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majority of early-type galaxies have regular 2D velocity fields 
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(a) = (b) = (c) = (d) =                     (e) =

Non-Regular Rotator Regular Rotator

No Rotation     Complex Velocity           KDC           Counter-rotation

No Disk Stellar Disk

Figure 4

Morphological classification of stellar kinematic. The features in large samples of ETGs
can all be qualitatively described by five classes. (a) No clearly detectable rotation (NGC 4374);
(b) Clear but not regular rotation (NGC 4552); (c) kinematically distinct core (KDC; NGC 5813);
(d) Counter rotating disks (NGC 4550); (e) Regular extended disk-like rotation (NGC 2974). The
five classes were introduced by Krajnović et al. (2011). The Voronoi binned (Cappellari & Copin
2003) kinematics were taken from Emsellem et al. (2004). The symbols above the maps are used
consistently throughout this review.

from a volume-limited sample of 871 galaxies brighter than M

Ks < �21.5, within D . 42

Mpc. The observations of the sample spanned from the radio to the millimeter and optical.

The survey includes galaxies with a minimum stellar mass of M⇤ & 6⇥ 109.

ATLAS3D confirmed the striking visual distinction between the kinematics of “regular

rotator” or “non-regular rotator” (Krajnović et al. 2011). It additionally defined four sub-

classes of the non-regular class as illustrated in Figure 4. Non-regular rotators were found to

(a) either not rotate at all, (b) to show clear but not bi-symmetric or irregular rotation, (c)

to present a kinematically decoupled cores (KDCs, these features were discovered by Bender

1988; Jedrzejewski & Schechter 1988; Franx & Illingworth 1988; Franx et al. 1989) or (d)

to indicate the presence of two counter-rotating disks (like the prototypical S0 NGC4550

discovered by Rubin et al. 1992; Rix et al. 1992).

3.2. Generalizing photometry to kinematics maps

LOSVD:
Line-of-sight velocity
distribution

A galaxy image is only the 0th moment of the line-of-sight stellar velocity distribution

(LOSVD). This suggests one may use an approach similar to that described in Section 2.3

to measure the the shape of the higher moments of the LOSVD, and in particular the

mean velocity field, which is the best measured quantity. Like in the photometric case, the

approach will work as long as one can find a good zero-order description of the velocity

along the best-fitting ellipse.

In the case of photometry, the zero-order approximation along a best-fitting ellipse is a

constant. Krajnović et al. (2006, 2008) discovered that the velocity field of ETGs along the

best-fitting ellipse, is approximated by a cosine law V ( ) = V0+B1 cos( ) with better than

2% accuracy. This is the same form one would expect if the kinematics was the one of an

8 M. Cappellari

ATLAS3D Krajnović+ 2011; Cappellari 2016 



ATLAS3D results suggest two kinematic families: 
     1) ~85% nearly oblate fast-rotators  &  
     2) ~15% slow rotators with complex dynamical structures  

Jesse van de Sande    Sydney Institute for Astronomy 3 

Cappellari 2016 
Emsellem+ 2011 
Fogarty+ 2015 

= Proxy for spin parameter. 
    Characterises overall  
    importance of angular 
    momentum relative to  
    random motion. 



Link between morphology and kinematic structure? 
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Cappellari 2016; Fogarty+ 2015; Falćon-Barroso+2015 



THE BUILD-UP OF MASS AND ANGULAR MOMENTUM  
IN GALAXIES ACROSS MORPHOLOGY AND ENVIRONMENT  
WITH SAMI  

What are the physical processes responsible for galaxy 
transformations? 
 
How does mass and angular momentum build up? 
 
How do we dissect the assembly history of individual 
galaxies? 
 

Jesse van de Sande    Sydney Institute for Astronomy 5 
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•  The Sydney-AAO Multi-object Integral field spectrograph (Croom et al. 2012). 
 

•  1 degree diameter field-of-view. 
 

•  13 x 61 fibre IFUs using hexabundles (Bland-Hawthorn et al. 2011; Bryant et al. 2014). 
 

•  Fused fibre bundles; high fill factor, 75%. 
 

•  15” diameter IFUs, 1.6” diameter fibres. 
 

