.72 ± 0.21
NGC 2880 11.37 ± 0.68 − 0.21 ± 0.03 2.59 ± 0.68
NGC 3098 9.46 ± 0.54 − 0.34 ± 0.02 4.51 ± 0.54
NGC 6149 10.50 ± 0.78 − 0.40 ± 0.02 3.56 ± 0.78
NGC 6278 11.29 ± 0.80 0.03 ± 0.05 2.58 ± 0.80
NGC 6548 9.99 ± 0.91 − 0.04 ± 0.02 3.50 ± 0.91
NGC 6703 12.50 ± 0.75 − 0.17 ± 0.03 1.61 ± 0.76
NGC 6798 10.58 ± 0.76 − 0.22 ± 0.02 3.37 ± 0.76
PGC 056772 6.39 ± 1.31 − 0.48 ± 0.08 6.81 ± 1.31
cluster
NGC 4696D 9.82 ± 0.56 − 0.16 ± 0.04 4.59 ± 0.76
NGC 4706 13.06 ± 0.15 − 0.20 ± 0.01 0.77 ± 0.72
PGC 043435 10.51 ± 0.39 0.06 ± 0.04 1.75 ± 0.71
PGC 043466 7.12 ± 0.46 − 0.26 ± 0.03 2.06 ± 0.71
NGC 4425 8.97 ± 0.76 − 0.18 ± 0.03 1.00 ± 0.70
NGC 4429 13.60 ± 0.72 − 0.04 ± 0.02 2.82 ± 0.56
NGC 4435 12.36 ± 0.71 − 0.18 ± 0.03 2.01 ± 0.14
NGC 4461 11.96 ± 0.71 − 0.10 ± 0.02 1.96 ± 0.40
NGC 4503 13.28 ± 0.70 − 0.11 ± 0.01 5.44 ± 0.46

Values in Columns 2–4 for the ATLAS3D sample are from McDermid et al.
(2015).

ATLAS3D sample we used the ages and metallicities determined
by McDermid et al. (2015), which were obtained by integrating the
spectra within 1Re and fitting them with stellar templates from the
MILES library (Vazdekis et al. 2012). The mass-weighted values of
age and metallicity were determined as weighted sum of the age and
metallicity of the templates used (equations 1 and 2 in their paper).
The weights were determined by the fitting routine PPXF executed
with regularization. Emission lines were fitted and removed from
the spectra using GANDALF (Sarzi et al. 2006). Errors were computed
by means of Monte Carlo simulations. For the MUSE sample, we
adopted the same strategy as in McDermid et al. (2015), and limited
our spectral interval to theirs (4750−5400 Å) to avoid systematic
differences in the analysis between the two data sets. From the mass
weights of the individual templates, we determined also t50, the time
in Gyr needed to form 50 per cent of the current-day stellar mass
within 1 Re, following the prescriptions of section 5.1 in McDermid
et al. (2015). The quantity t50 offers a useful proxy for the star
formation time-scale.

The inferred mass-weighted values of age, [Z/H], and t50 are listed
in Table 3 and shown in Fig. 5. There is no apparent difference
between the properties of field and cluster S0s. However, there
is a tendency for more massive galaxies to have higher ages and
metallicities, and lower t50. The stronger dependency of stellar
population parameters on mass suggested by Fig. 5 is not new,
and is particularly evident in larger samples from the literature.
McDermid et al. (2015; their fig. 13) showed that the mass-weighted
stellar populations in early-type galaxies strongly depend on mass,
whereas the correlation with galaxy density is weak though present
(galaxies in less dense environments are younger, more metal-poor,
and have a longer star formation time-scale). In Fraser-McKelvie
et al. (2018) only the dependency of stellar populations with mass
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Figure 1. Overview of the steps to decompose an IFU data cube with BUDDI. The free parameters are the luminosity (L), effective radius (Re), Sérsic index (n),
PA, axes ratio (q) and residual-sky value (RS), and the suffixes correspond to the bulge (b) and disc (d) components. The colours of each parameter identify how
it varies with wavelength – dark blue means it is completely free with wavelength, purple is allowed to vary according to a linear polynomial, light blue can be
different for different components, but remains constant with wavelength, and red is held fixed according to the best-fitting polynomial from the previous step.

spaxel in each image slice measures the light at the same rest-frame
wavelength and at the same position within any spectral feature at
that wavelength. This step ensures that no artificial gradients in any
line strengths are added due to the radial velocity of the stellar disc
in highly inclined galaxies, or due to the narrowing of the spectral
features further from the bulge-dominated region. While decom-
position is possible without obliterating the kinematics, it would
lead to very broad spectral features in the final decomposed spectra,
reducing the spectral resolution and blurring together neighbouring
features.

