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ABSTRACT

Dynamical models are crucial for uncovering the internal dynamics of galaxies, however, most of the
results to date assume axisymmetry, which is not representative for a significant fraction of massive
galaxies. Here, we build triaxial Schwarschild orbit-superposition models of galaxies taken from the
SAMI Galaxy Survey, in order to reconstruct their inner orbital structure and mass distribution. The
sample consists of 161 passive galaxies with total stellar masses in the range 10%° to 10'2Ms. We
find that the changes in internal structures within 1R, are correlated with the total stellar mass of
the individual galaxies. The majority of the galaxies in the sample (73% + 3%) are oblate,
while 19% + 3% are mildly triaxial and 8% + 3% have triaxial/prolate shape. Galaxies with
log M, /Mg > 10.50 are more likely to be non-oblate. We find a mean dark matter fraction
of fpm = 0.28 £ 0.20, within 1R.. Galaxies with higher intrinsic ellipticity (flatter) are found to
have more negative velocity anisotropy 8, (tangential anisotropy). B, also shows an anti-correlation
with the edge-on spin parameter Age ro, so that 3, decreases with increasing Age ro, reflecting the
contribution from disk-like orbits in flat, fast-rotating galaxies. We see evidence of an increasing
fraction of hot orbits with increasing stellar mass, while warm and cold orbits show a decreasing trend.
We also find that galaxies with different (V/o - hg) kinematic signatures have distinct combinations
of orbits. These results are in agreement with a formation scenario in which slow- and fast-rotating
galaxies form through two main channels.

“ 1. INTRODUCTION
s The assembly history of a galaxy is thought to be one

« matic structure (e.g., White 1979; Fall & Efstathiou
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1980; Park et al. 2019) and so observations of the in-
ternal kinematic structure should give an indication of
a galaxy’s past.

Our current understanding of galaxy formation sug-
gests that massive galaxies form in a two-phase pro-
cess (e.g., Naab et al. 2009; Oser et al. 2010). Dur-
ing the first phase, at high redshift, they grow by a
rapid episode of in-situ star formation, resulting in com-
pact massive systems. After z ~ 2, these massive,
log,o(M,/Mg) > 10.5, compact galaxies are predicted
to be quiescent and grow mostly by accreting mass
through gas-poor galaxy mergers that add stars mainly
to their outskirts.

Early-type galaxies (ETGs) have been separated into
two classes, based on their stellar kinematics: fast rota-
tors and slow rotators (e.g. Emsellem et al. 2004, 2007;
Cappellari et al. 2007; Emsellem et al. 2011). Cappellari
(2016) suggested that these two classes also indicate two
major channels of galaxy formation where fast-rotating
ETGs start their life as star-forming disks and evolve
through a set of processes dominated by gas accretion,
bulge growth and quenching. In contrast, slow-rotating
ETGs assemble near the centers of massive halos, via in-
tense star formation at high redshift, and evolve from a
set of processes dominated by gas-poor mergers. How-
ever, Naab et al. (2014) showed that the detailed for-
mation history of a galaxy cannot be constrained from
the slow-fast rotator classification alone, but when com-
bined with the higher-order kinematic signatures, differ-
ent merger scenarios can be distinguished.

In order to understand the evolutionary history of
galaxies, we need a detailed analysis of its intrinsic
structure. The Schwarschild orbit-superposition method
(Schwarzschild 1979) is a powerful dynamical modelling
technique that allows dynamical substructures in galax-
ies to be revealed. Several different implementations of
the Schwarzschild method, with varying degrees of sym-
metry, have been described (Cretton et al. 1999; Geb-
hardt et al. 2003; Valluri et al. 2004; van den Bosch et al.
2008; Vasiliev & Athanassoula 2015; Vasiliev & Valluri
2020; Neureiter et al. 2021, e.g.). The Schwarschild
method has been used to model supermassive black holes
(van der Marel et al. 1998; Verolme et al. 2002; Gebhardt
et al. 2003; Valluri et al. 2004; Krajnovié¢ et al. 2009;
Rusli et al. 2013; Seth et al. 2014; Thater et al. 2017,
2019; Liepold et al. 2020; Quenneville et al. 2021a), the
internal orbital structures of globular clusters (van de
Ven et al. 2006; Feldmeier-Krause et al. 2017; Fahrion
et al. 2019), early-type galaxies (Cappellari et al. 2006;
Thomas et al. 2007; van de Ven et al. 2008; Thomas et al.
2014; Poci et al. 2019; Jin et al. 2020; den Brok et al.
2021) and recently expanded to galaxies of all morpholo-
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gies (Vasiliev & Athanassoula 2015; Zhu et al. 2018b,c;
Vasiliev & Valluri 2020; Lipka & Thomas 2021). The
orbit distributions obtained by these models have also
been used to identify different dynamical components in
these stellar systems (e.g. van de Ven et al. 2006; Cap-
pellari et al. 2007; van den Bosch et al. 2008; Lyuben-
ova et al. 2013; Breddels & Helmi 2014; Krajnovié¢ et al.
2015). Zhu et al. (2018b) separated orbits into four dif-
ferent components: a cold component with near circular
orbits (with strong rotation), a hot component with near
radial orbits (characterized by random motions), a warm
component in-between (characterized by weak rotation)
and a counter-rotating component (similar to the warm
and cold components). The inferred internal orbital dis-
tributions were then used to reconstruct the observed
photometry and stellar kinematics of each component.
However, the majority of these studies only had a few
objects available (less than 30 galaxies). A large sam-
ple of galaxies, observed with good radial coverage and
spatial resolution, is required in order to understand the
average evolution history of the general galaxy popula-
tion.

In the last two decades, Integral Field Spectroscopy
(IFS) surveys such as SAURON (Spectroscopic Areal
Unit for Research on Optical Nebulae; de Zeeuw et al.
2002), ATLAS?*P (Cappellari et al. 2011), CALIFA
(Calar Alto Legacy Integral Field Array survey; Séanchez
et al. 2012), SAMI (Sydney-Australian-Astronomical-
Observatory Multi-object Integral-Field Spectrograph)
Galaxy Survey (Croom et al. 2012; Bryant et al. 2015;
Croom et al. 2021), MASSIVE (Ma et al. 2014), and
MaNGA (Mapping Nearby Galaxies at Apache Point
Observatory; Bundy et al. 2015) have provided us with
rich observational datasets of galaxies, allowing their
structure and evolution to be investigated in detail
through the mapping of stellar kinematics across indi-
vidual galaxies. These IFS surveys have made possi-
ble the use of techniques such as Schwarschild orbit-
superposition method to dynamically decompose IFS
observations to estimate the internal mass distribution,
intrinsic stellar shapes and orbit distributions of galaxies
across the Hubble sequence (e.g., Zhu et al. 2018a,b,c;
Zhuang et al. 2019; Jin et al. 2020; Aquino-Ortiz et al.
2020).

Zhu et al. (2018c) studied a sample of 250 galaxies in
the CALIFA survey, with total stellar masses between
1085 and 10'2M, spanning all morphological types.
About 95% of the galaxies in their sample had stel-
lar kinematic maps with Rpa.x > 1R, and ~ 8% with
Ruax > 3Re. They found that, within 1 R,, galaxies
have more stars in warm orbits than in either cold or
hot orbits. Similar results were also found in a sample
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of 149 early-type galaxies in the MaNGA survey (Jin
et al. 2020), with stellar masses ranging between 10°-
and 10*'8 M, and observations up to 1.5 - 2.5 R, per
galaxy. These studies also found that the changes of
internal structures within 1R, are correlated with the
stellar mass of the galaxies.

The number of galaxies considered for Schwarzschild
model studies to date has been limited and they have
often not incorporated higher-order kinematic moments
to further constrain the orbital models. Higher-order
kinematic signatures are defined as the deviations from
a Gaussian line-of-sight velocity distribution (LOSVD).
When the LOSVD is parametrized as a Gauss—Hermite
series (van der Marel & Franx 1993; Gerhard 1993), its
skewness and excess kurtosis are parametrized by the
coefficients of the 3"9- and 4*'-order Hermite polynomi-
als (hs and hy, respectively). Given the connection be-
tween the higher-order stellar kinematic moments and
a galaxy’s assembly history (Naab et al. 2014), their
inclusion in dynamical modelling can help distinguish
between different formation scenarios.

In this paper we will apply Schwarzschild modelling
to the SAMI Galaxy Survey (Croom et al. 2012; Bryant
et al. 2015; Owers et al. 2017) to investigate the evo-
lutionary histories of passive galaxies by studying their
internal structures. The SAMI Galaxy Survey data al-
lows us to study the internal orbits of a significant num-
ber of galaxies for the first time and allows us to further
constrain the Schwarzschild models by adding informa-
tion on the higher-order kinematic moments. Through-
out the paper, we adopt a ACDM cosmology with
Q,, =0.3, Qx = 0.7, and Hy = 70 km s~ Mpc~1.

2. OBSERVATIONS

The Sydney-AAO Multi-object Integral field spectro-
graph (SAMI) Galaxy Survey is a large, optical Inte-
gral Field Spectroscopic (Croom et al. 2012; Bryant
et al. 2015; Owers et al. 2017) survey of low-redshift
(0.04 < z < 0.095) galaxies covering a broad range
in stellar mass, 7 < log;,(M./Mg) < 12, morphology
and environment. The sample, with ~ 3000 galaxies,
is selected from the Galaxy and Mass Assembly survey
(GAMA; Driver et al. 2011) regions (field and 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 “hex-
abundles” (Bland-Hawthorn et al. 2011; Bryant et al.
2014), across a 1-degree field of view. Each hexabundle
consists of 61 individual 1.”6 fibres, and covers a ~ 15"
diameter region on the sky. In the typical configuration,
12 hexabundles are used to observe 12 science targets,
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3

with the 13" one allocated to a secondary standard star
used for calibration. Moreover, SAMI also has 26 indi-
vidual sky fibers, to enable accurate sky subtraction for
all observations without the need to observe separate
blank sky frames. The SAMI fibers are fed to the dual-
beam AAOmega spectrograph (Sharp et al. 2006).

2.1. IFS Spectra and kinematic maps

SAMI data consist of 3D data cubes: two spatial di-
mensions and a third spectral dimension.

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

Each galaxy field was observed in a set of approxi-
mately seven 30 minute exposures, that are aligned to-
gether by fitting the galaxy position within each hex-
abundle with a two-dimensional Gaussian and by fitting
a simple empirical model describing the telescope offset
and atmospheric refraction to the centroids. The expo-
sures 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)1.

Stellar kinematic measurements were derived using
the penalized pixel fitting code (pPXF; Cappellari &
Emsellem 2004; Cappellari 2017), after combining the
blue- and red-arm spectra by matching their spectral
resolution. A detailed description of the method used to
derive the stellar kinematic measurement can be found
in van de Sande et al. (2017a,b). In particular, for our
analysis, we use the Voronoi-binned kinematic measure-
ments. Bins are adaptively generated to contain a target
S/N of 10 A~1, using the Voronoi binning code of Cap-
pellari & Copin (2003).

The available stellar kinematic measurements consist
of 2D maps of stellar rotational velocity V', velocity dis-
persion o, and the high kinematic orders (hs and hy).
In addition, each kinematic map has kinematic position
angle and FWHM of the Point Spread Function (PSF
- taken from a star observed at the same time as the
galaxies) provided.

2.2. Multi Gaussian Expansion profiles and effective
radius

Multi-Gaussian Expansion (MGE; Emsellem et al.
1994; Cappellari 2002) profile fits for the SAMI Galaxy

1 Reduced data-cubes and stellar kinematic data products for
all galaxies are available on: https://datacentral.org.au.
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Survey are produced from the r—band photometry by
D’Eugenio et al. (2021). The MGE method consists of
a series expansion of galaxy images using 2D Gaussian
functions. This method enables us to take the PSF into
account; given a value of the inclination and assuming
an intrinsic shape, the MGE model can be deprojected
analytically, which is orders of magnitude faster than
the general, integral-based method.

The fits are applied to re-analysed Sloan Digital Sky
Survey (SDSS; York et al. 2000) images for GAMA
galaxies, reprocessed as described in Hill et al. (2011),
and VST/ATLAS (VLT Survey Telescope - ATLAS;
Shanks et al. 2015) and SDSS DR9 (Ahn et al. 2012) ob-
servations for cluster galaxies, with VST/ATLAS data
reprocessed as described in Owers et al. (2017). The im-
ages are square cutouts with 400" side, centred on the
centre of the galaxy, and the MGE fits are calculated
using MgeFit (Cappellari 2002) and the regularisation
feature described in Scott et al. (2009). For each fit,
the position angle of the Gaussian components
were required to be the same. A more detailed de-
scription can be found in D’Eugenio et al. (2021). From
the MGE best fit, we use the projected luminosity, size,
and flattening of each Gaussian component to model
the surface density of each galaxy and to deproject the
stellar component to 3D density (the stellar mass distri-
bution is assumed to be axisymmetric in projection, but
can be intrinsically triaxial). The effective radius, R,
used here is that of the major axis in the r-band. The
semi-major axis values were taken from MGE fits.

2.3. Stellar Mass

Stellar masses are estimated assuming a Chabrier
(2003) initial mass function (IMF), from the K-corrected
g— and the i— magnitudes using an empirical proxy de-
veloped 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).
We use the photometric stellar masses for our
analysis in order to be consistent with previous
SAMI studies and to have consistent compar-
isons with previous results in the literature (e.g.
from CALIFA and MaNGA).

