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ABSTRACT

We investigate the relationship between stellar and gas specific angular momentum j, stellar
mass M, and optical morphology for a sample of 488 galaxies extracted from the Sydney-AAO
Multi-object Integral field Galaxy Survey. We find that j, measured within one effective radius,
monotonically increases with M, and that, for M, > 10°3 Mg, the scatter in this relation
strongly correlates with optical morphology (i.e. visual classification and Sérsic index). These
findings confirm that massive galaxies of all types lie on a plane relating mass, angular
momentum and stellar-light distribution, and suggest that the large-scale morphology of a
galaxy is regulated by its mass and dynamical state. We show that the significant scatter in
the M, —j relation is accounted for by the fact that, at fixed stellar mass, the contribution of
ordered motions to the dynamical support of galaxies varies by at least a factor of 3. Indeed,
the stellar spin parameter (quantified via Ag) correlates strongly with Sérsic and concentration
indices. This correlation is particularly strong once slow rotators are removed from the sample,
showing that late-type galaxies and early-type fast rotators form a continuous class of objects
in terms of their kinematic properties.
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1 INTRODUCTION

Since the dawn of extragalactic astronomy, it has been clear that
galaxies show an impressive variety of shapes and sizes. Despite this
diversity, astronomers soon realized that galaxies can be grouped
into distinct families according to their visual appearance (e.g.
Herschel 1786; Rosse 1850). Particularly successful have been the
classification schemes proposed by Reynolds (1920) and Hubble
(1926), now generally known as the Hubble sequence (see also
Jeans 1928; de Vaucouleurs 1959; van den Bergh 1976). After
nearly a century, the Hubble sequence is still a crucial element
in our theoretical framework of galaxy formation and evolution,
and understanding its origin remains a challenge for current astro-
nomical research.

Before the advent of charge-coupled devices (CCDs), galaxies
were almost always classified via visual inspection following the
Hubble classification (Nilson 1973; de Vaucouleurs et al. 1991).
The high quality of photographic plates, combined with the prox-
imity of the galaxies studied, allowed astronomers to notice tiny
details in the morphology of galaxies and discriminate between
various subclasses in the Hubble sequence. Indeed, some of the
most accurate morphological classifications to date (e.g. Binggeli,
Sandage & Tammann 1985) are still based on analysis performed
on photographic plates.

The situation changed completely with the era of CCD-based,
large-area surveys. First, as the average distances of the galaxies
studied has increased remarkably, the fine details (e.g. dust lanes,
prominence of spiral arms, faded discs) needed to perform accurate
visual classifications are less obvious. Secondly, with the number
of galaxies imaged increasing from a few thousands to millions, by-
eye classification has become inefficient without the help of citizen
science (Lintott et al. 2008). Thirdly, and perhaps most importantly,
the Hubble scheme turned out not to be ideal for a quantitative
comparison with theoretical models, as it is challenging to apply
the same selection criteria used for observations to simulated data.

Thus, in the last few decades, we have seen the emergence of
a plethora of new ‘morphological indicators’ based on the stel-
lar distribution (e.g. Doi, Fukugita & Okamura 1993; Abraham
et al. 1994; Bershady, Jangren & Conselice 2000; Graham, Trujillo
& Caon 2001; Goto et al. 2003; Lotz, Primack & Madau 2004),
optical colour of galaxies (e.g. Strateva et al. 2001; Chilingarian
& Zolotukhin 2012), or combinations of the two (e.g. Conselice
1999; Banerji et al. 2010; Vulcani et al. 2014), aimed at provid-
ing a more modern view of the Hubble sequence and an easier
comparison with numerical simulations. These morphological in-
dicators are now common practice, and have generally replaced
visual classification as a tool for dividing galaxies into different
families. However, despite their success and applicability to large
samples of galaxies, such techniques sometimes fail to discrimi-
nate between different classes of objects. Particularly challenging is
the regime of massive, bulge-dominated, optically red galaxies,
where structural parameters and colours alone cannot always dis-
tinguish between rotationally and dispersion-supported systems
(Scodeggio et al. 2002; Emsellem et al. 2007, 2011), or between
quiescent and star-forming galaxies (Cortese 2012). The main issue
is that all of the above classification schemes, even when combined,
are incomplete and are missing information about some crucial
physical properties of galaxies such as their kinematics or star for-
mation activity.

In particular, it has been clear for decades that information on the
stellar and gas kinematics can provide us with a more physically
motivated morphological classification (e.g. Fall 1983; Kormendy
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1993; Kormendy & Kennicutt 2004; Snyder et al. 2015; Teklu et al.
2015). After all, the common assumption beyond the bulge versus
disc bimodality is that bulges are mostly supported by random mo-
tions, whereas discs are primarily supported by rotation. However,
until very recently, the lack of resolved spectroscopic surveys for
large, representative samples of galaxies has limited our ability to
quantity the link between galaxy kinematics and morphology.

Thanks to significant technical improvements, integral field spec-
troscopic (IFS) surveys of thousands of galaxies are now a reality.
Pioneers in this new field have been the Spectrographic Areal Unit
for Research on Optical Nebulae (Bacon et al. 2001) and ATLAS?P
(Cappellari et al. 2011a) surveys. By taking advantage of resolved
stellar kinematics out to one effective radius (7. ), these projects have
shown that the kinematic properties of early-type galaxies are not
strongly correlated with their stellar-light distribution (Krajnovié
et al. 2013). They thus proposed a new classification scheme where
early-types are divided into fast and slow rotators depending on the
value of their spin (Emsellem et al. 2011), quantified via the Ag
parameter (Emsellem et al. 2007). Interestingly, it is still a matter of
debate whether or not these conclusions hold once Ay is measured
including the outer parts of galaxies (Foster et al. 2013; Arnold et al.
2014).

Two complementary approaches would naturally extend on exist-
ing kinematic studies. First, deeper, spatially resolved spectroscopy
reaching larger galactic radii is needed to capture most of the angu-
lar momentum. Secondly, a uniform kinematic analysis of galaxies
of all Hubble types is required to build a unified picture of the role
of kinematics in galaxy evolution. Progress in both directions has
been made by Romanowsky & Fall (2012, hereafter RF12) using
a combination of stellar and gas kinematic measurements from the
literature. They investigated the stellar mass (M) versus specific
angular momentum (j, the angular momentum per unit of mass)
relation to quantify the connection between j and morphology. Fol-
lowing the original work of Fall (1983), they showed that the scatter
in the M,—j relation correlates with morphology (i.e. visual classi-
fication or bulge-to-total ratio) across the entire Hubble sequence.
This suggests that, also among early-type galaxies, optical mor-
phology statistically correlates with kinematics. Unfortunately, a
comparison between RF12 and ATLAS?P is not straightforward.
Not only did RF12 mainly take advantage of long-slit spectroscopy
and not 2D resolved maps, but they also measured the total angular
momentum of galaxies while the ATLAS®P work is based on the
spin parameter estimated within the inner one effective radius.

For late-type galaxies, Obreschkow & Glazebrook (2014, here-
after OG14) recently improved on this limitation by taking advan-
tage of resolved H 1 velocity maps for 16 late-type galaxies from
The H 1 Nearby Galaxy Survey (Walter et al. 2008). They revealed
an even tighter relation between M,, j and the bulge-to-disc ratio.
However, because their sample included only late-type galaxies and
j is integrated across the entire disc, a comparison with ATLAS3P
results is also impossible.