The data cubes were spatially binned using the Voronoi bin-
ning technique of Cappellari & Copin (2003), and the absorption-
line kinematics measured using the Penalized Pixel-Fitting method
(PPXF) of Cappellari & Emsellem (2004). At this stage, the wave-
lengths of emission features were masked out to exclude them from
the fits. The kinematics were then measured as offsets from the
centre of the galaxy, which was taken as the point in the central
region of the galaxy where the velocity dispersion peaked, or where
the luminosity peaks in the case that the velocity dispersion shows
a double-peaked profile with radius. The line-of-sight velocity was
corrected by shifting the spectrum to match that measured at the
centre, and the velocity dispersion was corrected by convolving
each spectrum with the appropriate Gaussian to bring it up to the
maximum measured within that galaxy.

It is important to note at this stage that if strong emission lines
are present in the spectrum that do not trace the same kinemat-
ics as the absorption features, they will not be corrected to the
same level of accuracy as the absorption spectrum. Large misalign-
ments in the kinematics, particularly in cases of counter-rotating
gaseous discs, would lead to contamination of the decomposed spec-
tra by artificially broadened emission features. Such an effect can be
seen at ∼5577 Å in Fig. 5 where the spectrum contains significant

residuals of a bright sky line. While modelling the emission lines
is beyond the scope of this work, it is expected that in future work
strong emission features will be modelled and subtracted reliably
at this stage of the fitting process to reduce their effects on the final
decomposed spectra.

3.2 Step 2: fitting one broad-band image

Having obliterated the kinematics within the data cube, the galaxy
can be fitted with GALFITM. The first step was to median stack the
entire data cube into a single, broad-band or white-light image of the
galaxy, and to decompose it with GALFITM. In this first step, however,
where only one broad-band image is used for the fit, these multiband
features are technically not needed and the normal version of GALFIT

could be used instead. For consistency and in order to only rely on
one code, we have chosen to use GALFITM even in this first step.

After creating the broad-band image, a mask was created to iden-
tify the zero-value pixels in the image that are outside of the hexag-
onal MaNGA IFU field of view. This mask was used in this step
and the subsequent steps to ensure that only those pixels with infor-
mation were included in the fits.

The initial fit was carried out using a single Sérsic profile and a
residual-sky component, and a PSF image was included for convo-
lution. The PSF profile was created by median stacking the broad-
band griz-band PSF images for that data cube, which are provided
as part of the MaNGA data products. Although no large influence
on the final fitting result was recorded in previous tests, the starting
parameters in GALFITM are somewhat important to the fit, especially
in multicomponent decompositions. As we were unable to find a
general automatic solution for deriving those starting values, we
estimated starting parameters by eye for this first step.
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Figure 3. A comparison of the fit parameters for free, flat and linear fits for CCC 122 on the left and 2MIG 1546 on the right. The top plots show the di�erences
in the spectra for each component between the flat and linear fits (lighter and darker lines respectively). The bottom plots show a comparison of the fit parameters
when they are allowed complete freedom (points), held fixed with wavelength (dashed line) and allowed to vary linearly with wavelength (solid line). The black
and grey lined identify the fits that were ultimately selected and rejected. the magnitudes represent the absolute integrated AB magnitudes.

are integrated to infinity. As described above, ����� uses no infor-
mation on the spectral properties as part of the fit, simply seeing a
series of images to model. As a result, the spectra created by �����
are free from bias on the stellar populations or line strengths within
the galaxy. Additionally, the combination of the 2-dimensional fit
and the polynomials used for the structural parameters lead to con-
sistent fits to each image slice, and thus very little noise in the final
spectrum, especially for large, bright galaxies like those used in this
study.

An example of these spectra extracted for each component in
CCC 137 is given in Fig. 4, showing the fluxes of each component
relative to the total flux from the galaxy. These final spectra represent
the clean model spectra for all the components included in the fit,
and can be used for stellar populations analysis of those structures.
This figure also plots the sky spectrum, which was created from the
sky component included in the fit, and the residual spectrum, which
reflects the remaining flux after subtracting the combined best-fit
spectrum from the total flux of the galaxy. The residual spectrum

consists of light from faint asymmetric features within the galaxy
and background objects within the FOV, which will be discussed in
more detail in Section 5.4.