2.4. Sample Selection

We use data from the final SAMI data release (de-
scribed in the Data Release 3 publication Croom et al.
2021). This data release consists of 3068 unique galax-
ies. Of these, we have MGE profiles from D’Eugenio
et al. (2021) for 2957 galaxies (r—band images are not
available for some galaxies or they have been affected
by a bright star in the field of view). Following van
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de Sande et al. (2017a), we exclude all galaxies
whose kinematics are influenced by mergers, that
have strong bars or that have a bright object in
their stellar velocity field. This leaves us with 2834
galaxies with stellar kinematic and MGE measurements.

We exclude all galaxies with masses below log,o(M,/Mg) =

9.5, because the incompleteness of the stellar kinematic
sample is larger than 50% of the SAMI galaxy survey
sample observed in this mass range. We further exclude
433 galaxies where R, < 2" (due to their spatial size
being smaller than the instrumental spatial resolution).
This leaves us with 1649 galaxies.

Following the recommendations of van de Sande et al.
(2017a), for each galaxy we select spaxels that meet the
following quality criteria:

@1) S/N >3 A1 & o > 35 km/s;
Q2) VErr <30 km/s & oprr < 0ops X 0.1+ 25 km/s.

Q@3 in van de Sande et al. (2017a) is for measurements
with S/N < 20 A=Y and 645 < 70 km/s. We cautiously
include these in this analysis and increase the errors
on the measurements that do not meet this criterion
to down-weight their contributions. The 1589 galaxies
that meet these criteria are shown in Fig. 1.

In this paper we focus on passive galaxies, because the
long-term goal of this project is to study the effects of
galaxy environment on passive galaxies (Santucci et al.
in prep). We use the SAMI spectroscopic classification
presented in Owers et al. (2019) to select a homogeneous
sample. The SAMI spectroscopic classification labelled
galaxies as star-forming, passive, or Hi-strong, using the
absorption- and emission-line properties of each SAMI
spectrum. We select 738 passive galaxies.

2.4.1. Radial coverage and spatial sampling selection

We compare the spatial resolution and radial extent
of our sample to the sample from (Zhu et al. 2018b)
who used CALIFA data to derive orbital parameters us-
ing the Schwarzschild method. SAMI Voronoi bins are
generated to contain a target S/N of 10 A=!. Since the
target S/N is the only requirement for the bins, individ-
ual spaxels of 0.5” are left unbinned when they meet this
requirement. For these single-spaxel bins, the covariance
is larger (since they are smaller than the SAMI spatial
resolution). In Fig. 1 we show the number of Voronoi
bins within 1R, versus the radial coverage avalable (in
units of R.) for the 1589 SAMI galaxies (in grey) that
meet our quality criteria. CALIFA galaxies (in purple;
from Zhu et al. 2018b) have a similar distribution in
number of bins to SAMI, however their bins were gen-
erated with different criteria (their minimum S/N = 20
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Figure 1. Number of Voronoi bins within 1R, that meet
our quality criteria versus the maximum radius available for
stellar kinematics (in units of R.) for the galaxies in the
SAMI Galaxy Survey (1589 galaxies; grey circles) and in
the CALIFA survey (259 galaxies; violet diamonds). Black
dashed lines indicate Rmax/Re = 1 and Voronoi bins = 85.
We calculate the marginalised fractions of galaxies to the
total number in each sample, by mass and size, and show
them in the top and left panels of the figure. Grey lines
are for SAMI galaxies, while the violet lines are for CALIFA
galaxies. The CALIFA and the SAMI samples have similar
distributions in Voronoi bins and radial coverage, although
there are more CALIFA galaxies with measurements up to
2R..For this analysis we select galaxies in the top right corner
(Rmax > 1Re and Voronoi bins > 85).

and their spaxel size is consistent with their spatial res-
olution), therefore a direct comparison is not possible.
CALIFA and SAMI also show a similar distribution in
radial coverage, although there are more CALIFA galax-
ies with measurements up to 2R,.

In this analysis, the first in a series, we select a high-
quality subsample of SAMI galaxies, identified by good
spatial resolution and good radial coverage (top right
corner of Fig. 1). This region is selected as the optimal
compromise between best quality data and reasonable
sample size, and corresponds to galaxies with 85 Voronoi
bins within 1R, and Rynax > Re. More details about
the radial coverage tests we performed can be found in
Appendix A.

This quality cut gives us a sample of 179 passive
galaxies. We visually inspect the galaxies in this sam-
ple using HSC images and exclude the face-on strongly
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barred galaxies that were not identified as barred from
the square cutouts used for the MGE modelling. This
cut gives us a final sample of 161 galaxies. These are
shown in Fig. 2 and used hereafter in this analysis.
The majority of the galaxies in our sample are early-
type galaxies (~ 85%), ~ 11% are SO/Early-spirals and
~ 4% are late-type galaxies (visual morphological classi-
fication from Cortese et al. 2016). We note that our final
sample is biased toward galaxies that are more massive
and larger than the general SAMI passive population.
This bias is caused by selecting galaxies with at least 85
Voronoi bins within 1 R..
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Figure 2. Effective radius, R, versus stellar mass. Blue
circles are the passive galaxies in the SAMI sample with
logo(M«/Mg) > 9.5 and Re > 2" (738), orange squares
are the galaxies included in the final sample (161). We cal-
culate the marginalised fractions of galaxies with respect to
the total number in each sample, by mass and size, and show
them in the top and left panels of the figure. Blue lines are
for the passive galaxies in the SAMI Galaxy Survey, while
the orange lines are for our final sample. The two samples
are slightly different in the marginalized mass and size distri-
butions, so that we have higher fractions of massive and large
galaxies in the final sample compared to the initial sample.
This is due to selecting galaxies with more than 85 Voronoi
bins.

3. SCHWARZSCHILD ORBIT-SUPERPOSITION
TECHNIQUE

3.1. Schwarzschild’s models and free parameters

We use the Schwarzschild orbit-superposition tech-
nique (Schwarzschild 1979) to model our individual
galaxies, using the implementation from van den Bosch
et al. (2008), with the correct orbital mirroring
(Quenneville et al. 2021b), that allows us to model
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triaxial stellar components 2, while most of the results
in the literature assume axisymmetry. There are three
main steps required to create a Schwarzschild model:

1. Construct a model for the underlying gravitational
potential;

2. Calculate a representative library of orbits using
the gravitational potential previously modelled;

3. Find a combination of orbits that can reproduce
the observed kinematic maps and luminosity dis-
tribution.

These steps are fully described in van den Bosch et al.
(2008) and Zhu et al. (2018a) and are summarized in
the following subsections.

3.2. Gravitational Potential

The model gravitational potential of each galaxy is
generated using the combination of three components:
a stellar and a dark matter distribution and a central
super-massive black hole. The triaxial stellar compo-
nent mass is calculated from the best-fit two-dimensional
MGE luminosity density (from D’Eugenio et al. 2021)
which is de-projected assuming the orientation in space
of the galaxy, described by three viewing angles (0, ¢,
1), to obtain a three-dimensional luminosity density.
The space orientation (6, ¢, 1) can be converted directly
to the intrinsic shape (p;, gi, u;), where p; = B;/A;,
¢ = Ci/A; and w; = 03,4y ;/0Gauss,i- Ai, Bi, C; rep-
resent the major, medium and minor axes of the 3D tri-
axial Gaussian component and 0gquss,; represents the
size of each Gaussian component. Moreover, the flat-
test Gaussian component, having the minimum flatten-
ing gmin, dictates the allowed space orientation for the
de-projection, so that we can take (Pmin, Gmin, Umin) as
our free parameters. This 3D density is then converted
into a stellar mass distribution using a radially constant
stellar mass-to-light ratio M, /L (note that M,/L is a
free parameter in our modelling). The corresponding
stellar gravitational potential @, is calculated using the
classical formula from Chandrasekhar (1969).

The dark matter halo distribution is assumed to follow
a spherical Navarro-Frenk-White profile (NFW; Navarro
et al. 1996). The mass, Mago (mass enclosed within a
radius, Rsgg, where the average density is 200 times the

2 A new implementation of this code, DYNAMITE (DYnamics,
Age and Metallicity Indicators Tracing Evolution), has recently
been released (Jethwa et al. 2020). This was not available at the
beginning of this analysis. Internal tests have been carried out
which have verified the consistency between the two implementa-
tions.
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critical density), in a NFW dark matter halo is deter-
mined by two parameters. These are the concentration
parameter, ¢, and the fraction of dark matter within
Rooo, | = Mago/M, (where Mg is as defined above
and M, is the total stellar mass).

The spatial resolution of SAMI data is poorer than
the influence radius of the black hole, so its mass leaves
no imprint on the stellar kinematic maps and therefore
does not affect our results. We therefore fix the black
hole mass to the value derived from the stellar velocity
dispersion, measured within an aperture of 1R, assum-
ing the relation between black hole mass and the stellar
velocity dispersion of a galaxy from McConnell et al.
(2011).

Combining the components used to describe the grav-
itational potential, we have six free parameters (stellar
mass-to-light ratio, M, /L, the intrinsic shape of the flat-
test Gaussian component (Pmin, Gmin, Umin), the dark
matter halo concentration, ¢, and dark matter fraction,
f) that must be determined. To determine these best-
fit parameters for each galaxy, we run an optimised
grid-based parameter search as described in Zhu et al.
(2018a) and summarized in Sec. 3.4.

3.3. Orbit library

To fit a model to our observed data we need an orbit
library. To create the orbit library we use a separa-
ble triaxial potential, where all orbits are regular and
conserve three integrals of motion (energy E, second in-
tegral I and third integral I5) which can be calculated
analytically. Four different types of orbits exist: three
types of tube orbits (short axis tubes, outer and inner
long axis tubes) and box orbits. We create initial condi-
tions for our orbits by sampling from the three integrals
of motion. We refer to van den Bosch et al. (2008) for
the details of the orbit sampling.

The number of points we sample across the three in-
tegrals is ng X ng X ng = 21 x 10 x 7, where ng, ng,
ng are the number of intervals taken across the energy
E, the azimuthal angle 6 and radius R on the (z,2)
plane. However, this orbit library includes mostly short
axis tubes, long axis tubes and a relatively low fraction
of box orbits in the inner region. Since box orbits are
essential for creating triaxial shapes, we construct an
additional set of box orbits. Box orbits always touch
equipotentials (Schwarzschild 1979), so they can be de-
scribed by combining the energy E with two spherical
angles (6 and ¢). The number of points included in the
box orbit set are ng X ng X ng =21 x 10 X 7.

We add an additional set of orbits to account for ret-
rograde stars commonly found in early-type galaxies
(Bender 1988; Kuijken et al. 1996). This set contains
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21 x 10 x 7 orbits to describe the initial conditions for
counter-rotating orbits. To summarize, we use three sets
of 21 x 10 x 7 orbits: a typical set of (E, I, I3), a box
orbits set of (E, 6, ¢) and a counter-rotating set of also
(B, —Is, I5).

As in van den Bosch et al. (2008) and Zhu et al.
(2018b), we dither every orbit to give 53 orbits by per-
turbing the initial conditions slightly, in order to smooth
the model. The orbit trajectories created will be co-
added to form a single orbit bundle in our orbit library.

We then use Schwarzschild’s method to weight the var-
ious orbit contributions to the velocity distribution pro-
file in each bin to construct a model with observational
parameters that can be fit to the data (the description
of how kinematic maps are fitted can be found in Zhu
et al. 2018a). The quantities that will be compared to
observations are spatially convolved with the same PSF
as the observations. The model and the observed values
are then divided by the observational error so that a x?2
comparison is achieved. The weights are determined by
the van den Bosch et al. (2008) implementation, using
the Lawson & Hanson (1974) non-negative least squares
(NNLS) implementation.

3.4. Best-fit model

In order to find the best-fit model, which contains six
free parameters, we run a grid based parameter search.
We use a parameter grid with intervals of 0.5, 0.1, 0.2,
0.05, 0.05 and 0.01 in M, /L, log(c), log(f), Gmin, DPmin
and Umin, respectively, and perform an iterative search
for the best-fitting models. After each iteration, the
best-fit model is selected by using a x? comparison. The
best-fit model is defined as the model with minimum
kinematic y?:

n n 2 n n 2

Vmod — Vobs + Tmod — Tobs +

vn o
obserr obserr

Nk'in

2 _
=2
n=1

3, mod 3, obs + 4, mod 4, obs (1)
h? hl
3, obserr 4, obserr
n n n n
where VI7 i 0 0as BE oq a0d Y g are the model

n

3 n n n
values for each bin n, Vi; . og, . hy o and hy ,, are

obs?
1 1 n n
the observed values in each bin and V..., o0 ...,
mn n 3 S 3
3 obserr a0 Ny ,p ... Tepresent the observational er-

rors. N, is the number of bins in the kinematic maps.
We define a confidence level around that minimum value
and select all the models whose x2 is within that con-
fidence level: x% — x2., < X2 X \/(Nops — Npar), with
X? = 2, Nops = 4Ngipn, as we use V, o, hg and hy as
model constraints, and Npq, is the number of free pa-
rameters (6 here). We then create new models around
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7

the existing models with lower kinematic x2 values by
walking two steps in every direction of the parameter
grid from each of the selected models. In this way, the
searching process goes in the direction of smaller x2 on
the parameter grid, and it stops when the minimum x?
model is found. Next, we continue the iteration by using
a larger value of x2, to ensure all the models within 1o
confidence are calculated before the iteration finishes.
The values of x? are chosen empirically so that it is nei-
ther too small (finding only local minimums) nor too
large. For the final step, we reduce the parameter in-
tervals by half to get a better estimate of the best-fit
parameters. The models whose x2? are within the con-
fidence level are included for calculating the statistical
uncertainties of the model parameters for single data
analysis. The maximum and minimum values of the pa-
rameters or properties in these models are treated as
upper and lower limits in 1o error regions.