To make further progress in this field, we need spatially resolved
velocity maps across the whole range of galaxy morphologies. The
Sydney-AAO Multi-object Integral field (SAMI; Croom et al. 2012)
Galaxy Survey (Bryant et al. 2015), the first large IFS survey, pro-
vides an ideal sample for which such an investigation can be carried
out now. Like all current IFS surveys, SAMI does not allow us to
trace gas and stellar kinematics up to, or beyond, one optical radius
for a statistically large number of objects.

In this paper, we take advantage of SAMI data to extend the works
of ATLAS?P, RF12 and OG14 by investigating the role played by
stellar and gas kinematics, within one effective radius, in shaping
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galaxy morphology across the entire Hubble sequence. The large
number statistics, high-quality 2D velocity maps and the wide range
of galaxy properties provided by the SAMI Galaxy Survey not
only allow us to ease the tension between previous works, but also
provide us with a unique window on the physical link between
stellar density distribution, spin and angular momentum.

This paper is organized as follows. In Section 2, we describe
the SAMI Galaxy Survey sample, the procedure to estimate stellar
and gas velocity fields, and the ancillary data used in this paper. In
Section 3, we investigate the link between central stellar and gas
specific angular momentum, stellar mass, and optical morphology.
In Section 4, we show the role played by the spin parameter, es-
timated via Ag, in the scatter of the M,—j, relation. In Section 5,
we compare our results with the predictions of theoretical models.
Finally, the implications of our results are discussed in Section 6.

Throughout this paper, we use a flat A cold dark matter concor-
dance cosmology: Hy = 70kms~! Mpc™', Qy = 0.3, Q4 =0.7.

2 THE DATA

The SAMI Galaxy Survey is targeting ~3400 galaxies in the red-
shift range 0.004 < z < 0.095 with the SAMI integral field unit,
installed at the 3.9-m Anglo-Australian Telescope. The main goal
of this survey is to provide a complete census of the resolved optical
properties of nearby galaxies (e.g. star formation rate, age, metallic-
ity, kinematics) across a wide range of environments (Bryant et al.
2015).

SAMI takes advantage of photonic imaging bundles (‘hexabun-
dles’, Bland-Hawthorn et al. 2011; Bryant et al. 2014) to simul-
taneously observe 12 galaxies across a 1 deg field of view. Each
hexabundle is composed of 61 optical fibres, each with a diameter
of ~1.6 arcsec, covering a total circular field of view of ~14.7 arcsec
in diameter. SAMI fibres are fed into the AAOmega dual-beam spec-
trograph (Sharp et al. 2006), providing coverage of the 3700-5700 A
and 63007400 A wavelength ranges at resolutions R ~ 1730 and
R ~ 4500, respectively. These correspond to a velocity full width at
half-maximum of ~170kms~" in the blue, and ~65kms~! in the
red.

In this paper, we focus on a subsample of the 824 galaxies from
the last SAMI internal data release (v0.9 —2015 October) in the foot-
print of the Galaxy And Mass Assembly survey (GAMA; Driver
etal. 2011) for the wealth of multiwavelength data available. SAMI
pointings targeting specific clusters outside the GAMA footprint
(see Bryant et al. 2015 and Owers et al., in preparation) are not
included. A detailed description of the data reduction technique is
presented in Sharp et al. (2015) and Allen et al. (2015a). As de-
scribed in Bryant et al. (2015), the configuration of each SAMI
plate is done to maximize the number of objects observable within
a SAMI field of view, and no pre-selection on morphology or envi-
ronment is introduced during the tiling process.

2.1 Stellar and ionized gas kinematics

Stellar and ionized gas line-of-sight velocity and velocity disper-
sion 2D maps were obtained from the resampled SAMI cubes
(0.5 arcsec x 0.5 arcsec spaxel size) as follows.

Stellar line-of-sight velocity and intrinsic dispersion maps were
extracted from the SAMI cubes by using the penalized pixel-fitting
routine ppxF, developed by Cappellari & Emsellem (2004). We fitted
the blue and red channels simultaneously, after having convolved
the red spectra to the same (i.e. lower) resolution of the blue cube
and interpolated on to a grid with the same wavelength spacing.

MNRAS 463, 170-184 (2016)

We used annular binned spectra (which follow the optical el-
lipticity and position angle of the target) with signal-to-noise >25
for deriving optimal templates as opposed to obtaining an optimal
template for each individual spaxel. Indeed, individual spaxels usu-
ally do not meet the signal-to-noise required to extract a reliable
optimal template. For each annulus, we determined the best com-
bination of the 985 stellar template spectra from the MILES stellar
library (Sdnchez-Bldzquez et al. 2006) that is able to reproduce the
galaxy spectrum. This best-fitting template is then used to fit ev-
ery spaxel within that annulus having a signal-to-noise per spectral
pixel greater than 3. We prefer annular to Voronoi bins because they
allow us to follow more closely any radial gradients in the properties
of stellar populations. An extensive description of the SAMI stellar
kinematics products will be presented in an upcoming paper (van
de Sande et al., in preparation).

While the choice of optimal template is important for a reliable
estimate of velocity dispersion, it has no significant effect on the
line-of-sight velocity field, i.e. the critical parameter for the es-
timate of specific angular momentum. Indeed, we find the same
results even if optimal templates calibrated for just a central 2 arc-
sec aperture are used to fit the entire SAMI field of view, as de-
scribed in Fogarty et al. (2014) and Cortese et al. (2014). Moreover,
Fogarty et al. (2015) and van de Sande et al. (in preparation) have
shown that, for the range of stellar velocity dispersions typical of the
galaxies investigated in this work (o > 50km s™!), our technique is
able to recover both dispersion and line-of-sight velocities, with no
significant systematic bias.

Gas velocity maps were obtained using the new LzIFu IDL fitting
routine (Ho et al. 2016b; see also Ho et al. 2014). After subtracting
the stellar continuum with ppxF, LzIFu fits up to 11 strong optical
emission lines ([O 1] AA3726,29, HB, [O m] A14959,5007, [O 1]
16300, [N n] A16548,83, He, and [S 1] AX6716,31) as a simple
Gaussian simultaneously using MprIT (Markwardt 2009), constrain-
ing all the lines to share the same velocity and dispersion. We use the
reconstructed kinematic maps to measure gas rotation and intrinsic
velocity dispersion.

Examples of SAMI stellar and gas velocity fields are presented
in Allen et al. (2015a, figs 3, 4), Allen et al. (2015b, figs 3, 8), Cecil
et al. (2016, fig. 6) and Ho et al. (20164, figs 7, Al).

2.2 Ancillary data

The SAMI data have been combined with multiwavelength obser-
vations obtained as part of the GAMA survey. Stellar masses (M,.)
are estimated from g — i colours and i-band magnitudes following
Taylor et al. (2011), as described in Bryant et al. (2015), assuming a
Chabrier (2003) initial mass function and continuous, exponentially
declining, star formation histories. The typical random uncertainty
on stellar masses is ~0.1 dex. Effective radii, position angles and
ellipticities are taken from the 2D one-component Sérsic fits to the
Sloan Digital Sky Survey (SDSS; York et al. 2000) r-band images
presented in Kelvin et al. (2012). As shown by Lange et al. (2015),
this data set provides a good benchmark for the size distribution of
local galaxies, and the radii estimated from Sérsic fits represent an
improvement on earlier estimates based on circular apertures.