Figure 4 also shows a zoom-in of the spectral region covering
the Mgb and Fe lines used for the luminosity-weighted stellar pop-
ulations analysis in Section 6.1, showing the normalised spectra for
the bulge, disc and lens of CCC 137 superimposed. It can be seen
that the bulge spectrum shows stronger lines, indicating a higher
metallicity, followed by the disc and then the lens. Additionally, a
di�erence in the shape of the Mgb triplet can be seen between the
bulge and lens spectra due to the di�erent strengths of the Mg5183.6
line to the right of the triplet.

By this stage, two spectra had been extracted for each compo-
nent within each galaxy, as derived using the fits with polynomials
of order 1 and 2. The analysis described in the following sections
was carried out with both sets of spectra, and while small variations
were found in the individual measurements, the same trends were
seen with both data sets. In the end, the final decision on which set
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Figure 4. Left: the spectra extracted for the disc (blue), bulge (red) and lens (green) components in CCC 137, plotted relative to the total flux of the galaxy
within the FOV of the datacube. The purple line represents the combined bulge+disc+lens+sky spectrum, superimposed upon the integrated spectrum of the
galaxy in black, and the dark and light grey lines represent the residuals from faint asymmetric features and background objects and the sky background
respectively. Right: a zoom-in of the normalised bulge, disc and lens spectra over the spectral region marked by the grey band on the left plot, showing the
di�erences in the line strengths over the Mgb and Fe absorption lines.

of spectra to use for each galaxy was based on a combination of the
better fit to the structural parameters from the free fit (see Fig. 3),
fewer artefacts in the residual images (e.g. see Section 5.4), and the
stellar populations. For example, where the line strengths fell o� the
Single Stellar Population (SSP) model grids used in Section 6.1, the
order that led to the smallest o�set between the line strengths in the
spectrum and the nearest point in the grid was selected as the better
fit. If these steps failed to identify the better fit, then the simpler
model was used for the analysis. In this way, the spectra derived
using the flat fits (order 1) for 2MIG 131, 2MIG445, CCC 43 and
CCC 122, and the linear fits (order 2) for 2MIG 1546, 2MIG 1814,
CCC 137 and CCC 158 were used for the analysis presented in the
rest of this paper.

5 OVERVIEW OF THE FITS

5.1 The number and nature of the components in each galaxy

The models used for each galaxy were created with no prior infor-
mation from fits to photometric data in the literature to reduce bias
during the fitting process. Unlike many other studies where galaxy
light profiles are modelled (e.g. Simard et al. 2011; Mendel et al.
2014; Vika et al. 2014; Bottrell et al. 2019), the fits were not re-
stricted to single or double Sérsic profiles, where the latter is taken
to represent a bulge+disc fit. Instead, the fits were started using a
single Sérsic profile, and the complexity of the model was built up
by adding additional Sérsic or PSF components until the best fit is
obtained. The best fit was determined first by comparing the �2, and
then by studying the residual images of each fit to identify the model
that gave a good fit to the data with the minimum number of compo-
nents. For example, one can compare the flux levels in particularly
bright or dark regions of the residual image, which represent areas
where the light was under and over subtracted by the light of the
model, or look at the standard deviation of the all the unmasked flux
values in the residual image. Additionally, broad rings of alternating

light and dark regions can be a characteristic signature of several
issues, such as poor initial estimates for the structural parameters,
that the light profile of the galaxy is cored and that a core-Sérsic
profile is required instead of a standard Sérsic profile (e.g. Dullo
& Graham 2014), or that an additional component that is required
for the fit. Finally, when the inclusion of an additional component
showed negligible di�erences or improvements the residual image,
it was considered unnecessary and the best fit was accepted as the
fit with one less component. It was found that all the galaxies in this
sample achieved a better fit using at least three components, with
an additional fourth component in the form of a PSF profile in the
cases of 2MIG 1814, CCC 122 and CCC 137. The fits to all the
galaxies are given in Appendix A, with the residual images from
the 2-component fits given in Appendix B for comparison. It can be
seen that in the 2-component fit, the fits to the light profile along the
major axes are generally quite good, but the residual images reveal
more artefacts, such as the rings of alternating light and dark re-
gions outlined above. Thus, these images emphasise the importance
of using the two-dimensional spatial information wherever possi-
ble. Similar findings were presented by Laurikainen et al. (2009)
for their fits to S0 galaxies, where better results were obtained when
fitting 2-dimensional images over a one-dimensional light profile in
cases where the galaxy contains more than simply a bulge and disc.

