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ABSTRACT

We use comparisons between the SAMI Galaxy Survey and equilibrium galaxy models to infer the importance of disc fading
in the transition of spirals into lenticular (S0) galaxies. The local S0 population has both higher photometric concentration and
lower stellar spin than spiral galaxies of comparable mass and we test whether this separation can be accounted for by passive
aging alone. We construct a suite of dynamically self–consistent galaxy models, with a bulge, disc and halo using the GalactICS
code. The dispersion-dominated bulge is given a uniformly old stellar population, while the disc is given a current star formation
rate putting it on the main sequence, followed by sudden instantaneous quenching. We then generate mock observables (𝑟-band
images, stellar velocity and dispersion maps) as a function of time since quenching for a range of bulge/total (𝐵/𝑇) mass ratios.
The disc fading leads to a decline in measured spin as the bulge contribution becomes more dominant, and also leads to increased
concentration. However, the quantitative changes observed after 5 Gyr of disc fading cannot account for all of the observed
difference. We see similar results if we instead subdivide our SAMI Galaxy Survey sample by star formation (relative to the main
sequence). We use EAGLE simulations to also take into account progenitor bias, using size evolution to infer quenching time.
The EAGLE simulations suggest that the progenitors of current passive galaxies typically have slightly higher spin than present
day star-forming disc galaxies of the same mass. As a result, progenitor bias moves the data further from the disc fading model
scenario, implying that intrinsic dynamical evolution must be important in the transition from star-forming discs to passive discs.

Key words: galaxies: evolution – galaxies: kinematics and dynamics – galaxies: structure

1 INTRODUCTION

Revealing the underlying physical processes driving the transforma-
tion of galaxies remains one of the central aims of astrophysics. We
know that through cosmic time the galaxy population tends to tran-
sition from star–forming to passive, from blue to red, and from mor-
phologically late–type (e.g. spirals) to early–type (e.g. S0s). These
transitions are undoubtedly related to each other; for example colour
is to first order related to mean stellar age, and so directly tied to
the star formation history of a galaxy. The connection between star
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formation history and morphology is also significant, with most star
forming galaxies being late types, and most passive galaxies being
early types. However, this is not exactly a one-to-one relation, as
several works have shown (e.g. Masters et al. 2010; Schawinski et al.
2009; Davies et al. 2019).

Environment must play a significant role in these transformations,
given the well known morphology–density (e.g. Dressler 1980) and
star formation rate–density relations (e.g. Lewis et al. 2002). This is
particularly so for the expected transformation from spiral to lentic-
ular (or S0) galaxies. The fraction of S0s grows monotonically as
environment becomes richer, at the expense of spirals. Despite en-
vironment being clearly implicated in the spiral–S0 transformation,
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this has not brought us directly to the physical cause of the trans-
formation, as there remains a number of plausible mechanisms that
could play a part. In fact, it’s likely that many of the proposed mech-
anisms have a role, but that their importance changes as a function
of environment.

Measurements as a function of redshift show that as we go back
in time the S0 fraction declines in dense environments. This decline
happens both in clusters (Dressler et al. 1997) and groups (Just et al.
2010). In fact, the change in S0 fraction with cosmic time appears
stronger in groups (defined as having dispersion 𝜎 < 750 km s−1 by
Just et al.) than clusters (𝜎 > 750 km s−1). Similar evolution is seen
in the colour (e.g. Butcher & Oemler 1984) and star formation rates
(e.g. Elbaz et al. 2007) of galaxies in high density environments.

Arguably the simplest process that converts a spiral to an S0 is
so–called strangulation (e.g. Larson et al. 1980), where continued
inflow of gas onto the disc is inhibited by the galaxy’s environment.
The star formation in the disc slowly shuts down as remaining fuel is
consumed. More violent interactions, such as ram pressure stripping
(Gunn & Gott 1972) can remove gas directly from the disc. Ram
pressure may be expected to act quickly, but as a galaxy falls into an
over–dense region, the increase in ram pressure can be gradual, lead-
ing to slower transitions (Roediger & Brüggen 2007). Other physical
effects can also play a role. Thermal conduction from the hot intra-
cluster medium to the cooler interstellar medium of a galaxy can
potentially lead to much faster gas loss (Vĳayaraghavan & Sarazin
2017a). However, simulations including magnetic fields find that
thermal conduction is suppressed as the hot electrons have to follow
the magnetic field lines (Vĳayaraghavan & Sarazin 2017b). Compar-
isons between hydrodynamic simulations of gas stripping with and
without magnetic fields by Ramos-Martínez et al. (2018) find that gas
removal is less efficient, and happens at larger radius, when magnetic
fields are present. Another contributing factor is turbulent viscosity
that could enhance stripping (Nulsen 1982), although hydrodynami-
cal simulations seem to suggest that viscosity does not severely alter
the gas mass lost from discs (Roediger & Brüggen 2008).

As well as the primarily gas–physics related processes, gravita-
tional interactions with the other galaxies or the group/cluster po-
tential could also be important for the transition from spiral to S0.
Simulations suggest that some galaxy–galaxy mergers can lead to
S0–like morphology. These include minor mergers (Bekki 1998)
and at least a fraction of major mergers with favourable impact pa-
rameters and progenitor spins (Querejeta et al. 2015). Less severe
dynamical interactions can also play a role. Bekki & Couch (2011,
henceforth BC11) show that repeated tidal interactions with other
galaxies within a group environment has the effect of heating the
stellar disc, and triggering nuclear star formation to build a bulge.

Many observations of S0 galaxies have been used to try and as-
certain which processes are most important. S0 galaxies are found to
follow a well defined Tully-Fisher (TF) relation (Mathieu et al. 2002;
Rawle et al. 2013) with an offset from the same relation for spirals.
The offset is largely consistent with S0s having older stellar popula-
tions. However, Williams et al. (2010) finds that there remains a small
offset between the spiral and S0 TF relation even when stellar mass or
dynamical mass is used. This offset may mean that galaxies undergo
a small amount of contraction as they transition from S0 to spiral. An
alternative to contraction may be evolution in the zero-point of the
spiral TF, although recent work carefully comparing high–redshift
and low–redshift gas kinematics suggests little evolution of the TF re-
lation (Tiley et al. 2019). The S0 TF relation therefore seems broadly
consistent with gas related quenching followed by the fading of the
disc, although Tapia et al. (2017) argue that a similar TF relation
could be derived through merging.

Decomposing S0 galaxies into a bulge and disc provides a differ-
ent view. Christlein & Zabludoff (2004) suggest that S0 bulges are
more luminous than can be explained by simple disc fading, but this
disagrees with a combination of decomposition and colour analysis
(Head et al. 2014) that is used to argue for disc fading. Kinematic
decomposition allows us to go one step further, and Cortesi et al.
(2013) derive the TF and Faber–Jackson relations for S0 discs and
bulges separately. Their small sample shows consistent offsets of S0s
in both dynamical scaling relations, that again points to more than
just disc fading for the formation of S0s. In contrast, Oh et al. (2020)
have recently examined the kinematics of decomposed bulges and
discs from the SAMI Galaxy Survey across a wide range in mass and
morphology. They find that the disks for both early- and late-type
galaxies are sit on the same stellar-mass Tully-Fisher relation.