•  Feeds AAT’s ground-based AAOmega spectrograph. 
 

•  Wavelength coverage/resolution:  
Blue: 3700-5800A, R~1800, sigma=70km/s 
Red: 6300-7400A, R~4260, sigma=30km/s 



IFS Survey of 3600 galaxies  
~2300 observed 

•  Total of ~200 nights, due to complete in mid-2018. 
•  Primary fields using GAMA (Driver et al. 2010) 

•  Robust group/pairs catalogue (Robotham et al. 2011). 
•  GALEX, SDSS, VST, UKIDSS, VISTA, WISE, Herschel imaging. 

•  HI 21cm from ALFALFA (half the area), and in the future ASKAP. 
•  8 clusters targeted (~800 gals) – (Owers et  al. 2017) 

Coming Soon: Data Release 1 
772 galaxies, reduced spectral cubes, emission-line & star-formation maps  

Jesse van de Sande    Sydney Institute for Astronomy 7 

SAMI instrument and target selection 2859

Figure 1. Top: new design for the magnetic connector which attaches a
hexabundle to the field plate. The diameter of the footprint of the connector
is 12.5 mm on the field plate, requiring a separation of at least 15 mm
between galaxies in any one tiled field. A rectangular protrusion or ‘key’
in the outer ring slots into a smaller hole in the plate beside a larger hole
for the central hexabundle ferule. The key secures the rotation of the bundle
relative to the plate. Lower: one of the 61-core hexabundles manufactured
at the University of Sydney. The diameter of the hexabundle is <1 mm and
is mounted in the centre of the smallest tube in the top image, inset in the
black cylinder which protects the face of the fibres.

Table 1. Throughput of the upgraded SAMI-II fibre
cable using WFS105/125 fibre with slit blocks at-
tached, compared to both bare fibre of the same type
(WF105/125), and to the previous SAMI fibre type
(AFS105/125). Throughputs were measured through B
and R Bessel filters, centred at 457 nm (width 27 nm)
and 596 nm (asymmetric profile of width 60 nm),
respectively.

Fibre type Per cent blue Per cent red
(all 40+/−1 m long) throughput throughput

AFS105/125 55 81
Bare WF105/125 83 91
WF105/125 fibre cable
with slit block 82 91.5

has a throughput that is similar to bare WF105/125 fibre, and clearly
much better than the AFS105/125 fibre used in the original SAMI
instrument. In the blue, the fibre replacement gives a 30 per cent
gain in throughput for the fibre component of the SAMI system.

The original fibre cable for SAMI-I suffered from significant
FRD, leading to losses of up to 50 per cent in the blue. This was due
to the ribbonizing of the fibres and the packaging method within the
fibre cable (see Croom et al. 2012, for details). The new fibre cable
was designed to minimize FRD by packing the fibres in groups of
21 within single furcation tubes. Each tube was less than half filled
and each slit block of 63 fibres fed into three furcation tubes. In
addition, the fibre cable into which these were packed was designed
to minimize rotation and hence twisting of the fibres. The FRD of
two of the new slit blocks with ∼40.7 m fibre cable attached, was
tested before assembly of SAMI-II. Four fibre cores were tested
in each slit block. The loss due to FRD in all four cores of the
first slit block is <1 per cent, while the other slit block measures
FRD losses of up to 3.5 per cent in the Bessel B filter band and
2.5 per cent in the Bessel R filter band. The residual FRD is likely
to be from compression of the fibres in the slit block glass or
compression/twisting of the fibres due to the memory effect of the
short guiding tube that aligns the fibres into the slit block.

The total end-to-end throughput of SAMI was measured from
standard star observations and in Fig. 2, we compare the throughput
before the upgrade to that after the upgrade to SAMI-II. In each case
several observations of a standard star taken in good conditions on
a clear night were analysed and their throughputs were averaged.
The throughput curves include all elements from the sky to the
detector (telescope + spectrograph + SAMI) and are shown with
and without the atmospheric losses. The two major improvements
in SAMI throughput that are highlighted in this plot are first, the
upgrade of the fibre cable and secondly, the new CCD and optics
cleaning, and we now discuss these in turn.

