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Abstract. Many recent integral field spectroscopy (IFS) survey teams have used stellar kinematic
maps combined with imaging to statistically infer the underlying distributions of galaxy intrinsic
shapes. With now several IFS samples at our disposal, the method, which was originally proposed
by M. Franx and collaborators in 1991, is gaining in popularity, having been so far applied
to ATLAS3D, SAMI, MANGA and MASSIVE. We present results showing that a commonly
assumed relationship between dynamical and intrinsic shape alignment does not hold in Illustris,
affecting our ability to recover accurate intrinsic shape distributions. A further implication is
that so-called “prolate rotation”, where the bulk of stars in prolate galaxies are thought to rotate
around the projected major axis, is a misnomer.
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1. Introduction

Projection effects hinder our ability to measure the distribution of three dimensional
intrinsic galaxy shapes, leaving it a longstanding open question. One must rely on large
samples to statistically reconstruct the intrinsic shape distribution of galaxies. For a
review of the history of galaxy shape recovery studies, see Méndez-Abreu (2016).

Galaxy shape is connected to a variety of galaxy properties such as age (van de Sande
et al. 2018), spin (e.g. Foster et al. 2017), stellar mass (Sánchez-Janssen, Méndez-Abreu
& Aguerri 2010), luminosity (Sánchez-Janssen et al. 2016), morphology (e.g. Ryden 2006;
Rodŕıguez & Padilla 2013), and environment (Fasano et al. 2010; Rodŕıguez, Padilla &
Garćıa Lambas 2016). Furthermore, theoretical simulations suggest that intrinsic shape
depends on a galaxy’s formation history (Jesseit et al. 2009; Li et al. 2018; Li et al. 2018).

Analytical galaxy potentials suggest that there exists a simple relationship between
galaxy intrinsic shape and the intrinsic misalignment angle between kinematic and mor-
phological axes (Ψint). Such a relationship reduces the number of unknowns, possibly
providing more reliable inferred intrinsic shape distributions than methods using imaging
alone. In Bassett & Foster (2019), we explored the connection between galaxy intrinsic
shape and stellar kinematics using cosmological hydrodynamical simulations from the
Illustris project. This contribution summarizes one key result on the complex relationship
between galaxy intrinsic shape and the intrinsic kinematic misalignment in Illustris.
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2. Simulations and method

We use data from the Illustris suite of hydrodynamic galaxy formation simulations
(Vogelsberger et al. 2014a,b; Genel et al. 2014). We select simulated galaxies from the
z = 0 snapshot of the largest Illustris simulation, Illustris 1, (see Vogelsberger et al.
2014a for details). Data are accessed through the Illustris public data release Nelson
et al. (2015). We select galaxies with � 105 stellar particles to ensure robust intrinsic and
projected shape measurements. This limit roughly corresponds to a stellar mass limit of
∼ 1010 M� and is similar to that applied in other works on galaxy shape with Illustris
(e.g. Li et al. 2018). Our final sample contains 978 simulated galaxies.

2.1. Measuring 3D Shape

For each galaxy, we assume that the intrinsic shape of the distribution of stars can be
approximated as a simple ellipsoid with three principal axes (a� b� c). We explicitly
ignore the fact that galaxies may be composed of multiple components (e.g. bulge and
disc) and instead consider their “ellipsoid-equivalent” shape. Under this assumption, the
intrinsic shape of a galaxy is parametrised by two intrinsic axis ratios p= b/a and q= c/a,
where 0� q� p� 1.

The square of the principal axes of the ellipsoid-equivalent shape, a2, b2 and c2, corre-
spond to the eigenvalues of the reduced inertia tensor (Iij , similar to Allgood et al. 2006;
Li et al. 2018), defined as:

Iij ≡
∑
n

xi,nxj,n

r̃n
, (2.1)

where r̃n, the 3D galactocentric distance of stellar particle n, is given by:

r̃n =
√

x2
n + (yn/p)2 + (zn/q)2, (2.2)

with the x, y, and z axes aligned with the major, intermediate, and minor axes of the
ellipsoid, respectively. The eigenvectors of the inertia tensor associated with the lowest
and highest eigenvalue represent the minor and major axes of the ellipsoid-equivalent
shape, respectively. The axis ratios p and q are then computed as the square root of the
ratios of the corresponding eigenvalues.
We employ an iterative process to compute the shape and select which particles to

include because for galaxies produced in hydrodynamical simulations, reliable measure-
ments of p and q require a careful exclusion of stellar particles at large radii where
asymmetries can have a large impact on Iij . We first select particles within the spherical
half mass radius, r̃e and measure the galaxy shape following the above formalism. We
then rotate the coordinate system to align the principal axes. Next, we use the latest p
and q to update the half-mass radius r̃e and re-compute the eigenvalues of Iij using the
updated selection of stellar particles. We repeat this process until p and q converge.