Measuring the stellar population ages and metallicities of Virgo
cluster S0 bulges and discs separately, Johnston et al. (2014) find that
bulges have younger ages. This points to the last star formation in
S0s being centrally concentrated, although it could still be occurring
in the inner disk, rather than within a dispersion supported bulge.
The Johnston et al. (2014) measurement is consistent with the obser-
vation that star formation is typically more centrally concentrated in
high density environments, both in clusters (Koopmann & Kenney
2004) and groups (Schaefer et al. 2017, 2019). The younger central
ages could be due to star formation enhanced by gas inflows toward
the central parts of the galaxies, caused by dynamical interactions.
Alternatively, ram pressure may only remove the outer gas reservoir,
allowing central star formation to continue for some time (Cen 2014).

The advent of large-scale integral field spectroscopy surveys (e.g.
Croom et al. 2012; Bundy et al. 2015; Sánchez et al. 2016) has opened
up another window onto the question of S0 formation. They allow
estimates of the fraction of dynamical support provided by rotational
velocity (𝑉) and random orbits (dispersion, 𝜎). These can can be
combined into the spin parameter proxy, 𝜆𝑅 = 〈𝑅 |𝑉 |〉/〈𝑅

√
𝑉2 + 𝜎2〉

(Emsellem et al. 2011), where the radius 𝑅 is typically taken as the
effective radius, 𝑅e. Querejeta et al. (2015) use the Calar Alto Legacy
Integral Field spectroscopy Area survey (CALIFA) to argue that the
transformation of spirals to S0s cannot simply be disc fading, as
S0s have both lower 𝜆𝑅 and higher concentration (defined as the
ratio of the radii containing 90 and 50 percent of total galaxy flux,
𝑐 = 𝑅90/𝑅50). Instead they propose that merging is able to translate
galaxies in both 𝜆𝑅 and concentration. A similar conclusion is drawn
using galaxies observed with the Sydney-AAO Multi-object Integral
Field Spectrograph (SAMI) by Fogarty et al. (2015) based on cluster
galaxies. However, in this case the authors argue that the trend in 𝜆𝑅
and concentration is consistent with repeated dynamical encounters
(BC11).

The 𝜆𝑅 vs. concentration plane seems to provide a useful tool for
diagnosing the nature of transformations, but care has to be taken over
interpretation. Both measurements are light weighted, and so can be
influenced by radial differences in stellar populations. Carollo et al.
(2016) show that while quenched galaxies have higher Bulge/Total
(𝐵/𝑇) flux ratios than star forming disc galaxies, their bulges are
not more luminous. Rather, their discs have lower luminosity. The
lower disc luminosity is a natural consequence of the disc fading
as star formation ceases. Given the bulge and disc have different
light profiles (the bulge typically with higher Sérsic index, 𝑛), a
reduced light contribution from the disc can lead to higher measured
concentration, without any underlying structural change. Likewise,
𝜆𝑅 measurements are flux weighted, so fading of a disc can lead
to the bulge component dominating the measured dynamics. If the
bulge is dispersion dominated (or at least has less rotational support
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than the disc), then 𝜆𝑅 can be reduced, again without any underlying
structural change in the galaxy.

The aim of this paper is to assess how large the impact of disc
fading is on 𝜆𝑅 and concentration. In particular, we wish to know
whether differences between the spiral and S0 populations seen in
this parameter space can be explained solely by disc fading, or if other
physical effects are also required. To do this we build self-consistent
dynamical models using the GalactICS code (Kuĳken & Dubinski
1995; Widrow et al. 2008), and from them generate synthetic images
and velocity fields using the MagRite code developed by Taranu et al.
(2017). This approach allows us to control the stellar population age
of the separate dynamical components (bulge and disc). We then
compare the results of our models to integral field data from the
SAMI Galaxy Survey (Croom et al. 2012; Bryant et al. 2015).

A challenge in comparing spirals and S0s is that we are usually
making the comparison at the same redshift, while the progenitors of
today’s S0s were spirals at an earlier epoch. Measurements of high
redshift gas kinematics appear to show much greater turbulence in
discs (e.g. Wisnioski et al. 2015) at early times, and this could trans-
late to higher stellar disc dispersion. Recent simulations similarly
show increased dispersion at high redshift (Pillepich et al. 2019).
To take this into account we will use EAGLE simulations (Schaye
et al. 2015) to make estimates of this progenitor bias. Comparisons of
star formation and kinematics using SAMI and EAGLE have already
been used to highlight the importance of progenitor bias by Cortese
et al. (2019). They find that little evidence of structural change when
satellite galaxies are quenched.

In Section 2 we describe the details of our model, including our
assumed star formation histories. In Section 3 we present the result
of making 𝜆𝑅 and concentration measurements on the simulations.
Section 4 contains a comparison of our models with measurements
from the SAMI Galaxy Survey, as well as discussion of the role of
progenitor bias. We give concluding remarks in Section 5. Through-
out the paper we assume a cosmology with Ωm = 0.3, ΩΛ = 0.7 and
𝐻0 = 70 km s−1Mpc−1.

2 DISC FADING MODELS

Our main goal is to test whether disc fading is consistent with the
difference between spirals and S0s in the 𝜆𝑅–concentration plane.
To do this we need simulated galaxies that have realistic dynamics
and morphological structure. We also need to apply different star
formation histories to the bulge and disc components. Importantly,
the derived kinematics need to be light weighted, so that we can fully
capture the effects of only varying the 𝑀/𝐿 of the stellar popula-
tions without modifying their underlying distribution functions. The
methodology presented by Taranu et al. (2017) to model SAMI data
fulfils all of these criteria and we will now describe its key features.

2.1 Equilibrium galaxy models

The equilibrium galaxy models are built using a modified version
of the GalactICS code (Kuĳken & Dubinski 1995; Widrow et al.
2008), detailed in Appendix F of Taranu et al. (2017). GalactICS
computes equilibrium phase–space distribution functions for three
components: an exponential stellar disc with a sech2 vertical density
profile; a flattened, non-rotating Sérsic (1963) profile stellar bulge;
and a slightly flattened halo with a generalized (Navarro et al. 1997,
hereafter NFW) profile. Typically the equilibrium solution is close
to the original parameters, but with the spherical components (bulge
and halo) flattened by the presence of the disc.

There is a large amount of flexibility with the GalactICS approach.
However we choose a restricted range of parameters, relevant to
demonstrating the impact of disc fading. The NFW halo density
profile is

𝜌 ∝ 1

(𝑟/𝑟ℎ)𝛼 (1 + 𝑟/𝑟ℎ) (𝛽−𝛼)
, (1)

where we choose𝛼 = 1, 𝛽 = 2.3 and 𝑟ℎ = 6.07 kpc. The halo is nearly
spherical (mildly vertically flattened by the disc), non-rotating and
truncated beyond 300 kpc. Modification of the halo parameters has
little impact on the stellar components beyond the expected change
in the rotation curve. The bulge is also nearly spherical and non-
rotating, although it can be somewhat flattened as it responds to the
potential of a massive disc. We could choose models with a rotating
bulge, but a non-rotating bulge leads to the largest difference in
kinematics with disc fading, so provides a robust upper limit on the
role of disc fading. The bulge follows a “classical” de Vaucouleurs
(1948) profile (Sérsic 𝑛𝑠 = 4.0), although changes to the value of 𝑛𝑠
have modest impacts on our results compared to changes in the bulge
scale length. In order to generate physically realistic galaxies we use
the measured stellar mass vs. 𝑅e relations from Lange et al. (2016).
They fit relations of the form

