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ABSTRACT
Most dynamical models of galaxies to date assume axisymmetry, which is not representative of a significant fraction of massive
galaxies. We have built triaxial orbit-superposition Schwarzschild models of galaxies observed by the SAMI Galaxy Survey, in
order to reconstruct their inner orbital structure and mass distribution. The sample consists of 153 passive galaxies with total
stellar masses in the range 109.5 to 1012𝑀⊙ . We present an analysis of the internal structures and intrinsic properties of these
galaxies as a function of their environment. We measure their environment using three proxies: central or satellite designation,
halo mass and local 5𝑡ℎ nearest neighbour galaxy density. We find that although these intrinsic properties correlate most strongly
with stellar mass, environment does play a secondary role: at fixed stellar mass, galaxies in the densest regions are more radially
anisotropic. In addition, central galaxies, and galaxies in high local densities show lower values of edge-on spin parameter proxy
_𝑅𝑒,𝐸𝑂. We also find suggestions of a possible trend of the fractions of orbits with environment for lower-mass galaxies (between
109.5 and 1011𝑀⊙) such that, at fixed stellar mass, galaxies in higher local densities and halo mass have higher fractions of hot
orbits and lower fractions of warm orbits. Our results demonstrate that after stellar mass, environment does play a role in shaping
present-day passive galaxies.

Key words: galaxies: galaxy evolution - galaxies: kinematics and dynamics – galaxies: structure - galaxies: clusters: general -
galaxies:group.

1 INTRODUCTION

Our current understanding of galaxy formation suggests that massive
galaxies form in a two-phase process (e.g., Naab et al. 2009; Oser
et al. 2010). During the first phase, at high redshift, they grow by
a rapid episode of in-situ star formation, resulting in compact mas-
sive systems. After 𝑧 ≈ 2, these massive (log10 (𝑀∗/𝑀⊙) > 10.5)
compact galaxies are predicted to be quiescent and grow mostly by
accreting mass through galaxy mergers that add stars to their out-
skirts (e.g. Naab et al. 2009; Bezanson et al. 2009; Oser et al. 2010;
van Dokkum et al. 2010; Wellons et al. 2016).

★ E-mail: g.santucci@unsw.edu.au

The ΛCDM model predicts a strong dependence of galaxy prop-
erties on their environment (e.g. Springel & Hernquist 2005), in
particular because mergers are expected to play a vital role during
the formation and/or evolution of almost every massive galaxy (e.g.
White & Rees 1978). As interactions are more frequent for galaxies
in groups compared to isolated galaxies, and since there are a num-
ber of physical mechanisms that may act in galaxy clusters to both
trigger and truncate star formation in infalling galaxies (for example
the interactions between the gas in the galaxy and the hot intra-
cluster medium or the gravitational interactions between the galaxy
and the cluster’s gravitational potential - see Boselli &Gavazzi 2006;
Cortese et al. 2021, for a review), a correlation between large-scale
environment (groups and clusters, parametrised either as halo mass
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or position within the halo) and galaxy properties is expected. In par-
ticular, central galaxies are expected to experience additional major
mergers, due to their privileged position at the bottom of the potential
well of groups (e.g. De Lucia & Blaizot 2007). Similarly, galaxies
in dense environments, being exposed to more events that can af-
fect their properties, are expected to show differences compared to
galaxies of similar mass in low-density environments.
The merger history of a galaxy is thought to be one of the major

factors that determines its internal kinematic structures (e.g., White
1979; Fall & Efstathiou 1980; Lagos et al. 2018b; Park et al. 2019;
Lagos et al. 2022). Simulations of different combinations of minor
and major mergers have been shown to lead to very different types
of galaxies (e.g. Naab et al. 2014; Lagos et al. 2022). Therefore, we
expect the internal orbital structures of central and satellite galaxies to
show different characteristics if their merging histories are different.
Simulations and observations to date have also shown that central
galaxies tend to have more hot orbits and more prolate shapes (Tsatsi
et al. 2017; Li et al. 2018) than satellite galaxies, consistent with this
picture.
The advent of integral field spectroscopy (IFS) and large IFS sur-

veys, such as ATLAS3D (Cappellari et al. 2011a), the Sydney-AAO
Multi-Object Integral-Field Spectrograph (SAMI) Galaxy Survey
(Croom et al. 2012; Bryant et al. 2015), the Calar Alto Legacy Inte-
gral Field Area Survey (CALIFA; Sánchez et al. 2012), MASSIVE
(Ma et al. 2014) and the Mapping Nearby Galaxies at Apache Point
Observatory (MaNGA) survey (Bundy et al. 2015), have contributed
to significantly expand our understanding of galaxy kinematics and
their connection to intrinsic galaxy properties and their environment
(e.g. Cappellari 2016).
IFS surveys have unveiled various correlations between the proxy

for the spin parameter, _Re, which provides a measurement of how
rotationally supported a galaxy is, and galaxy properties for ETGs.
For example, _Re is observed to be strongly correlated with stellar
mass, so that the fraction of galaxies with low _Re (slow-rotating
systems, i.e. galaxies whose kinematics are dominated by random
motions) increases with increasing stellar mass (Emsellem et al.
2011; van de Sande et al. 2017b; Veale et al. 2017; Brough et al.
2017; Wang et al. 2020).
However, the results obtained from observations on the importance

of the environment in shaping slow-rotating galaxies are contradic-
tory. Central galaxies are generally found to be slow-rotating, with
a spin parameter lower than that of other galaxies of the same stel-
lar mass (Brough et al. 2011; Emsellem et al. 2011; Jimmy et al.
2013). D’Eugenio et al. (2013); Houghton et al. (2013); Scott et al.
(2014); Fogarty et al. (2014); Cappellari (2016); Oliva-Altamirano
et al. (2017); Brough et al. (2017); Rutherford et al. (2021) and van
de Sande et al. (2021a) show that most slow-rotating galaxies live
in high density environments, typical of massive groups or galaxy
clusters. However, when galaxies were studied at fixed stellar mass,
it was not clear whether this environmental trend held above the
strong relationship with stellar mass (Veale et al. 2017; Brough et al.
2017; Greene et al. 2017; Wang et al. 2020). More recently, van de
Sande et al. (2021a) found, using inclination-corrected _𝑅𝑒 values
for a large sample of galaxies with a range of morphologies, that
among fast-rotating galaxies at fixed stellar mass, satellite galaxies
have the lowest values of _𝑅𝑒, with isolated-central galaxies having
the highest values and group/cluster centrals lying in-between. Sim-
ilarly, galaxies in high-density environments have lower values of
_𝑅𝑒, compared to those in low-density environments, at fixed stellar
mass. This evidence points to stellar mass being the main driver of
the evolution of the central regions of early-type galaxies from fast-

to slow- rotating galaxies, with the environment playing a secondary
role.

The observed _𝑅𝑒 is directly calculated from observed kinematic
maps and can only incorporate line-of-sight kinematics. Building
triaxial orbit-superposition Schwarzschild models, we can separate
dynamically-based derived properties of galaxies, such as intrinsic
shape, orbital components, velocity anisotropy and inner mass distri-
bution. These dynamical models can therefore provide more insight
into the three-dimensional internal kinematic structures underlying
the line-of-sight kinematics. Several different implementations of the
Schwarzschild method, with varying degrees of symmetry, have been
described (e.g. Cretton et al. 1999; Gebhardt et al. 2003; Valluri et al.
2004; van den Bosch et al. 2008a; Vasiliev & Athanassoula 2015;
Vasiliev & Valluri 2020; Neureiter et al. 2021). The Schwarschild
method has been used to study the internal stellar structure of gob-
ular clusters (van de Ven et al. 2006; Feldmeier-Krause et al. 2017)
and galaxies (e.g., Thomas et al. 2007; Cappellari et al. 2007; van de
Ven et al. 2008; Feldmeier-Krause et al. 2017; Poci et al. 2019; Jin
et al. 2020; Santucci et al. 2022; Pilawa et al. 2022), to model super-
massive black holes (van der Marel et al. 1998; Verolme et al. 2002;
Gebhardt et al. 2003; Valluri et al. 2004; Krajnović et al. 2009; Rusli
et al. 2013; Seth et al. 2014; Thater et al. 2017, 2019; Liepold et al.
2020;Quenneville et al. 2021, 2022; Thater et al. 2022b), and has also
been used to identify accreted galactic components (e.g., Zhu et al.
2020; Poci et al. 2021; Zhu et al. 2022). Zhu et al. (2018a) separated
orbits into four different stellar components: a cold component with
near circular orbits (with strong rotation), a hot component with near
radial orbits (characterised by random motions), a warm component
in-between (characterised by weak rotation) and a counter-rotating
component (similar to the warm and cold components).