The kinematic maps for the best-fit models of exam-
ple galaxies 9403800123, 9019900793, 220465 and
9008500323 are presented in Fig. 3, Fig. 4, Fig.
5 and Fig. 6. We selected these four galaxies as
representative of the sample, with 9403800123
being a non edge-on oblate galaxy (with 255
Voronoi bins within 1R.), 9011900793 an edge-on
oblate galaxy (with 87 Voronoi bins within 1R,),
220465 a triaxial galaxy (142 Voronoi bins within
1R.) and 9008500323 a prolate galaxy (with 104
Voronoi bins within 1R.). Even when the spatial
sampling is low, as in the case of 9011900793, the
model is able to reproduce the best-fit maps well
(x2.q = 2.22 for galaxy 9403800123, x2,, = 1.72 for
galaxy 9011900793, \?., = 1.79 for galaxy 220465
and x2%,, = 1.99 for galaxy 9008500323%). We also
show the explored parameter grids and the obtained in-
ternal mass distribution, orbit circularity, triaxiality and
tangential anisotropy for the best fits of these four galax-
ies in Appendix B. These parameters are fully described
in the following section.

4. RESULTS

In this section and the next we present the results
we obtain modelling a sample of 161 passive galaxies in
the SAMI Galaxy Survey with the Schwarzschild orbit-
superposition technique. For each galaxy we explore

2
3 The reduced x? is defined as x2_; = Mxi_]\,
mn par

calculated following Eq. 1. The values of xze 4 are not always
equal to 1 for the best-fit models of the galaxies in our
sample. This is because the input kinematic maps of the
galaxies in our sample were not symmetrised. Therefore,
comparing the observed maps to the model maps, which

are symmetric, can result in values of X?‘ed higher than 1.

, with x?2
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Figure 3. Example of a galaxy with excellent spatial sampling: SAMI CATID 9403800123 in the cluster Abell 4038. This
galaxy (log M, /Mg = 11.05 and R, = 5.52") is a non edge-on oblate galaxy and has stellar kinematic measurements up to 1.36
Re and counts 255 spatial bins within 1Re (black ellipse). Columns show 2D maps for, from left to right, flux, velocity, velocity
dispersion, hs and h4. First row shows the observed maps, second row shows the best-fit maps derived from the Schwarzschild
modelling and the third row shows the residuals, calculated as the difference between the observation and the model, divided
by the observational uncertainties. The best-fit model maps (x2.; = 2.22) accurately reconstruct the structures seen in the
observations, not only for the velocity and velocity dispersion maps, but also for hs and hg.

a range in parameter space by building on av-
erage 1250 different models. By comparing the 2D
maps of the flux and kinematic parameters derived from
each model and observations we determine the best-fit
parameters. From the best-fit model we derive the in-
trinsic properties of the inner mass distribution (for both
stellar and dark matter), intrinsic stellar shape (axis ra-
tios and ellipticity), velocity anisotropy and the orbit
circularity distribution. We take as our best-fit values
the parameters calculated at or averaged within an aper-
ture of 1R, depending on the parameter. Uncertainties
on the measured values are calculated using Monte Carlo
realisations, as described in Appendix C, combined with
the 1o confidence levels for the parameters fluctuations
from the best-fit model that we describe in Sec. 3.4.

4.1. Inner mass distribution

The total mass (M) radial distribution is one of
the fundamental parameters of the Schwarzschild model,
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which includes a stellar component and a dark matter
component (Mgq,t). A black hole mass component is in-
cluded as well, but not discussed here as its contribution
to the total mass distribution is negligible. The distribu-
tion of the fraction of dark matter (fpm = Maark/Miot)
within 1R, for the galaxies in our sample is shown in
Fig. 7. The average value of the dark matter fraction is
0.28, with a standard deviation of 0.20. Similar to
Cappellari et al. (2013), we fit a quadratic function to
the fpu versus stellar mass distribution. The best-fit re-
lation follows fpa ~ 0.1040.17 x (log M, /Mg —10.59)2,
although the 1-0 scatter along this relation is as
high as J fpy = 0.24.

Above a stellar mass of log(M,/Mg) ~ 10.75 we see
a hint of an increasing fpy as a function of stellar
To test whether this trend is statistically sig-
nificant, we use the Kendall’s correlation coefficient 7,
using the Python package scipy.stats.kendalltau (Virta-

mass.
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Figure 4. Example of a galaxy near the minimum requirement of 85 spatial bins: SAMI CATID 9091100793 in
the cluster Abell 911. This galaxy (log M, /Mg = 10.34 and R. = 5.19”) is a edge-on oblate galaxy and has stellar
kinematic measurements up to 1.45 R. and 87 spatial bins within 1R.. Panels are as in Fig. 3. The best-fit
model maps (x2.; = 1.72) accurately reconstruct the structures seen in the observations.

nen et al. 2019). This correlation coeflicient is robust to
small sample sizes. A 7 value close to 1 indicates strong
correlation, whereas a value close to —1 indicates strong
anti-correlation. For galaxies with log(M,/Mg) = 10.75
we find a value of 7 = 0.17, with a probability of
correlation of 99.73%. While the trend of increasing
fraction of dark matter with increasing stellar mass is
mild, it is significant at the 3-o level.

4.2. Intrinsic stellar shape

Next, we investigate the intrinsic shapes of the galax-
ies in our sample. As shown in Sec. 3.2, three param-
eters are used to model the dynamically-based intrinsic
stellar shape of each galaxy: p, ¢ and u. The intrin-
sic shape has been shown to be connected to various
other galaxy properties such as: stellar mass (Sédnchez-
Janssen et al. 2010), luminosity (Sdnchez-Janssen et al.
2016), spin parameter (e.g. Foster et al. 2017), mean
stellar population age (van de Sande et al. 2018) and its
environment (Fasano et al. 2010; Rodriguez et al. 2016).
Furthermore, theoretical simulations suggest that intrin-
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sic shape depends on a galaxy’s formation history (Jes-
seit et al. 2009; Li et al. 2018b,a).

Here, in particular, we analyse the triaxial parameter
Tre, calculated at 1R, and defined as:

(1= Phe)/(1 = dfe)- ()

We show an example of the best-fit intrinsic shape pa-
rameters p, ¢ and T as a function of radius in Appendix
B, Fig. 30. Based on the triaxiallity parameter Tr., we
separate galaxies into three groups according to their
dynamically-based intrisic shape: oblate (Tg. = 0),
prolate (Tgr. = 1) and triaxial (Tg. # 0,1).
Fig. 8 we show the triaxial parameter Tg. as a func-
tion of stellar mass log(M,/Mg). The majority of
the galaxies in our sample are close to oblate
(118 out of 161 galaxies; 73% + 3%), 30 galaxies
(19%+3%) show evidence of being mildly triaxial
(0.1 < Tge < 0.3) and 13 galaxies (8% + 3%) have
triaxial/prolate shapes (with Tk, > 0.3). There
is evidence of a slight increase of triaxiality with
increasing stellar mass (7 = 0.1), however, this

TRe

In
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Figure 5. Example galaxy SAMI CATID 220465, in the GAMA region. This galaxy (log M,/Ms = 11.31 and

Re
1R..

5.00") is a triaxial galaxy and has stellar kinematic measurements up to 1.5 R, and 142 spatial bins within
Panels are as in Fig. 3. The best-fit model maps (x2.; = 1.79) accurately reconstruct the structures seen

in the observations, not only for the velocity and velocity dispersion maps, but also for hs and h4.

trend is only significant at a 1-0 level (with a
probability of 82.96%). However, if we consider
the fraction of galaxies that have Tg. > 0.1 (non-
oblate galaxies), we find a clear increase of the
fraction with stellar mass, with a sharp change at
~ 10195001, /M, with the fraction of non-oblate
galaxies increasing from 12% + 4% to 29% + 2% at
this mass.

Non-oblate galaxies must be dispersion-supported,
with their shape reflecting the anisotropic velocity dis-
persion. In contrast, oblate galaxies may have varying
degrees of rotation support and anisotropy (e.g. Kireeva
& Kondratyev 2019). We analyse the distribution of the
velocity dispersion anisotropy in the next section.

4.3. Velocity anisotropy

Velocity dispersion anisotropy parameters (e.g. 3, 3;)
are widely used as indicators of the underlying orbit
distribution of a galaxy. However, various definitions
and approaches exist in the literature. The velocity
dispersion anisotropy parameter used in more recent
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literature, 3., is in cylindrical coordinates and has been
used in particular to describe the global anisotropy in
fast-rotating axisymmetric galaxies (Cappellari et al.
2007). This parameter measures the velocity anisotropy
along the radius on the disk plane, in cylindrical co-
ordinates, following the idea of cylindrically aligned
ellipsoids in oblate galaxies. However, for triaxial galax-
ies 8, (< R.) will have a contribution from both circular
orbits (which have cylindrically-aligned velocity disper-
sion ellipsoids) as well as radial and box orbits (which
have spherically-aligned velocity dispersion ellipsoids).
Recent results (Thater et al. 2021) show that the ve-
locity dispersion ellipsoids for the elliptical galaxy NGC
6958 are more closely aligned with spherical coordinates.
The misalignment between the measured ellipsoids and
the cylindrical coordinates can reach angles as high as
80°. This misalignment can even occur in disk galaxies,
most notably, our own Milky Way (Biidenbender et al.
2015; Hagen et al. 2019). Following Thater et al. (2021),
we measure the misalignment of the velocity ellipsoids
for the galaxies in our sample and find that they are



685

686

687

688

689

690

691

692

693

Flux

[-3.73 0

Vv [km s71] a [kms~1]

11

™
5

Xieq = 1.99

“u
o
1

Dec. offset[arcsec]
_»'w oo
o w o w
NN NN NN}

—7.5 7 Galaxy 9008500323

Hf

Data

e N U N
o U o
[EERERERRREEN]

|
N
5

11

-5.07

Dec. offset[arcsec]
1

|
~
o

11

Model

|

N o N U» N

0w o U o
1 [ENRRERRE

Dec. offset[arcsec]

|
w
o

|
~
5

1

r

Residuals

-5 0 5 -5 0 5
R.A. offset[arcsec] R.A. offset[arcsec]

0 5 -5 0 5 -5 0 5
R.A. offset[arcsec]

R.A. offset[arcsec] R.A. offset[arcsec]

Figure 6. Example galaxy SAMI CATID 9008500323, in the cluster Abell 85. This galaxy (log M,/Ms = 10.78
and R. = 4.15") is a prolate galaxy and has stellar kinematic measurements up to 1.81 R. and 104 spatial bins
within 1R.. Panels are as in Fig. 3. The best-fit model maps (x2.; = 1.99) accurately reconstruct the structures
seen in the observations, not only for the velocity and velocity dispersion maps, but also for hs and h4.

more closely aligned with spherical coordinates. For
this reason, we focus on the radial velocity anisotropy
parameter, (., in the results presented here. For com-
pleteness, we also include the results for 5, in Appendix
D.

We define the velocity anisotropy parameter 3., in
spherical coordinates, following Binney & Tremaine

(2008):
T4
s =1— ’
Br=1- (3)
with Moy + I
I, = %’ (4)

(r,0, ¢) the standard spherical coordinates, and

N
iy = /pa,% B = Z Mna,%’n

n=1

(5)

with o}, the velocity dispersion along the direction & at a
given location inside the galaxy. The summation defines
how we computed this quantity from our Schwarzschild
models. M, is the mass contained in each of the NV polar
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bins in the meridional plane of the model, and oy, is
the corresponding mean velocity dispersion along the
direction k.

We calculate the value of 3, within 1R,, excluding the
inner regions (r < 2'’) since this region is affected by at-
mospheric seeing. S, > 0 indicates radial anisotropy,
Br < 0 indicates tangential anisotropy and /3, = 0 in-
dicates isotropy. Figure 9 shows the derived values of
By, for each galaxy, as a function of intrinsic elliptic-
ity. Here, we derive € using the intrinsic flattening, gpe,
from the best-fit model of the galaxy, measured at 1R,;
Eintr = 1 — qRre. In general, galaxies with high ellipticity
(flat galaxies, €4 > 0.7) are close to isotropic or tan-
gentially anisotropic (supported by rotation). We also
find that radially anisotropic galaxies are typically more
massive than tangentially anisotropic galaxies.

4.4. Spin Parameter

The proxy for the spin parameter, A, has previously
been used to separate slow-rotating galaxies from fast-
rotating galaxies (Emsellem et al. 2007, 2011; Cappellari
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bars marking the 25" and 75" percentiles. The blue solid
line is the parabolic best-fit to the data - fpm ~ 0.104+0.17 x
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on the best-fit.