2.2. Measuring the intrinsic kinematic misalignments

The intrinsic kinematic misalignment, Ψint, is defined as the angle between the short
axis of the equivalent ellipsoid and the stellar angular rotation vector, �R, in 3D. For
consistency, �R is measured for the same particles used to measure p and q above. �R is
defined as:

�R≡
∑
n

�rn ×Ln �vn, (2.3)

where Ln is the r-band luminosity of stellar particle n.
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Figure 1. LHS: Distribution of intrinsic axis ratios (p= b/a, q= c/a) for Illustris galaxies.
Dashed lines delineate spherical, oblate, triaxial, and prolate as per Li et al. (2018). RHS: The
distribution of triaxiality (T ) vs intrinsic kinematic misalignment (Ψint). Plotted symbols and
colours indicate shape subclasses as labelled. The red dashed line represents the relationship
suggested in Weijmans et al. (2014).

�R is analogous to the angular momentum vector, where we have replaced the stellar
mass by the r-band luminosity. We compute the intrinsic kinematic misalignment Ψint as:

Ψint = 90◦ − cos−1

(
�R · �e1
|�R|

)
, (2.4)

where �e1 is the unit vector parallel to the semi-major axis of the ellipsoidal-equivalent
shape as defined in Section 2.1. Note that in Equation 2.4, we define Ψint from the
major axis rather than the minor axis because in near axisymmetric prolate galaxies
(p= q < 1), the orientation of the minor axis is ill-defined. This is less of an issue for
axisymmetric oblate galaxies (q < p, p= 1), which are almost exclusively aligned.

2.3. Linking galaxy intrinsic shape to their kinematics

Following Li et al. (2018), we divide galaxies into four basic shape groups based on
their intrinsic axis ratios as shown in the left panel of Figure 1. Galaxies are classified as
spherical, oblate, prolate, and triaxial as follows:

Spherical: p− q < 0.2 & p� 0.8,
Oblate: p− q≥ 0.2 & p� 0.8,
Prolate: p− q < 0.2 & p < 0.8,
Triaxial: p− q� 0.2 & p < 0.8.

We compute the triaxiality parameter T as per Franx, Illingworth & de Zeeuw (1991):

T = 1−p2

1−q2 . Under this formalism, oblate (a= b) and prolate (b= c) systems have T = 0

and T = 1, respectively. Triaxial systems correspond to intermediate values of T for which
no two principal axes lengths are equal (a �= b �= c).
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3. Implications

The right panel of Figure 1 clearly shows that Illustris galaxies do not follow the
relationship between shape and Ψint put forward by Weijmans et al. (2014). The sugges-
tion was based on theoretical work (e.g. Franx, Illingworth & de Zeeuw 1991; Hunter &
de Zeeuw 1992; and Arnold, de Zeeuw & Hunter 1994) for elliptical galaxies with mass
distributions described by Stäckel potentials, and underpins many observational efforts
aimed at recovering the shape of galaxy samples from IFS observations (e.g. Foster et al.
2017).

Instead, Figure 1 shows that the majority of oblate and triaxial Illustris galaxies are
aligned (i.e. Ψint � 0), while prolate and spherical galaxies exhibit a wide range in Ψint.
For spherical galaxies, this is partly due to the stochasticity of the direction of the
major morphological axis. Prolate galaxies have a better defined major axis compared
to spherical galaxies. For prolate galaxies, we find a mild excess of kinematically aligned
(Ψint < 15◦) galaxies, with the remaining galaxies uniformly scattering to higher values.
Hence, even in the case of prolate galaxies with significant kinematic offsets there is no
simple relationship. In particular, prolate galaxies do not have Ψint ∼ 90◦, which is often
referred to as “prolate rotation”. Prolate rotation is a misnomer: prolate galaxies need
not rotate around their major morphological axis (0<∼Ψint <∼ 90◦). Unfortunately, Ψint

holds little constraining power when inferring the distribution of galaxy intrinsic shapes.
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