𝑅e = 𝑎

(

𝑀∗
1010𝑀�

)𝑏

(2)

to bulge and disc properties measured from 𝑟-band SDSS imaging.
For bulges we use values of 𝑎 = 1.667 kpc and 𝑏 = 0.477 to approxi-
mate the separate low- and high-mass power law relations. For discs
we use 𝑎 = 5.0 kpc and 𝑏 = 0.301 that is slightly steeper than Lange
et al. (2016) to account for the difficulty of accurately measuring the
size of very small discs. The disc density profile is:

𝜌 ∝ exp(𝑅/𝑅𝑑)sech2 (𝑧/𝑧𝑑). (3)

Here 𝑅 is the cylindrical radius in the disc and 𝑧 is the vertical distance
off the disc. We choose the disc scale length, 𝑅𝑑 , that is equivalent
to an 𝑅e defined using the above relations from Lange et al. (2016).
We assume a scale height of 𝑧𝑑 = 0.75 kpc. The structural parameter
that most influences our results is the ratio of bulge and disc scale–
lengths. Changes of scale length can have important consequences for
our measurements. For example, a larger disc scale length, together
with a smaller bulge would lead to large changes in 𝑅e as the disc
fades and the bulge becomes more important. These changes can in
turn have a significant effect on the measured 𝜆𝑅 . For this reason we
have chosen to use the observed relations of Lange et al. (2016) for
our models.

The simulated galaxies are built by sampling the underlying dis-
tribution functions, so their spatial resolution is largely set by this
discrete sampling. The bins for sampling are adaptive. Averaged over
all bins the resolution is ∼ 150 pc, but in practice it is better than
100 pc in all but the outer disk. This is an order of magnitude better
than the observational resolution.

We generate a range of models with bulge/total mass fraction
(𝐵/𝑇) of 0.0 to 1.0 in steps of 0.1. In each case the total stellar mass
of the combined bulge and disc is 1010.8 M� .

2.2 Generating synthetic images and kinematics

There are several steps required to simulate observed kinematics
from the dynamical models presented above. The early stages make
use of the synthetic observation pipeline ‘This Is Not A Pipeline’
(TINAP; first described by Taranu et al. 2013) to generate images and
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Table 1. Simulation results for the example of 𝐵/𝑇 = 0.5 and a range of
inclinations (Inc) and quenching times (𝑡𝑞). Other 𝐵/𝑇 ratios are available
in the electronic version of this paper.

B/T Inc. 𝑡𝑞 𝑅e 𝜖𝑒 𝜆Re (𝑉 /𝜎)𝑒 𝑅90/𝑅50

deg Gyr arcsec

0.5 0 0.0 7.71 0.00 0.00 0.00 2.40
0.5 0 1.0 7.42 0.00 0.00 0.00 2.46
0.5 0 2.0 7.26 0.00 0.00 0.00 2.49
0.5 0 3.0 7.15 0.00 0.00 0.00 2.51
0.5 0 4.0 7.07 0.00 0.00 0.00 2.53
0.5 0 5.0 7.00 0.00 0.00 0.00 2.55
0.5 15 0.0 7.93 0.02 0.22 0.19 2.40
0.5 15 1.0 7.64 0.02 0.18 0.16 2.47
0.5 15 2.0 7.50 0.02 0.17 0.15 2.50
0.5 15 3.0 7.41 0.02 0.16 0.14 2.52
0.5 15 4.0 7.83 0.02 0.16 0.14 2.54
0.5 15 5.0 7.24 0.02 0.15 0.13 2.55
0.5 30 0.0 7.83 0.10 0.38 0.37 2.43
0.5 30 1.0 7.56 0.10 0.33 0.31 2.49
0.5 30 2.0 7.47 0.09 0.30 0.29 2.52
0.5 30 3.0 7.41 0.09 0.29 0.28 2.54
0.5 30 4.0 7.36 0.09 0.28 0.27 2.56
0.5 30 5.0 7.28 0.09 0.27 0.26 2.57
0.5 45 0.0 7.58 0.20 0.48 0.51 2.47
0.5 45 1.0 7.24 0.19 0.42 0.43 2.53
0.5 45 2.0 7.10 0.18 0.39 0.40 2.55
0.5 45 3.0 7.01 0.18 0.38 0.38 2.57
0.5 45 4.0 6.94 0.18 0.36 0.36 2.59
0.5 45 5.0 6.86 0.18 0.35 0.35 2.60
0.5 60 0.0 7.33 0.35 0.54 0.64 2.54
0.5 60 1.0 7.09 0.34 0.48 0.55 2.60
0.5 60 2.0 6.95 0.33 0.46 0.51 2.62
0.5 60 3.0 6.86 0.32 0.44 0.49 2.64
0.5 60 4.0 6.76 0.31 0.43 0.47 2.66
0.5 60 5.0 6.78 0.31 0.42 0.46 2.67
0.5 75 0.0 7.48 0.57 0.59 0.79 2.75
0.5 75 1.0 7.17 0.54 0.54 0.68 2.79
0.5 75 2.0 7.12 0.54 0.52 0.65 2.81
0.5 75 3.0 7.03 0.53 0.50 0.62 2.82
0.5 75 4.0 6.95 0.52 0.49 0.59 2.83
0.5 75 5.0 6.89 0.52 0.48 0.58 2.84
0.5 90 0.0 8.32 0.82 0.67 0.95 2.97
0.5 90 1.0 8.12 0.81 0.60 0.84 3.01
0.5 90 2.0 8.05 0.80 0.59 0.80 3.03
0.5 90 3.0 7.92 0.79 0.57 0.77 3.05
0.5 90 4.0 8.03 0.79 0.57 0.76 3.06
0.5 90 5.0 7.96 0.79 0.56 0.74 3.07

concentration 𝐶 = 2.477 for no seeing and 𝐶 = 2.471 for SAMI-like
seeing. The change in concentration with disc fading is also unaf-
fected with Δ𝐶 = 𝐶 (𝑡𝑞 = 5Gyr) −𝐶 (𝑡𝑞 = 0) = 0.135 (for no seeing)
and Δ𝐶 = 0.134 (for SAMI-like seeing).

The second observational effect is the 𝑆/𝑁 of the measurement. We
have assumed perfect data in constructing our models, but changes
in 𝑆/𝑁 could impact the measured parameters. To examine this we
generate one set of galaxies (with 𝐵/𝑇 = 0.5 and inclination of
45 degrees) with 𝑆/𝑁 ratio typical of KIDS imaging and SAMI
spectroscopic observations. We then measure 𝜆Re

and concentration
for these simulations with added noise. The difference caused by
adding noise to the simulations is found to be at most ' 1.3 percent
in 𝜆Re

and concentration. We also test how the 𝑆/𝑁 influences our
measurement of Δ𝜆Re

and Δ𝐶. These are similarly small, with the
difference in Δ𝜆Re

being 0.9 percent and the difference in Δ𝐶 being

1.6 percent. These changes are much smaller than the trends we find
due to disc fading and as a result we don’t consider the effect of S/N
for the remainder of this paper.