2016). We use the Cortese et al. (2016) definition of the
spin parameter to calculate A, for each galaxy:

Nops
\ o izt BBVl
Y5 FiRi/VE 4 o7

where i refers to each spaxel within the ellipse with semi-
major axis R, and ellipticity e, F; is the corresponding
flux of the i*" spaxel, Vj is its stellar velocity, o; is the
velocity dispersion and R; is the semi-major axis of the
ellipse in which the spaxel lies. Since A, is calculated
within 1R, it will be referred to as Ag. hereafter.

For completeness, we also measure the ratio of ordered
to random motion V/o, also measured within 1R,, using
the definition from Cappellari et al. (2007):

(6)

Nspz 2
_ Zi:o Fsz
- Nspz 2 '
>i—o Fio;

(7)

Results obtained using V/o are similar to those obtained
for Are and are shown in Appendix E.

Inclination has a strong impact on the observed Ag.
and V/o quantities, in particular when the viewing an-
gle is close to face-on (e.g. Binney et al. 1990). While
inclination corrections are now commonly applied to Age
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Figure 8. Triaxial parameter Tre = (1 — p%k.)/(1 — ¢%.)
as a function of stellar mass. Galaxies with Tr. = 0 are
classified as oblate, galaxies with Tr. = 1 as prolate
and those in-between as triaxial. Grey dashed lines
represent Tr. = 0.1, Tre = 0.3 and Tr = 0.8. The ma-
jority of the galaxies in our sample are oblate, with a few
galaxies with non-oblate shape. The average values of
the triaxiality parameter for each of the 4 mass bins
are shown as dark blue squares, with the error bars
marking the 1-0 scatter. There is a weak increase
in the triaxiality parameter with increasing stellar
mass. The percentage of galaxies that are non-oblate
(Tre > 0.1) increases with increasing stellar mass, go-
ing from 12% =+ 4% below 10'%°°M, /My to 29% + 2%
above this mass.

measurements (e.g. Querejeta et al. 2015; van de Sande
et al. 2018; Falcén-Barroso et al. 2019; del Moral-Castro
et al. 2020; Fraser-McKelvie et al. 2021) these methods
cannot be applied for slow rotating or trixial galaxies
(for a detailed discussion see van de Sande et al. 2021a).
Our trixial Schwarzschild models now allow us, irrespec-
tive of galaxy type, to deproject each galaxy to a con-
sistent edge-on view and reconstruct a best-fit internal
orbital distribution for that viewing angle.

In order to reconstruct the edge-on maps, we re-
calculate and store the orbit library for each galaxy,
with a specific projection. Schwarzschild models take
into account the PSF of the observations when repro-
ducing the kinematics. To construct 2D maps without
the impact of seeing within the Schwarzschild routine,
we set the PSF FWHM to 0.01” for the model to use
when projecting the galaxy.
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Figure 9. Velocity dispersion anisotropy in spherical co-
ordinates (3, within 1R. as a function of intrinsic elliptic-
ity (€intr = 1 — q) at 1 Re, color-coded by stellar mass.
The grey dashed line represents isotropy, 5. = 0. Negative
Br indicates tangentially-anisotropic systems (supported by
rotation), while positive 8, are radially-anisotropic systems
(supported by random motions). Galaxies with very high
ellipticity are close to isotropic or tangentially anisotropic.
Radially-anisotropic galaxies are generally more massive.

Once we have constructed the edge-on projected maps,
we measure the spin parameter within 1R, by apply-
ing Equation 6. In order to produce results compa-
rable to observations, we remeasure the MGE model
on our edge-on projected maps to derive R, using the
MgeFit python package (Cappellari 2002). We then de-
rive the ellipticity by finding the model isophote with
area A = TR2, and use its ellipticity as the galaxy el-
lipticity (D’Eugenio et al. 2021). We show the derived
edge-on Age go values as a function of the edge-on in-
trinsic ellipticity from our MGE fit, €4 EO, in Fig. 10,
color-coded by their velocity anisotropy (.. The ma-
genta line corresponds to the relation g, = 0.65 x € for
edge-on galaxies as in Cappellari et al. (2007).

We find that Age go increases with increasing intrinsic
ellipticity. In particular, galaxies that have low values
of Are,ro are rounder than galaxies with higher val-
ues of Age po. Moreover, we find that galaxies that
are radially anisotropic (positive values of 3,.) show low-
to mid- values of ellipticity and Are o, while galaxies
with high ellipticity and Are ro are more isotropic or
tangentially anisotropic. This is seen more clearly when
a locally weighted regression algorithm (LOESS - Cap-
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pellari et al. 2013) is applied to the data to recover any
mean underlying trend in g, (Fig. 10, panel b). In gen-
eral, the variation in 3, seems to mostly be driven by
the spin parameter, Age ro.

The anti-correlation between Agr. go and 3, can be
seen in Fig. 11. Testing the correlation using the
Kendall’s correlation coefficient 7, we find a value of
7 = —0.27, with a probability of correlation of
99.99% that 5, decreases with increasing Ar. po.
This means that fast-rotating galaxies are, as expected,
more tangentially anisotropic than slow-rotating sys-
tems, which are more radially anisotropic.

4.5. Orbital structure

Stellar orbits can be characterized by two main prop-
erties: the time-averaged radius r, representing the size
of each orbit, and the circularity A\, = L. /(r xV,), where
L. is the time averaged z-component of the orbit’s an-

gular momentum (zv, — yv,), r = \/x? +y? + 22, and
V. = \/vi2 + vg + v2 4 2v,vy + 20,0, + 2v,v,. The de-
nominator represents the angular momentum of a typi-
cal circular orbit associated with the original orbit. Us-
ing the ratio of these two angular momentum terms, we
can quantify the orbit circularity. |A.| = 1 represents
highly-rotating short-axis tube orbits (circular orbits),
while A, = 0 represents mostly box or long-axis tube
(radial) orbits. Taking the radius, r, and the circularity,
Az, of each orbit, and considering their weights given by
the solution from the best-fit model, we can use the orbit
circularity distribution in the phase space to obtain the
probability density of orbits within 1R, for each galaxy.

Figure 12 shows the overall orbit circularity distribu-
tion for all the galaxies in our sample, sorted by in-
creasing stellar mass (shown in the top x-axis). The
orbit circularity distribution is calculated by integrating
the probability distribution of A, over all radii within
1R, and normalizing it to unity. The colour of each
square represents the normalized density, w, of the or-
bits on the phase space. We divide the orbits into four
broad categories (similar to Zhu et al. 2018a,c): cold
orbits, A, > 0.80 (close to circular orbits); warm or-
bits, 0.25 < A, < 0.80 (short-axis tube orbits with a
component of rotation but also contribution of random
motions); hot orbits, —0.25 > X\, < 0.25 (mostly box or-
bits and long-axis tube orbits); counter-rotating orbits,
A, < —0.25, (similar to the warm and cold components,
but with opposite rotation). Overall, the amount of hot
orbits increases with increasing stellar mass, while the
number of warm and cold orbits becomes smaller with
increasing mass.

To better visualize these trends with stellar mass, we
calculate the luminosity-weighted fractions of each com-
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Galaxies that are radially anisotropic show low- to mid- values of ellipticity and Age, while

galaxies with high ellipticity and Are,ro are more isotropic or tangentially anisotropic.
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Figure 11. Velocity anisotropy (5, as a function of the

intrinsic spin parameter Are,po. The dashed line is the
linear best-fit to the data points (shown in the top right-
hand corner). The two parameters are anti-correlated, so
that B, decreases with increasing Age,go. This means
that fast-rotating galaxies are more likely to be tangentially
anisotropic.

ponent within 1R, and we show them as a function of
stellar mass in Fig. 13, panel a. We also divide the
sample into 4 mass bins with 29 galaxies each and we
show the median values for each mass bin as bold points.
‘We find a clear increase in the fraction of hot or-
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bits with increasing stellar mass (7 = 0.16, with
a probability of correlation of 99.71%), while the
fraction of warm orbits decreases with increasing
stellar mass (7 = —0.19, with a probability of cor-
relation of 99.95%), both of them showing a large
scatter. In particular, the fraction of hot and
warm orbits seem to have a sharp change above
log M, /Mg = 11. The fraction of cold orbits only
have a weak correlation with mass (r = —0.10,
with a probability of correlation of 94.21%), de-
clining towards more massive galaxies. The frac-
tion of counter-rotating orbits does not seem to
depend on stellar mass (7 = 0.05, with a proba-
bility of correlation of 61.44%).

We also explore the correlation of the fractions of the
orbital components with the bulge to total flux ratio,
B/T in panel b, with the intrinsic spin parameter Age po
in panel ¢ and with the intrinsic ellipticity €;,¢- in panel
d. B/T ratios are calculated from the r-band photome-
try, performing a 2D photometric bulge-disk decomposi-
tion (Barsanti et al. 2021 for the decomposition of clus-
ter galaxies and Casura et al., in prep, for the galaxies
in the GAMA region). Ounly 97 galaxies in our sample
have reliable B/T values for the 2 component decompo-
sition. The orbital fractions show a correlation with the
B/T ratios similar to that with stellar mass.

Looking at Agre o and e€insr the orbital fractions
have similar trends: hot orbits decrease with increasing
ARe, 0 and €;ntr, warm orbits increase with increasing
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Figure 12. Overall orbit circularity distribution (calculated by integrating the probability distribution of A, over all radii
within 1R. and normalizing it to unity), for all the galaxies in our sample, sorted by increasing stellar mass (shown in the
top x-axis). The colour indicates the normalized density, w, of the orbits on the phase space. The orbits are divided into four
categories: cold orbits (A, > 0.80), warm orbits (0.25 < A, < 0.80), hot orbits (—0.25 > X\, < 0.25) and counter-rotating orbits
(A < —0.25). Darker colors indicate higher probabilities as illustrated by the color bar. The right-hand panel shows the average
orbit-circularity distribution within the mass range. Overall, the fraction of hot orbits seems to increase with increasing stellar
mass, while the fraction of warm and cold orbits becomes smaller with increasing mass.

ARe,e0 and €in¢ and cold orbits show an increase in
the fractions, while there is a significant change
(7 —0.21, with a probability of correlation of
99.99%) in the fraction of counter-rotating orbits
only with Ag. po, so that the fraction decreases
with increasing Agr. po. In particular, we note that
the trends with Agre go are tighter than those with stel-
lar mass (average 1-o scatter ~ 0.09 compared to the
average 1-o scatter ~ 0.12 with stellar mass).

4.6. Higher-order stellar kinematics and orbital
components

van de Sande et al. (2017a) used the higher-order stel-
lar kinematic moments (hs and hy) to classify galax-
ies in the SAMI Galaxy Survey into 5 distinct classes
based on each galaxy’s individual h3 versus V/o signa-
ture. Galaxies belonging to Class 1 are typically the
most massive, large and red. Most of Class 1 galaxies
are also classified as slow rotators, indicating that they
have more complex dynamical structures as compared
to fast rotators. Galaxies in Class 2-5 are all consis-
tent with being oblate rotating axisymmetric spheroids
as based on Ag. and ¢, but have a range of higher-order
kinematic signatures. Galaxies in Class 2 are less mas-
sive, but still red, and reside in between slow and fast
rotators. True fast rotators are in Class 3 and 4, with
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galaxies showing a strong anti-correlation of V/o and
hs. Galaxies in Class 5 have very high V/o and elliptic-
ity, but they do not show any anti-correlation with hs.
Here, we examine the connection between the distribu-
tions of these classes and the orbital components of the
galaxies in our sample.

In Fig. 14 we show the overall orbit circularity dis-
tribution for all the galaxies in our sample, grouped by
their kinematic classes. The orbit circularity distribu-
tion is calculated by integrating the probability distri-
bution of A, over all radii within Ry ax n3n4 and normal-
izing it to unity, similarly to Fig. 12. Rpyax h3na is the
radius within which the hj3 versus V/o signatures were
derived for each galaxy, due to S/N restrictions (van de
Sande et al. 2017a). Within each subpanel in Fig. 14,
we have ordered the galaxies by their intrinsic Agre ro
values. The colour indicates the normalized density, w,
of the orbits on the phase space. There is a clear distinc-
tion between the orbital distributions, depending on the
galaxy kinematic class. In general, hot orbits are more
dominant in galaxies belonging to Class 1, and they de-
crease going towards Class 5, with Class 4 showing the
lowest values. The contribution of cold orbits becomes
more important in Classes 3, 4 and 5, while warm orbits
can also be a significant fraction for galaxies in Class
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Figure 13. Fractions of orbital components as a function of: a) stellar mass, b) bulge to total flux ratio, B/T, ¢) Agre,ro, d)
€intr- Bold points show the median values for each mass bin, with error bars representing the 1o scatter around the median
value. There is a clear increase of hot orbits (red diamonds) with increasing stellar mass (and B/T ratio), while the fraction
of warm orbits (orange circles) decreases with increasing stellar mass (and B/T ratio), both of them showing a large scatter.
Hot orbits decrease with increasing Are,ro (and €;n¢r), while the fraction of warm orbit increases with increasing Are,zo (and
€intr).The fraction of cold orbits (blue triangles) is also declining towards more massive galaxies and increases with galaxies
becoming flatter. The fraction of counter-rotating orbits (green squares) does not show any significant trend
with B/T ratio or ¢+, but it does decrease with increasing Arc,go. The correlation between the orbital fractions and

ARe,EO shows very little scatter.