The number of studies focussed on the connection between the
internal structure of galaxies and environment to date is very limited.
Jin et al. (2020) analysed the intrinsic properties (orbital components,
dark matter content and intrinsic shape) of 144 central and satellite
early-type galaxies in the MaNGA survey, based on Schwarzschild
models. They found no clear difference between the internal or-
bital structures of central and satellite galaxies. However, they found
that, when considering the local density environments (indicated by
neighbour counts), galaxies in denser regions tended to relatively
have higher fractions of hot orbits.

In this paper we analyse triaxial dynamical model fits to SAMI
Galaxy Survey data (Croom et al. 2012; Bryant et al. 2015; Owers
et al. 2017; Croom et al. 2021) as a function of environment. We use
properties derived from the Schwarzschild models in Santucci et al.
(2022) to investigate the extent to which environmental processes af-
fect internal galaxy structures and whether the evolutionary histories
of central galaxies are different from those of satellite galaxies. SAMI
Galaxy Survey data allow us to study the kinematic properties of a
statistical sample of galaxies in a range of environments for the first
time. The SAMI Galaxy Survey also allows us to better constrain
the Schwarzschild models by providing information on the higher
kinematic moments.

In Section 2 we describe the sample of galaxies and the data
available for this analysis. Section 3 presents our results that are then
discussed in Section 4. Our conclusions are given in Section 5. The
SAMI Galaxy Survey adopts a Λ𝐶𝐷𝑀 cosmology with Ω𝑚 = 0.3,
ΩΛ = 0.7, and 𝐻0 = 70 km s−1 Mpc−1.
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2 DATA

2.1 SAMI

The Sydney-AAO Multi-object Integral field spectrograph (SAMI)
Galaxy Survey is a large, optical Integral Field Spectroscopy
(Croom et al. 2012; Bryant et al. 2015) survey of low-redshift
(0.04 < 𝑧 < 0.095) galaxies covering a broad range in stellar mass,
8 < log10 (𝑀★/𝑀⊙) < 12, morphology and environment. The sam-
ple, with ≈ 3000 galaxies, is selected from the Galaxy and Mass
Assembly Survey (GAMA survey; Driver et al. 2011) equatorial re-
gions (group galaxies), as well as eight additional clusters to probe
higher-density environments (Owers et al. 2017).
The SAMI instrument (Croom et al. 2012), on the 3.9m Anglo-

Australian telescope, consists of 13 “hexabundles" (Bland-Hawthorn
et al. 2011; Bryant et al. 2014), across a 1 degree field of view. Each
hexabundle consists of 61 optical fibres that feed into the AAOmaga
spectrograph (Sharp et al. 2006). In the typical configuration, 12 hex-
abundles are used to observe 12 science targets, with the 13th one
allocated to a secondary standard star used for calibration. More-
over, SAMI also has 26 individual sky fibres, to enable accurate sky
subtraction for all observations without the need to observe separate
blank sky frames.
The raw telescope data is reduced into two cubes using the 2dfDR

pipeline 1 together with a purposely written python pipeline for the
later stages of reduction (Sharp et al. 2015).
SAMI data consist of 3D data cubes: two spatial dimensions and

a third spectral dimension. The wavelength coverage is from 3750 to
5750 Å in the blue arm, and from 6300 to 7400 Å in the red arm, with
a spectral resolution of R = 1812 (2.65 Å full-width half maximum;
FWHM) and R = 4263 (1.61 Å FWHM), respectively (van de Sande
et al. 2017b), so that two data cubes are produced for each galaxy
target.
Each galaxy field was observed in a set of on average seven 30

minute exposures, that are aligned together by fitting the galaxy
position within each hexabundle with a two-dimensional Gaussian
and by fitting a simple empirical model describing the telescope
offset and atmospheric refraction to the centroids. The exposures are
then combined to produce a spectral cube with regular 0.5′′ spaxels,
with a median seeing of 2.1′′. More details of the Data Release 3
reduction can be found in Croom et al. (2021)2.

2.2 Schwarzschild models

In Santucci et al. (2022) we presented the orbit-superposition
Schwarzschild model fits to a sample of 161 passive SAMI galaxies.
Schwarzschild models allow us to model triaxial stellar systems in
three steps: firstly we construct a model for the underlying gravita-
tional potential of the galaxy; secondly we calculate a representative
library of orbits in these gravitational potentials; and then we find
a combination of orbits that can reproduce the observed kinematic
maps and luminosity distribution. These steps are fully described in
van den Bosch et al. (2008a) and Zhu et al. (2018b). We also cor-
rected the orbital mirroring, as recommended by Quenneville et al.
(2022), see also Thater et al. (2022a).
The underlying gravitational potential of the galaxy is constructed

with a triaxial stellar component and a spherical dark matter halo.

1 http://www.aao.gov.au/science/software/2dfdr; Croom et al. 2004; Sharp
& Birchall 2010
2 Reduced data-cubes and stellar kinematic data products for all galaxies are
available on: https://datacentral.org.au.

The triaxial stellar component mass is calculated from the best-fit
two-dimensional Multi-Gaussian Expansion (MGE; Emsellem et al.
1994; Cappellari 2002) luminosity density (D’Eugenio et al. 2021).
These MGE fits are calculated using 𝑟−band photometry from re-
analysed Sloan Digital Sky Survey (SDSS; York et al. 2000) images
for GAMA galaxies, reprocessed as described in Hill et al. (2011), as
well as VST/ATLAS (VLT Survey Telescope - ATLAS; Shanks et al.
2015) andSDSSDR9 (Ahn et al. 2012) observations for cluster galax-
ies, with VST/ATLAS data reprocessed as described in Owers et al.
(2017). Each best-fit two-dimensionalMGE luminosity density is de-
projected assuming the orientation in space of the galaxy, described
by three viewing angles (\, 𝜙, 𝜓), to obtain a three-dimensional lu-
minosity density. The space orientation (\, 𝜙, 𝜓) can be converted
directly to the intrinsic shape, described by the parameters 𝑝, 𝑞, 𝑢.We
leave 𝑝, 𝑞, 𝑢 as free parameters to allow intrinsic triaxial shapes to
be fitted. By multiplying a constant stellar mass-to-light ratio 𝑀★/𝐿
(note that 𝑀★/𝐿 is a free parameter in our modelling) by the 3D
luminosity, we obtain the intrinsic mass density of stars.

A spherical Navarro-Frenk-White (NFW; Navarro et al. 1996) halo
is adopted. The mass, 𝑀200 (mass enclosed within a radius, 𝑅200,
where the average density is 200 times the critical density), in a
NFW dark matter halo is determined by two parameters, left free
in our modelling. These are the concentration parameter, 𝑐, and the
fraction of dark matter within 𝑅200, 𝑓 = 𝑀200/𝑀★ (where 𝑀★ is
the total stellar mass). Our Schwarzschild implementation creates
initial conditions for the orbits by sampling from the three integrals
of motion (energy 𝐸 , second integral 𝐼2 and third integral 𝐼3). Each
set of orbits is sampled across the three integrals with the following
number of points: 𝑛𝐸 × 𝑛𝐼2 × 𝑛𝐼3 = 21× 10× 7. We tested increased
sampling of the second integral 𝐼2, for example increasing 𝑛𝐼2 from
10 to 18 and to 40, and re-fitting the models. The best-fit values
retrieved by this test are consistent, within the 1𝜎 confidence level,
with the best-fit values retrieved by our regular runs. We therefore
use three sets of 21 × 10 × 7 orbits: a typical set of (𝐸 , 𝐼2, 𝐼3), a box
orbits set (to compensate for the relatively low fraction of box orbits
in the inner region present in the typical set) and a counter-rotating
set of also (𝐸 , −𝐼2, 𝐼3).
To test whether this number of orbits is enough to reproduce stable

results, we select different sets of orbits, increasing 𝑛𝐸 , 𝑛𝐼2 and 𝑛𝐼3 .
We find that, although we see improvements, i.e. lower residuals in
the surface brightness maps, when increasing the number of orbits
from, for example 21 × 10 × 7 to 31 × 18 × 9, if we increase to
40 × 18 × 9 there is an increase in the systematic residuals. We find
that our derived results are stable if 𝑛𝐸 ×𝑛𝐼2 ×𝑛𝐼3 is set to 21×10×7
or more. In addition, we test different orbital radial ranges for the
sampling of the energy 𝐸 and find that our fitted results are stable to
the choice of radial range.