Another alternative is that the disc scale height could vary with disc
size. We introduce a varying disc scale height that is one eighth of the
disc scale length, varying from the fiducial value (𝑧𝑑 = 0.75 kpc) for
the most massive discs to about half of this value for the least massive.
The result is only a minimal change in our results, with average
changes between the fiducial model and the varying scale height
model being 0.022 in 𝜆Re

, 0.008 in Δ𝜆Re
, −0.045 in concentration

and −0.011 in Δ𝐶.
Variations in dust content between early- and late-type galaxies

could influence our measurements. The amount of extinction due to
dust is found to be dependent on stellar population age (e.g. Cortese
et al. 2008). Disc scale-lengths have been shown to be colour de-
pendent (e.g. Peletier et al. 1994; de Grĳs 1998), and this has been
explained by the distribution of dust in discs. However, more recent
measurements of disc scale–lengths as a function of wavelength in
large samples spanning a range of inclinations and other galaxy prop-
erties show weaker evidence for wavelength dependence (Fathi et al.
2010). Early-type galaxies can contain significant amounts of dust,
but this is typically much less than late-type galaxies (e.g. Smith et al.
2012; Beeston et al. 2018). Simulations including the impact of dust
(e.g. Gadotti et al. 2010; Pastrav et al. 2013) on observed properties
find that dust tends to lower the 𝐵/𝑇 , and make discs appear larger,
with the degree of change depending on the assumed optical depth
and dust geometry. If the star-forming spirals contain significantly
more dust than S0s, this would increase the observed difference in
𝜆Re

and concentration. However, given the difficulty of quantifying
the differential impact of dust between spirals and S0s, we choose
not to implement a dust correction in our models.

4 SAMI GALAXIES IN THE 𝜆Re
–CONCENTRATION

PLANE

4.1 SAMI galaxy measurements

The Sydney–AAO Multi-object Integral field spectrograph (SAMI;
Croom et al. 2012) uses 13 deployable imaging fibre bundles (hex-
abundles; Bland-Hawthorn et al. 2011; Bryant et al. 2014) across a 1
degree diameter field–of–view at the prime focus of the 3.9m Anglo-
Australian Telescope. The hexabundles each contains 61 fibres, and
each fibre is 1.6 arcsec in diameter. Each hexabundle therefore covers
a circular 15 arcsec diameter region on the sky, with a filling factor
of 75 percent. The SAMI fibres are fed to the dual–beam AAOmega
spectrograph (Sharp et al. 2006).

The SAMI Galaxy Survey (Croom et al. 2012; Bryant et al. 2015)
targeted over 3000 galaxies from 2013 to 2018, covering a broad
range in stellar mass (log(𝑀∗/𝑀�) = 108 to 1012) in the redshift
range 0.004 < 𝑧 < 0.095. Targets were selected based on SDSS
photometry and spectroscopy from the Galaxy And Mass Assembly
survey (GAMA; Driver et al. 2011). A further eight high density
cluster regions were also targeted to capture the richest environments
(Owers et al. 2017). In the current analysis we include the SAMI
cluster fields, but only those that have SDSS imaging (Abell clusters
168, 2399, 119 and 85), to maintain a consistent set of photometric
measurements, particularly concentrations.

The spectroscopic observations from the SAMI Galaxy Survey
cover the wavelength ranges 3750–5750 Å and 6300–7400 Å, at a
resolution of 𝑅 = 1808 and 4304 at the spectral wavelengths of
4800 Å and 6850 Å, respectively (van de Sande et al. 2017b; Scott
et al. 2018).
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galaxies with SDSS imaging are potential objects to still include in
our analysis.

Stellar kinematics are measured using the penalized pixel fitting
routine, PPXF (Cappellari & Emsellem 2004), following the method
discussed in detail by van de Sande et al. (2017b). We will only
highlight key points of the fitting here, and refer the reader to van
de Sande et al. (2017b) for further details. The red arm data are
convolved to match the blue in terms of spectral resolution and then
the two arms are fitted simultaneously, assuming a Gaussian line-of-
sight velocity distribution. Optimal templates are derived by fitting in
annularly binned spectra using the MILES stellar library (Sánchez-
Blázquez et al. 2006). PPXF is then run on individual spaxels in
three passes, first to measure the noise from residuals, then to clip
outlying pixels and emission lines, and finally to derive the kinematic
parameters. On the third pass PPXF uses a linear combination of the
optimal template in the relevant annulus and those in the adjacent
annuli. Uncertainties for each spectral measurement are estimated
from fits to 150 simulated spectra, where noise is added that is
consistent with the observations.

Based on the above fitting we then apply the quality cuts sug-
gested by van de Sande et al. (2017b), namely: signal–to–noise ratio
> 3 Å−1; 𝜎obs > FWHMinstr/2 ' 35 km s−1; 𝑉error < 30 km s−1;
𝜎error < 𝜎obs ∗ 0.1 + 25 km s−1. The 𝑅e, PA and ellipticity of each
SAMI galaxy is measured in the same way as the models described
in Section 2.3, using MGE (Emsellem et al. 1994; Cappellari 2002;
Scott et al. 2009). Detailed application of this to the SAMI data is de-
scribed by D’Eugenio et al. (2021). Similarly, 𝜆Re

, is also measured
following the procedure in Section 2.3. We include galaxies where
the 𝜆Re

measurement is aperture corrected to 1𝑅e (van de Sande et al.
2017a), in cases where the SAMI data do not extend to 1𝑅e.

For data taken at the spatial resolution of SAMI, seeing can impact
the kinematic measurements. This ‘beam-smearing’ tends to convert
velocity into dispersion and hence lower 𝜆Re

. Various authors have
developed beam-smearing corrections for 𝜆Re

(e.g. Graham et al.
2018). We use the newly derived corrections by Harborne et al.
(2020a). These corrections are derived by applying observational
features to an array of simulated galaxies using the SIMSPIN software
(Harborne et al. 2020b). The corrections are a function of 𝜎PSF/𝑅e,
ellipticity and Sérsic index where 𝜎PSF describes the width of the
observational point spread function. We only use galaxies where
𝜎PSF/𝑅e < 0.5, to minimize any residual impact of beam smearing.
After correction, Harborne et al. (2020a) find that the dispersion in
𝜆Re

between the true and beam-smearing corrected simulations is
only 0.026 dex and the mean is only different by 0.001 dex. Beam-
smearing corrections are particularly important in this work because
they are dependent on galaxy size. Early-type galaxies are on average
smaller than late-type galaxies, so beam-smearing could cause sys-
tematic differences. Applying all the kinematic quality cuts results
in a sample of 1595 galaxies.