All galaxies were found to contain a clear extended disc struc-
ture alongside two more compact components with Sérsic light dis-
tributions. Similarly complex models for the bulges have been seen
before – composite bulges, which are made up of two or more struc-
tures such as pseudobulges, central discs or boxy/peanut bulges,
have been detected in small samples of galaxies by Erwin et al.
(2003), Nowak et al. (2010), de Lorenzo-Cáceres et al. (2012) and
Erwin et al. (2015), and a study by Méndez-Abreu et al. (2014) found
that 70% of their sample of barred disc galaxies host composite
bulges. The images of each component in Appendix A demonstrate
the diversity of these inner components, with some showing rounder
profiles while others are more elongated, and with a range of Sérsic
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Figure 10. A comparison of the luminosity-weighted ages (left-hand panel), metallicities (middle), and α-enhancement (right-hand panel) between the bulges,
discs, and lenses of each galaxy.

Figure 11. A comparison of the luminosity-weighted ages, metallicities, and α-enhancement between the discs (left-hand panel), bulges (middle), and lenses
(right-hand panel) of each galaxy.

It can be seen that with the exception of 2MIG 445 and CCC 158
all of the discs are generally old, with ages >8 Gyr, while the bulges
are all older than ∼6 Gyr and the lenses show a wide range of ages.
Due to the old ages of the components, only large differences in the
ages (i.e. several Gyr) between each component would be detected
in these plots. Consequently with the large uncertainties in these
age measurements, no clear trend can be seen between the ages of
the discs with either those of the bulges or lenses or as a function
of environment. This result is consistent with the relatively flat age
gradients and generally old ages for all the galaxies in Figs 1 and 2.
However, the lenses of 2MIG 445, CCC 43, and CCC 158 do show
evidence of significantly younger stellar populations, indicating that
these components hosted the most recent star formation within these
galaxies.

The results for the metallicities are more interesting, showing that
the metallicities of the lenses are generally consistent with or higher
than the discs, with the exception of CCC 137, which may reflect that
the lenses have formed in situ from the disc material. Furthermore,
with the exception of CCC 158, the bulges generally display
consistent or higher metallicities than the discs as well, though
no clear trend is seen between the metallicities of the lenses and
bulges. These higher metallicities in the more compact components
compared to the discs is similar to the findings of Johnston et al.

(2012, 2014) that the bulges of S0s in the Virgo and Fornax Clusters
generally contain more metal-rich stellar populations, though the
younger stellar populations in the same regions is not replicated in
this work. This difference in results may be due to the increased
information available in IFU spectroscopy compared to long-slit
spectroscopy, or due to the additional components that can be more
reliably modelled with this data set. Figs 1 and 2 also showed higher
metallicities in the inner regions of all the galaxies, and so it now
appears likely that these gradients are a result of the superposition
of varying fractions of light from the bulges, discs, and lenses at
each point in the galaxy. For example, the younger, more metal-rich
stellar populations detected at small radii CCC 43, CCC 158, and
2MIG 445 in Figs 1 and 2 can be attributed to the lens component
in Fig. 10. Similarly, the uniformly old stellar populations measured
at all radii in 2MIG 1814 and CCC 122 in Figs 1 and 2 are also
reflected in the ages of the individual components. Together, these
plots show the strength of BUDDI at extracting stellar populations
parameters for individual structures within these galaxies despite
using no information on the stellar populations in the fits.

In the plots for the α-enhancement, it can be seen that the [α/Fe]
ratio for the bulges are correlated with those for the discs, indicating
that the most recent star formation activity in both components were
connected. Only 2MIG 1546 differs, with a higher α-enhancement
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Figure A3. As for Fig. A1, but for CCC 122, CCC 137 and CCC 158.
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Figure A2. As for Fig. A1, but for 2MIG 1546, 2MIG 1814, and CCC 43.
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• The kinematics of S0 galaxies in field and cluster are different


• Overall, the field S0s may indicate that these galaxies have been 
affected more by minor mergers that the cluster galaxies


• Alpha-enhancement of the bulges and discs are correlated, while 
this of the lenses are completely unconnected to either 
component

Summary