Once the orbit libraries are created, the orbit weights are deter-
mined by fitting the set of orbit-superposition models to the pro-
jected and de-projected luminosity density (from MGE fits) and the
two-dimensional line-of-sight stellar kinematics (derived by van de
Sande et al. 2017b,a). The model and the observed values are then
divided by the observational error to undertake a 𝜒2 comparison.
The weights are determined by the van den Bosch et al. (2008a) im-
plementation, using the Lawson & Hanson (1974) non-negative least
squares (NNLS) implementation. The best-fit model is defined as the
model with minimum kinematic 𝜒2. In order to ensure that we get the
best deprojection fit, we force the software to explore other regions of
the parameter space (the parameter search easily gets stuck in local
minima) by manually setting the parameters in areas that have yet to
be explored. This way we are confident that we retrieve the values
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for the global minimum. More details on the models set up for our
sample can be found in Santucci et al. (2022).

2.2.1 Derived intrinsic properties

From these models we derived the internal orbital structure, inner
mass distribution, intrinsic shape, velocity anisotropy and edge-on
projected spin parameter _𝑅𝑒,𝐸𝑂 for each galaxy. In addition, fol-
lowing Zhu et al. (2018a), we separated orbits into four different
components: a cold component with near circular orbits, a hot com-
ponent with near radial orbits, a warm component in between and
a counter-rotating component, according to their orbit circularity _𝑧
as following:

• cold orbits with _𝑧 > 0.8;
• warm orbits with 0.25 < _𝑧 < 0.8;
• hot orbits with −0.25 < _𝑧 < 0.25;
• counter-rotating orbits with _𝑧 < −0.25

where _𝑧 ≡ 𝐽𝑧/𝐽𝑚𝑎𝑥 (𝐸) around the short 𝑧-axis, normalized by the
maximum of a circular orbit with the same binding energy 𝐸 . We
calculated the fraction of orbits in each component within 1𝑅𝑒. We
have derived dynamically-based intrinsic shapes using the triaxial
parameter at 1𝑅e, 𝑇𝑅𝑒 = (1 − 𝑝2

𝑅𝑒
)/(1 − 𝑞2

𝑅𝑒
), where 𝑝𝑅𝑒 and

𝑞𝑅𝑒 are the intermediate-to-long and short-to-long axis ratios. We
separate galaxies into four groups according to this parameter: oblate
(𝑇𝑅𝑒 ≤ 0.1), mildly triaxial (0.1 < 𝑇𝑅𝑒 < 0.3), triaxial (0.3 ≤
𝑇𝑅𝑒 < 0.8) and prolate (𝑇𝑅𝑒 ≥ 0.8). We have analysed the velocity
anisotropy by defining the velocity anisotropy parameter in spherical
coordinates, 𝛽𝑟 , calculated within 1𝑅e, with 𝛽𝑟 > 0 indicating radial
anisotropy, 𝛽𝑟 < 0 indicating tangential anisotropy and 𝛽𝑟 = 0
indicating isotropy. Finally, we have reprojected the best-fit models
to an edge-on view and measured, within 1𝑅e, the proxy for the
spin parameter, _𝑅𝑒,𝐸𝑂 . The measured _𝑅𝑒,𝐸𝑂 is consistent with
the independently measured and inclination-corrected _𝑅𝑒 measured
directly from SAMI stellar kinematics by van de Sande et al. (2021a).
Uncertainties on the measured values are calculated using Monte

Carlo realisations, combined with the 1𝜎 confidence levels for the
fluctuations from the best-fit model (as described in Santucci et al.
2022): we use the Monte Carlo realisation to investigate possible bi-
ases in this modelling as a result of using SAMI data, which generally
has lower S/N and spatial resolution compared to the data used in
previous analyses. We find typical uncertainties of ∼10-15%.
We have explored how these parameters correlate with galaxy

stellar mass in Santucci et al. (2022). In this paper we now analyse
their connection to their environment, once the relationships with
stellar mass are taken into account.

2.3 Stellar Mass

Stellar masses are estimated assuming a Chabrier (2003) initial mass
function, from the 𝑔− and the 𝑖−magnitudes using an empirical proxy
developed from GAMA photometry (Taylor et al. 2011; Bryant et al.
2015). For cluster galaxies, stellar masses are derived using the same
approach (Owers et al. 2017). The 𝑔− and 𝑖− magnitudes are taken
from SDSS images for GAMA galaxies and VST/ATLAS and SDSS
DR9 observations for cluster galaxies.

2.4 Effective Radius

The effective radius, 𝑅e, used here is that of the major axis in the
𝑟-band. The semi-major axis values were taken fromMGE profile fits

from the 𝑟−band photometry by D’Eugenio et al. (2021). The images
used for the MGE fits are square cutouts with 400′′ side, centred on
the centre of the galaxy, and theMGEfits are calculated usingMgeFit
(Cappellari 2002) and the regularisation feature described in Scott
et al. (2009).

2.5 Environment measurements

In order to explore the role of the environment in shaping galaxy
properties, we define three proxies for environment: halo mass, cen-
tral/satellite/isolated and fifth nearest neighbour local environment
density. Each of these are described below.

2.5.1 Halo mass

We use the GAMA Galaxy Group Catalogue (G3C; Robotham et al.
2011) to define the galaxy groups in the GAMA (Driver et al. 2011)
regions of the SAMI Galaxy Survey. In this catalogue, galaxies are
grouped using an adaptive friends-of-friends (FoF) algorithm, taking
advantage of the high spectroscopic completeness of the GAMA
survey (∼ 98.5%; Liske et al. 2015). For the GAMA groups we
use the halo mass, 𝑀200, the mass contained within 𝑅200 provided
by GAMA. The halo mass was calculated from the group velocity
dispersion, using:

𝑀200
ℎ−1 𝑀⊙

=
𝐴

𝐺

𝑀−1
⊙ km2 s−2 Mpc

(
𝜎FoF
km s−1

)2 RFoF
ℎ−1 Mpc

(1)

and then calibrated using a scaling factor, 𝐴, determined from com-
parison to haloes from simulated mock catalogues (see Robotham
et al. 2011). 𝐺 is the gravitational constant, 𝐺 = 4.301 ×
10−9 𝑀−1

⊙ km2 s−2 Mpc, 𝐴 is the scaling factor, 𝜎FoF is the ve-
locity dispersion of the group and 𝑅FoF is the projected radius of the
group.
It is important to note that, following Owers et al. (2017), we apply

a scaling factor of 1.25 to the cluster halo masses, due to calibration,
to be consistent with the GAMA halo masses. We also scale the
GAMA halo masses (defined using 𝐻0 = 100 km s−1 Mpc−1) to be
consistent with the cosmology used here.

2.5.2 Central galaxies

We define the central galaxies as the most massive galaxy within
0.25 𝑅200 (e.g., Oliva-Altamirano et al. 2017; Santucci et al. 2020).
To identify the central galaxies for the group sample, we check that
the galaxy identified as the “iterative central" (Robotham et al. 2011)
is also the most massive galaxy in the group. This is true for 66/67
groups in our sample. One group has a different galaxy selected as
the iterative central and the most massive. For this group, we find that
the most massive galaxy within a radius of 0.25 𝑅200 is the iterative
central galaxy and we select it as the central galaxy.
A similar procedure is carried out to select the central galaxy in

the clusters, in order to ensure consistency between the samples. We
identify the galaxy that sits closest to the centre of the cluster (cluster
centroids are taken from Owers et al. 2017) as well as the most
massive galaxy in the cluster. For 3 out of 8 clusters, these galaxies
are the same. For the other 5 clusters, we find themost massive galaxy
within a radius of 0.25 𝑅200. For 2 clusters this galaxy is also the
central one, whereas for 3 out of 5 clusters (Abell 168, Abell 2399
and Abell 4038) the most massive galaxy within 0.25 𝑅200 is not the
galaxy closest to the centre. This is consistent with the dynamical
state of these clusters as discussed in Owers et al. (2017) and Brough
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et al. (2017).We therefore select the most massive galaxy within 0.25
𝑅200 as the central galaxy for these clusters.
All other galaxies in each halo are classified as satellite galaxies.