2. Counter-rotating orbits do not have any significant
contribution for Class 3 and 5.

The distribution of orbits in each class is clearer if
we look at their integrated distributions, shown in Fig.
15. Within each class, there are also clear trends of
the orbital components with Agr., so that, as expected,
cold orbits are increasing with increasing Ag. (rotation-
ally supported galaxies). Similarly, warm orbits also in-
crease with increasing Age, po. In contrast, the hot com-
ponent becomes less important with increasing Age, ro,
while the counter-rotating orbits do not show any par-
ticular trend. In particular, in slow-rotating galaxies,
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the main contribution is given by hot orbits. This is
not unexpected, since these galaxies are expected to be
pressure-supported. The warm component starts to be-
come important for galaxies in Class 2, with its contri-
bution increasing with increasing Are po. Galaxies in
Class 3, 4 and 5 show higher contributions from warm
and cold orbits for all the galaxies (compared to Class
1 and 2). We do not find strong evidence for a differ-
ence in the orbital distribution between the higher-order
kinematic Classes 3-5 as derived from the circularity di-
agram. Nonetheless, the existence of the different signa-
tures in the higher-order moment maps points to kine-
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matic features that are not captured in the \,—r space.
This will be explored further in future work, but is be-
yond the scope of this paper.

5. DISCUSSION

We have constructed Schwarzschild orbit-superposition
models of 161 passive galaxies from the SAMI Galaxy
Survey in order to derive intrinsic properties such as the
internal mass distribution, intrinsic stellar shape, ve-
locity anisotropy and orbit circularity distribution. We
find that changes in the internal structures are mostly
correlated with the stellar mass of the galaxies.

5.1. Comparison with previous studies
5.1.1. Fractions of dark matter

We find an average value of the dark matter fraction
of fpm = 0.28, with a standard deviation of 0.20,
within 1R.. In general, our results for fpy are broadly
consistent with previous stellar dynamic determinations
within 1R, found in the literature which also all as-
sume a NFW dark matter halo distribution (Fig.
16). For example, Gerhard et al. (2001) found fpm
= 0.1 — 0.4 from spherical dynamical modelling of 21
ETGs, Cappellari et al. (2006) inferred a median fpm
~ 0.3 by comparing dynamics and population masses of
25 ETGs, and assuming a universal IMF, Thomas et al.
(2007, 2011) measured fpy = 0.23 4+ 0.17 via axisym-
metric dynamical models of 17 ETGs, Cappellari et al.
(2013) measured a fpy of 0.15 for early-type galaxies
in ATLAS?? using Jeans Anisotropic Modelling (JAM),
with galaxies showing an increasing fraction of dark mat-
ter with increasing mass for masses log(M, /Mg) > 10.6,
consistent with our findings here. Similar results were
also found by Posacki et al. (2015), fpm = 0.14 for 55
early-type galaxies from stellar dynamics and lensing,
and by Poci et al. (2017) - fpy = 0.19 using JAM to
model a sample of 258 early-type galaxies in ATLAS3P.
For the Milky Way, Bland-Hawthorn & Gerhard (2016)
found a fpy = 0.3, showing that baryons dominate the
centres of galaxies, especially in our mass range, where
the efficiency of galaxy building is peaking.

Jin et al. (2020) found a similar trend for early-type
galaxies in the MaNGA sample, with the fpy for the
most massive galaxies (11.0 < log(M,/Mg) < 11.5)
generally above 0.4, similar to what we see for galax-
ies in the same mass bin. However, we note that, as
suggested by model tests with mock data from the II-
lustris simulations (Jin et al. 2019), estimations of fpm
can have a systematic offset as a result of modelling the
dark matter halos assuming that galaxies follow a NFW
profile, which may not be correct. This is an interesting
aspect that will need to be explored further and tested
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with a range of simulations and datasets. The trend
we see in the fpy with stellar mass is also consistent
with predictions from simulations, where galaxies with
log(My/Mg) ~ 10.6 are the most efficient at forming
stars (e.g. Behroozi et al. 2010, 2013; Henriques et al.
2019). The physical interpretation of this behavior is
the interplay between the feedback processes that im-
pact star formation efficiency at different galaxy masses.
Supernova feedback is more effective at reheating and
expelling gas in low-mass galaxies, while AGN feedback
is more effective in high-mass galaxies.

5.1.2. Intrinsic shape distribution

As seen in Fig. 8, the majority of our galaxies are
very close to oblate axisymmetric (73% =+ 3%),
with T, < 0.1 , with varying degrees of intrin-
sic flattening, with 19% + 3% being mildly triaxial
(0.1 < Tre > 0.3) and a small percentage (8% +3%)
being triaxial/prolate (Tg. > 0.3). There is a
weak increase in the triaxiality parameter with
increasing stellar mass. The percentage of galax-
ies that are non-oblate (T, > 0.1) increases with
increasing stellar mass, going from 12% 4 4% be-
low 100590, /M, to 29% 4 2% above this mass.

Triaxial Schwarzschild orbit-superposition dynamical
models allow to measure intrinsic shapes directly. Pre-
vious studies used statistical methods to derive intrin-
sic shape properties; for example Kimm & Yi (2007)
studied a sample of 3922 galaxies from SDSS (Adelman-
McCarthy et al. 2006) and found that more massive
galaxies are more likely to be triaxial than lower-mass
galaxies. Foster et al. (2017) derived the intrinsic shape
of 845 galaxies in the SAMI Galaxy Survey using an
algorithm to simultaneously invert the distributions of
apparent ellipticities and kinematic misalignments using
the methodology of Weijmans et al. (2014). They find
the majority (~ 85%) of the galaxies in their sample to
be oblate axisymmetric, in good agreement with Weij-
mans et al. (2014) and our results. Our result is also in
agreement with previous results from the Illustris simu-
lations, where only a very small fraction of galaxies are
found to have prolate shapes, with the fraction decreas-
ing to zero prolate galaxies below log(M,/Mg) = 11.48
(Li et al. 2018b). Jin et al. (2020) found higher frac-
tions of triaxial and prolate galaxies in a sample of
149 early-type galaxies from the MaNGA survey. This
discrepancy is partly explained by their higher stellar
mass range analysed (their stellar masses ranged be-
tween 10%? and 10118M), and their different sample
selection. Jin et al. (2020) also find an increase of the
fraction of non-oblate galaxies with increasing stellar
mass, in agreement with our results.
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The colour indicates the normalized density, w, of the orbits on the phase space. Galaxies in Class 1 are dominated by hot
orbits. Warm orbits become important for galaxies in Class 2, in particular at higher values of Age ro, with the warm orbits
contribution increasing for Classes 3, 4 and 5. Hot orbits become less important with increasing Age,zo-

5.1.3. Velocity Anisotropy 03 with a pressure-supported bulge). In most galaxies a
s substantial number of stars within R, are on warm or-
wss bits, with the contribution becoming more important
wss at lower stellar masses. The cold component rarely
107 dominates within R, and its importance decreases with
wss increasing stellar mass. The counter-rotating compo-
wso nent is roughly constant for galaxies at all masses.

weo  Stellar orbit distributions have only been derived ex-

tation. The idea that the most giant early-type galax- plicitly before for two large (N>100) samples of galax-
ies are not fattened by rotation but by anisotropy was 2 ies, in the CALIFA (Zhu et al. 2018c) and MaNGA (Jin

proposed in the late 1970s (Bertola & Capaccioli 1977; et al. 2020) surveys. We show the orbital fractions de-
Nlingworth 1977; Binney 1978), however most of the dy- ™ rived for early-type CALIFA and MaNGA galaxies, as

namical modelling methods available to date do not al- '*® Wel.l a's the results fr.om this Worl_{’ 'in Fig. 17. The
low for triaxiality, which is needed for a significant frac- variations of the fraction of orbits is in good agreement

tion of massive galaxies in order to construct accurate with the general trends with stellar mass seen by Zhu
models wes et al. (2018c) and Jin et al. (2020). Jin et al. (2020)

Our results are also in agreement with more recent also found an increase in the fraction of hot orbits for
studies. For example, Gerhard et al. (2001) found that ' massive (log(M./Mo) > 11) galaxies, similar to what
w2 we find.
w3 Previous studies that did not have access to stellar
wra orbit modelling, commonly used the proxy for the spin
wrs parameter Age, and the flattening of galaxies, to shed

5.1.4. Orbital structures wrs light on galaxy intrinsic properties. Schwarzschild dy-
We find that the hot orbital component generally 7 namical models allow us to explain the trends in Ag. by
showing the contributions from different orbital compo-
nents, providing a new insight into how Ag. is built-up.

We find that galaxies with higher ellipticities have, in
general, more negative values of §,.. This means that
flatter galaxies are more tangentially anisotropic than
rounder galaxies, while the latter are more likely to be
supported by radial anisotropy. Moreover, we find a
tight relationship of 3, with Age po. This is not un-
expected, since both parameters are a measure of ro-

most of the galaxies in their sample of 21 ETGs were
moderately radially anisotropic (3, & 0.2), in agreement
with the values we find in this study.

dominates within R,, becoming the most prevalent 7
component among galaxies with total stellar mass 7
log(M,/Mz) > 11. As expected, bulge-dominated 10 We measured the edge-on Agre po from our model fits
galaxies have high fractions of hot orbits (consistent and compared it to the orbital fractions, shown in Fig.
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Figure 15. Normalized density of orbits as a function of
the orbit circularity A, for each kinematic class from van de
Sande et al. (2017a) based on the higher-order (V/o - hs)
signatures. There is a decrease in the contribution from hot
orbits going from Class 1 to 5, with Class 4 having the lowest
value. Warm orbits become more important from Class 2 to
Class 5. Counter-rotating orbits do not have any significant
contribution for Class 3 and 5.

14. We find a clear trend of the fractions of orbits with
ARe,E0: hot orbits show a rapid decrease in fraction with
increasing Agre, o, while warm orbits have the opposite
behaviour (increasing rapidly with increasing Age,go)-
Counter-rotating orbits have slightly lower fractions for
galaxies with higher spin parameter, while cold orbits
show low fractions up to Age,ro =~ 0.3, after which
their importance starts to increase. This confirms that
ARe,EO 18 a good indicator of the underlying orbit distri-
bution of a galaxy. The observed spin parameter used in
the literature (e.g. Cappellari et al. 2007; Emsellem et al.
2007, 2011; van de Sande et al. 2017a) is a projected
quantity along an often-unknown line-of-sight viewing
angle. Slow rotators are found to be more massive, dom-
inating above 2 x 1011 My (e.g. Emsellem et al. 2011;
Cappellari 2016; Brough et al. 2017; Veale et al. 2017;
Greene et al. 2017; van de Sande et al. 2017b, 2021Db).
This is in agreement with our more direct orbit-based
finding of an increase of the hot component with increas-
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Figure 16. Median values of the fractions of dark matter
(fom = Maark/Mzior) within 1 Re as a function of stellar
mass for: SAURON (green triangle, Cappellari et al. 2006),
ATLAS 3D (green dotted line, Cappellari et al. 2013 - de-
rived with a cosmologically-motivated NFW halo) galaxies,
the Milky Way (red cross, Bland-Hawthorn & Gerhard 2016),
CALIFA (purple stars, Zhu et al. 2018b), (MaNGA (black
diamonds, Jin et al. 2020) and SAMI (dark blue squares and
blue solid line). Horizontal error bars delimit the mass range
covered by each study. Vertical error bars mark the 25"
and 75" percentiles, when available. The shaded region
represents the error on the best-fit line for SAMI galaxies.
Our results are in good agreement with the results presented
in the literature.

ing galaxy mass and the hot component starting to be
dominating for galaxies with log(M, /Mg) > 10.75.

5.2. Implications for galaxy formation

While the degeneracy due to deprojection impacts
the reliability of the recovered shape (Rybicki 1987;
Krajnovi¢ et al. 2005; de Nicola et al. 2020), the
Schwarzschild orbit-superposition method is still the
best method that exists to derive the true three-
dimensional structure of individual galaxies. In this
paper we find that the changes of internal structures
within 1R, are correlated with the total stellar mass of
individual galaxies. In particular, we find a rapid
change in structure for galaxies above a stellar
mass log(M,/Mg) ~ 11. Below this stellar mass,
galaxies tend to be oblate and with a substan-
tial number of stars within R, on warm orbits,
while higher-mass galaxies with log(M,/Mg) > 11
tend to be more triaxial and dominated by hot
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Figure 17. Median values of the fractions of orbital com-
ponents as a function of stellar mass. The cold component
is shown in blue, the warm component in orange, hot com-
ponent in red and counter rotating in green. SAMI pas-
sive galaxies are shown as filled points, MaNGA early-type
galaxies as open points (Jin et al. 2020) and the shaded ar-
eas represent the median values of early-type galaxies in the
CALIFA sample (Zhu et al. 2018c). Horizontal error bars
delimit the mass range covered. Vertical error bars mark
the 25" and 75" percentiles, when available. The dis-
tribution of the fractions of orbits in SAMI and MaNGA
are similar. All three samples show similar trends of orbital
fractions with stellar mass.

orbits. A similar change is also seen in the fraction of
dark matter (Fig 7). The change in the hot and warm
orbital fractions that we observe in Fig. 13 at stellar
masses higher than ~ 10! M, and the change in intrin-
sic shape at similar mass that we see in Fig. 8 could be
interpreted as an indication of different formation chan-
nels. In particular, major and minor mergers are found
to be the main driver of triaxial and prolate shapes,
while exclusively very minor mergers are largely associ-
ated with triaxial systems and oblate slow rotators are
formed in the absence of mergers (Lagos et al. 2020).
The increasing fractions of hot orbits with increasing
stellar mass supports a scenario where the most massive
slow rotators form via gas-poor major mergers (Li et al.
2018b).