In order to investigate the link between stellar and gas kinematics
and morphology, we use one parametric and one non-parametric
indicator, the Sérsic index measured in r-band (n,, Kelvin et al.
2012) and concentration index (defined as the ratio of the SDSS
Petrosian radii containing 90 per cent and 50 per cent of the total
r-band luminosity Rgy/Rs), respectively. We use the SDSS Pet-
rosian radii instead of those obtained from the one-component
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Figure 1. Left-hand panels: the M,—r, relation, M, and r, distributions (top), and Sérsic index distribution (bottom) for galaxies with stellar kinematics in
our sample. The black points and empty histograms show our parent sample of 824 galaxies. Teal points and teal-empty histograms are galaxies with reliable
stellar kinematics as defined in Section 2.1; black-circled teal points and teal-filled histogram show our final sample after imposing a cut at M, = 10° M@.

The black filled histogram shows the distribution for galaxies in our parent sample with M, > 10%7 M@ . Right-hand panels: same as left for the sample with

reliable gas kinematics. Note that no cut in M, has been applied.

Sérsic fitin order to have two independent morphological indicators.
Indeed, by construction, the concentration index can be estimated
analytically from the Sérsic index if the radii are derived from the
one-component Sérsic fits.

We also perform a visual morphological classification taking
advantage of the SDSS DR9 (Ahn et al. 2012) colour images. At
least eight of us independently classified each galaxy following the
scheme used by Kelvin et al. (2014). First, galaxies are divided
into late- and early-types according to their morphology, presence
of spiral arms and/or signs of star formation. Then, early-types
with just a bulge are classified as ellipticals (E) and early types
with discs as SOs. Similarly, late-type galaxies with only a disc
component are Sc or later, while disc plus bulge late types are
Sa-Sb. All votes are then combined and, for each galaxy, the type
with at least 66 per cent of the votes is chosen. If no agreement is
found, we combine adjacent votes into intermediate classes (E/SO,
S0/Sa,Sbc) and, if the 66 per cent threshold is met, the galaxy is
given the corresponding intermediate type. For those few cases (less
than 5 per cent of our sample) for which even this second step fails,
a new round of classifications is performed. However, this time
the choice is limited to the two types most voted during the first
iteration, and the galaxy is marked as unclassified if no agreement
is reached. Just eight objects in our sample with either reliable gas
or stellar kinematics were unclassified under this scheme. These

galaxies will not appear in those plots in which objects are colour-
coded by morphological type.

2.3 Sample selection

To obtain homogeneous and reliable estimates of the specific an-
gular momentum within one effective radius, we first restrict our
sample to those galaxies with an r-band effective diameter smaller
than 15 arcsec (the size of a SAMI bundle), and greater than 4 arcsec
to make sure that our targets are resolved. Then, following Cortese
etal. (2014), we discard all galaxies for which more than 20 per cent
of the spaxels have an uncertainty greater than 20 and 50km s~ in
the line-of-sight velocity of gas and stars, respectively. This addi-
tional cut ensures that we restrict our analysis to those galaxies for
which the gas and stellar kinematic properties are reliable. Finally,
we visually inspect each velocity map and remove problematic
cases (e.g. contamination by foreground/background objects, dis-
turbed systems for which the photometric ellipticity and/or position
angles are highly inconsistent with the orientation of velocity field,
etc.; ~10 per cent of the remaining sample). After all these cuts,
we are left with 397 and 341 galaxies with reliable gas and stellar
kinematics, respectively.

To investigate the parameter space covered by galaxies with re-
liable 2D stellar or gas kinematics, in Fig. 1, we compare their
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M,—r, relation and Sérsic index distribution (teal), with those of
our parent sample of 824 galaxies (black). As clearly shown in the
left-hand panels of Fig. 1, for M, < 10°5 M we do not recover
the stellar kinematics for the entire range of sizes covered by our
sample and preferentially lose systems with large radii. This selec-
tion bias roughly corresponds to a surface brightness limit at 17,
of ~23 mag arcsec? in r band. Below this, our continuum signal
to noise is too low to obtain reliable stellar kinematics. For this
reason, we decided to limit our investigation of the stellar angular
momentum to galaxies more massive than 10> M) (297 galaxies),
where size and Sérsic index distributions for our final sample (filled
teal histogram) are representative of the parent sample (filled black
histogram).

Conversely, galaxies with reliable gas kinematics (yellow points
and histograms in the right-hand panel of Fig. 1) cover the same
range of sizes and masses of our parent sample, although they
clearly undersample spheroid-dominated systems as highlighted by
their Sérsic index distribution (golden histogram in Fig. 1). We will
further discuss this bias in Section 3.2.

In summary, our final sample is composed of 488 galaxies: 397
and 297 galaxies with reliable gas and stellar kinematics, respec-
tively (of which 206 galaxies have both stellar and gas kinematics).
It is clear that, while our samples of stellar and gas kinematic
measurements are representative of the population of galaxies more
massive than 10°> M and disc-dominated systems above 10% M),
respectively, they are by no means complete. Although this does not
significantly bias our investigation of the main driver for scatter in
the M ,—j relation, it could affect the value of the slope of the relation
(see also Hyde & Bernardi 2009). Thus, as we will discuss later in
the text, a grain of salt must be used in the interpretation of the
slopes of the M,—j relations obtained as part of this work.

3 THE SPECIFIC ANGULAR MOMENTUM

In theory, following Emsellem et al. (2007), the specific angular
momentum of discs can be estimated from 2D resolved line-of-
sight velocity maps as

n

> MRy Vie|
J i
wo- = M

> M,

k=1
where M, is the total mass included in spaxel k, Ry is its distance
from the galaxy centre in the plane of the disc (i.e. the de-projected
radius) and Vj is its rotational velocity. In practice, SAMI data do
not provide us with a distribution of total mass, rotational velocity
and de-projected radius, but only with stellar-light distribution and
projected line-of-sight velocity and radius. Thus, a few approxima-
tions to equation (1) are needed in order to estimate a proxy for the
specific angular momentum from SAMI data.

First, assuming that the optical ellipticity is a good proxy for the
galaxy inclination, the de-projected radius at each spaxel can be
easily computed knowing the axis ratio and position angle of the
galaxy.

Secondly, the spectral coverage of SAMI data does not allow us
to construct 2D colour maps in the SDSS filters and use them to
estimate the typical mass-to-light ratio in each spaxel (e.g. following
standard recipes as in Bell et al. 2003, Zibetti, Charlot & Rix 2009
and Tayloretal.2011). Thus, we simply substitute M, in equation (1)
with the average continuum flux across the entire wavelength range
covered by SAMI, F;. We further discuss the implications of this
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assumption in the next section, showing that it does not affect the
main conclusions of this work.

Thirdly, as IFS data provide information on the line-of-sight ve-
locities, we need to correct for inclination in order to recover the
rotational velocity of our system. We do so by assuming that, in
each spaxel, the rotational velocity is given by
Vo= e )

sin(i) cos(6)
where Vs is the line-of-sight velocity, 6, is the azimuthal angle in
the galaxy coordinate frame (with zero corresponding to the direc-
tion perpendicular to the line of sight) and i is the galaxy inclination.
However, from observations we do not measure 6 directly, but its
projection on the plane of the sky ¢;. Assuming a thin-inclined disc
with semimajor axis along the x-direction:

b
tan(¢y) = o= tan(6y) 3)

Yk

k
where x; and y, are the x and y coordinates of spaxel k with respect
to the galaxy centre, and b and a are the minor and major axes,
respectively. Thus,'

tan(6y) = %)yc—k )
k

Finally, inclinations are determined from the 7-band axis ratio (b/a)
as

/ 2
cos(i) = w 5)
1 —gqp

where ¢y is the intrinsic axial ratio of an edge-on galaxy. The value
of go is highly uncertain and it is known to vary with the morphology
and dynamical properties of galaxies within the range ~0.1-0.65
(e.g. Giovanelli et al. 1997; Weijmans et al. 2014). Here, we use
qo = 0.2 for all galaxies with a clear disc component (i.e. including
S0s), and gy = 0.6 for visually classified ellipticals. We set the
inclination to 90 deg if b/a < gy. Our conclusions are not affected
if we adopt a value of gy which varies smoothly with morphology.
As already noted, our technique is based on the assumption that the
optical axis ratio is a good proxy for the galaxy inclination. This is
consistent with what has been done in previous works.