Galaxies which do not belong to any halo, or which belong to haloes
with only two members, are classified as isolated galaxies.

2.5.3 Local galaxy density

We determine the local environment of galaxies using a nearest-
neighbour density estimate to probe the underlying density field,
with the assumption that galaxies with closer neighbours are also in
denser environments (e.g. Muldrew et al. 2012).
We use the fifth nearest-neighbour local surface density measure-

ment, Σ5, to quantify the local environment around SAMI galaxies
(Brough et al. 2013, 2017; Croom et al. 2021). Σ5 measurements
for both GAMA and cluster galaxies are derived using the projected
comoving distance to the 5th nearest neighbour (𝑑25) with a velocity
limit 𝑉lim = 1000 km s−1, and 𝑀lim = −18.5 mag, so that all neigh-
bors are within a volume-limited density-defining population that has
absolute magnitudes 𝑀r < 𝑀lim −𝑄z (we assume𝑄z = 1.03, which
is defined as the expected evolution of 𝑀r as a function of redshift;
Loveday et al. 2015):

Σ5 =
5

𝜋𝑑25
(2)

In GAMA, galaxies for which the fifth nearest neighbour is more
distant than the nearest survey boundary may have erroneous envi-
ronment density measurements. None of the galaxies in our sample
have measurements of Σ5 affected by this problem.

2.6 Sample Selection

For this analysis we are particularly interested in whether there is an
environmental dependence to the evolution of passive galaxies. We
focus on the passive galaxies to determine how their environment
affects their internal orbital structures. For this reason, we select the
161 SAMI passive galaxies (selected using the SAMI spectroscopic
classification presented in Owers et al. 2019) used in the analysis pre-
sented in Santucci et al. (2022). Galaxies with stellar masses below
log10 (𝑀★/𝑀⊙) = 9.5were excluded, because the incompleteness of
the stellar kinematic sample is larger than 50% of the SAMI galaxy
survey sample observed in this mass range, as well as galaxies where
𝑅e < 2′′ (due to their spatial size being smaller than the instrumental
spatial resolution). The galaxies in the final sample were selected as
the optimal compromise between best quality data and reasonable
sample size and correspond to galaxies with 85 Voronoi bins within
1𝑅e and 𝑅max > 𝑅e.
Since the GAMA group sample includes all galaxy associations

with two or more members, to ensure the robustness of our group
sample we first select all the SAMI observed galaxies that belong
to GAMA haloes with a robustly estimated velocity dispersion and
therefore halo mass (i.e. 𝜎 > 𝜎𝑒𝑟𝑟 ; Robotham et al. 2011). These
cuts leave a sample of 146 galaxies. Of these, 37 are central and 90
are satellite galaxies and 19 are isolated galaxies (i.e. not assigned to
any group).
In order to further probe the cluster environment, we select an

additional 7 central cluster galaxies, whose kinematic measurements
did not reach 1 𝑅e. Since the measurements for these galaxies did
not meet our radial coverage criterion (outlined in van de Sande et al.
2017b; Santucci et al. 2022), larger uncertainties have been applied to

their derived intrinsic properties from the Schwarzschild modelling
(see Appendix A in Santucci et al. 2022).
This inclusion gives us a final sample of 153 SAMI galaxies,

including 44 central galaxies, 90 satellite galaxies and 19 isolated
galaxies. These are shown in Fig. 1 and used hereafter in this analysis.

3 INTRINSIC PROPERTIES OF GALAXIES AS FUNCTION
OF ENVIRONMENT

To explore the role of environment in shaping the intrinsic proper-
ties of galaxies, we first divide the sample as follows: central (44
galaxies), satellite (90 galaxies) and isolated (19 galaxies). Each of
these have been divided into four mass bins, with an equal number
of galaxies in each (11 for centrals, 22 for satellites and 5 for iso-
lated galaxies) In Sec. 3.1 we show how intrinsic properties such as
edge-on projected _𝑅𝑒,𝐸𝑂 , triaxiality, velocity anisotropy and frac-
tion of orbits change with galaxy designation. We then explore how
these properties and the fractions of orbits are distributed in the halo
mass-stellar mass and local density-stellar mass planes in Sec. 3.2.
We show the distribution of the galaxies in our sample with halo
mass (panel a) and local density (panel b) in Fig. 2.

3.1 Intrinsic properties of central, satellite and isolated galaxies

We present the spin parameter measured from the reprojected edge-
on maps _𝑅𝑒,𝐸𝑂 as a function of stellar mass in Fig. 3, panel a.
Dividing the galaxies into central, satellite and isolated galaxies,
we find suggestions that at fixed stellar mass (for galaxies with
log𝑀★/𝑀⊙ ≥ 11), central galaxies have consistently lower mean
values of _𝑅𝑒,𝐸𝑂 than satellite galaxies, which do not show any
trend of _𝑅𝑒,𝐸𝑂 with stellar mass. We note, however, that the mass
range where these satellite and central galaxies overlap is small. Iso-
lated and central galaxies are more slowly rotating with increasing
stellar mass.
We then explore galaxy triaxiality as a function of stellar mass

for central, satellite and isolated galaxies in Fig. 3, panel b. Central
galaxies are more likely to be triaxial (14% ± 5% of the central
galaxies have 𝑇𝑅𝑒 > 0.3), compared to satellite and isolated galaxies
(7% ± 3% and 5% ± 4%, respectively). However, this increase in the
fractions of triaxial shapes for central galaxies is likely driven by the
stellar mass as more massive galaxies have higher mean triaxiality
(as also seen in Jin et al. 2020, Fig. 11, and Santucci et al. 2022,
Fig. 8). We also note that the three most prolate-like galaxies in our
sample are satellite galaxies.
In Fig. 3, panel c, we show the velocity anisotropy parameter

in spherical coordinates, 𝛽𝑟 , calculated within 1𝑅𝑒 as described
in Santucci et al. (2022), as a function of stellar mass for cen-
tral/satellite/isolated galaxies. 𝛽𝑟 > 0 indicates that the galaxy
is dominated by radial anisotropy, 𝛽𝑟 < 0 indicates tangential
anisotropy and 𝛽𝑟 = 0 indicates isotropy. We find that, at fixed
stellar mass, central galaxies are generally more radially anisotropic
than satellite galaxies and that isolated galaxies show lower values of
𝛽𝑟 (more tangentially anisotropic) than satellite galaxies, but no dif-
ference is found at stellar masses greater than log 𝑀★/𝑀⊙ ∼ 10.75.
In Santucci et al. (2022), we divided each galaxy into four orbital

components, according to their orbit circularity distribution (cold,
warm, hot and counter-rotating components), calculating the fraction
of each component within 1𝑅𝑒. We show the four orbital fractions as
a function of stellar mass divided into central, satellite and isolated
galaxies in Fig. 4. Central galaxies have the lowest fractions of warm
orbits and the largest fractions of hot orbits at all masses. At fixed
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Figure 1. Effective radius, 𝑅𝑒 , versus stellar mass (panel a), halo mass (panel b) and local density (panel c). Grey diamonds are the passive galaxies in the SAMI
sample with log10 (𝑀★/𝑀⊙) > 9.5 and 𝑅e > 2′′ (738), orange circles are central galaxies (44), blue squares are satellite galaxies (90) and yellow triangles are
isolated galaxies (19) in our SAMI sample. The additional 7 central cluster galaxies, whose kinematic measurements did not meet our radial coverage criterion,
are highlighted with black crosses. Top panels show the distribution of central/satellite/isolated galaxies in stellar mass, halo mass and local density.
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Figure 2.Distribution of halomass (log 𝑀200/𝑀⊙ , panel a) and local density
(logΣ5, panel b) for the galaxies in our sample. The cumulative histograms
are colour-coded by galaxy designation (central, satellite or isolated).

stellar mass, central galaxies have slightly lower mean fractions of
warm orbits, compared to satellite and isolated galaxies of similar
mass. No other significant difference is found between the orbital
fractions of central, satellite and isolated galaxies.