The trends we observe in the inner parts of passive
galaxies (within 1R,) are generally consistent with the
two formation paths of early-type galaxies proposed by
Cappellari (2016). In this picture slow-rotating ETGs
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assemble near the centre of massive dark matter halos
via intense star formation at high redshift, and their evo-
lution is dominated by gas-poor mergers. These galax-
ies are more likely to be triaxial and more massive, in
agreement with what we find. By comparison, low-mass
fast-rotating ETGs grow via gas accretion and their
structures show similarities with that of spiral galaxies.
Moreover, since the warm component can be interpreted
as being similar to a thick disk, the increasing contribu-
tion that we see from warm orbits in fast-rotating galax-
ies provides further evidence for disk-like components in
these systems as indicated by Krajnovié et al. (2008).

Simulations suggest that stars on different orbits have
different formation paths. The cold components are
mostly young stars formed in-situ, the warm compo-
nent likely traces old stars formed in-situ, or stars being
heated from cold disks via secular evolution, and a small
fraction of the warm component stars could be accreted
(Gomez et al. 2017; Park et al. 2021). The stars on hot
orbits in the outer regions should mostly be accreted
(Gémez et al. 2017; Tissera et al. 2017) via minor or
major mergers, while stars on hot orbits in the inner
regions are predicted to have formed at high-redshift.
Further comparison with simulations will help us to un-
derstand the physical processes that lead to the orbit
distribution observed at present times.

5.2.1. FEwvidence of early accretion from stellar populations

Resolved stellar dynamics trace the change in angu-
lar momentum and orbital distribution of stars due to
mergers, but major mergers are likely to have obscured
the effects of earlier interactions. However, evidence of
these earlier interactions can be found in the stellar pop-
ulations. In particular, a galaxy’s mean stellar age pro-
vides information on when the stars were formed (e.g.
Tinsley 1980; Bender et al. 1993; Park et al. 2021). So
combining stellar population and stellar kinematic stud-
ies can provide unique but complementary insights into
how galaxies build-up their stellar mass and angular mo-
mentum.

van de Sande et al. (2018) studied a sample of galax-
ies in the SAMI Galaxy Survey and found that there is
a strong relation between V/og. and mean stellar age,
such that galaxies with young stellar populations are
predominantly rotationally supported, whereas galaxies
with old stellar populations are more pressure supported
by random orbital motion of stars. For the large major-
ity of galaxies that are oblate-rotating spheroids, they
found that characteristic stellar age is related to the in-
trinsic ellipticity of galaxies. They studied a full range
of morphologies, but showed that this trend is still ob-



1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

served when galaxies are in early-type or late-type sub-
samples.

To check whether this relation holds for our parame-
ters derived using Schwarzschild models, we color-code
our data in the Age. 50 — €intr, 50 plot by luminosity-
weighted, mean stellar population age (see Scott et al.
2017) in Fig. 18 and use LOESS smoothing to recover
any mean underlying trend. We find a good match to
the trends as found by van de Sande et al. (2018), with
slow-rotating galaxies being generally older and rounder
than fast-rotating galaxies. This relationship is consis-
tent with predictions from hydrodynamical cosmological
simulations and observations, where slow-rotating galax-
ies form via intense star formation at high redshift, and
evolve from a set of processes dominated by gas-poor
mergers (Cappellari 2016).

All the results presented here are in agreement with
a formation scenario in which passive galaxies form
through two main channels and where the changes of
internal structures within 1R, are generally correlated
with the total stellar mass of the individual galaxies.

0.2 0.3 0.4

log Age [Gyr]
05 06 07

0.8 0.9 1.0

0.4 0.5 0.6 0.7 0.8

Eintr, EO

0.3

Figure 18. Age,ro as a function of the intrinsic elliptic-
ity €intr,ro, calculated at 1R.. The magenta line repre-
sents the relation between the anisotropy parameter 8, and
the intrinsic ellipticity €intr, o, for galaxies viewed edge-on,
that bounds all regular rotating galaxies. Galaxies are color-
coded by log Age, and LOESS smoothed to recover any mean
underlying trend. Older galaxies are generally slow-rotating
and rounder than younger systems.

6. CONCLUSION
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We constructed Schwarzschild orbit-superposition
models of 161 passive galaxies, from the SAMI Galaxy

Survey, with stellar masses raging from 9.5 < log(M, /Mg) <

11.4. We derived intrinsic properties such as the inter-
nal mass distribution (for both stellar and dark matter),
intrinsic stellar shape (axis ratios and ellipticity), veloc-
ity anisotropy and orbit circularity distribution which
gives us the most-detailed insight into their assembly
history. We draw the following conclusions:

e Passive galaxies have an average dark matter frac-
tion fpym = 0.28 4+ 0.20, consistent with previous
results (Fig. 16).

e The majority of our galaxies are very close
to oblate axisymmetric (73% + 3%), with
Tre < 0.1 , with varying degrees of intrinsic
flattening, with 19% + 3% being mildly tri-
axial (0.1 < Tre > 0.3) and a small percent-
age (8% + 3%) being triaxial/prolate (T, >
0.3). The fraction of non-oblate galaxies in-
creases with increasing stellar mass, with a
sudden change at ~ 10'%-5°M, /M, (Fig. 8).

o Galaxies with high intrinsic ellipticity (flat galax-
ies, ¢ > 0.7) are found to be more isotropic
(B, ~ 0) or more tangentially anisotropic (3, < 0;
Fig. 9). B, is anti-correlated with the spin pa-
rameter Are po, 0 that 8, decreases with increas-
ing Are EO, consistent with slow-rotating galaxies
being more radially anisotropic and fast-rotating
galaxies being more tangentially anisotropic (Fig.
11).

e By dividing the stellar orbital distribution into
cold, warm, hot, and counter-rotating compo-
nents, we find that the hot component generally
dominates within R, becoming the most prevalent
component among galaxies with total stellar mass
log(M,/Mg) > 11. In most galaxies a substantial
number (~ 40% of stars within R, are on warm or-
bits, with the warm contribution becoming more
important at lower stellar masses. The contri-
bution from the cold orbital components is small
across stellar mass, with its contribution decreas-
ing further with increasing mass. The counter-
rotating component is roughly constant for galax-
ies at all masses (Fig. 13).

e The changes of internal structures (fraction of dark
matter, fqm, intrinsic shape and orbital distribu-
tion) within 1R, are correlated with the total stel-
lar mass of the individual galaxies.
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e The fractions of orbits show tight correlations with
the intrinsic Agre,po, with hot orbits being dom-
inant for slow-rotating galaxies and contributions
from warm and cold orbits becoming more im-
portant with increasing Ag. po. We also find a
clear distinction between the orbital distributions
of galaxies, depending on their kinematic class
(from van de Sande et al. (2017a) based on the
higher-order V/o - hs signatures). Class 1 is dom-
inated by hot orbits, with little contribution from
other components. The contribution of warm or-
bits increases from Class 2 to 5, while the con-
tribution from hot orbits become less important.
Class 4 and 5 also show contributions from cold
and counter rotating components (Fig. 14 and 15).

e These results are in agreement with a formation
scenario in which galaxies form through two main
different channels. Slow-rotating ETGs assem-
ble near the centre of massive dark matter halos
via intense star formation at high redshift, and
their evolution is dominated by gas-poor mergers.
These galaxies are more likely to be triaxial and
more massive, dominated by radial anisotropy, in
agreement with what we find. By comparison, low-
mass fast-rotating ETGs grow via gas accretion
and their structures show similarities with that of
spiral galaxies. Moreover, the intrinsic shapes of
slow rotators could point to different type of merg-
ers in their evolutionary history.

We recommend the inclusion of the higher-
order kinematic moments hz and hy in future
works since even values with high uncertainties
improve the model fits. Moreover, since hs and
h, are quantities that are predicted to be con-
nected with a galaxy’s assembly history (Naab
et al. 2014), studying their relation to the inter-
nal orbital structure of galaxies provides an ex-
tra tool to help disentangle the different possible
formation scenarios. We did not find a signifi-
cant difference between the orbital components
of fast-rotating galaxies in different classes (de-
termined using the V/sigma- h3 correlation) in
the A\, — r space (Fig. 14), but this is an inter-
esting aspect that should be further explored in
future works with larger samples of accurate hg
and hy values (e.g. the forthcoming Hector sur-
vey; Bryant et al. 2016).
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APPENDIX

A. RADIAL COVERAGE TEST

The SAMI instrument has a fixed field of view (15” diameter), meaning that each galaxy has a different maximum
radial coverage. In particular, the most massive galaxies are larger than the SAMI field of view (R, > 25”) and
therefore only their inner region is observed (Ryar < 1Re).

In order to test the reliability of results obtained from applying Schwarzschild models to galaxies with measurements
that do not reach the same maximum radial extension and have a limited number of spatial bins, we selected a test
sample consisting of 20 randomly selected CALIFA galaxies, covering different radial extents (Fig. 19). For each
galaxy we have taken the CALIFA stellar kinematic maps (Falcon-Barroso et al. 2017) and masked them at different
radii, in order to have maps for each galaxy that extend up to Rper = 0.5Re, 1Re, 1.5R, and 2R, (when possible),
respectively. We then determined the best-fit model for each realization of the maps, in addition to fitting the whole
galaxy (a set of up to 5 maps for each galaxy, depending on their radial coverage). We take the effective radius R,
from Falcon-Barroso et al. (2017).

CALIFA Galaxies

11.41 ° o Ell.iptical ga¥axies
¢  Spiral galaxies
—~ 11.21 Y <><> o
o
§ 11.0 ° 5
* 00% o ¢
< 108
(@)
O 10.61
o
10.4 0 o 0
0
0 1 2 3 4 5
RmaX/Re

Figure 19. Maximum radial extension (in units of Re) of the 20 CALIFA galaxies in our test sample. Elliptical galaxies are
shown as dark red circles, spiral galaxies as dark blue diamonds. Seven of the galaxies have kinematic maps which extend
beyond 2 Re.

For each of the 20 galaxies in our test sample we compare the retrieved orbital distributions, inclination angle of
the galaxy, enclosed dark matter mass and enclosed total mass within 1R, for the five different kinematic maps, to
those obtained by Zhu et al. (2018a). In most cases (16/20), the best-fit models reproduce the observed luminosity,
velocity and velocity dispersion maps when all the parameters are unconstrained. However, the models are better
able to reproduce the observations (particularly the velocity dispersion) when they are also allowed
to model the higher-order stellar kinematic moments (hs and hy), even though they are set to zero,
with uncertainties set to 0.5. We show an example fit in Fig. 20 and 21. The reduced x? decreases significantly
from x?2,, = 23.71 when the higher-order moments are not included in the fit, to x?,; = 4.52 when h3 and hy are free
parameters.

In general, our retrieved best-fit values of orbital weights and enclosed mass are comparable to those found in Zhu
et al. (2018a). However, galaxies that are found to have low inclination angle (= 40° - 50°) in Zhu et al. (2018a)
have a higher inclination angle in our best-fit model (&~ 65°). Moreover, due to the higher inclination angle, these
galaxies show a lower fraction of cold orbits (required to reproduce the observed velocity dispersion). We note that
those galaxies with a low observed inclination angle require stricter priors for the intrinsic shape parameters.
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Figure 20. Best-fit model for CALIFA test galaxy NGC5888 using 2-moments maps. Top: Observed luminosity, velocity
and velocity dispersion Bottom: best-fit model luminosity, velocity and velocity dispersion. The model does not reproduce the
velocity dispersion well.
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Figure 21. Best-fit model for CALIFA test galaxy NGC5888 using 2-moments maps as per Fig. 20, including the higher-order
stellar kinematic moments (hs and ha, set to zero) in the fits. Even though the values of the observed hs and h4 are set to zero,
the model is better able to reproduce the velocity dispersion map compared to Fig. 20.

Fig. 22 shows the average residuals between the derived orbital fractions of each of the 4 maps from the values
derived from the total maps for the galaxies in our test sample. For each map, the residual for each orbital component
is given by:

5= fOT‘bTOT - forbmap (A].)

fOT‘bTOT

where forprop 1S the orbital fraction for cold, warm, hot or counter-rotating (CR) - derived from the total map and
forbma, 18 the orbital fraction derived for one of the 4 kinematic maps - Rz = 0.5Re, 1R, 1.5R. and 2R.. Each
point in Fig. 22 shows the average of the 4 residuals (one for each orbital component), color-coded by the Ry, of
the maps. We also show the residuals for the fraction of dark matter within 1R (fpy), the mass-to-light
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ratio in the r-band (M/L,) and the intrinsic axis ratios at 1R, - pre and g¢r. in Fig. 23. The average
residuals for each of the maps is shown in Table 1.