We remind the reader that our inclination correction is valid for
discs, whereas for pure spheroids it systematically overestimates
the effect of projection and thus the intrinsic angular momentum.
As correcting velocity fields of pure spheroids for inclination is
notoriously challenging even when accurate dynamical modelling
can be performed (RF12; Weijmans et al. 2014), we do not attempt
to derive an ad hoc correction for pure elliptical galaxies. Instead,
we perform our analysis on both projected and intrinsic (i.e. de-
projected) specific angular momentum to show that our main results
are independent of the inclination correction adopted. This is also
because fewer than 10 per cent of galaxies in our sample (26 out of
297 objects) are classified as pure ellipticals (i.e. do not show the
presence of a disc component). An additional check on the reliability
of our correction is presented in Section 5, where we compare our
measurements with model predictions.

' Note that, along the minor axis, cos(fy) is zero and our correction diverges.
To avoid this, we impose that cos(fx) cannot be smaller than 0.15. This
effectively impacts only those spaxels within <1.1 arcsec from the minor
axis of the galaxy: i.e. well within our spatial resolution.
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Figure 2. The stellar mass versus projected (jp, top) and intrinsic (j,, bottom) stellar specific angular momentum for SAMI systems. Galaxies are colour-
coded by visual morphology and r-band Sérsic index in the left-hand and right-hand panels, respectively. Errorbars indicate mean statistical errors (i.e. not

including uncertainty on inclination correction).

To summarize, we define the projected (j,) and intrinsic angular
momentum (j) as

n

EFkRk|Vklos|
o= (6)
> F
k=1
and
.= FeRel Vi 1
j= kI\E| VEklos % . ’ (7)

= sin(i) cos(6y)

> b

k=1

respectively, where here R, is the semimajor axis of the ellipse
having minor-to-major axis ratio b/a (i.e. the intrinsic galaxy ra-
dius), on which spaxel k lies. The sum is performed including only
spaxels within an ellipse of semimajor axis R. and axis ratio b/a.
The galaxy centre is defined as the peak of the continuum emission
in the SAMI cube. The main difference between our methodology
and the one used by RF12 lies in the use of homogeneous resolved
velocity maps for all galaxies instead of being mainly based on
long-slit spectroscopy (plus the addition of multislit, IFS data and
kinematics obtained via planetary nebulae or globular clusters). In
our case, we can directly use the velocity information in each spaxel,
following the 2D distribution of the velocity field. In addition, the

difference in the intrinsic axial ratio and inclination correction im-
ply that our j are systematically lower for pure discs and higher for
ellipticals than those obtained using RF12 technique.

Uncertainties on the specific angular momentum are estimated
by propagating the uncertainties on continuum flux and velocity
derived by ppxr for each spaxel, taking into account the covariance
between individual spaxels as described in Fogarty et al. (2014). The
average nominal uncertainty in j is ~12 per cent, but this does not
include the effect of the inclination correction that likely dominates
the final error.

3.1 The stellar specific angular momentum
within one effective radius

In Fig. 2, we plot the projected and intrinsic stellar specific angular
momentum, j,, (top panels) and j, (bottom panels) as a function
of M, for the 297 galaxies with good stellar kinematics in our sam-
ple. Galaxies are colour-coded by visual morphology and r-band
Sérsic index in the left-hand and right-hand panels, respectively.
It is clear that, for the entire population, the specific angular mo-
mentum increases with stellar mass, and that the scatter in both
relations correlates with galaxy morphology. The scatter in the av-
erage perpendicular distance from the best-fitting bisector linear
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Figure 3. The linear fits for the M,—j,, (left) and M,—j, (right) relations split by morphological type. The cyan and grey regions show the range covered by
the relations obtained by OG14 (including galaxies with bulge-to-total ratio between 0 and 0.3) and Fall & Romanowsky 2013 (FR13, from discs to bulges),
respectively. We remind the reader that, for pure ellipticals, the M,—j, relation must be considered as an upper limit, because our inclination correction is likely
overestimating the projection effects in these objects. The vertical offset between previous studies and this work is due to the fact that we trace j only out to
one effective radius. Indeed, the black arrows on the bottom-right corner of the right-hand panel indicate how we can expect our relations to shift if we either
plot j.<,. as a function of half of the stellar mass of our galaxies (i.e. approximately the stellar mass included within one effective radius) or measure j, up to

2 X re.

relation is ~(0.27 and ~0.21 dex for the projected and intrinsic case,
respectively.’

At fixed stellar mass, disc-dominated systems have higher spe-
cific angular momentum than bulge-dominated galaxies. This is
even clearer in Fig. 3, where we present the best fits to the
M,—j, relation for the four morphological types considered here.
The best-fitting parameters are presented in Table 1. All four classes
follow roughly parallel relations, with typical offsets of the order
of 0.2-0.4 dex in j,. Although the scatter in the relation is visibly
reduced by the inclination correction, the effect of morphology in
driving the spread of the intrinsic versions of the M,—j, relation is
still significant. This suggests that our findings are not an inclination
effect due to the fact that, statistically, late-type galaxies are flatter
than early types. The only strong difference between the projected
and intrinsic relations is the case of elliptical galaxies, which are
brought closer to the relation of early-type discs once we correct for
inclination. This is due to our conservative approach of assuming a
disc geometry also for elliptical galaxies, thus likely overestimating
the effect of projection.

In addition to inclination, it is important to investigate whether
the differences shown in Figs 2 and 3 between late- and early-
type galaxies could simply be a consequence of the fact that j,
is weighted by luminosity and not stellar mass. Since j, is a nor-
malized quantity, it is not the absolute value of the mass-to-light
ratio that matters,? but its radial gradient. In particular, as massive
late-type galaxies have steeper negative gradients (i.e. lower mass-
to-light ratios in the outer parts) than early-type systems (Tortora
et al. 2011), we could be weighting the outer parts of discs too
much, thus significantly overestimating their angular momentum.
In order to test this scenario, we estimated j, for our galaxies by

2 All fits in this paper are performed by minimizing the orthogonal scatter
while taking into account uncertainties on each variable using the HYPERFIT
code developed by Robotham & Obreschkow (2015).

3 Assuming that our stellar mass estimates described in Section 2.2 properly
take into account the variation of mass-to-light ratio with morphology.