3.2 Environment-stellar mass plane

To better visualise the potential trends with environment, we now
explore the distribution of the edge-on projected _𝑅𝑒,𝐸𝑂 , triaxiality,
velocity anisotropy and orbital fractions in the halo mass-stellar mass
and local density-stellar mass planes, in order to constrain the role of
the environment once the relationship between these parameters and
stellar mass is taken into account.

3.2.1 Spin parameter

Weexplore the environmental dependence of the spin parametermea-
sured from the reprojected edge-on maps _𝑅𝑒,𝐸𝑂 as a function of
stellar mass and environment in Fig. 5, colour-coding the galaxies by
their edge-on spin parameter _𝑅𝑒,𝐸𝑂 . We apply a locally weighted
regression algorithm (LOESS - Cappellari et al. 2013) to the data to

recover any mean underlying trend. Native figures are presented in
Appendix A, for completeness. In order to quantify the trends with
environment, we calculate the Spearman’s semi-partial correlation
coefficient, 𝜌, using the Python package pinguoin.partial_corr (Val-
lat 2018). This allows us to calculate the strength of a correlation of
our parameters (_𝑅𝑒,𝐸𝑂 , in this case) with the environment, taking
into account the contribution from stellar mass, and to determine how
likely it is that any observed correlation is due to chance. A 𝜌 value
close to 1 indicates a strong correlation, while a value close to −1
indicates a strong anti-correlation 3. At fixed stellar mass, for masses
above log𝑀★/𝑀⊙ ∼ 11, there is a suggestion of a relationship be-
tween _𝑅𝑒,𝐸𝑂 and halo mass so that galaxies in lower-mass haloes
are less rotationally supported (Spearman’s semi-partial correlation
coefficient 𝜌 = - 0.22, significant at the 1𝜎 level, with a 𝑝-value of
0.084). This region of the stellar mass - halo mass plane is dominated
by central galaxies, which are, at fixed stellar mass, less rotationally
supported (as seen in Fig. 3), suggesting that this trend is likely be
driven by the central/satellite/isolated designation. For galaxies with
stellar masses below log𝑀★/𝑀⊙ ∼ 11 we do not find any signif-
icant correlation with halo mass. When looking at the trends with
local density we find that, at stellar mass log𝑀★/𝑀⊙ < 11, _𝑅𝑒,𝐸𝑂

decreases with increasing local density (𝜌 = -0.27, significant at the
1𝜎 level, with a 𝑝-value of 0.097), so that we see suggestions that
galaxies in higher local densities are less rotationally supported than
galaxies in less dense regions.

3.2.2 Intrinsic shape

We show the distribution of galaxy triaxiality in the halo mass-stellar
mass and local density-stellar mass plane in Appendix B, Fig. B1.
In both cases, we do not find any significant correlation between
triaxiality and environment.

3 We present all relationships with probabilities 1-𝜎 or greater, as these
analyses are among the firsts of their kind, although the sample is small for
bimodal statistics. We note that even though the relationships do not show
strong correlations, they are important to guide future analyses.
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Figure 3. Spin parameter _𝑅𝑒,𝐸𝑂 (panel a), , triaxiality 𝑇𝑅𝑒 (panel b) and velocity anisotropy 𝛽𝑟 (panel c) as a function of stellar mass. The mean values of
_𝑅𝑒,𝐸𝑂 , 𝑇𝑅𝑒 and 𝛽𝑟 for 4 mass bins are shown as large circles, colour-coded by central/satellite/isolated designation. Bold error bars represent the 1𝜎 scatter
around the mean value of each mass bin. At fixed stellar mass, central galaxies have consistently lower mean values of _𝑅𝑒,𝐸𝑂 than satellite galaxies, and show
a strong trend with stellar mass. Central galaxies are more likely to be triaxial than satellite and isolated galaxies and they are dominated by radial anisotropy.
Satellite galaxies do not show any trend of _𝑅𝑒,𝐸𝑂 , or 𝑇𝑅𝑒 , with mass. Satellite and isolated galaxies are dominated by tangential anisotropy.

3.2.3 Velocity anisotropy

We explore the distribution of our galaxies in halo mass in Fig. 6
(panel a) and local density (panel b) as a function of stellar mass,
colour-coding the galaxies by their velocity anisotropy and LOESS
smoothed to recover any mean underlying trend.
At fixed environmental proxy, 𝛽𝑟 increases with increasing stellar

mass. We find some hints that the most radially anisotropic galaxies
are in mid-mass haloes. This could be a selection effect, since the
most radially anisotropic galaxies are central galaxies and we only
have 8 central galaxies in clusters (out of 44 central galaxies in the
sample, e.g. Fig. 3, panel c). For galaxies with stellar masses below
log 𝑀★/𝑀⊙ ∼ 11, we find a value of 𝜌 = 0.19 for a correlation
between 𝛽𝑟 and halo mass taking stellar mass into account. This
is significant at the 1-𝜎 level (with a 𝑝-value of 0.767). For local
density (panel b), we find evidence of a correlation of 𝛽𝑟 with envi-
ronment so that at fixed stellar mass galaxies in higher local densities
have greater values of 𝛽𝑟 , particularly visible for galaxies with stel-
lar masses log 𝑀★/𝑀⊙ < 11. We find 𝜌 = 0.33 for a correlation
between 𝛽𝑟 and local density - significant at the 2-𝜎 level (with a
𝑝-value o 0.035). This suggests the possibility of a weak positive cor-
relation between velocity anisotropy and halo mass and local density
such that velocity dispersion anisotropy increases with increasing
environmental density.

3.2.4 Orbital components

We now explore the distribution of the fraction of orbits in the halo
mass-stellar mass and local density-stellar mass planes. We show
halo mass (panel a) and local density (panel b) as a function of stellar
mass, colour-coded by the fraction of warm orbits in Fig. 7 and hot
orbits in Fig. 8.
We find suggestions of a possible relationship between the fraction

of warm orbits and environment (Fig. 7), so that, at fixed stellar
mass, the fraction of warm orbits for galaxies with stellar mass below
log𝑀★/𝑀⊙ ∼ 11 decreaseswith increasing halomass and increasing
local density. The Spearman’s semi-partial correlation coefficient

gives a suggestion of a trend (𝜌 = −0.19 at the 1-𝜎 level, with a
𝑝-value of 0.077) for the fraction of warm orbits with local density.
For stellar masses below log𝑀𝑠𝑡𝑎𝑟/𝑀⊙ ∼ 11, galaxies show ev-

idence of a possible additional relationship between the fraction of
hot orbits and environment so that galaxies in higher-mass haloes and
denser local environments are more likely to have higher fractions
of hot orbits (Fig. 8). Testing the correlation of the fractions of hot
orbits for galaxies with stellar mass below log𝑀𝑠𝑡𝑎𝑟/𝑀⊙ ∼ 11 we
find a Spearman’s semi-partial correlation coefficient 𝜌 = 0.22 at the
1-𝜎 level, with a 𝑝-value of 0.18 with halo mass, and 𝜌 = 0.18 at
the 1-𝜎 level, with a 𝑝-value of 0.089, when considering the local
density.
We do not find any additional correlation between the fraction of

cold/counter-rotating orbits and halo mass or between the fraction of
cold/counter-rotating orbits and local density. We show the distribu-
tions of the fraction of cold orbits in Fig. C1 and of the fraction of
counter-rotating orbits in Fig. C2, in Appendix C for completeness.

4 DISCUSSION

We have explored the connection between environment and galaxy
dynamically-derived properties such as intrinsic shape, velocity
anisotropy and orbital components using three proxies for environ-
ment: central/satellite/isolated, halo mass and fifth nearest neighbour
local environment density. We analysed a sample of 153 passive
galaxies from the SAMI Galaxy Survey, which allows us to study
dynamically-derived galaxy properties for a significant number of
galaxies in a range of environments for the first time. Here we dis-
cuss how our results compare to the literature and possible evolution
scenarios for passive galaxies..