Optical morphological classification of SAMI galaxies is de-
scribed in detail by Cortese et al. (2016). The classification uses
SDSS DR9 (Ahn et al. 2012) colour images inspected by at least
eight independent members of the team. First the galaxies were sub-
divided into early– or late–type, based on the presence of spiral
arms and/or indications of star formation. The galaxies were then
further sub-classified and given an index which we call mtype, from
0 to 3. Early–type galaxies were further categorised as elliptical (E,
mtype=0) or lenticular (S0, mtype=1) based on the presence of a disc.
Late–type galaxies were subdivided into those with a bulge (early spi-
ral eSp, mtype=2) or without a bulge (late sprial, lSp, mtype=3). At
least 66 percent agreement was required for these classifications. If
this was not met, then adjacent votes were combined into intermedi-

Table 2. The mean 𝜆𝑅 , concentration (𝑅90/𝑅50) and ellipticity (𝑒) for SAMI
galaxies separated by mass [in 0.5 bins of log(𝑀∗/𝑀�)] and morphological
mtype. Only bins where the number of galaxies (𝑁𝑔) is 5 or greater are listed.

log(𝑀∗) mtype 𝑁𝑔 𝜆𝑅 𝑅90/𝑅50 𝑒

9.5–10.0 0.0 6 0.210±0.044 2.764±0.089 0.100±0.026
9.5–10.0 0.5 15 0.334±0.042 2.711±0.083 0.127±0.023
9.5–10.0 1.0 11 0.472±0.034 2.793±0.038 0.369±0.035
9.5–10.0 1.5 27 0.476±0.034 2.556±0.047 0.298±0.032
9.5–10.0 2.0 11 0.477±0.037 2.618±0.084 0.366±0.051
9.5–10.0 2.5 29 0.515±0.032 2.496±0.054 0.393±0.037
9.5–10.0 3.0 96 0.555±0.013 2.320±0.025 0.417±0.020

10.0–10.5 0.0 38 0.240±0.019 2.870±0.045 0.074±0.010
10.0–10.5 0.5 48 0.304±0.018 2.878±0.030 0.131±0.012
10.0–10.5 1.0 66 0.436±0.015 2.891±0.028 0.283±0.011
10.0–10.5 1.5 112 0.504±0.013 2.715±0.029 0.345±0.014
10.0–10.5 2.0 148 0.535±0.012 2.550±0.028 0.351±0.016
10.0–10.5 2.5 126 0.619±0.011 2.340±0.024 0.436±0.021
10.0–10.5 3.0 85 0.610±0.013 2.244±0.029 0.417±0.025
10.5–11.0 0.0 74 0.218±0.014 3.111±0.029 0.103±0.008
10.5–11.0 0.5 64 0.274±0.017 3.095±0.035 0.144±0.009
10.5–11.0 1.0 118 0.421±0.013 3.040±0.022 0.299±0.009
10.5–11.0 1.5 90 0.489±0.014 2.896±0.029 0.380±0.016
10.5–11.0 2.0 138 0.551±0.012 2.621±0.033 0.379±0.016
10.5–11.0 2.5 27 0.677±0.025 2.343±0.058 0.478±0.040
10.5–11.0 3.0 7 0.630±0.069 2.284±0.151 0.291±0.095
11.0–11.5 0.0 59 0.153±0.016 3.186±0.025 0.112±0.009
11.0–11.5 0.5 36 0.246±0.027 3.123±0.032 0.224±0.017
11.0–11.5 1.0 31 0.299±0.030 3.165±0.027 0.319±0.018
11.0–11.5 1.5 11 0.475±0.039 2.848±0.052 0.323±0.043
11.0–11.5 2.0 20 0.588±0.033 2.567±0.072 0.416±0.038

ate classes with mtype = 0.5, 1.5 or 2.5. If there is still no agreement
reached, the galaxy is unclassified. Removing galaxies that are mor-
phologically unclassified from our kinematic sample, we then have
1566 galaxies.

Optical concentrations are taken from SDSS DR7 (Abazajian et al.
2009), and are based on the standard definition of 𝐶𝑝 = 𝑟𝑝,90/𝑟𝑝,50,
where 𝑟𝑝,50 and 𝑟𝑝,90 are the circular radii containing 50 and 90
percent of the Petrosian flux, respectively (Strateva et al. 2001). We
find one galaxy that does not have a valid concentration (i.e. bad
values or photometric flags from SDSS), resulting in a final sample
of 1565 galaxies.

4.2 Trends in 𝜆Re
and concentration with morphology and

mass for SAMI galaxies

The distribution of SAMI galaxies in the 𝜆Re
–concentration plane

is shown in Fig. 6. To distinguish mass trends from other effects
we separate the galaxies into bins of 0.5 dex in log(𝑀∗/𝑀�). At
masses below log(𝑀∗/𝑀�) = 10 there are a smaller number of
galaxies and the range of morphologies is more limited. One as-
pect of this is the purely physical effect that most low-mass galaxies
are late-type spirals or irregulars. However, another factor is that
the lower surface brightness for these galaxies means that the mea-
sured stellar kinematics is less complete at low masses. In Fig. 7
we show the stellar kinematic completeness as a function of mass
and below log(𝑀∗/𝑀�) = 9.5 this drops quickly. However, above
log(𝑀∗/𝑀�) = 10.0 our stellar kinematic measurements are rela-
tively complete, and we also have a broad range of morphology. The
above points highlight the need to make consistent comparisons at
the same stellar mass when investigating morphology trends.
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Table 3. The difference between mean 𝜆Re and concentration (𝐶) for different morphological or SFR-defined classes. This is shown in mass intervals for the
difference between S0 (mtype=1) and eSp (mtype=2) galaxies, the different between INT and SF galaxies, and the difference between PAS and SF galaxies.
Samples listed as ’No-SR’ do not include slow rotators [that lie within the region defined by Cappellari (2016)]. We also list the significance of the difference
and the fractional difference that can be contributed by disc fading. For the disc fading contribution we compare to the model results averaged over all B/T and
inclination values, of Δ𝜆Re = −0.056 and Δ𝐶 = 0.091. The last row for each sample contains the results for the full mass range between log(𝑀∗/𝑀�) = 9.5

and 11.5, based on an inverse variance weighted average of the individual mass bins.

Δ𝜆Re Δ𝐶 Significance Frac. DF
log(𝑀∗) (S0-eSp) (S0-eSp) Δ𝜆Re ΔC Δ𝜆Re Δ𝐶

All Morph (S0-eSp)
9.5–10.0 −0.006±0.048 0.175±0.088 −0.1 2.0 9.93 0.47

10.0–10.5 −0.099±0.020 0.341±0.039 −5.0 8.7 0.56 0.24
10.5–11.0 −0.130±0.018 0.419±0.040 −7.3 10.5 0.42 0.20
11.0–11.5 −0.288±0.044 0.598±0.075 −6.6 7.9 0.19 0.14

All −0.132±0.013 0.417±0.026 −10.4 16.1 0.42 0.20

No-SR Morph (S0-eSp)
9.5–10.0 −0.006±0.048 0.175±0.088 −0.1 2.0 9.93 0.47

10.0–10.5 −0.097±0.017 0.352±0.039 −5.7 9.0 0.56 0.23
10.5–11.0 −0.098±0.016 0.409±0.040 −6.2 10.1 0.56 0.20
11.0–11.5 −0.220±0.037 0.596±0.079 −5.9 7.6 0.25 0.14

All −0.104±0.011 0.409±0.026 −9.6 15.5 0.53 0.20

No-SR SFR (INT-SF)
9.5–10.0 −0.026±0.033 0.100±0.054 −0.8 1.8 2.14 0.91

10.0–10.5 −0.066±0.018 0.194±0.036 −3.6 5.4 0.85 0.47
10.5–11.0 −0.084±0.019 0.301±0.045 −4.3 6.6 0.67 0.30
11.0–11.5 −0.210±0.038 0.403±0.104 −5.5 3.9 0.27 0.23

All −0.081±0.011 0.309±0.026 −7.3 12.1 0.69 0.29

No-SR SFR (PAS-SF)
9.5–10.0 −0.105±0.022 0.272±0.042 −4.7 6.4 0.53 0.34

10.0–10.5 −0.194±0.012 0.445±0.026 −15.9 16.8 0.29 0.20
10.5–11.0 −0.191±0.016 0.517±0.035 −12.3 14.8 0.29 0.18
11.0–11.5 −0.307±0.037 0.603±0.098 −8.3 6.1 0.18 0.15

All −0.187±0.008 0.506±0.019 −22.6 26.8 0.30 0.18

When we subdivide our sample by morphology (mtype) at
log(𝑀∗/𝑀�) > 9.5 (colour coded in Fig. 6 from purple to red for
late–type to early–type) we see the expected trends that earlier galaxy
types (lower mtype value) have higher concentration and lower 𝜆Re

.
While there is significant scatter (in part caused by inclination), the
mean trends (large points) are clear. The mean values are also given
in Table 2 (note that we only give mean values when we have at least
5 galaxies in a mass–morphology bin).