The original SAMI-I fibre cable (including the AFS105/127Y
fibre) shows the lowest throughput, with a significant drop-off to-
wards the blue. This drop-off is a combination of both the poor
blue throughput of the original AFS105/125Y fibre and the FRD
from the cable packaging and handling. At 4400 Å (centre of the
Bessel B filter from laboratory tests), the measured throughput is
a factor of 1.8–2.2 lower than the theoretical value from fibre type
alone. This agrees with the FRD laboratory tests of the SAMI-I
cable as discussed in Croom et al. (2012), in which the FRD re-
sulted in a factor of up to ∼2 lower throughput in the Bessel B
filter band. Similarly, in the blue end of the red (6400 Å) where
the original cable was tested in the Bessel R filter band, the losses
had been a factor of ∼1.5 in throughput due to FRD alone, which
matches the improvement we now see with the new fibre cable.
Therefore we are confident that the new fibre type and cabling has
removed the FRD losses and improved the fibre transmission as
expected.

The second major improvement in Fig. 2 is highlighted by data
taken after 2014 March (green). In 2014 March, the primary mirror
of the AAT was re-aluminized for the first time in several years,
the blue CCD in AAOmega was upgraded (Brough et al. 2014)
and the optics in AAOmega were thoroughly cleaned. The primary
mirror reflectivity was measured to improve from ∼75 per cent to
∼85–88 per cent which is a factor of up to 17 per cent improvement.
While the improvement from cleaning the AAOmega optics was not
measured, it is estimated to be another 10 per cent improvement. The
broad level of increase in throughput we measured in the data since
then can be explained by this optics cleaning in the blue and the
red. The expected improvement from the new CCD in the blue was
around 5 per cent, which cannot be disentangled from the increased
throughput due to the optics cleaning. The AAOmega blue CCD
upgrade also removed cosmetic defects, which assists in the SAMI
data reduction and spectral line analysis.

MNRAS 447, 2857–2879 (2015)
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SAMI Galaxy Survey Target Selection 

• Median major axis 
Re=4.4” (10-90% range 
1.8-9.4”) 

•  IFU samples to median 
1.7Re. 

• ~2/3 of galaxies in 
GAMA group cat 
(Robotham+11). 

4 Green et al.

Fig. 1.— The SAMI Galaxy Survey selection is based on bins in redshift and stellar mass (assuming an ? initial-mass function). The
primary targets lie above the red line, and secondary (filler) targets are extended to lower stellar mass, between the yellow and red lines.
Additional high-redshift secondary targets are above the cyan line. Light grey points show the full SAMI Galaxy Survey sample, while the
targets comprising DR1 are coloured by e↵ective radius (Re) in arcsec. The inset histogram illustrates that the Re distribution of the DR1
galaxies (black) is representative of the full primary survey sample (grey).

selection function for the Cluster Sample is similar to
that for the SAMI-GAMA Sample. TO DO: Remove
this paragraph, as it is redundant (see last para-
graph Sampling of galaxy clusters in Sec. 2.6).

2.3. Observing strategy

Bryant et al. (2015) describe the process of allocating
target galaxies to fields for observation.
Our standard observing sequence consists of a flat-field

frame (from the illuminated AAT dome) and arc frame,
followed by seven object frames each of 1800 s expo-
sure. A flat field and arc are taken to end the sequence.
The seven object exposures are o↵set from one another
in a hexagonal dither pattern (see Bryant et al. 2015,
Fig.16), with the subsequent frames radially o↵set from
the first exposure by 0.7” in each of six directions 60
degrees apart. This o↵set is applied based on the most
central guide star in the field, using an o↵set in pixels on
the guide camera. Variations in atmospheric refraction
and dispersion between di↵erent exposures causes the ef-
fective o↵sets to di↵er for di↵erent galaxies on the same
field plate. However, with the high fill factor of SAMI

hexabundles, this barely a↵ected data quality (see espe-
cially Section 3.4.7). The change in o↵set across the field
is measured as part of the alignment process during data
reduction as described in Sharp et al. (2015).
Where possible, twilight-sky frames are taken for each

field to calibrate fibre-throughput. Primary spectropho-
tometric standards are observed each night having pho-
tometric conditions to provide relative flux calibration
(i.e. the relative color response of the system).