Comparing the derived values within 1R, of the different maps for each galaxy, we find a general good agreement for
all input R,,q, maps, with the exception of those retrieved from the R,,,; = 0.5R. maps, which show a large scatter.
We are therefore confident in the values estimated within 1R, calculated using maps that extend to at least 1R, for
the analysis presented here.
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Figure 22. Average residuals between the derived orbital fractions of each of the 4 maps from the values derived from the
total maps for the galaxies in our test sample, as a function of R.. For each map, the residuals of the four orbital components
are calculated following Al and then averaged over the orbital components. Each point corresponds to the average value,
color-coded by the value of Ry,q, of the map as shown in the bottom right corner. Comparing the derived values within 1R,
of the different maps for each galaxy, we find a general good agreement for all input R,... maps, with the exception of those
retrieved from the Ry, = 0.5Re. maps, which show a large scatter.

Radial Coverage Residuals

Orbital Fractions fpm  M/L. pre qRe
0.5R. 0.080 0.145 0.046 0.428 -0.012
1R. 0.030 0.086 0.047 0.101 -0.001
1.5R. 0.001 0.015 0.009 0.027 -0.001
2R. 0.011 0.002 0.016 -0.013 -0.001

Table 1. Average residuals between the derived orbital fractions, fraction of dark matter within 1R., mass-to-light
ratio in the r-band (M, /L,) and intrinsic axis ratios pr. and ggre of each of the 4 maps from the values derived from
the total maps for the galaxies in our CALIFA test sample. Comparing the derived values within 1R, of the different maps for
each galaxy, we find a general good agreement for all input R,,q, maps, with the exception of those retrieved from the R0z =
0.5R. maps, which have larger average residual.

B. EXAMPLE GALAXIES 9403800123, 9011900793, 220465 AND 9008500323

The parameter space for the complete model runs for example galaxies 9403800123, 9011900793,
220465 and 9008500323 (Fig. 3,4,5 and 6) are shown in Fig. 24, Fig. 25, Fig. 26 and in Fig. 27,
respectively. The dots represent the parameters we have explored. Models within the best-fit region are color-coded
according to their x? values. The largest red dot highlighted with a black cross indicates the best-fit model. Fig. 28
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Figure 23. Average residuals between the derived fraction of dark matter within 1R. (fpwm; top left), mass-to-
light ratio in the r-band (M, /L.; top right) and intrinsic axis ratios pr. (bottom left) and gre (bottom right)
of each of the 4 maps from the values derived from the total maps for the galaxies in our test sample, as a
function of R.. For each map, the residuals of the four orbital components are calculated following A1l. Each
point is color-coded by the value of R,,.. of the map as shown in the bottom right corner. Comparing the
derived values within 1R. of the different maps for each galaxy, we find a general good agreement for all input
Rime: maps, with the exception of those retrieved from the R,,,. = 0.5R. maps, which show a large scatter.

to Fig. 31 show the obtained internal mass distribution, orbit circularity, triaxiality and tangential anisotropy for the
four galaxies.

C. UNCERTAINTIES ON THE MODEL BEST-FIT PARAMETERS

In addition to the 1o fluctuations from the best-fit model, we use Monte Carlo realisations to estimate the uncer-
tainties on our best-fit values. To this end, we select 16 SAMI galaxies (~ 10% of the total sample), spanning different
regions in the size - stellar mass plane. We apply Monte Carlo realisations, as described below, to each one of them,
and we use the resulting variations from the best-fit parameters as the uncertainties for galaxies located in similar
locations of the galaxy mass-size plane. For each galaxy, we take the kinematic values from the best-fit model and
perturb them by adding noise, taken from a Gaussian distribution with standard deviation equal to the mean error of
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Figure 24. Example galaxy 9403800123: model parameter grid. There are six free parameters: stellar mass-to-light ratio,
M, /L, in solar units, the intrinsic shape of the flattest Gaussian component (Pmin, gmin, Umin), the dark matter halo concen-
tration, log ¢, and dark matter fraction, logMaoo/M.. The diamonds represent the parameters explored, with the best-fit model
highlighted with a black cross. Models within the best-fit region are color-coded according to their x? values shown in the color
bar. The best-fit values are well constrained.
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Figure 25. Example galaxy 9011900793: model parameter grid. The diamonds represent the parameters explored, with the
best-fit model highlighted with a black cross. Models within the best-fit region are color-coded according to their x? values
shown in the color bar.

each observed kinematic moment (V, o, hg, hy). We keep the standard deviation as the uncertainty for each perturbed
value. We tested repeating this process to have 30, 50 and 100 different realisations. We then derive the best fit for
each of the perturbed kinematic maps. We compare the orbital weights retrieved from each realisation and we find
that there is in general good agreement, in particular when looking at the fitted inclination angle and the internal
mass distributions values. The left-hand plot of Fig 32 shows the average of the best-fit parameters derived for 30
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Figure 26. Example galaxy 220465: model parameter grid. The diamonds represent the parameters explored, with the best-fit
model highlighted with a black cross. Models within the best-fit region are color-coded according to their x? values shown in
the color bar.

Monte Carlo realisations of the best-fit model of example galaxy 91963. We find that the fraction of the orbits in
passive galaxies follow a unimodal distribution. This becomes more evident when considering 50 or 100 realisations
(right-hand panels of Fig. 32). We therefore decided to use 50 Monte Carlo realisations as a good compromise in
deriving the uncertainties on the best-fit values for SAMI galaxies, since 100 realisations for even 16 galaxies are
unfeasibly time-consuming.
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Figure 27. Example galaxy 9008500323: model parameter grid. The diamonds represent the parameters explored, with the
best-fit model highlighted with a black cross. Models within the best-fit region are color-coded according to their x? values
shown in the color bar.

We take the difference between the 1-o values of each distribution and the best-fit value of the observed kinematic
map as the uncertainties (asymmetric, if the best-fit value is not in the centre of the distribution) on the retrieved
best-fit parameters. To the uncertainty of each parameter derived with this method we also add, in quadrature, the 1o
confidence level from the parameter grid, which represents the model fluctuations. This method is applied to derive
the uncertainties of all the quantities presented in this work.
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Figure 28. Example galaxy 9403800123 (top left panel), 9011900793 (top right panel), 220465 (bottom left panel) and
9008500323 (bottom right panel): enclosed mass. Cumulative total mass (in black), stellar mass (in red) and dark matter mass
(in blue) as a function of the radius of the galaxy. Solid lines are the cumulative profiles calculated from the best-fit, while the
filled regions indicate the errors. Grey dotted and dash-dotted lines are located at 1Re and at R,,q., respectively. At larger
radii the dark matter contribution becomes more important.

D. VELOCITY ANISOTROPY PARAMETER, £z
We define the velocity anisotropy parameter, (., in cylindrical coordinates, following Cappellari et al. (2007):
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Figure 29. Example galaxy 9403800123 (top left panel), 9011900793 (top right panel), 220465 (bottom left panel) and
9008500323 (bottom right panel): orbit circularity. The orbit distribution on the phase space of circularity A, versus radius of
the best-fit model. The colour indicates the density of the orbits on the phase space, the three horizontal black dashed lines
indicate A, = 0.8, A\, = 0.25 and A, = -0.25, dividing the orbits in four regions (cold, warm, hot and counter-rotating orbits).
The vertical grey dotted and dash-dotted lines are located at 1R. and at Ryq., respectively. Galaxy 9403800123 has is
dominated by warm and cold orbits. Galaxies 9011900793, 220465, 9008500323 are dominated by hot orbits,
but galaxy 9011900793 also has contributions from warm and cold orbits.

with I as defined in Equation 5. This parameter describes the global shape of the velocity dispersion tensor in the
(vR,v.) plane. We calculate the value of 8, within 1R,, excluding the inner regions (r < 2”) since this is smaller than
the FWHM of the PSF of our observations.

Fig. 33 shows the derived values of 8, at 1R,, for each galaxy, as a function of intrinsic ellipticity (¢ = 1 — q).
Galaxies with higher ellipticities have higher values of 3,. This means that flatter galaxies are more anisotropic than
rounder galaxies. The grey line shows the relation 8, = 0.7 X €;4- from Emsellem et al. (2007). In general, we find
higher values of §, compared to those seen in Cappellari et al. (2007) for the early-type galaxies in their sample from
the SAURON survey. However, they applied axisymmetric Schwarzschild dynamical models to only 24 of their galaxies
(a subsample that was consistent with axisymmetry), while the Schwarzschild dynamical models we use also include a
set of box orbits that allow for triaxiality. Therefore, the scatter that we see in our relation, is likely to be due to the
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Figure 30. Example galaxy 9403800123 (top left panel), 9011900793 (top right panel), 220465 (bottom left panel) and
9008500323 (bottom right panel): triaxiality. Variation of the axial ratios p = b/a, ¢ = ¢/a and triaxial parameter T =
(1 —p*)/(1 = ¢*). The red, blue and black curves correspond to p, ¢ and T. The filled regions indicate the errors and the grey
shaded region indicates the seeing limit (r < 2”). The vertical grey dotted and dash-dotted lines are located at 1R, and at
Rimax, respectively. 9403800123 and 9011900793 are oblate in shape, while 220465 is triaxial and 9008500323 is
close to prolate.

contribution from hot orbits. This is better shown by color-coding the galaxies in the 8, — ¢ plane by their fraction
of hot orbits. As seen in Fig. 33, we have contributions > 20% from hot orbits in all of the galaxies in our sample.
The negative 5, values that we find can be explained with the velocity ellipsoids not being cylindrically aligned, as
mentioned in Sec. 4.3.
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9008500323 (bottom right panel): velocity anisotropy profile, 3., as a function of the radius. The solid curves represent the
velocity anisotropy profile obtained by the best-fit model. The filled region indicates the errors. The vertical grey dotted and
dash-dotted lines are 1R. and Ryqq, respectively.
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E. RATIO OF ORDERED TO RANDOM MOTION

For completeness, we also measure the ratio of ordered to random motion V/o, also measured within 1R,, using the
definition from Cappellari et al. (2007):

(Vo) = &

Nspe 2
i=0 Fi‘/;

Nspa 2"
i—o Lio;

(E3)
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Figure 32. Distribution of the orbital weights for the Monte Carlo realisations around the best-fit model values found for
example galaxy 91963. Left-hand plot: 30 realisations; central plot: 50 realisations; right-hand plot: 100 realisations. The
dashed lines represent the best-fit values. The unimodal distributions of the orbital components become more evident when
increasing the number of realisations. We use 50 Monte Carlo realisations to derive the uncertainties for our galaxies to optimise

the model run-time required.
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Figure 33. Velocity dispersion anisotropy, 8., within 1R. as a function of intrinsic ellipticity (¢ = 1 — q), color-coded by their
fraction of hot orbits. The grey line shows the relation 3, = 0.7 X €in¢r from Cappellari et al. (2007). Galaxies with higher
ellipticities have higher values of .. This means that flatter galaxies are more anisotropic than rounder galaxies.

s Results obtained using V/o are similar to those obtained for Age go (see Fig. 11 in Sec. 4.4) and are shown in Fig.

1766 34.
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Figure 34. V/o as a function of the ellipticity €;ntr,zo derived from MGE fits to the edge-on projected maps, calculated at
1R.. The magenta line corresponds to the relation 3. = 0.7e for edge-on galaxies (Emsellem et al. 2007). Data points are
color-coded by the velocity anisotropy 3. As expected, V/o increases with increasing intrinsic ellipticity.



We thank the anonymous referee for their careful reading of the paper and
their constructive comments. We have addressed their concerns as
described below. Our comments are highlighted in bold font here, and new
text is highlighted in bold font throughout the updated paper.

1) A recent manuscript by Quenneville et al. 2021 was posted to arXiv highlighting issues with the
Schwarzschild code used here, and their findings could significantly impact this work. Given
Quenneville et al. 2021, | recommend the orbital mirroring mistake in code be corrected so that the
positions and velocities combine to give a valid trajectory for the the tube orbits. In addition, given
the periodic oscillation Quenneville et al. found in chi*2 with the triaxiality parameter for some n_12
values, exploring the orbital sampling should be done here too. An oscillation in triaxiality parameter
could cause an iterative grid search to get stuck in a local minimum.

Moreover (independent of the Quenneville et al. 2021 results), the authors should demonstrate that
the sampling with the iterative grid search is sufficient for this data set. For example, Section 4 states
that on average 500 models are built for each galaxy. Even if all 500 models were run for just the
initial sampling stage, assuming uniform spacing in all six dimensions, then only 2-3 values were
sampled along each dimension. So either a small range for each parameter is being examined or the
sampling is sparse.

Schwarzschild models are time intensive and applying them to a large galaxy sample is incredibly
challenging, particularly now that the authors are using triaxial models and have a six-dimensional
space to explore. However, conducting detailed tests and describing the results of those tests for
several galaxies in sample is necessary to demonstrate the robustness of the results for the larger
sample. While the results for two example galaxies with different numbers of spatial bins within
~1.4-1.7 Re are presented and Appendix A describes a test related to the kinematic extent of the
data, galaxies with different intrinsic shapes should also be explored. Therefore, as a start, it would
be good to select, at a minimum, four galaxies - two oblate axisymmetric galaxies with different
inclination angles (edge-on and not edge-on), a triaxial galaxy, and a prolate galaxy, as determined
from the current models. If possible, it would be even better to select more than one galaxy from
each group and include objects with data covering differing radial extents. Then, correct the orbital
mirroring mistake, and re-run the models for the example galaxies to assess the impact. Also, for
these example galaxies, explore the orbital sampling, using different values of n_I2 to see if the
iterative grid search, as is, recovers the same parameters. Finally, for the example galaxies, increase
the sampling used for the iterative grid search, running different numbers of models for both the
initial sampling stage and over all iterations to see how the inferred parameters and their
uncertainties change.