Our main aim in this paper is to test whether the changes seen when
spirals transition to S0 galaxies could be consistent with disc fading.
For this it is best to define samples that are minimally contaminated
with other morphologies, that could bias our measurements. We
therefore now consider only those objects for which the morphology
is classified as S0 with mtype=1 (yellow points in Fig. 6). We do not
include objects with morphological classifications of mtype=0.5 or
1.5, as these intermediate classes were only assigned when agreement
could not be reached in our classification. Therefore, they likely
contain contamination from adjacent morphological classes.

As the comparison to our S0s we take the SAMI objects classi-
fied as pure early-type spiral galaxies, mtype=2 (light blue points in
Fig. 6). We make this choice because this class should be minimally
contaminated by S0s, have significant numbers across each of the
mass intervals above log(𝑀∗/𝑀�) = 10.0, and based on their clas-
sification should show evidence for a bulge. That said, we note that
the mtype=2.5 or 3.0 classes are generally close to the mtype=2.0
galaxies in the 𝜆Re

–concentration plane. If anything, the later mtypes
have slightly higher 𝜆Re

and lower concentration, so looking at the

difference between mtype=2.0 (early spiral, eSp) and mtype=1.0 (S0)
provides a lower limit on the global difference between spirals and
S0s.

The values of Δ𝜆Re
= 𝜆Re

(eSp) − 𝜆Re
(S0) and Δ𝐶 = 𝐶 (𝑒𝑆𝑝) −

𝐶 (𝑆0) are listed in Table 3. In all three mass intervals above
log(𝑀∗/𝑀�) = 10.0 the difference in concentration and 𝜆Re

be-
tween eSp (mtype=2) and S0 (mtype=1) galaxies is highly signifi-
cant. Taking the average across the full mass range (log(𝑀∗) = 9.5

to 11.5, although limiting to greater than 10.0 make no difference
to the results) gives a mean Δ𝜆Re

= −0.132 ± 0.013 and mean
Δ𝐶 = 0.417± 0.026. In calculating the average across all masses we
take an inverse variance weighted average of the differences in each
of the four separate mass intervals. This approach is more reliable
than calculating the mean 𝜆Re

and concentration using a single large
mass bin, as the changing morphological mix as a function of mass
can bias the difference in this case.

There is a trend of increasing difference between eSp and S0
galaxies as mass increases for both 𝜆Re

and concentration. In 𝜆Re
the

trend with mass is largely driven by decreasing spin for S0 galaxies
as mass increases. However, the main trend in concentration is in-
creasing concentration as mass increases for S0 galaxies (Table 3).
A natural interpretation of increasing concentration with mass is that
higher mass S0s have a larger B/T ratio. We do indeed see this trend
in bulge-disc decomposition of GAMA galaxies (Casura et al. in
prep). However, the fact that we don’t see equivalent changes in 𝜆Re

suggests that the bulges (or at least more concentrated components)
still have substantial dynamical support from rotation. Future work

MNRAS 000, 1–20 (2021)











16 S. M. Croom et al.

4.5 The impact of progenitor bias

An important caveat on the work above is that we have assumed
that the progenitors of present day S0s (or PAS) galaxies look like
present day eSp (or SF) galaxies. As pointed out by Cortese et al.
(2019) and others, this need not be the case. Thus, progenitor bias
could also contribute to the observational differences that we see. In
fact, observations of H𝛼 emission suggest that in the past, galaxies
had dynamically hotter discs (e.g. Wisnioski et al. 2015). In the local
Universe disks with younger stellar populations are thinner than those
with older stars (e.g. van de Sande et al. 2018).

4.5.1 Progenitor bias from EAGLE simulations

Galaxies that continue to accrete gas (and therefore continue to form
stars) will tend to spin up with increasing cosmic time (e.g. Lagos
et al. 2017). To quantitatively assess the impact of progenitor bias
we take measurements of 𝜆Re

from the EAGLE simulations (Schaye
et al. 2015; Lagos et al. 2017). We note that EAGLE size evolution
(Furlong et al. 2017) is consistent with the observed size evolution
found by van der Wel et al. (2014). As a result, this realistic size evo-
lution will be implicitly included in the EAGLE 𝜆Re

measurement,
given that they are made within one effective radius in the 𝑟-band.
We use the EAGLE reference model (Ref-L100N1504) and measure
𝜆Re

as described by Lagos et al. (2018) and make measurements at
13 redshift intervals between 𝑧 = 0 and 1.8. Here and below we will
only focus on measurements of 𝜆Re

(not concentration) as we are
primarily concerned with the evolution of kinematics.

The galaxies in EAGLE are separated into passive and star forming,
using a similar approach to the one we use with SAMI galaxies. This
is also similar to the method used on EAGLE galaxies by Wright et al.
(2019). We first define potential star forming galaxies in EAGLE as
those above log(𝑠𝑆𝐹𝑅/Gyr−1) > −2 + 0.5𝑧 following Furlong et al.
(2015). Then, to define the star-forming main sequence for each
redshift interval, we fit a linear relation to the median log(𝑆𝐹𝑅) as a
function of log(𝑀∗). EAGLE galaxies within 0.6 dex of the best fit
main sequence relation are defined as star forming. Those more than
1.6 dex below the main sequence are defined as passive.

Examples of the median EAGLE evolutionary tracks are shown
in Fig. 11. Here we select EAGLE galaxies at 𝑧 = 0 that have
log(𝑀∗/𝑀�) = 10.5 − 11 and are either star forming (blue
points/lines) or passive (red points/lines) at 𝑧 = 0. We then identify
their progenitors at higher redshift and calculate the median values
of 𝜆Re

(intrinsic edge-on value), stellar mass, specific star formation
rate and 𝑟-band half-light radius. From high redshift the 𝜆Re

of the
𝑧 = 0 selected star-forming galaxies is increasing, but the evolution
flattens below 𝑧 ∼ 1. In contrast, the passive galaxies decline in spin
below 𝑧 = 1. At 𝑧 > 1 the progenitors of 𝑧 = 0 passive galaxies have
higher 𝜆Re

than star-forming galaxies. The reason for the offset in
𝜆Re

at high 𝑧 can be explained by viewing the other panels in Fig.
11. Even though the progenitors of both the star-forming and passive
galaxies have similar specific star formation rates above 𝑧 = 1 (see
Fig. 11c), they have different masses (Fig. 11b), as the mass growth
of passive galaxies is slower at 𝑧 < 1. As a result, the progenitors of
the 𝑧 = 0 star-forming and passive galaxies have different masses at
high redshift, and we should not expect them to have the same 𝜆Re

or other quantities (such as size, see Fig. 11d), even if their specific
star formation rates agree at an earlier epoch.