2.4. Data reduction

The SAMI Team reduces raw telescope data to the
spectral cubes and other core data products in two ma-
jor stages that are automated for batch processing using
the “SAMI Manager”, also part of the sami package.
The specifics of both stages are detailed in Sharp et al.
(2015). Subsequent changes and improvements to the
process are described in section 3 of Allen et al. (2015)
and in Section 3.2 of this paper.
The first stage of data reduction takes raw 2D detec-

tor images to partially calibrated spectra from each fi-
bre of the instrument. Processing for this stage uses the



The diversity of  SAMI science so far 

•  Kinematics and Angular Momentum – Fogarty++ 2014; Fogarty++ 2015; Cecil++ 
2016; Oh++ 2016; Cortese++ 2016; van de Sande++ 2017; Bloom++ 2017a, 
Bassett++ 2017; Taranu++ 2017; Brough++ 2017; Foster++ 2017. 
 

•  Stellar populations  – Scott++ 2017 
 

•  Scaling relations – Cortese++ 2014; Scott++2015, Bloom++ 2017b 

•  Winds and outflows – Fogarty++ 2012; Ho++ 2014; Ho++ 2016 
 

•  Star formation – Richards++ 2014;  Richards++ 2016; Schaefer++ 2017a; Federrath
++ 2017; Schaefer++ 2017b; Zhou++ 2017, Medling++ 2017 
 

•  AGN – Allen++ 2015. 
 

•  Instrument/Survey – Croom++2012; Sharp++2015; Allen++2015; Bryant++2015; 
Owers++ 2017; Green++ 2017 
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Galaxies of all types lie on a plane relating mass, angular 
momentum and stellar-light distribution  (Cortese et al. 2016)



large-scale morphology of a galaxy is likely regulated by 
its mass and dynamical state    (Cortese+16)

Late and Early-type fast-rotators  
form a continuous class in terms of  
their kinematic properties 

The correlation between the offset from 
the M∗–j relation and spin parameter λR 
shows that at fixed M∗ the contribution of 
ordered motions to dynamical support 
varies by >3x 

Angular momentum and optical morphology 181

Figure 7. The stellar λR–nr (top-left), λR–R90/R50 (top-right), λR/
√

ϵ–nr (bottom-left), λR/
√

ϵ–R90/R50 (bottom-right) relations for our sample. Points are
colour-coded by visual morphology as in Fig. 2. Circles and triangles indicate galaxies with ellipticities larger and smaller than 0.4, respectively.

indices6 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 λR 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 λR 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 λR–R90/R50 (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 λR–R90/R50 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

6 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 S0 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 D I S C U S S I O N A N D C O N C L U S I O N S

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)



The role of environment in building slow rotators 
•  Increased fraction of slow rotators in cluster centres  

(Cappellari et al. 2011b; Cappellari 2013; Houghton et al. 2013;  
D’Eugenio et al. 2013; Scott et al. 2014; Fogarty et al. 2014). 
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Figure 10. The spatial distribution of the observed early-type member galaxies in the 8 clusters. The point sizes indicate stellar
mass and the colors indicate log(�R

fid

). The black contours show galaxy isopleths that are adaptively smoothed using a varying
bandwidth Gaussian kernel as described in Owers et al. (2017). The X and Y axes are in units of R200. The slow-rotating
galaxies (redder) are generally associated with the cluster centers and substructure.

Simulations are also observing relationships between
specific angular momentum and spin parameter and
mass. The analysis of specific angular momentum in
the EAGLE simulation (Schaye et al. 2015) by Lagos
et al. (2017) also finds that it depends on stellar mass
and concludes that galaxies with low j