MNRAS 463, 170-184 (2016)

Table 1. Fits to the M,—j relations and to the M,—j—n, and M,—j—Ag planes.
Scatters (rms) are orthogonal to the best fit.

log(j/kpckms™") = a x log(M,/M@) + b

Jsp a b rms Ngal
All 0.72 £ 0.06 —5.49 +0.64 0.27 297
E 0.83 +£0.18 —7.24 £1.98 0.21 26
E/SO—S0 0.84+£0.07 —6.99 +0.80 0.17 67
SO0/Sa—Sb  0.98 £0.08 —8.19 +£0.81 0.16 112
Sbcorlater  1.00 +0.12 —8.03 £1.26 0.18 86
Jx
All 0.64 £0.04 —4.31+0.46 0.22 297
E 0.73 £0.18 —5.56+1.88 0.21 26
E/SO—S0 0.78£0.06 —5.98+0.68 0.15 67
S0/Sa—Sb  0.96 £0.07 —7.58 £0.73 0.14 112
Sbcorlater  0.80 +£0.09 —5.71 £0.89 0.14 86
jp gas
All 0.68 £0.03 —4.75+0.27 0.32 397
jgas
All 0.65+0.02 —4.124+0.23 0.28 397
log(j/kpckms™!) = a x log(My/M@) + b x log(n) + ¢

a b c rms  Ngal
Jep 1.224+0.07 —-1.86+0.13 —10.09+0.73 0.13 297
Js 1.05+0.06 —138+0.10 -8.18+0.56 0.12 297

log(j/kpckms™!) = a x log(My/M@) + b x log(Ag) + ¢

a b c rms  Ngal
Jip 0.70 £0.02 1.41 £0.04 —4.64+£0.22 005 297
Js 0.70 £0.03 1.13 £0.05 —4.474+0.26 0.08 297

assuming various mass-to-light ratio gradients. We find that even
for an unrealistically large difference of 0.4 dex in the gradients of
late- and early-type galaxies (the typical value is not greater than
~0.2-0.3 dex for the stellar mass range of our sample; see Tortora
et al. 2011), the value of j, changes on average by no more than
0.07 dex. This is a factor of 4 smaller than the typical difference be-
tween pure discs and late types with bulges alone, and seven times



smaller than the average difference between late-type discs and SO
(see also FR13). Thus, we can definitely exclude that our trends are
simply a result of an age or metallicity effect which directly impact
the estimate of j,.

Lastly, as the typical seeing of the SAMI observations used
in this work is of the order of 2.2 arcsec, beam smearing can
have a non-negligible effect on the shapes of the rotation curves
(Cecil et al. 2016) and light distributions of our galaxies. While the
decrease in velocity could lead to an underestimate of j, the broad-
ening of the light distribution would (at least partially) balance
this effect, reducing the importance of beam smearing. Moreover,
at fixed seeing, the effect of beam smearing depends on the light
distribution as well as on the gradient of the velocity field within
one effective radius. As late-type galaxies have generally larger ve-
locity gradients and shallower light profiles than early types, beam
smearing could mainly artificially reduce (at fixed stellar mass) the
difference in j between discs and bulge-dominated systems. Thus,
it is unlikely that our main conclusion (i.e. the role of morphol-
ogy in the scatter of the M,—j, relation) is just a consequence of
beam smearing. This is also confirmed in Section 5, where we com-
pare our observations with the predictions of (beam smearing-free)
simulations.

Using numerical simulations, Wu et al. (2014) found that, when
random errors become comparable to the amplitude of the line-
of-sight velocity, the derived angular momentum can be artificially
boosted. This effect seems to be more prominent in slow rotators. As
mentioned in Section 2.1, our tests have not shown the presence of
any systematic biases in the recovered line-of-sight velocity. How-
ever, even if this effect is present in our data, it would preferentially
affect slow-rotating systems, artificially reducing the difference be-
tween high and low angular momentum galaxies. Thus, the main
conclusions of this work would not change.

The importance of morphology (or bulge-to-total ratio) in the
scatter of the M,—j, relation has recently been reported by RF12
and OG14. Our work confirms this finding for a larger sample
(a factor of ~3 more than RF12 and a factor of ~20 more than
0G14) and, most importantly, focuses on the effect of j, within one
effective radius, while previous work investigated the total specific
angular momentum. Thus, the trends shown here imply that the
link between stellar kinematics and morphology is already well
established in the inner parts of galaxies.

This is not entirely surprising as the contribution of bulges to both
the surface brightness profile and kinematical properties of galaxies
is much more dramatic in the inner parts, which are usually well in-
side one effective radius. In Fig. 3, we compare our M,—j, relations
for different morphologies with those found by FR13 (grey area)
and OG14 (cyan area). For FR13, the area highlighted is delimited
by the M,—j, relations for discs and bulges, while for OG14 we
show the range obtained for bulge-to-total ratios varying from 0O to
0.3 (the OG14 sample does not include early-type galaxies). The
values presented in FR13 are preferred to those in RF12, as stellar
mass estimates took into account the variation of mass-to-light ratio
with morphological type.

Interestingly, the slope of our M.—j, relation is intermediate
between those of FR13 and OG14, although in general closer to
the value obtained by FR13 (~0.6) than OG14 (~1). However,
our best-fitting values should be taken with a grain of salt since,
as discussed above, our sample is not complete. Thus, we cannot
exclude the presence of a selection bias which could affect the slope
of our relation. We stress that the most important finding here is not
the slope of the relation, but the fact that its scatter is correlated
with morphology.
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What makes our results significantly different from previous
work is the intercept of the relation, which is significantly offset
towards lower specific angular momentum. As explained above,
this is expected since we are tracing j, within one effective ra-
dius, thus missing the majority of the total angular momentum
in galaxies, which is stored in the outer parts (RF12). We can
test this for less than one-third of our sample (~80 galaxies),
for which we can estimate j, at both one and two effective radii.
We find that j,,,, is ~0.4 dex higher than j,_, , making our re-
sults much more consistent with RF12 and OG14. Similarly, if we
plot j. as a function of the stellar mass contained in one effec-
tive radius, our lines would shift by ~0.3 dex (black arrow in the
right-hand panel of Fig. 3) making them consistent with previous
estimates.

Lastly, it is interesting to note that the slope of our M,.—j, relation,
as well as the observed spread as a function of morphology, is in
line with the recent predictions from cosmological simulations (e.g.
Genel et al. 2015; Pedrosa & Tissera 2015; Teklu et al. 2015; Zavala
et al. 2016). However, all current theoretical works are focused on
the total j., and do not investigate the M,—j, relation within one
effective radius.

3.1.1 The central stellar specific angular momentum
as a driver of morphology

Following RF12 and OG14, the results presented in Figs 2 and 3
confirm that M,, j, and morphology form a plane, and we can
interpret the mix of galaxy morphologies as physically related to
the spread in j, present in the local galaxy population at fixed stellar
mass. The natural consequence of this result is that we can also look
into the possibility of expressing morphological parameters such as
Sérsic and concentration indices as a function of stellar mass and
specific angular momentum.

To do so, we fit a plane to M,, j. and n,. We performed this
exercise on both the projected and intrinsic relations. The results
are presented in Fig. 4 and compared to the M,—n,, and j.—n,
relations. The parameters for the best-fitting plane are presented
in Table 1. It is clear that not only we recover the Sérsic index
with ~0.20 dex scatter (orthogonal scatter of ~0.13 dex), but also
that the combination of M, and j, performs significantly better
than M, alone. This confirms that both the mass and the kinematic
properties of galaxies play an important role in setting their stellar
density distributions. Similar results are obtained if, instead of the
Sérsic index, we use the SDSS-based concentration index. The fact
that the scatter of the projected and intrinsic version of the plane
are nearly the same confirms that our main conclusions are not
an effect of inclination. Ideally, this exercise should be performed
using the bulge-to-total mass ratio because this is the best (i.e. more
physically motivated) photometric-based morphological indicator.
Unfortunately, reliable bulge-to-disc decompositions are not yet
available for our entire sample, so we have to postpone this analysis
to future work.