4.1 Spin Parameter

Exploring the connection between the intrinsic edge-on _𝑅𝑒 and
the environment we found that galaxies in high local densities
showed lower values of _𝑅𝑒, at fixed stellar mass, for galaxies with
log𝑀★/𝑀⊙ < 11 (Fig. 5). Moreover, central galaxies (with stellar

MNRAS 000, 1–15 (2022)



8 G. Santucci et al.

10.0 10.5 11.0 11.5
log M*/M

0.0

0.2

0.4

0.6

0.8

f c
ol

d

a) COLD ORBITS 

10.0 10.5 11.0 11.5
log M*/M

0.0

0.2

0.4

0.6

0.8

f w
ar

m

b) WARM ORBITS Central
Satellite
Isolated

10.0 10.5 11.0 11.5

log M*/M

0.0

0.2

0.4

0.6

0.8

f h
ot

c) HOT ORBITS 

10.0 10.5 11.0 11.5

log M*/M

0.0

0.2

0.4

0.6

0.8

f c
ou

nt
er

ro
ta

tin
g

d) COUNTER-ROTATING ORBITS 

Figure 4. Fractions of: a) cold orbits, b) warm orbits, c) hot orbits and d) counter-rotating orbits as a function of stellar mass. Galaxies are classified into central
(orange), satellite (blue) and isolated (yellow) galaxies. Each class is divided into 4 mass bins, with the bold points representing the mean values for each mass
bin and the error bars indicate the 1𝜎 scatter around the mean value. In general, central, satellite and isolated galaxies show similar trends for the fraction of
orbits, with no significant difference, although at fixed stellar mass, central galaxies have the lowest fractions of warm orbits and the highest fractions of hot
orbits.

mass log𝑀★/𝑀⊙ > 11) have lower values of _𝑅𝑒 than satellite
galaxies of similar stellar mass (Fig. 3).

Previous results in the literature have found a strong dependence
of _𝑅𝑒 with stellar mass. However, there are contradictory results
for whether the environment plays a role in shaping galaxies, in
particular slow-rotating ones. Several studies found a higher fraction
of slow-rotating galaxies in the densest environments (e.g Cappellari
et al. 2011b; D’Eugenio et al. 2013; Scott et al. 2014; Fogarty et al.
2014). However, later studies controlled for stellar mass and found
that the environment has no significant correlation with the fraction
of slow-rotating galaxies (Brough et al. 2017;Veale et al. 2017;Green
et al. 2018). These differences were resolved in van de Sande et al.

(2021a) and explained by sample sizes and differences in selection
and range in environment studied.
Our results are in agreement with van de Sande et al. (2021a), who

derived the intrinsic values of _𝑅𝑒 by applying corrections for seeing,
aperture effects and inclination for ∼ 1800 SAMI galaxies, including
ETGs and LTGs, following Harborne et al. (2020). They found that
central galaxies at stellar masses greater than log𝑀★/𝑀⊙ ∼ 11 are
more likely to be slow-rotators than satellite galaxies in the same
mass bin. Moreover, they also find a similar trend of _𝑅𝑒 with local
density as we observe here.
There is also evidence from simulations that points towards en-

vironmental dependence as a weaker secondary effect on _𝑅𝑒. For
example, Lagos et al. (2018b), using IFS-like “observations” of syn-
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Figure 5. Halo mass log 𝑀200 and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by the intrinsic spin parameter _𝑅𝑒,𝐸𝑂 , LOESS
smoothed. We find that at fixed environment, _𝑅𝑒,𝐸𝑂 decreases with increasing stellar mass. At fixed stellar mass, for masses above log𝑀★/𝑀⊙ ∼ 11, there
is weak evidence of a relationship between _𝑅𝑒,𝐸𝑂 and halo mass. _𝑅𝑒,𝐸𝑂 also decreases with increasing local density.

Figure 6. Halo mass log 𝑀200/𝑀⊙ and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by the velocity dispersion anisotropy in
spherical coordinates 𝛽𝑟 , LOESS smoothed to reveal any mean underlying trend. Central galaxies are shown as circles, satellite galaxies as squares and isolated
galaxies as triangles. We find that at fixed halo mass (panel a), 𝛽𝑟 increases with increasing stellar mass. Similarly, at fixed stellar mass, 𝛽𝑟 increases with
increasing halo mass. However, the most radially anisotropic galaxies are in mid-mass haloes. Looking at the local density (panel b), we find that at fixed local
density, 𝛽𝑟 increases with increasing stellar mass. Similarly, at fixed stellar mass, 𝛽𝑟 increases with increasing local density.

thetic galaxies from the EAGLE and HYDRANGEA cosmological
hydrodynamic simulations, confirmed the primary dependence of
_𝑅𝑒 on stellar mass, but find a weak, secondary dependence on envi-
ronment so that, at fixed stellar mass (log𝑀★/𝑀⊙ ∼ 11.25), central
galaxies have lower values of _𝑅𝑒,𝐸𝑂 , compared to satellite galaxies,

in agreement with our results. Choi et al. (2018), with Horizon-AGN
simulation data, found a weak trend between the spin parameter and
environment, so that galaxies in denser environments (higher-mass
haloes) rotate more slowly. They note that the trend is driven by
satellite galaxies. Although we do not see a trend with halo mass,
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Figure 7. Halo mass log 𝑀200/𝑀⊙ and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by the fraction of warm orbits, LOESS
smoothed to reveal any mean underlying trend. Central galaxies are shown as circles, satellite galaxies as squares and isolated galaxies as triangles. We find
suggestions that at fixed stellar mass, galaxies with stellar mass below log 𝑀★/𝑀⊙ ∼ 11 have lower fractions of warm orbits with increasing halo mass (panel
a) and increasing local density (panel b).

Figure 8. Halo mass log 𝑀200/𝑀⊙ and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by the fraction of hot orbits, LOESS smoothed
to reveal any mean underlying trend. Central galaxies are shown as circles, satellite galaxies as squares and isolated galaxies as triangles. We find suggestions that
at fixed stellar mass, galaxies with stellar mass below log 𝑀★/𝑀⊙ ∼ 11 have higher fractions of hot orbits with increasing halo mass (panel a) and increasing
local density (panel b).

we do see a similar trend with local density. This difference is likely
explained by the fact that most of our satellite galaxies are in cluster
environments, while there are fewer group satellite galaxies present
in our sample for a clear comparison. In their simulations, Choi et al.
(2018) found that galaxy mergers (both major and minor) appear to

be the main cause of the spin changes for the majority of the cen-
tral galaxies, while satellite galaxies are more likely to undergo a
spin-down from non-merger tidal perturbation (due to high-speed
encounters).
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4.2 Intrinsic shape

We find that, in general, central galaxies are more likely to be triaxial
(𝑇𝑅𝑒 > 0.3) than satellite and isolated galaxies: 14% ± 5% of central
galaxies compared to 7% ± 3% and 5% ± 4% of satellite and isolated
galaxies, respectively. However, at fixed stellar mass, there is no
significant difference in the mean triaxiality of central, satellite and
isolated galaxies (Fig. 3, panel b). This is consistent with previous
observations by Jin et al. (2020), who do not find any significant
differences between the intrinsic shapes of galaxies in the MaNGA
sample, when divided into central and satellite galaxies.
We find that central galaxies have a wider range in shapes, being

less axisymmetric than satellite or isolated galaxies. No clear trend
of galaxy shape is observed with halo mass or local density. These
results are consistent with van den Bosch et al. (2008b), who anal-
ysed the colours and concentrations of SDSS galaxies and found no
difference in the shape of galaxies as a function of halo mass.
Galaxies with different shapes are predicted to have evolved along

different paths. For example, the simulations of Jesseit et al. (2009)
and Moody et al. (2014) showed that minor mergers led to flatter
remnants (lower q) and higher triaxiality than major mergers. The
most triaxial galaxies are usually formed by sequential mergers or
re-mergers (Moody et al. 2014). Similarly, Taranu et al. (2013) found
that simulations of multiple dry minor mergers usually led to triaxial
systems. Lagos et al. (2022) usedmock observations of galaxies in the
EAGLE simulation to predict that flat (low 𝑞) slow-rotating galaxies
are preferentially formed from major mergers; whereas round slow-
rotating galaxies are formed from minor or very minor mergers;
and prolate slow-rotating galaxies from gas-poor mergers. They also
found that flat and prolate galaxies are more common among satellite
galaxies in massive haloes (with 𝑀200 > 1013.6𝑀⊙).
These simulations would suggest that the central galaxies in our

sample are consistentwith having undergonemultipleminormergers,
leading to more triaxial shapes. The satellite galaxies in our sam-
ple would have evolved from different paths: slow-rotating, oblate
axisymmetric, satellite galaxies could be consistent with having un-
dergone gas-rich major mergers or no mergers and interactions with
the central galaxy or the tidal field of the host halo; slow-rotating
triaxial/prolate satellite galaxies are consistent with gas-poor minor
mergers; and fast-rotating satellite galaxies are consistent with hav-
ing evolved through a channel dominated by gas accretion, bulge
growth and quenching, leading to more oblate and flat shapes. Iso-
lated galaxies, being in general very close to oblate axisymmetric
systems, are consistent with a scenario where very few (gas-rich) or
no mergers, have affected their evolution.