e

at z ⇠ 0 are a
product of two pathways: galaxy mergers and early star
formation quenching. Similarly, analysis of the Illustris
simulation (Genel et al. 2014) galaxies by Penoyre et al.
(2017) finds that the slow-rotating elliptical galaxies are
more massive than the fast-rotating galaxies. They also
find that the slow-rotating galaxies have evolved from
fast rotators since z = 1 as a result of mergers causing
them to spin down. However, neither of these simula-
tions include the massive cluster environments studied
here. Choi & Yi (2017) examine the evolution of the
spin parameter of galaxies in cluster environments in a
cosmological hydrodynamic simulation. They find that
the spin evolution is mass dependent, with more massive
galaxies (log(M⇤/M�) > 10.5) experiencing more spin-
down, mainly as a result of major and minor mergers.
In contrast, while the spin parameter of the lowest mass
galaxies (log(M⇤/M�) < 10.5) also falls with time, this
decrease is more driven by environment than by merg-
ers. Because this mass range is at the very lowest end of
our sample we cannot rule this prediction out. We also
note that observations of low-mass dwarf galaxies
see a strong relationship between spin parameter
and environment (Toloba et al. 2015).

In this analysis, we have a large enough sample to
disentangle the e↵ects of local environment and stellar
mass on spin parameter. When the distribution of �

R

fid

with stellar mass is analysed together with the galaxies’
local environment, we find no significant residual depen-
dence on environment. The lack of dependence of spin
parameter on environment, once the e↵ects of mass are
removed, is in contrast to the analysis of the Fornax
and Virgo clusters by Scott et al. (2014). They found
that even in mass-matched samples of slow and fast ro-
tators, the slow rotators were found at higher projected
environmental densities than the fast rotators. How-
ever, we note that that study was of N ⇠ 70 galaxies in
two low-mass clusters and our analysis of the kinematic
morphology–density relationship shows that the picture
in individual clusters may di↵er from the distribution
as a whole. Our observations are consistent with more
recent analyses of the classical morphology-density rela-
tionship which show that at fixed stellar mass, morphol-
ogy is only weakly dependent on environment (Bamford
et al. 2009).
Figure 10 shows the spatial distribution of the slower

and faster rotators in each of the clusters. The slow-
rotating galaxies that are not within the cluster cores
are generally observed to reside within substructure in
those clusters. These substructures are likely to be made
up of groups that have fallen into these clusters (Yi
et al. 2013). We postulate that this is evidence that
the kinematic morphology–density relationship is a re-

(Brough+17) 



Fraction of slow rotators correlates stronger 
with stellar mass than environment (Brough+17) 

•  The cluster kinematic morphology-density relationship likely due to mass 
segregation via dynamical friction. 

•  Also recently seen in ATLAS3D+MASSIVE (Veale et al. 2017). 

13 



Jesse van de Sande    Sydney Institute for Astronomy 14 

Origin of fast and slow rotators 3367

Table 2. Properties of galaxy classes.

Class M∗ λR λR-profile ϵ Mins/M∗ ⟨age⟩ Mergers h3 – v/σ Map-features
(1) (2) (3) (4) (5) (6) (7) (8) (9)

A 11 0.45 Peaked 0.45 0.27 9.7 mj and mi Strong Dumbbell
B 8.7 0.47 Rising 0.45 0.29 9.3 mj and mi Strong Discs
C 10 0.10 Flat 0.31 0.24 9.9 mj and mi No Dispersion dip
D 26 0.23 Rising 0.36 0.11 10.6 mj and mi Very weak Fast rotation
E 29 0.11 Slowly rising 0.43 0.14 10.7 mj and mi No Slow rotation
F 24 0.08 Flat 0.27 0.13 10.9 mi only No No rotation

Note. (1) Assembly class as discussed in the text. (2) Mean stellar mass inside R10 in 1010 M⊙. (3) Mean value of λR.
(4) Shape of the λR-profile. (5) Mean ellipticity. (6) Mean in situ mass fraction; dissipative assembly for galaxies with
a fiducial value larger than 18 per cent. (7) Mean mass-weighted stellar age in Gyrs. (8) Mergers relevant for galaxy
assembly; mj: major mergers, mi: minor mergers. (9) Strength of the anticorrelation between h3 and v/σ . (10) Special
features in the kinematic maps.

Figure 6. Global edge-on λR-parameter versus stellar galaxy mass. As
in Fig. 4, the galaxies are colour coded by their assembly class. Galaxies
involving dissipation in their late formation (class A, B and C) dominate
lower masses. Galaxies with late dissipationless assembly (classes D, E and
F) form the most massive systems with a lower specific angular momentum.