Admittedly, the scatter in the M,—j,—n, plane is significantly
larger than the scatter observed in the Fundamental Plane (~0.06—
0.08 dex, e.g. Jorgensen, Franx & Kjaergaard 1996; Bernardi et al.
2003; Hyde & Bernardi 2009; Cappellari et al. 2013) and other
structural and dynamical scaling relations (e.g. Faber & Jackson
1976; Tully & Fisher 1977; Catinella et al. 2012; Cortese et al.
2014). However, these relations are usually calibrated on pruned
samples including only pre-selected morphological types (but see
Cortese et al. 2014), whereas the M.—j.—n, plane applies to all
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Figure 4. Projections of the M,—j.—n; plane. The top row shows, from left to right, the My—n,, j.,—n;, and the projection that minimizes the scatter in ;.
The bottom row is the same as the top row, but for the intrinsic j.. Symbols are colour-coded by morphological type as in Fig. 2.

galaxies. Moreover, the scatter along the direction of # is similar
to the typical scatter of the main sequence of star-forming galaxies
(Dutton, van den Bosch & Dekel 2010) and of the empirical relations
used to predict the gas content of galaxies (Cortese et al. 2011;
Catinella et al. 2013). Lastly, the orthogonal scatter of the plane
is significantly smaller than that of the M, — j, relation, confirming
quantitatively the link between stellar mass, angular momentum and
morphology.

3.2 The gas specific angular momentum within
one effective radius

One limitation of the analysis presented above is that SAMI data
allow us to trace j, only in galaxies with M, > 10°> M. Despite
this, we can extend this study to lower stellar masses by measuring
the kinematics of the ionized gas instead of the stellar component.
Indeed, H emission is detected in a significant fraction of galax-
ies below M, ~ 10°° M (see Fig. 1), allowing us to look at the
relation between stellar mass, specific angular momentum and mor-
phology across almost three orders of magnitude in stellar mass.
The ionized gas specific angular momentum (jg,) has been esti-
mated from Ha velocity maps following equations (6) and (7). We
use the Ho intensity map to determine F), in each spaxel, as we con-
sider this a better proxy for the gas mass distribution in our galaxies
than the optical continuum emission. However, similar results are
obtained if the stellar emission is used instead.

InFig. 5, we show the jj ¢ (top) and jg,s (bottom) as a function of
M.,. AsinFig. 2, galaxies are colour-coded according to their r-band
Sérsic index. We do not colour-code galaxies for visual morphology
since, in our sample, nearly all galaxies below M, ~ 100 Mg are
classified as pure discs (see also fig. 2 in Cortese et al. 2014).

The strong correlation between M, and jg, extends across the
entire range of stellar masses covered by this work, with a scatter
slightly larger than that observed for the stellar component (see
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Table 1). This is likely due to the use of the Ho line emission, as
its distribution is much more irregular than the stellar continuum.
The slope of the M, —jq, relation (~0.65) is consistent with the one
obtained for j, (~0.64).

Interestingly, the values of stellar and gas specific angular mo-
mentum (and hence the intercept of the M,—j, relation) are sig-
nificantly different, with jg,, being systematically larger than j,
(average jgas/ j« ratio ~0.10 dex, obtained using those galaxies for
which we can estimate both jg,, and j,). This discrepancy is con-
sistent with (and a direct consequence of) the difference in gas and
stellar rotational velocities already noticed by Cortese et al. (2014)
in SAMI data, and it is likely the effect of asymmetric drift. Thus,
it is clear that, in order to properly compare galaxies of different
types, we must compare j for the same baryonic component.

Contrary to what is observed for the case of j,, Sérsic index (or
any other indicator of galaxy morphology) is not playing a critical
role in driving the scatter of the M,—j.,s relation. Only if we focus
on massive galaxies, do we recover similar trends as those shown
in Figs 2 and 4 for the stellar component. Unfortunately, because
we do not detect Ho emission in many massive early-type, bulge-
dominated galaxies (see Fig. 1), we are missing a crucial part of the
parameter space. Moreover, while both disc and bulge contribute
to j,, it is likely that j,,s mainly traces the dynamics of the disc.
Consequently, the gas angular momentum is not an ideal quantity
to investigate the relation between kinematics and morphology in
the high stellar mass regime.

Intriguingly, there is marginal evidence for an increase in the
scatter in the M,—j, relation with decreasing stellar mass. If con-
firmed, this may support the findings of high turbulence (sometimes
comparable to the rotation velocities) in the interstellar medium of
dwarf galaxies (Cortese et al. 2014; Simons et al. 2015; Wheeler
etal. 2015). Moreover, the fact that the scatter in the M, —jq,, relation
is similar to that of the M,.—j, relation (and significantly larger than
the observational uncertainty) suggests that the dynamical state of
the gas is not strongly correlated with the stellar-light distribution in
a galaxy, and that there exist other physical properties of galaxies re-
sponsible for the scatter of the M,—j,,, relation. We will investigate
this issue in a future work.

4 THE SPIN PARAMETER

In a theoretical framework, the scatter of the M,—j, relation should,
at least partially, reflect the wide range of kinematic properties of
dark matter haloes of similar mass. Given that during the growth of
structures, haloes exert tidal torques on to each other, it is natural
to expect that the degree of rotational support can vary across a
large dynamical range. However, the exact connection between the
angular momentum of the halo and that of the stars remains an
outstanding question.

The importance of ordered motions is usually quantified via the
spin parameter A, which is defined as:

J| E|l /2

= GM>/? ®
where J is the angular momentum, E is the total mechanical (poten-
tial plus kinetic) energy of the system, G is the gravitational constant
and M is the total mass. Thus, the scatter of the M,—j, relation may
correlate with A, and A may somehow regulate galaxy morphol-
ogy (e.g. Fall & Efstathiou 1980; Dalcanton, Spergel & Summers
1997; Mo, Mao & White 1998; Boissier & Prantzos 2000; Zavala,
Okamoto & Frenk 2008, but see also Scannapieco et al. 2009; RF12;
Sales et al. 2012). Intriguingly, the width of the spin parameter dis-
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tribution predicted by simulations is ~0.22 dex (e.g. Bullock et al.
2001), very close to the scatter of our M,—j, relation.

Unfortunately, estimating A from observations is extremely chal-
lenging. Not only physical quantities such as total energy and total
mass are not easily derived from observations, but also equation (8)
strictly applies to the dark matter halo, and the ratio between the
spin of the halo and that of the baryons can easily vary during the
evolutionary history of galaxies (Scannapieco et al. 2009; Sharma,
Steinmetz & Bland-Hawthorn 2012; Teklu et al. 2015).

In the last few years, the advent of integral field spectroscopy
has made the Ai parameter (Emsellem et al. 2007, 2011) the most
commonly used proxy for stellar spin parameter (see Appendix A
in Emsellem et al. 2007):

> FiRe| Vios|
=1

l; Fi Ry V szlos + sz

where Vs and o are the line-of-sight and dispersion velocities
in each spaxel, respectively, and F; and R;* are as in equation (6).
It is important to note that A is a projected quantity and, at face
value, does not take into account the effect of inclination. This
parameter was originally defined for early-type galaxies, for which
inclinations are notoriously uncertain, and it has to be combined
with the observed galaxy ellipticity to allow a proper separation
between fast and slow rotators. Despite this possible bias, Ay is
becoming commonly used for galaxies of all morphologies (Jimmy
et al. 2013; Pracy et al. 2013; Tapia et al. 2014; Falcén-Barroso,
Lyubenova & van de Ven 2015; Fogarty et al. 2015), thus it is
interesting to see how the results presented above can be interpreted
in the context of this parameter.