The difference in 𝜆Re
between star-forming and passive galaxies

in EAGLE at 𝑧 = 0 is large, at ∼ 0.25 − 0.35 (depending on stellar
mass). This is similar to the difference we see in SAMI between
passive and star-forming galaxies (see Table 3). The large difference

between star-forming and passive galaxies in the EAGLE simulations
is also several times larger than the difference that can be attributed to
disc fading. The progenitors of the 𝑧 = 0 passive galaxies in EAGLE
are also seen to decline in 𝜆Re

by∼ 0.3 between 𝑧 = 1 and 𝑧 = 0. This
decline is several times larger than can be attributed to disc fading,
so the EAGLE simulations do not support simple disc fading as the
cause of the low 𝜆Re

in passive galaxies.
However, we note that the 𝜆Re

distributions in different simulation
data sets can be quite different (van de Sande et al. 2019). Also, as
is highlighted by Fig. 11, simply comparing the same mass galaxies
at 𝑧 = 0 is not a sufficiently robust test to examine the importance of
disc fading, as the mass growth histories of passive and star-forming
galaxies are different.

Using the EAGLE simulations we now examine the progenitors of
today’s passive galaxies by looking at the value of 𝜆Re

for galaxies
on the star-forming main sequence at different redshifts, but this time
selected based on their stellar mass at redshift, 𝑧. We carry out this
analysis in 3 stellar mass intervals, 10.0 < log(𝑀∗ (𝑧)/𝑀�) ≤ 10.5,
10.5 < log(𝑀∗ (𝑧)/𝑀�) ≤ 11.0 and 11.0 < log(𝑀∗ (𝑧)/𝑀�) ≤
11.5. In each case the masses correspond to the mass at the redshift
where the properties are measured. These mass intervals allow us
to be sure that we have sufficient galaxies per bin (at high mass)
and are not impacted by resolution effects (at low mass). The 𝜆Re

values on the main sequence are shown in Fig. 12. We generate the
measurements assuming that the galaxies are edge-on (Fig. 12a) and
randomly inclined to the line–of–sight (Fig. 12b). For a given mass
interval, 𝑀∗ (𝑧), EAGLE galaxies on the main sequence have very
similar median values of 𝜆Re

at all redshifts we examine. In fact, there
is a small decline of up to ∼ 0.1 (for the highest mass interval) in
𝜆Re

from high to low redshift. We also note that for a given redshift,
the value of 𝜆Re

on the main sequence is a function of mass. 𝜆Re

increases from 10.0 < log(𝑀∗ (𝑧)/𝑀�) ≤ 10.5 (blue lines in Fig.
12) to 10.5 < log(𝑀∗ (𝑧)/𝑀�) ≤ 11.0 (green lines). However, as
we increase mass to log(𝑀∗ (𝑧)/𝑀�) > 11.0 𝜆Re

is lower again (red
lines). This is consistent with the increased importance of mergers
in mass growth at the highest stellar masses.

4.5.2 Progenitor bias and size evolution

The known (e.g. van der Wel et al. 2014, and references therein)
size evolution observed in the high redshift galaxy population also
provides another source of progenitor bias. To quantify this we com-
pare the size–mass relations for SAMI galaxies used in our analysis,
separated into the SF, INT and PAS populations (not including slow
rotators; see fig. 13). Here we are using the major axis 𝑅e values esti-
mated using MGE in the SDSS 𝑟-band. There is a clear separation in
size between SF and PAS galaxies that is largest at the low mass end.
This is not surprising given that the size–mass relation for early-type
galaxies is known to be steeper than that of late types (e.g. Shen et al.
2003). The INT galaxies sit between the SF and PAS populations.

Taking a step further we can use the ratio of mean size for SF
and PAS or INT galaxies to quantify how much size difference there
is between the populations. These ratios are shown in Fig. 14a. At
stellar masses below log(𝑀∗/𝑀�) < 10.5 the size ratio is relatively
constant, while at higher masses (grey shaded region) it declines.
Several authors (e.g. Robotham et al. 2014) have pointed out that at
masses greater than ∼ 𝑀∗ galaxy build up is dominated by merging,
while at lower masses in-situ star formation dominates. Given that
locally log(𝑀∗/𝑀�) ' 10.66 (Baldry et al. 2012), we will only
consider size information below log(𝑀∗/𝑀�) = 10.5. The average
size ratio for 𝑅e,SF/𝑅e,PAS is 1.75± 0.05 (red horizontal line in Fig.
14), while for 𝑅e,SF/𝑅e,INT it is 1.30±0.04 (green horizontal line in
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values and Fig. 14b that uncertainties in the evolutionary model
contribute significantly to the calculated 𝑧q. Residual size evolution
(e.g. due to disc fading, see Fig. 4) could also contribute to uncertainty
on 𝑧q, but as we discuss above, this is small compared to the overall
evolution in size seen in the galaxy population.

4.5.4 Combining disc fading and progenitor bias

Carollo et al. (2016) demonstrated from photometric measurements
that the differences in 𝐵/𝑇 between quenched and star-forming satel-
lite galaxies can be largely attributed to disc-fading. However, Carollo
et al. also show that the size difference between quenched and star
forming galaxies is too large to be caused by disc fading. This is
consistent with our measurements, that also consider dynamics.

The morphological mix of galaxies in groups is known to evolve
strongly, with an increase in the fraction of S0s by approximately a
factor of 2 since 𝑧 ' 0.5 (Just et al. 2010). If we assume there is little
mass growth in passive disks once they are quenched (see Fig. 11b
and c), then the value of 𝜆Re

(𝑧) for main sequence galaxies in Fig.
12 provides us an estimate of their progenitors’ spin at the point that
they quench. If we conservatively say that most S0s have transformed
from star-forming discs since 𝑧 ∼ 1, then the EAGLE simulation
results suggest that their progenitors had 𝜆Re

that is slightly higher
than current star-forming discs of the same mass. For example, the
difference 𝜆Re

(𝑧 = 0) − 𝜆Re
(𝑧 = 1) = −0.06, -0.05 and -0.07 for

EAGLE main sequence galaxies in mass intervals log(𝑀∗/𝑀�) =

10− 10.5, 10.5− 11.0 and 11.0− 11.5 respectively. These values are
similar to the change expected from 5 Gyr of our disc fading models
(Δ𝜆Re

= −0.055, averaged over all B/T and inclination). As a result,
disk fading is only sufficient to evolve galaxies from their typical 𝜆Re

on the main sequence at 𝑧 = 1 to the typical value of 𝜆Re
on the main

sequence at 𝑧 = 0. This is not a sufficient change to evolve galaxies
on the main sequence to 𝑧 = 1 to the observed 𝜆Re

of passive galaxies
at 𝑧 = 0.