The distribution of galaxies in the λR–M∗ plane in shown in Fig. 6
for the galaxies seen edge-on (projection effects are discussed in
Section 6). Galaxies with the highest stellar masses are all slowly
rotating and mostly belong to classes E and F. At lower stellar
masses, the distribution is bi-modal with a group of galaxies with
slow rotation λR ! 0.15 all belonging to group C and another group
of galaxies (mostly from group A and B) showing rapid rotation
λR " 0.25. These results indicate that slow rotators at low stellar
masses have predominantly formed from dissipative major merg-
ers whereas at high stellar masses the recent assembly history was
essentially collisionless. Similar conclusions have been reached by
Khochfar et al. (2011) looking at the fast and slow rotator demo-
graphics in semi-analytical models.

In Fig. 7, we show the location of the central galaxies in the
λR–ϵ plane colour coded by their assembly classes. Here, the char-
acteristic values of λR as well as ϵ have been determined at one
effective radius. Galaxies with dissipative histories (classes A and
B) are the fastest rotators with ellipticities 0.3 ! ϵ ! 0.58. Galaxies
of class D have intermediate properties. The slowest rotators are
classes C (gas-rich major merger), E (gas-poor major merger) and
F (only minor mergers). The roundest (ϵ ∼ 0.27) and most slowly
rotating (λR ∼ 0.08) galaxies are those of class F whose z < 2

Figure 7. The λR-parameter versus projected edge-on ellipticities at re. As
in Fig. 4, the galaxies are colour coded by their assembly class. Galaxies of
class A and B (blue colours) are all elongated fast rotators. Galaxies of class
D are rounder and rotate more slowly. The most elongated slow rotators
are class E galaxies (orange). Galaxies of class C (green) show similarly
low rotation but are rounder. The slowest rotators and roundest galaxies
are those of class F (red), whose assembly history is dominated by minor
mergers alone.

mass assembly is dominated by minor mergers. Slow rotators with
late gas-poor major mergers (class F) are the most flattened with
ellipticities similar to fast rotators. Galaxies of this class are also the
oldest at an average age of 10.9 Gyr. In Fig. 8, we show the mean
age as a function of the in situ mass-fraction colour coded by assem-
bly class. The overall correlation is almost by construction. Still,
galaxies of classes D, E and F have consistently old ages (∼10.7
Gyr) whereas the age spread for classes A, B and C is significant
(8.2 Gyr ! age ! 11.0 Gyr).

In addition, we present for all galaxies the correlation between
the individual pixel values of v/σ and h3 as well as h4 inside one
effective radius (Fig. 9). A strong anticorrelation of h3 and v/σ in-
dicates line-of-sight velocity distributions with steep leading wings
indicative of a rotating axisymmetric stellar body and, eventually, a
stellar disc (see e.g. Bender et al. 1994). A positive (negative) value
for h4 indicates a velocity distribution that is more (less) peaked than
a Gaussian. We present the correlations for three galaxy groups sep-
arately. Galaxies of assembly class A and B show a similarly strong
anticorrelation of v/σ and h3. These galaxies are also fast rotators

MNRAS 444, 3357–3387 (2014)
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Naab et al. 2014 

A. FRs with gas-rich  
     minor-mergers   
B. FRs with late gas-rich 
     major mergers.  
D. FRs with late gas-poor  
      major mergers.  
 
C. E. F. Slow rotators 
 

Hydro Simulations suggest that galaxies with similar 
λre-εvalues can have very different assembly histories 

To better understand the assembly and merger history of  
individual galaxies, we have to study high-order kinematic features.  



FRs with gas-rich mergers show a strong  h3-(v/σ) anti-
correlation 
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Figure 9. Local pixel values within r
e

of h
3

(upper panels) and h
4

(lower panels) versus v/� for all galaxies of assembly classes A and
B (left panels), class D (middle panels, and classes E, C, and F (right panels). Maps of fast rotating class A/B galaxies clearly show an
anti-correlation indicating steep leading wings in the local line-of-sight velocity distributions caused by axisymmetry and/or the presence
of a disc-like component. The amplitude of h

4

is low and class A shows a V-shaped structure. Galaxies of class D can also be rotation
dominated but show no correlation between h

3

and v/� - a signature of the recent gas poor major merger. Galaxies of classes E, C, and
F rotate slowly and show no correlations. The amplitude of h

4

is in general higher than for classes A, B, and C. These results are in
good qualitative agreement with observed early type galaxies (Krajnović et al. 2011).

are in good qualitative agreement with observed early-type
galaxies (Emsellem et al. 2004, 2011). Based on the same
simulations Wu et al. (2012) find that the trends in �

R

ex-
tend to even larger radii.