Fig. 6 shows the M,—j, relation, this time colour-coded by values
of Ag. As expected, since j, and Ag are not independent quantities,
we find that the scatter in the relation correlates strongly with Ag.
Indeed, the scatter in the best-fitting M.—j.—Ag plane is ~0.08 dex,
significantly smaller than in the case of the Sérsic index (see Ta-
ble 1). Remarkably, the best-fitting coefficients are very close to
j ~ M2*3 x \g, which can be recovered analytically (see e.g. RF12
and OG14) within the general theoretical framework of Mo et al.
(1998), assuming that Ay is proportional to halo spin parameter, and
a constant halo-to-stellar mass ratio. The projected version of the
plane has a scatter significantly smaller than the intrinsic one. This
is simply because Ag is a projected quantity and thus it correlates
more tightly with the scatter of the M,—j,» relation.

From an observational point of view, since the slope of the M,—
J«—\g plane in the Ag projection is very close to 1, the tight
M,—j.—Ar plane becomes akin’ to the known relation between
M, and +/V?2 4 02, (Cortese et al. 2014), which shows similar
scatter (~0.1 dex) and represents a promising unified dynami-
cal scaling relation valid for galaxies of all regular morphological
types.

The role played by Ag in the scatter of the M.—j, relation, com-
bined with the results of Section 3, implies that g should correlate

)"R = (9)

4We note that, although consistent with Fogarty et al. (2014, 2015), our
definition of A is different from the original definition by Emsellem et al.
(2007). Namely, it uses de-projected instead of projected radii. However,
this difference does not significantly affect our findings.
3 Indeed, if j, oc Ag M¢ by simply dividing j, and Ag, the equation for the
St PRk Viiostok
it Fr

plane can be re-expressed as M, o ( ya,
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Figure 6. The M,—j,, (top) and M,—j, (bottom) relations with galaxies
colour-coded by stellar spin parameter Ag.

with indicators of optical morphology such as n, and concentration
index. This correlation is investigated in the top panel of Fig. 7.
Although A clearly correlates with both quantities (Spearman cor-
relation coefficient ~—0.6), the relations show quite a large amount
of scatter, as recently highlighted by Fogarty et al. (2015) using a
smaller sample of cluster galaxies from the SAMI pilot survey (see
also Falcén-Barroso et al. 2015). This is particularly true for high
Sérsic and concentration indices, where there is almost no correla-
tion between Ai and optical morphology. Interestingly, this is the
typical parameter space occupied by the population of ‘slow rota-
tors’ investigated by the ATLAS?P survey (Cappellari et al. 2011a;
Emsellem et al. 2011), for which it has been claimed that optical
morphology does not represent a good proxy for their kinematic
properties (Krajnovic et al. 2013).

However, part of the scatter and non-linearity in the Ag—n, (left)
and Ag—Rgo/Rso relations is likely just a consequence of the fact that
Mg is aprojected quantity. As shown in Fig. 7, the vast majority of the
outliers from the main relation are galaxies with ellipticities smaller
than 0.4 (triangles in Fig. 7). Moreover, if we try to account for the
effect of inclination by simply plotting Ag/+/€ instead of Ag, the
correlation becomes more linear, in particular for the concentration
index. Of course, this is a crude way to correct for inclination and
to properly quantify projection effects, something outside the scope
of this paper, we do require detailed dynamical modelling. Indeed,
not only the inclination but also the anisotropy of the velocity field
are needed to correct both line-of-sight and dispersion velocities.

Thus, at this stage, we can at least safely conclude that, excluding
slow rotators, there is a good correlation between optical morphol-
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ogy and Mg, with the value of the spin parameter decreasing with
the increase of stellar concentration.

5 COMPARISON WITH MODELS

The most natural interpretation of our results is that the stellar
density distribution in galaxies, and thus their morphology, is a
direct manifestation of the contribution of ordered motions to the
dynamical support of the system. The larger the contribution of
dispersion, the more centrally concentrated the stars are and the
more closely the galaxy resembles to a bulge-dominated system.
This is consistent with previous works that found a correlation
between the V/o ratio and galaxy morphology (Courteau et al.
2007; Catinella et al. 2012).

However, it is important to make sure that such a scenario is
not only qualitatively, but also quantitatively consistent with our
findings. Thus, in this section we compare our results with the
predictions of the theoretical model developed by Bekki (2013) for
isolated galaxies. A detailed comparison with numerical simulations
in a cosmological context will be the focus of a future paper. The
immediate advantage of using the Bekki (2013) code is that, thanks
to its high resolution (3 x 10° M in mass and 193 pc in size), we
can analyse the output of the simulation using the same tools used for
the SAMI data, and extract physical quantities in a consistent way.
The main goal of this exercise is simply to test if the scatter in the
M.,—j, relation and the relation between stellar concentration and
g can be reproduced by increasing the mass of a fully dispersion
supported bulge component.

We use the realizations of disc galaxies presented in Bekki (2014).
Briefly, a disc galaxy is assumed to consist of a dark matter halo,
a stellar and gas disc, and a stellar bulge. The gas-to-stellar mass
ratio and the total stellar-to-dark matter disc mass ratio are set to be
0.1 and 0.06, respectively.

The initial density profile of the dark matter halo is assumed to
be a Navarro—Frenk—White (Navarro, Frenk & White 1997) profile
with concentration set to 10. The bulge component has a Hernquist
(1990) density profile evaluated up to five scalelengths, with the
bulge scale length set to 0.35 times that of the disc. The bulge
is assumed to be non-rotating and to have an isotropic velocity
dispersion. The radial velocity dispersion is given according to
the Jeans equation for a spherical system, including also the mass
contribution from the halo.

The radial (R) and vertical (Z) density profiles of the stellar disc
are assumed to be proportional to exp (—R/Ry) extending up to
five scalelengths, and to sech’(Z/Z,) with scalelength Z, = 0.2R,,
respectively. The size of the gas disc is twice that of the stellar one.

In addition to the rotational velocity caused by the gravitational
field of the disc, bulge, and dark halo components, the initial ra-
dial and azimuthal velocity dispersions are assigned to the disc
component according to the epicyclic theory with Toomre’s param-
eter O (Toomre 1964). Here, we choose Q = 3.0, which appears
to best match the observed stellar velocity dispersion of SAMI
galaxies.

We consider models for two values of bulge-to-disc stellar mass
ratio (B/D = 0 and 1) and three total dark matter masses (1, 0.3
and 0.1 x 10" M, corresponding to disc scalelengths of 3.5,
1.9 and 1.1 kpc). For each model, we extract line-of-sight velocity,
velocity dispersion and stellar density maps using a mesh size of
0.5 kpc, roughly consistent with the typical size of SAMI spaxels,
and assuming three inclinations: 10, 50 and 80 deg. ‘Observed’
total stellar masses, effective radii, ellipticities and concentration
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indices® are estimated directly from the stellar mass distribution
maps by fitting isophotal ellipses, following the technique described
in Cortese et al. (2012). Specific angular momentum and Ay are then
extracted within one effective radius following equations (7) and (9),
and using exactly the same software adopted for the SAMI data.
The only difference between simulated and observed parameters is
that simulated j, and A; are weighted by stellar mass instead of
luminosity.