4.3 Velocity anisotropy

We find that the global population of central galaxies is in general
radially anisotropic or close to isotropic (with average 𝛽𝑟 ∼ 0.1;
Fig. 3, panel c), while satellite galaxies have average 𝛽𝑟 values that
are slightly negative (∼ −0.3; mildly tangentially anisotropic), and
isolated galaxies are tangentially anisotropic at all stellar masses
(average 𝛽𝑟 ∼ −0.5) . Looking at the correlation between the velocity
anisotropy parameter 𝛽𝑟 and the environmental proxies, we find a
weak correlation with local density (Fig. 6), so that, at fixed stellar
mass, galaxies (with stellar mass log𝑀★/𝑀⊙ < 11) in higher local
densities have greater values of 𝛽𝑟 . However, we note that the most
radially anisotropic galaxies are in mid-mass haloes and halo mass
(Fig. 6). This might be due to the cluster population being dominated
by satellites, while central galaxies (which are generallymore radially

anisotropic), are only a small fraction of the sample presented here
(8%).
Simulations show that mergers can have a substantial effect on the

anisotropy of the resulting galaxy (Dekel et al. 2005), and a higher
fraction of stars accreted from mergers is connected to greater radial
anisotropy, while tangential anisotropy is seen only for galaxies with
high fractions of stars formed in-situ (Wu et al. 2014). Since galaxies
in group environments are predicted to have experienced a greater
number of interactions compared to those in less dense environments,
an increased rate of mergers would explain the increase in 𝛽𝑟 that we
see with increasing halo mass and local density.
Bournaud et al. (2007) found, studying galaxies in N-body simu-

lations, that elliptical-like galaxies formed in multiple minor mergers
tend to have larger radial anisotropy than those of similarmass formed
in one single merger. This is consistent with the central galaxies in
our sample, which show higher values of velocity anisotropy, hav-
ing undergone multiple minor mergers during their evolution. The
satellite and isolated galaxies, which both show lower values of ve-
locity anisotropy, could be formed with fewer or no minor mergers,
or gas-rich major mergers, so that they have greater fractions of stars
formed in-situ.

4.4 Orbital components

We show the fractions of the warm and hot orbital components,
according to their orbit circularity distribution components within
1𝑅𝑒, as a function of stellar mass and environment in Fig. 7 and 8.
We do not see any significant trend with either halo mass or local
density above log𝑀★/𝑀⊙ > 11. However, there is a marginal trend
of the fractions of orbits with environment for galaxies with stellar
masses below log𝑀★/𝑀⊙ ∼ 11, so that galaxies in lower-mass
haloes and lower local densities have higher fractions of warm orbits
and lower fractions of hot orbits than higher-mass haloes and higher
local densities. Central galaxies, at fixed stellar mass, have fewer stars
on warm orbits, and large fractions of hot orbits at all stellar masses,
but are otherwise consistent with satellite galaxies.
Our results are in general agreement with results from

Schwarzschildmodel fits to early-type galaxies in theMaNGA survey
by Jin et al. (2020). They do not find any significant differences be-
tween the orbital components of central and satellite galaxies. When
considering the local density environments (indicated by neighbour
counts), they found that galaxies that have higher neighbour counts
tend to have more hot orbits, consistent with the trend that we see for
galaxies in different local densities.
The suggestions we find seem to suggest that, while halo mass

and local density might have an effect on lower mass galaxies
(log𝑀★/𝑀⊙ < 11), galaxy designation (central/satellite/isolated)
is more important for higher-mass galaxies. Similar suggestions of
stronger trends with environment for lower-mass galaxies are also
found by Turner et al. (in prep), in a sample of 7117 simulated galax-
ies from EAGLE simulation (Schaye et al. 2015) and 3724 observed
galaxies from the GAMA survey (Driver et al. 2011).
The suggestions of orbital fraction trends with halo mass and local

density that we see for lower-mass galaxies could be connected with
the fraction of accreted stars. The cosmological zoom simulations
of Röttgers et al. (2014) found that the accreted star component,
having fallen in from all directions, is expected to have more radial
orbits, while galaxies with more "late" star-formation formed in-situ
due to gas accretion or gas-rich mergers, show a higher fraction
of circular orbits. Since the accretion of stars (at low redshift) be-
comes more important for massive systems (e.g. Guo &White 2008;
Oser et al. 2010; Naab et al. 2014), we expect massive galaxies to
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have a higher fraction of stars on hot orbits. Clauwens et al. (2018)
studied a sample of galaxies in the EAGLE simulation and found a
sharp transition from galaxies dominated by in-situ star-formation
to galaxies dominated by ex-situ star-formation at similar masses
(log𝑀★/𝑀⊙ ≥ 11). This is consistent with empirical results from
the GAMA survey (Robotham et al. 2014), which show that the stel-
lar mass assembly in galaxies above 1011𝑀⊙ is dominated by galaxy
mergers. Clauwens et al. (2018) also found that galaxies dominated
by in-situ star-formation could be more influenced by non-merger
induced tidal perturbations due to their environment, compared to
ex-situ dominated galaxies.
The suggestions of weak trends of the orbital fractions with en-

vironment for lower-mass galaxies is an interesting indication that
needs further study, using a larger sample with a more homogeneous
distribution in stellar mass and environment in order to be confirmed.

4.5 Evolutionary scenarios

Early-type galaxies show complicated structures in their kinematic
maps, but their kinematics can be broadly separated into two classes,
fast- and slow-rotating galaxies (for a recent statistical analysis see:
van de Sande et al. 2021b). According to Cappellari (2016), these
two classes also represent two major channels of galaxy formation.
In this representations, fast-rotating galaxies start as star-forming
disc galaxies and evolve through a set of processes dominated by
gas accretion, bulge growth and quenching. By comparison, slow-
rotating galaxies assemble near the centre of massive haloes via
intense star formation at high redshift, and evolve from a set of
processes dominated by gas-poor mergers, resulting in more triaxial
shapes. These galaxies are the most massive.
Simulations suggest that there are multiple pathways to creating

galaxies in the various kinematic classes (e.g. Naab et al. 2014).
For example, one effective way of transforming the kinematics of
galaxies is via galaxy mergers (e.g. Jesseit et al. 2009; Di Matteo
et al. 2009; Bois et al. 2011; Naab et al. 2014; Penoyre et al. 2017;
Choi & Yi 2017; Lagos et al. 2017, 2018b). For example, Naab et al.
(2014) and Lagos et al. (2018a) found that gas poor mergers are an
effective way to decrease _𝑅𝑒, but also a series of minor mergers or a
single major merger can have a similar effect (Naab et al. 2014; Choi
& Yi 2017; Schulze et al. 2018; Lagos et al. 2018a).
Our results from Santucci et al. (2022) indicate that the internal

structures of galaxies are dominated by the physical processes associ-
atedwith the growth of stellar mass and are in general agreement with
the two formation channels proposed by Cappellari (2016), where the
evolution of massive galaxies is dominated by mergers, leading to
the spin-down of the systems. However, we also see intriguing evi-
dence for a connection between galaxy evolution and environment.
We find suggestions of a trend of the orbital fractions with environ-
ment, for lower-mass galaxies, so that galaxies in low-mass haloes
(or low local densities) are more rotationally-supported (axisymmet-
ric oblate-like galaxies, with tangential anisotropy, higher values of
_𝑅𝑒,𝐸𝑂 , higher fractions of warm orbits and lower fractions of hot
orbits) than galaxies in higher-mass haloes (higher local densities).
Our results suggest two different ways in which environment can

affect galaxy evolution. This seems to depend on the galaxy’s stellar
mass, with a transition at log𝑀★/𝑀⊙ ∼ 11. This transition mass
is also consistent with the sharp transition from in-situ dominated
galaxies to ex-situ dominated galaxies found by Clauwens et al.
(2018) and with the transition mass (log𝑀★/𝑀⊙ ∼ 11.2) Cappellari
(2016) proposed to mark the increase in the slow-rotating population.
In the scenario suggested by our results, high-mass galaxies (with