The distribution of galaxies in the �
R

-M⇤ plane in
shown in Fig. 6 for the galaxies seen edge-on (projection
e↵ects are discussed in Section 6). Galaxies with the high-
est stellar masses are all slowly rotating and mostly belong
to classes E and F. At lower stellar masses the distribu-
tion is bi-modal with a group of galaxies with slow rotation
�
R

. 0.15 all belonging to group C and another group of
galaxies (mostly from group A and B) showing rapid rota-
tion �

R

& 0.25. These results indicate that slow rotators at
low stellar masses have predominantly formed from dissipa-
tive major mergers whereas at high stellar masses the recent
assembly history was essentially collisionless. Similar conclu-
sions have been reached by Khochfar et al. (2011) looking
at the fast and slow rotator demographics in semi-analytical
models.

In Fig. 7 we show the location of the central galaxies
in the �

R

- ✏ plane color coded by their assembly classes.
Here the characteristic values of �

R

as well as ✏ have been
determined at one e↵ective radius. Galaxies with dissipative
histories (classes A and B) are the fastest rotators with ellip-

ticities 0.3 . ✏ . 0.58. Galaxies of class D have intermediate
properties. The slowest rotators are classes C (gas-rich ma-
jor merger), E (gas-poor major merger) and F (only minor
mergers). The roundest (✏ ⇠ 0.27) and most slowly rotat-
ing (�

R

⇠ 0.08) galaxies are those of class F whose z < 2
mass assembly is dominated by minor mergers. Slow rotators
with late gas-poor major mergers (class F) are the most flat-
tened with ellipticities similar to fast rotators. Galaxies of
this class are also the oldest at an average age of 10.9 Gyrs.
In Fig. 8 we show the mean age as a function of the in-situ
mass-fraction color coded by assembly class. The overall cor-
relation is almost by construction. Still, galaxies of classes D,
E, and F have consistently old ages (⇠ 10.7 Gyrs) whereas
the age spread for classes A, B, and C is significant (8.2 Gyrs
. age . 11.0 Gyrs).

In addition, we present for all galaxies the correlation
between the individual pixel values of v/� and h

3

as well
as h

4

inside one e↵ective radius (Fig. 9). A strong anti-
correlation of h

3

and v/� indicates line-of-sight velocity dis-
tributions with steep leading wings indicative of a rotat-
ing axisymmetric stellar body and, eventually, a stellar disc
(see e.g. Bender, Saglia & Gerhard 1994). A positive (neg-
ative) value for h

4

indicates a velocity distribution that is
more (less) peaked than a Gaussian. We present the correla-

c� 2012 RAS, MNRAS 000, 1–32
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FRs with gas-rich mergers show a strong  h3-(v/σ) anti-
correlation; FRs with gas-poor mergers do not 

Jesse van de Sande    Sydney Institute for Astronomy 16 

Origin of fast and slow rotators 15

Figure 9. Local pixel values within r
e

of h
3

(upper panels) and h
4

(lower panels) versus v/� for all galaxies of assembly classes A and
B (left panels), class D (middle panels, and classes E, C, and F (right panels). Maps of fast rotating class A/B galaxies clearly show an
anti-correlation indicating steep leading wings in the local line-of-sight velocity distributions caused by axisymmetry and/or the presence
of a disc-like component. The amplitude of h

4

is low and class A shows a V-shaped structure. Galaxies of class D can also be rotation
dominated but show no correlation between h

3

and v/� - a signature of the recent gas poor major merger. Galaxies of classes E, C, and
F rotate slowly and show no correlations. The amplitude of h

4

is in general higher than for classes A, B, and C. These results are in
good qualitative agreement with observed early type galaxies (Krajnović et al. 2011).

are in good qualitative agreement with observed early-type
galaxies (Emsellem et al. 2004, 2011). Based on the same
simulations Wu et al. (2012) find that the trends in �

R

ex-
tend to even larger radii.