In Fig. 8, we compare the model predictions with the SAMI
data on the M,—j, (left) and the Ag—Roy/Rso (right) relations. The
beige and orange points show the B/D = 0 and B/D = 1 cases,
respectively. The agreement between simulated and real data is
encouraging. Although the slope of the M,—j, relation is a direct
consequence of the modelling (i.e. of the assumptions made on
the mass and velocity profiles), it is interesting to see that we are
able to quantitatively reproduce the difference between the pure-
disc and bulge plus disc models not only in the M,—j, relation, but
also in the Ag—Rgy/Rso plot. The difference between models with
different inclinations (circles, diamonds and triangles in Fig. 8)
also gives an idea of the systematic uncertainty in our inclination
correction. In particular, it is not surprising that the inclination
correction is much more erroneous for bulge-dominated spirals than
for pure discs. For inclined early-type discs, the best-fitting ellipses

©In order to be consistent with observations, effective radii are obtained by
fitting isophotal ellipses, while the concentration index comes from the radii
obtained from fitting circular apertures to the simulated data.

to the entire galaxy have generally a smaller ellipticity than the
disc alone, significantly affecting the accuracy of our inclination
correction. Although Fig. 8 indicates that our inclination correction
might underestimate j, for face-on bulge-dominated galaxies, we
note that just a couple of galaxies in our SO sample are face-on,
whereas the vast majority of our targets have inclinations greater
than 40 deg where our correction appears to work properly.

In summary, it is clear that the presence of prominent, fully
dispersion supported bulges can quantitatively reproduce the offset
between late- and early-type galaxies in the M,—j, relation and the
trend seen between spin and concentration (see also RF12). Thus,
this comparison confirms that the results presented in this paper
can be interpreted as a simple manifestation of the physical link
between the stellar density distribution and kinematics in galaxies
across the Hubble sequence. The next step is therefore to compare
our findings to the predictions of cosmological simulations to follow
the growth of mass and angular momentum in galaxies in a self-
consistent fashion (e.g. Genel et al. 2015; Snyder et al. 2015; Teklu
et al. 2015).

6 DISCUSSION AND CONCLUSIONS

The analysis presented in this paper provides quantitative evidence
that both the stellar and gas specific angular momentum of galaxies
measured within one effective radius strongly correlate with stellar
mass. The slope of the relation across the whole sample (~0.64) is
remarkably close to the value expected from analytical models (2/3).

MNRAS 463, 170-184 (2016)
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However, given that our sample is not complete, future confirmation
for the exact slope of the M,—j, relation is needed.

We show that for stellar masses > 10 Mg, the scatter in the
M.~ j, relation is related to the stellar-light distribution, hence mor-
phology, of galaxies. Compared to previous works, not only do we
take advantage of significantly larger number statistics, but also,
thanks to SAMI integral field spectroscopy, we are able to quantify
the specific angular momentum using exactly the same technique
for all galaxies in our sample.

One of the most important implications of our findings is that,
from a statistical point of view, we can quantify galaxy morphology
via the kinematic properties of galaxies: once we know the stellar
mass and specific angular momentum of an object, we can predict
what its stellar-light profile will be. In other words, galaxies lie
on a tight plane defined by their Sérsic index, stellar mass and
specific angular momentum (see also OG14). A similar conclusion
is reached if jg, is used instead of j.. However, as the presence
of Ho emitting gas up to one effective radius is not widespread
in early-type systems, it is much more challenging to use jg, to
calibrate the M,—j—n, plane.

‘We show that, from a physical point of view, the scatter in the M,—
J« relation is simply a consequence of the fact that, at fixed stellar
mass, the contribution of ordered motions to the dynamical support
of galaxies varies by at least a factor of 3. Indeed, the stellar spin
parameter Ay is even more correlated with the scatter in the M,—j.
relation. This is quite remarkable considering that Ay is a projected
quantity, not corrected for the effect of inclination. Intriguingly,
we find that the correlation between Az and morphology seems to
break down for bulge-dominated, slow-rotator galaxies, suggesting
that at fixed stellar concentration we can have a wide range of spin
parameters. However, this could simply be an inclination effect,
and further analysis (including accurate inclination corrections) are
needed to determine whether or not the stellar density distribution
alone is sufficient to isolate slow rotators (Emsellem et al. 2011;
Krajnovic et al. 2013).

Conversely, the tight relation between spin and Sérsic index ob-
served for the rest of our sample shows that, when we look at their
stellar distribution and kinematics, early-type fast rotators and late-
type galaxies are not two separate classes of objects, but represent
a ‘continuum’ connecting pure-discs to bulge-dominated systems.
Given that galaxies with a disc/rotationally supported component
are by far the most common in the local Universe (Emsellem et al.
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2011; Kelvin et al. 2014), the ability to link their morphological
properties to their kinematics is of critical importance for under-
standing the origin of the Hubble sequence. For example, as also
illustrated by Fogarty et al. (2015), our results imply that, if galax-
ies are really morphologically transformed, their stellar kinematics
should be affected as well. Similarly, if galaxy transformation is sim-
ply a result of the quenching of the star formation (and of the conse-
quent fading of the spiral arms), at fixed stellar mass passive galaxies
should show the same kinematical properties as star-forming discs.
Thus, information on the stellar kinematics of galaxies can allow us
to investigate these scenarios, moving beyond relations such as the
morphology—density relation. Particularly promising is the ability
to investigate the effect of the environment in terms of mass, star
formation and angular momentum without the need to split galaxies
by morphology, as is currently done even for the so-called kinematic
morphology—density relation (Cappellari et al. 2011b).

Although our findings are consistent with theoretical expecta-
tions, and with previous observations by RF12 and OG14, they may
appear in contradiction with Krajnovi¢ et al. (2013), who did not
find a correlation between Sérsic index and A for early-type galax-
ies in ATLAS3P. However, it is easy to show that this is simply due
to the fact that the ATLAS?P sample included only early-type galax-
ies, thus missing the large family of rotationally supported systems
with little or no bulge component. Indeed, if we focus on early-type
galaxies only, it is clear from the top row of Fig. 7 that the trend
disappears also in our sample, consistently with fig. 4 in Krajnovi¢
etal. (2013). This simply supports the argument that early-type fast
rotators and late-type galaxies should be treated as a single popu-
lation, and it is fully consistent with the proposed revision of the
Hubble tuning-fork, where SOs are directly linked to late-type disc
galaxies and they are no longer a transition class between spirals and
ellipticals (Spitzer & Baade 1951; van den Bergh 1976; Cappellari
et al. 2011b; Kormendy & Bender 2012).

In the future, it will be important to extend our results by replacing
Sérsic and concentration indices with accurate estimates of bulge-
to-disc ratios. As bulge-to-disc decomposition is arguably the most
physically motivated imaging-based morphological classification,
we should find that the increase in the importance of random motions
across the Hubble sequence is directly related to the increase of the
mass in the ‘photometric’ bulge.

Finally, it is important to highlight the limitations of our current
analysis in order to avoid dangerous extrapolation of our findings.



First, as SAMI data allow us mainly to investigate the inner parts of
galaxies, it is possible (and perhaps even expected) that some of our
conclusions change once the total (i.e. integrated up to several ef-
fective radii) angular momentum is taken into account (Arnold et al.
2014). However, the fact that RF12 reaches similar conclusions by
investigating the total specific angular momentum is encouraging.
Secondly, due to our limited spatial resolution, we struggle to trace
with extreme detail gas and stellar kinematics in the inner 1-2 kpc
of our targets. Thus, at this stage, our velocity maps do not allow
us to discriminate between the presence of a classical or a pseudo-
bulge (Kormendy & Kennicutt 2004) and determine their role in the
scatter of the M, — j, relation. This means that velocity maps with
kiloparsec or subkiloparsec resolution, extending up to the outer
edges of galaxies, will be critical for further unveiling the complex
connection between galaxy structure and kinematics.

Nevertheless, our work already demonstrates how homogeneous
estimates of the stellar and gas angular momentum across all galaxy
types allow us to move beyond visual morphology and shed light
on the physical origin of the Hubble sequence.
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