We have fixed the mirroring mistake in the code and rerun the models for the entire sample.
Our new results have not significantly changed the key results in our paper. The impact of the
fix on the retrieved values from the models in our data and previous data is also being
explored in collaboration with the DYNAMITE team in detail and will be presented soon. Minor
changes were made to the text in Section 4 (values of the derived quantities and kendall
tests’ values - highlighted in bold). However, moderate changes have been made to Section



4.2 - showing the intrinsic shape distribution. We have updated the figures (Fig. 3 to Fig. 18
and Fig. 24 to Fig. 34) with the new derived properties.

We have selected 4 galaxies as example galaxies: 1 edge-on oblate, 1 non edge-on oblate, 1
triaxial and 1 prolate galaxy. As suggested by the referee, for these four galaxies we have
increased n_I2 by a factor of 4, and re-fit the models. The best-fit values retrieved by this
search are consistent, within the 1-sigma confidence level, with the best-fit values retrieved
by our regular runs.

We have run an average of 1250 models for each galaxy in our sample. For the 4 example
galaxies we have also increased the sampling used for the iterative grid search. The best-fit
parameters for both the “standard” and the “super-sampled” grid search are consistent with
one another within the 1-sigma confidence level, converging on global minima.

2.) What is the range of reduced chi*2 values for the sample? The paper doesn't report this
information, or the typical value, but for the two example SAMI galaxies, the reduced chi*2 is ~4 and
~15. These, particularly the latter case, seem very high compared to reduced chi*2 values often
found when using Schwarzschild models (e.g., Yildirim et al. 2017, Krajnovic et al. 2018, Zhu et al.
2018, Thater et al. 2019, Liepold et al. 2020). Usually the reduced chi*2 tends to be at or below 1,
especially if the input kinematics are symmetrized. Are the kinematics here point symmetrized? The
footnote explains that the high reduced chi*2 values are due to "variables being co-dependent”. I'm
not sure what is meant by that statement. The authors should clarify. If a reduced chi*2 close to 1 is
not expected, what is considered a good model?

Also, since the SAMI galaxies have kinematics measured out to h4, given what was noted in
Appendix A for the CALIFA test galaxies, what happens if h5 and h6 (or even going beyond to h7
and h8) are set to 0 and the model is allowed to fit to these higher moments? Will the fit significantly
improve and the reduced chi*2 drop? If so, is there an impact on the inferred model parameters, or
does the chi*2 surface remain the same shape but just the normalization change? This could be
checked using the same example galaxies from comment #1 above. In addition, in Appendix A,
when setting h3 and h4 to 0, what uncertainties for h3 and h4 are used?

The referee was correct in pointing out that the chi*2 values should be close to 1. We found a
minor error in our final calculation of the reduced chi*2 where the chi*2 was calculated from the
pixel values, but normalised by the number of Voronoi bins. The reduced chi*2 value is now
calculated from the binned maps and normalised by the number of Voronoi bins. This resolved the
issue with the high reduced chi*2 values. The range of reduced chi*2 for the sample has values
between 0.54 and 8.12, with a mean value chi?>= 2.33 and a standard deviation of 1.34. The
distribution of the reduced chi*2 is shown in the figure below. The average chi*2 value being
greater than one is expected because the input kinematics are not symmetrised, while the
models are.
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We have changed the footnote text in Sec. 3.4 as follows:

“The values of chi*2 are not always equal to 1 for the best-fit models of the galaxies in our
sample. This is because the input kinematic maps of the galaxies in our sample were not
symmetrised. Therefore, comparing the observed maps to the model maps, which are
symmetric, can result in values of chi*2 higher than 1.”

As suggested by the referee, we also tested whether including h5 and h6 made a significant
difference to our best-fit model for the example galaxies. Fixing h5 and h6 to 0 and allowing the
model to fit these higher moments does not significantly improve the fit. The variations in h5
and h6 are quite small (~0.06) and there are no significant changes in the kinematic fit, nor in
the chi?(derived from the fit to the measured moments - for example chi*2 changed from 2.22
to 2.18 for galaxy 9403800123) level or morphology.

In Appendix A, we fixed the uncertainties of h3 and h4 to 0.5. This information has been
added to the text in Appendix A as well:

“However, the models are better able to reproduce the observations (particularly the velocity
dispersion) when they are also allowed to model the higher-order stellar kinematic moments
(h_3 and h_4), even though they are set to zero, with uncertainties set to 0.5.”

3.) Appendix A examines how the inferred orbital fractions depend on the radial extent of the data.
What about other parameters, like the intrinsic shape, dark matter fraction, and M/L?

We have added Fig. 21 to show the variation of the intrinsic shape, the mass-to-light ratio and
the dark matter fraction with the radial extent. Similar to the fractions of orbits, these
parameters are well retrieved within 1 R_e when the radial coverage reaches at least 1 R_e
(with less than 1% variation). When the radial coverage only reaches 0.5 R_e, the derived
value of f_DM, for example, has an average variation of 15%, with some cases where it was



overestimated by over 30%. We have also added the residual values for the aforementioned
parameters in Table 1, Appendix A and the following text:

“We also show the residuals for the fraction of dark matter within 1$R_{\rm}$ ($f_{\rm DM}$),
the mass-to-light ratio in the $r$-band ($M/L_r$) and the intrinsic axis ratios at 18R_{\rm e}$
$p_{\rm Re}$ and $q_{\Re}$ in Fig. 21.”

4.) In Section 2.4, the paper states that galaxies with irregularities in their kinematic maps, that have
strong bars, or that have a bright object in the field were excluded from the sample. What is meant
by irregularities in the kinematic maps? If the authors are referring to non-axisymmetric features like
kinematic twists or misaligned kinematic and photometric position angles, why are the galaxies
excluded from the sample? Triaxial stellar dynamical models should be able to reproduce those
kinematic features. If such galaxies instead were fit, the percentage of galaxies that fall into the
oblate, triaxial, and prolate categories in Section 4.2/Figure 6/Section 6.1.2, the abstract, and
conclusion may change, so that choice in the sample selection and the possible implication should
be made clear.

By ‘irregularities’ we mean kinematic maps of galaxies that are affected by mergers,
secondary galaxies, nearby objects that influence the stellar kinematics of the main object or
artificial features due to a poor-fit that were visually identified, not misalignments or non-artificial
kinematic features in the kinematic maps. We have corrected the text in Sec 2.4 to clarify:
“Following van de Sande et al. (2017a), we exclude all galaxies whose kinematics are
influenced by mergers, that have strong bars or that have a bright object in their stellar
velocity field.”

5.) The stellar masses come from photometry and an assumed IMF. The stellar masses could also
be derived from the MGEs and the M/L from the dynamical models. How do the two values
compare? Can the authors comment on their preference to use stellar masses from the photometry
instead of the dynamical models?

We choose to use the photometry-derived stellar masses to be consistent with the whole
SAMI sample and previous results in the literature where the stellar mass presented was not
the dynamical mass derived from the Schwarzschild modelling (e.g. CALIFA and MaNGA).
Our derived dynamical mass shows a tight correlation with the photometric stellar mass, with
some saturation at high stellar masses, consistent with what has been seen in the literature
(e.g. Cappellari et al. 2006, van der Wel et al. 2008, Taylor et al. 2010, Newman et al. 2010,
Cappellari et al. 2012) . The following sentence has been added to Sec. 2.3:

“We use the photometric stellar masses for our analysis in order to be consistent with
previous SAMI studies and to have consistent comparisons with previous results in the
literature (e.g. from CALIFA and MaNGA).”

6.) As mentioned in the introduction, one new aspect of this work compared to the orbit-based
modeling of CALIFA and MaNGA galaxies is the use of h3 and h4. Is there anything to say about
how the inclusion of h3 and h4 has been helpful for constraining the model parameters, whether
similar future work should also strive to fit h3 and h4, or any other lessons learned?



Yes, as mentioned in the Appendix, including h3 and h4 in the fits improved the fit to lower
moments. Future works should strive to fit h3 and h4 to include them in the modelling, since
even values with high uncertainties can really improve the fits. Moreover, since h3 and h4 are
quantities that are predicted to be connected with a galaxy’s assembly history, studying their
relation to the internal orbital structure of galaxies could help disentangling the different
possible formation scenarios. We did not find a significant difference between the orbital
components of fast-rotating galaxies in different classes (determined using the V/sigma- h3
correlation) in the lambda_z-r space (Fig. 14), but this is an interesting aspect that should be
further explored in future works where more reliable values of h3 and h4 are available (e.qg.
the forthcoming Hector survey).

We have added the following text to Sec. 6:

“We recommend the inclusion of the higher-order kinematic moments h_3 and h_4 in future
works since even values with high uncertainties improve the model fits.

Moreover, since h_3 and h_4 are quantities that are predicted to be connected with a galaxy’s
assembly history (Naab et al. 2014), studying their relation to the internal orbital structure of
galaxies provides an extra tool to help disentangle the different possible formation scenarios.
We did not find a significant difference between the orbital components of fast-rotating
galaxies in different classes (determined using the V/sigma- h3 correlation) in the lambda_z -
r space (Fig. 14), but this is an interesting aspect that should be further explored in future
works with larger samples of accurate h_3 and h_4 values (e.g. the forthcoming Hector
survey; Bryant et al. 2016).”

Additional Minor Comments:

7.) Section 2.2 - it should be made clear that the position angle of the Gaussian components were
required to be the same.

We have specified that the position angles of the Gaussian components were required to be
the same in Sec 2.2 by adding the following sentence:

“For each fit, the position angle of the Gaussian components were required to be the same.”

8.) Figure 3 and Figure 4 - the labels and units for the x and y axes are missing. It is a little difficult to
see the numbers associated with the color bar.

We have added the missing labels and made the numbers clearer.

9.) Figure 18 and Figure 19 in Appendix A - it is very difficult to see the values associated with the
color bar. Also, numbers for the x-axis are missing, as are titles and units for the x and y axes.

Missing labels and numbers have been added and we have increased the size of the numbers
in the color bars.



10.) Figure 21 and Figure 22 in Appendix B - it would be good to make it clear what band the M/L is
in and that these are solar units.

We have added the information on the band (r-band) and the units.

11.) Section 4.4 - is there an understanding about why the re-projection did not work well for the 25
galaxies?

Yes, the issue was resolved by correcting the orbital mirroring mistake. We have removed the
sentence from the paper.

12.) Section 5.1 and 5.2 - since the orbital circularity is within 1 Re and within R_max,h34,
respectively, perhaps these sub-sections don't need to be distinct from the integrated properties
section. It seems similar to the decision to include the T_Re, beta_r, and lambda_RE,EO
sub-sections in the integrated properties section.

We agree with the referee and we have integrated Sec. 5.2 and Sec. 5.1 in Sec. 4

13.) Section 6.1.1 - if measurements of f_dm could be impacted by the form of the dark matter halo
assumed, did the previous studies to which this work is compared to also assume an NFW profile?

Yes, the previous studies used for comparison all used a NFW dark matter profile. This has
been clarified in the paper by modifying the following sentence in Sec. 5.1.1:

“In general, our results for f_DM are broadly consistent with previous stellar dynamic
determinations within 1Re found in the literature which also all assume a NFW dark matter
halo distribution.”

14.) Figure 14 and Figure 15 - are there uncertainties on f_DM and the orbital fractions for the
literature data points? Or, were they intentionally left off the plot?

We have added error bars identifying the 1-sigma scatter in the data points for each mass bin
for CALIFA. The uncertainties for the other f_DM values and orbital fractions (that are taken
as the values given by the authors in their papers), were not available.

Data Editor's review:

One of our data editors has reviewed your initial manuscript submission and has the following
suggestion(s) to help improve the data, software citation and/or overall content. Please treat this as
you would a reviewer's comments and respond accordingly in your report to the science editor.
Questions can be sent directly to the data editors at data-editors@aas.org.

Per the AAS software policy, https://journals.aas.org/policy-statement-on-software/, the authors
should modify their AASTeX v6+ manuscript to highlight the code they used (both cited and

unmentioned in the current text) with the new \software command, e.g.


https://journals.aas.org/policy-statement-on-software

\software{pPXF (Cappellari & Emsellem 2004; Cappellari 2017), The Voronoi binning code of
Cappellari & Copin (2003), DYNAMITE (Jethwa et al. 2020), MgeFit (Cappellari 2002), Scipy (Jones
et al. 2001)}

We have added a line in the Acknowledgment section to highlight the code used:
“\software{pPXF \citep{Cappellari2004, Cappellari2017}, MgeFit \citep{Cappellari2002},
Voronoi binning code \citep{Cappellari2003}, Scipy \citep{2020SciPy-NMeth}, UNSW Katana
computational cluster \citep{Katana2010}.}”