The distribution of galaxies in the �
R

-M⇤ plane in
shown in Fig. 6 for the galaxies seen edge-on (projection
e↵ects are discussed in Section 6). Galaxies with the high-
est stellar masses are all slowly rotating and mostly belong
to classes E and F. At lower stellar masses the distribu-
tion is bi-modal with a group of galaxies with slow rotation
�
R

. 0.15 all belonging to group C and another group of
galaxies (mostly from group A and B) showing rapid rota-
tion �

R

& 0.25. These results indicate that slow rotators at
low stellar masses have predominantly formed from dissipa-
tive major mergers whereas at high stellar masses the recent
assembly history was essentially collisionless. Similar conclu-
sions have been reached by Khochfar et al. (2011) looking
at the fast and slow rotator demographics in semi-analytical
models.

In Fig. 7 we show the location of the central galaxies
in the �

R

- ✏ plane color coded by their assembly classes.
Here the characteristic values of �

R

as well as ✏ have been
determined at one e↵ective radius. Galaxies with dissipative
histories (classes A and B) are the fastest rotators with ellip-

ticities 0.3 . ✏ . 0.58. Galaxies of class D have intermediate
properties. The slowest rotators are classes C (gas-rich ma-
jor merger), E (gas-poor major merger) and F (only minor
mergers). The roundest (✏ ⇠ 0.27) and most slowly rotat-
ing (�

R

⇠ 0.08) galaxies are those of class F whose z < 2
mass assembly is dominated by minor mergers. Slow rotators
with late gas-poor major mergers (class F) are the most flat-
tened with ellipticities similar to fast rotators. Galaxies of
this class are also the oldest at an average age of 10.9 Gyrs.
In Fig. 8 we show the mean age as a function of the in-situ
mass-fraction color coded by assembly class. The overall cor-
relation is almost by construction. Still, galaxies of classes D,
E, and F have consistently old ages (⇠ 10.7 Gyrs) whereas
the age spread for classes A, B, and C is significant (8.2 Gyrs
. age . 11.0 Gyrs).

In addition, we present for all galaxies the correlation
between the individual pixel values of v/� and h

3

as well
as h

4

inside one e↵ective radius (Fig. 9). A strong anti-
correlation of h

3

and v/� indicates line-of-sight velocity dis-
tributions with steep leading wings indicative of a rotat-
ing axisymmetric stellar body and, eventually, a stellar disc
(see e.g. Bender, Saglia & Gerhard 1994). A positive (neg-
ative) value for h

4

indicates a velocity distribution that is
more (less) peaked than a Gaussian. We present the correla-

c� 2012 RAS, MNRAS 000, 1–32
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Naab et al. 2014 
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Model h3-V/σ signature of 
each individual galaxy 
with 2D Gaussian using a  
log-likelihood  approach 
 

Gaussian mixture models 
reveal 5 high-order 
kinematic classes  

van de Sande+17 



Galaxies with similarλre-εvalues can show 
different h3-V/σ signatures 
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Class 1 

Class 2 

Class 5 

Class 4 

Class 3 

van de Sande+17 



Revisiting galaxy classification through high-order 
stellar kinematics with SAMI  van de Sande+17 
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Class 5 FRs are probably 
edge-on galaxies with 
counter rotating disc or 
bar 
suggests a dearth of gas-
poor mergers among fast 
rotators.  
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Take Home Message 
 

•  IFS surveys (SAMI, MaNGA, CALIFA, ATLAS3D, MASSIVE) are  
now mass-producing 2D spatially resolved stellar population  
and kinematic measurements in galaxies (N> 2500)  

•  SAMI Galaxy Surveys highlighted here today: 
•  Galaxies of all types lie on a plane relating mass, angular momentum and stellar-light 

distribution  (Cortese+16) 
 

•  Fraction of slow rotators correlates stronger with stellar mass than environment 
(Brough+17) 
 

 

•  Galaxies with similar λre-ε values can show different h3-V/σ signatures that can be 
linked to their individual assembly history (van de Sande+17) 