We can also use our estimates of 𝑧𝑞 from size evolution to obtain
another prediction of the amount of progenitor bias in 𝜆Re

. For PAS
galaxies, 𝑧𝑞 = 1.13 − 1.47 (depending on the evolutionary model
used). At the high end of this redshift range the 𝜆Re

of galaxies on
the main sequence (Fig. 12) starts to decline towards higher redshift,
however this decline is small. As a result, for all three mass intervals
shown in Fig. 12, 𝜆Re

in the main sequence is higher at 𝑧𝑞 = 1.13 −
1.47 than it is at 𝑧 = 0.

We consider our size evolution estimates of quenching time to be
reasonable at log(𝑀∗/𝑀�) = 10 − 10.5 (Section 4.5.3 and Fig.14).
In this mass range the 𝜆Re

on the main sequence is between 0.06
(𝑧𝑞 = 1.13) and 0.04 (𝑧𝑞 = 1.47) higher than at 𝑧 = 0. The observed
difference between 𝑧 = 0 PAS and SF galaxies in this mass range
is −0.194 ± 0.012. If we add the progenitor bias to this, then the
range for the total change in spin is between −0.234 and −0.254,
where the size of the allowable range is dominated by the uncertainty
on the estimated quenching time, not the uncertainty in observed
𝜆Re

values. In contrast, the change allowable due to disk fading
(averaging over all 𝐵/𝑇) is −0.057. Disk fading appears to only
contribute a small fraction of the required change, meaning that
intrinsic dynamical evolution (i.e. changes in the orbital distribution
of stars) must be an important contributing factor. It is also worth
noting that our disk fading models are likely to be optimistic in
the amount of apparent kinematic change they cause. We assume
a purely dispersion supported bulge (no rotation) and a 10 Gyr old
bulge stellar population. A bulge with some rotation, or younger stars
will reduce the impact of disk fading.

The galaxies from the EAGLE simulation on the SF main sequence

at log(𝑀∗/𝑀�) > 11 have the largest increase in 𝜆Re
as redshift in-

creases. These galaxies also show the largest observational difference
in 𝜆Re

between SF and PAS (or eSp and S0s). In this case it is even
more clear that intrinsic dynamical evolution must play the main role
in transforming galaxies. At high masses mergers are more impor-
tant than in–situ star formation for mass growth (e.g. Robotham et al.
2014). Therefore, we expect that many of the passive fast rotators at
log(𝑀∗/𝑀�) > 11 may be built up from mergers. These mergers
will need to have impact parameters and total angular momentum
such that after the merger, they still have significant rotation. Lagos
et al. (2018) used EAGLE simulations to show that galaxy mergers
consistently decrease 𝜆Re

unless they are very gas rich. Minor merg-
ers with gas fraction < 0.1, can reduce 𝜆Re

by 20 to 40 percent on
average, while major mergers of the same gas fractions reduce 𝜆Re

by
50 percent [see Fig. 14 of Lagos et al. (2018)]. Hence, the decrease
in 𝜆Re

, even of main sequence galaxies, is consistent with mergers
affecting them systematically at 𝑧 < 1.

To confirm the contribution of progenitor bias we will need to
make stellar kinematic observations at higher redshift. Some work in
this area has already been done using the LEGA-C survey (Bezanson
et al. 2018). LEGA-C finds that 𝑉/𝜎 for passive galaxies is reduced
from 𝑧 = 0.8 to 𝑧 = 0, suggesting some spin down of massive passive
galaxies. However, the exact amount of spin down is still uncertain
[e.g. see discussion in appendix of Bezanson et al. (2018)]. These
measurements are also seeing-convolved estimates of𝑉/𝜎 evolution
and seeing corrections are dependent on both𝑉/𝜎 and size (Harborne
et al. 2020a), so the intrinsic evolution is harder to discern.

5 CONCLUSIONS

We use dynamically self consistent models to estimate the signature
of disc fading on the observed kinematics and structural properties of
galaxies. In particular, we assess how the changing contribution from
bulge and disc can influence galaxy properties, despite no change in
the mass fraction in each component. Specifically we conclude that:

(i) In galaxies with an old bulge and a star forming disc, quenching
the disc leads to a reduction in measured spin, 𝜆Re

and an increase
in measured concentration. These trends are due to the reduction in
the light weighted contribution of the disc. Unsurprisingly this is
most significant for systems where the mass of the bulge and disc
are relatively equal. For 𝐵/𝑇 = 0.5 we find that 5 Gyr of quenching
leads to a reduction of −0.12 in 𝜆Re

. At the same time, the measured
𝑟-band concentration increases by 0.13. Averaged over all 𝐵/𝑇 we
find 5 Gyr of disc fading leads to change in 𝜆Re

of −0.055 and a
change in concentration of 0.082.

(ii) We measure the difference in 𝜆Re
and concentration between

early spirals (classified eSp) and S0s from the SAMI Galaxy Survey.
We find S0s have an average 𝜆Re

that is smaller than eSp galaxies,
with the mean Δ𝜆Re

= −0.132 ± 0.013. The mean difference in
concentration is Δ𝐶 = 0.417 ± 0.026. This difference is in the same
qualitative sense as our disc fading models but somewhat larger in
amplitude, only becoming comparable when using the most extreme
models (𝐵/𝑇 = 0.5).

(iii) When we separate SAMI galaxies by their star formation rate
relative to the main sequence (instead of morphology) we find that
the difference between regular star forming galaxies (on the main
sequence) and passive galaxies (> 1.6 dex below the main sequence)
is too great to be due to disc fading alone.

(iv) The difference in spin and concentration between main se-
quence galaxies and those with weak star formation (0.6 − 1.6 dex
below the main sequence) is less than for passive galaxies.
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(v) Size evolution plays an important role in progenitor bias, but
as a result can be used as a tool to estimate the time at which galaxies
quenched and left the main sequence (under a number of assump-
tions).

(vi) We use the EAGLE simulations to estimate the amount of
progenitor bias that can contribute to 𝜆Re

differences. For a fixed
mass range at redshift 𝑧, the spin of main sequence galaxies in-
creases slightly from 𝑧 = 0 until at least 𝑧 = 1 (dependent on mass).
This progenitor bias does not help to bring disk fading models into
agreement with the data, as it goes in the opposite sense to that re-
quired. We conclude that disk fading is not sufficient to explain the
𝜆Re

difference between star forming and passive (or eSp and S0)
galaxies at 𝑧 = 0. Instead, intrinsic evolution of the stellar dynamics
of the galaxies must dominate.

The progenitors of today’s S0s are in most cases likely to be spi-
ral galaxies at an earlier epoch (e.g. Dressler et al. 1997; Just et al.
2010). Spatially resolved spectroscopic surveys capable of measuring
the stellar kinematics in discs should be able to quantify the impor-
tance of evolving stellar disc dispersion. Sampling a redshift range
𝑧 = 0.25 − 0.50 would be sufficient to study 3–5 Gyr of evolution.
Such observations are now becoming possible with medium–deep
surveys covering large areas using instruments such as the Multi
Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010). One such
project is the Middle-Ages Galaxy Properties with Integral Field
Spectroscopy (MAGPI; Foster et al. 2020) survey currently proceed-
ing on the Very Large Telescope with MUSE.

Future work should also examine whether the kinematic and struc-
tural properties of S0 galaxies are dependent on environment. If dy-
namical effects contribute to the formation process of S0s, differences
in interactions as a function of environment could lead to measurable
environmental trends.
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