log𝑀★/𝑀⊙ > 11) evolve from a set of sequential mergers (mostly

minor), where the fraction of accreted stars is connected to their
internal structure: these galaxies are generally pressure supported,
with a high fraction of hot orbits, radial anisotropy and more triaxial
shape. In our analysis, these galaxies show differences in structure
depending on whether they are central, satellite or isolated galaxies,
with central galaxies being the slowest-rotating, radially anisotropic
galaxies. This picture is consistent with central galaxies having un-
dergone a high number of mergers, in particular minor mergers, that
led to a spin-down and to their present-day structure (e.g. Bournaud
et al. 2007; Choi et al. 2018; Lagos et al. 2022).
In contrast, galaxies with stellar masses below log𝑀★/𝑀⊙ ∼ 11

are consistent with being more influenced by non-merger induced
tidal perturbations due to their environment. High-speed encounters
are more probable in higher-density environments and they can lead
to a spin-down of the galaxy and can induce changes in their struc-
tures. In our analysis, we see suggestions of these effects in both
the velocity anisotropy, the orbital fractions and the edge-on spin-
parameter _𝑅𝑒,𝐸𝑂 , so that at fixed stellar mass, galaxies in low local
densities have more tangential velocity anisotropy, higher fractions
of warm orbits, lower fractions of hot orbits and are more tangen-
tially supported than galaxies in higher local densities. Suggestions
of similar trends are also found with halo mass, but they are less
clear, likely because the low-stellar mass / low-halo mass region is
not well sampled.
The suggestions pointing to the environment affecting the structure

of lower mass galaxies are very interesting. Exploring these results
further needs a larger sample, covering a better-sampled range in both
stellar mass and environment. We predict the sample size needed in
order to observe correlations in these parameters that are signifi-
cant at the 3-𝜎 level. To do this, we create mock-SAMI galaxies by
adding random scatter to the galaxy properties found in this anal-
ysis, assuming that the suggestions of correlations we observe are
true. We find that we need at least 1500 galaxies (a ∼10x increase in
sample size) in order to find correlations significant at the 3-𝜎 level.
The upcoming Hector galaxy survey (Bryant et al. 2016, 2020), with
over 15000 total galaxies, would be the ideal sample with which to
test the intriguing conclusions presented here. Undertaking similar
analysis in galaxies at higher redshifts (e.g. using the MAGPI survey
- Foster et al. 2021) would also help to isolate the evolutionary effect
of environment on the stellar kinematics of galaxies.

5 CONCLUSIONS

Using intrinsic galaxy properties derived from building
Schwarzschild models, we explore the correlation between the in-
trinsic shape, velocity anisotropy, orbital components and spin pa-
rameter and four environmental proxies: central, satellite or isolated
designation, halo mass and local 5𝑡ℎ nearest neighbour galaxy den-
sity. Our sample consists of 153 galaxies from the SAMI Galaxy
Survey, with stellar masses ranging from 9.5 < log(𝑀★/𝑀⊙) < 12.
Our key findings are:

• Central galaxies (with stellar mass log𝑀★/𝑀⊙ > 11) have
lower values of _𝑅𝑒,𝐸𝑂 than satellite galaxies of similar stellar mass
(Fig. 3, panel a) and galaxies in higher local densities show lower
values of _𝑅𝑒,𝐸𝑂 , at fixed stellar mass (Fig. 5).

• At fixed stellar mass, there is no significant difference in the
mean triaxiality of central, satellite and isolated galaxies or for galax-
ies in different environments (Fig. 3, panel b).

• Central galaxies are generally radially anisotropic, while satel-
lite and isolated galaxies are mostly supported by tangential
anisotropy (Fig. 3, panel c). The velocity anisotropy parameter, 𝛽𝑟 ,
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shows a weak correlation with environment: in particular with local
density (Fig. 6), so that at fixed stellar mass, galaxies in higher local
densities have greater values of 𝛽𝑟 .

• Wedo not see any significant trend in the orbital fractions within
1𝑅𝑒 with either halo mass or local density, above log𝑀★/𝑀⊙ > 11.
We find interesting suggestions of trends in the fractions of orbits
with environment for galaxies with stellar masses below this, so that
galaxies in lower-mass haloes (or less dense local environments) have
higher fractions of warm orbits and lower fractions of hot orbits than
galaxies in higher-mass haloes (or denser local environments), as
shown in Figs. 7 to 8.
The results presented here support a scenario where environment

plays a role in shaping present-day galaxies, and that role is secondary
to stellar mass. In particular, we find suggestions consistent with the
picture that the evolution of high-mass galaxies (log𝑀★/𝑀⊙ > 11)
is merger-driven, with differences in their structure depending on
whether they are central, satellite or isolated galaxies. The evolution
of lower-stellar mass galaxies (log𝑀★/𝑀⊙ < 11), on the other hand,
is consistent with being affected by non-merger tidal perturbations,
so that galaxies in denser environments show different structures
compared to galaxies in less dense environments.
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local density-stellar mass plane in Fig. A1 to A4, without applying a
locally weighted regression algorithm.

APPENDIX B: INTRINSIC SHAPE

We show the distribution of galaxy triaxiality in the halo mass-stellar
mass and local density-stellar mass plane in Fig. B1. In both cases,
we do not find any significant correlation between triaxiality and
environment.

APPENDIX C: FRACTION OF COLD AND
COUNTER-ROTATING ORBITS

When looking at the fraction of cold orbits of galaxies in differ-
ent halo masses (Fig. C1) we observe that, for stellar masses below
log𝑀★/𝑀⊙ ∼ 11, galaxies show evidence of a possible additional
relationship between the orbital fractions and halomass so that lower-
mass galaxies (below log𝑀★/𝑀⊙ ∼ 11) in lower-mass haloes (below
log𝑀200/𝑀⊙ ∼ 13.5) are more likely to have lower fractions of cold
orbits. However, we note that the variations in the fractions of cold
orbits are small and that our sample does not have many galaxies
in the low-stellar mass / low-halo mass region to be able to clearly
see a correlation. This suggestion could be connected to satellite
galaxies in clusters quenching rapidly and efficiently without under-
going changes in their morphology (e.g. Cortese et al. 2019, Turner
et al. in prep), therefore retaining their disc-like components. Above
log𝑀★/𝑀⊙ ∼ 11, any difference in cold orbit fraction between dif-
ferent halo environments disappears. We do not find any additional
relationship between the fraction of cold orbits and local density.
We do not find any additional correlation between the fraction of

counter-rotating orbits and halo mass or local density (Fig. C2).

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A1. Halo mass log 𝑀200/𝑀⊙ and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by _𝑅𝑒,𝐸𝑂 . Central galaxies are shown as
circles, satellite galaxies as squares and isolated galaxies as triangles.
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Figure A2. Halo mass log 𝑀200/𝑀⊙ and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by 𝛽𝑟 . Central galaxies are shown as circles,
satellite galaxies as squares and isolated galaxies as triangles.
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Figure A3. Halo mass log 𝑀200/𝑀⊙ and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by the fraction of hot orbits. Central galaxies
are shown as circles, satellite galaxies as squares and isolated galaxies as triangles.
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Figure A4. Halo mass log 𝑀200/𝑀⊙ and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by the fraction of warm orbits. Central
galaxies are shown as circles, satellite galaxies as squares and isolated galaxies as triangles.
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Figure B1. Halo mass log 𝑀200/𝑀⊙ and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by triaxiality, LOESS smoothed to reveal
any mean underlying trend. Central galaxies are shown as circles, satellite galaxies as squares and isolated galaxies as triangles. We do not find any significant
correlation between triaxiality and environment.
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Figure C1. Halo mass log 𝑀200/𝑀⊙ and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by the fraction of cold orbits, LOESS
smoothed to reveal any mean underlying trend. Central galaxies are shown as circles, satellite galaxies as squares and isolated galaxies as triangles. We do not
find any correlation between the fraction of cold orbits and halo mass (panel a) or local density (panel b).
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Figure C2. Halo mass log 𝑀200/𝑀⊙ and local density log(Σ5/Mpc−2) as a function of stellar mass, colour-coded by the the fraction of counter-rotating orbits,
LOESS smoothed to reveal any mean underlying trend. Central galaxies are shown as circles, satellite galaxies as squares and isolated galaxies as triangles. We
do not find any correlation between the fraction of counter-rotating orbits and halo mass (panel a) or local density (panel b).
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