San Jose State University

SJSU ScholarWorks

Faculty Publications

June 2017

Physics and Astronomy

The SLUGGS survey: using extended stellar kinematics to
disentangle the formation histories of low-mass S0 galaxies

Sabine Bellstedt
Swinburne University of Technology

Duncan Forbes
Swinburne University of Technology

Caroline Foster
Australian Astronomical Observatory

Aaron Romanowsky
San Jose State University, aaron.romanowsky@sjsu.edu

Jean Brodie
University of California Observatories

See next page for additional authors

Follow this and additional works at: https://scholarworks.sjsu.edu/physics_astron_pub

0 Part of the External Galaxies Commons

Recommended Citation

Sabine Bellstedt, Duncan Forbes, Caroline Foster, Aaron Romanowsky, Jean Brodie, Nicola Pastorello,
Adebusola Alabi, and Alexa Villaume. "The SLUGGS survey: using extended stellar kinematics to
disentangle the formation histories of low-mass SO galaxies" Monthly Notices of the Royal Astronomical

Society (2017): 4540-4557. https://doi.org/10.1093/mnras/stx418

This Article is brought to you for free and open access by the Physics and Astronomy at SJSU ScholarWorks. It has
been accepted for inclusion in Faculty Publications by an authorized administrator of SUSU ScholarWorks. For

more information, please contact scholarworks@sjsu.edu.


https://scholarworks.sjsu.edu/
https://scholarworks.sjsu.edu/physics_astron_pub
https://scholarworks.sjsu.edu/physics_astron
https://scholarworks.sjsu.edu/physics_astron_pub?utm_source=scholarworks.sjsu.edu%2Fphysics_astron_pub%2F176&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/128?utm_source=scholarworks.sjsu.edu%2Fphysics_astron_pub%2F176&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1093/mnras/stx418
mailto:scholarworks@sjsu.edu

Authors

Sabine Bellstedt, Duncan Forbes, Caroline Foster, Aaron Romanowsky, Jean Brodie, Nicola Pastorello,
Adebusola Alabi, and Alexa Villaume

This article is available at SUSU ScholarWorks: https://scholarworks.sjsu.edu/physics_astron_pub/176


https://scholarworks.sjsu.edu/physics_astron_pub/176

of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 467, 45404557 (2017)
Advance Access publication 2017 February 17

P
Aitonamynd
eophyies

doi:10.1093/mnras/stx418

The SLUGGS survey: using extended stellar kinematics to disentangle

the formation histories of low-mass S0 galaxies

Sabine Bellstedt,'* Duncan A. Forbes,! Caroline Foster,> Aaron J. Romanowsky,***
Jean P. Brodie,* Nicola Pastorello,>>! Adebusola Alabi! and Alexa Villaume*

L Centre for Astrophysics and Supercomputing, Swinburne University of Technology, Hawthorn VIC 3122, Australia

2 Australian Astronomical Observatory, North Ryde, NSW 2113, Australia

3Department of Physics and Astronomy, San José State University, One Washington Square, San Jose, CA, 95192, USA
4Um'versity of California Observatories, 1156 High Street, Santa Cruz, CA 95064, USA

3 Deakin Software and Technology Innovation Laboratory, Deakin University, Burwood, VIC 3125, Australia

Accepted 2017 February 13. Received 2017 February 3; in original form 2016 November 18

ABSTRACT

We utilize the DEIMOS instrument on the Keck telescope to measure the wide-field stellar
kinematics of early-type galaxies as part of the SAGES Legacy Unifying Globulars and
GalaxieS (SLUGGS) survey. In this paper, we focus on some of the lowest stellar mass
lenticular galaxies within this survey, namely NGC 2549, NGC 4474, NGC 4459 and NGC
7457, performing detailed kinematic analyses out to large radial distances of ~2-3 effective
radii. For NGC 2549, we present the first analysis of data taken with the SuperSKiMS (Stellar
Kinematics from Multiple Slits) technique. To better probe kinematic variations in the outskirts
of the SLUGGS galaxies, we have defined a local measure of stellar spin. We use this parameter
and identify a clear separation in the radial behaviour of stellar spin between lenticular and
elliptical galaxies. We compare the kinematic properties of our galaxies with those from
various simulated galaxies to extract plausible formation scenarios. By doing this for multiple
simulations, we assess the consistency of the theoretical results. Comparisons to binary merger
simulations show that low-mass lenticular galaxies generally resemble the spiral progenitors
more than the merger remnants themselves, which is an indication that these galaxies are not
formed through merger events. We find, however, that recent mergers cannot be ruled out for
some lenticular galaxies.

Key words: galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies: kinematics

and dynamics.

1 INTRODUCTION

Early-type galaxies (ETGs, with either elliptical or lenticular mor-
phologies) have been the subject of many studies in recent decades.
Far from the simple objects that they were once perceived to be,
ETGs are now known to host a wide range of kinematic and dynam-
ical features, believed to be the result of varying assembly histories.

‘Within the broad context of hierarchical structure formation, one
of the most popular theories describing the history of ETGs (par-
ticularly those of massive ellipticals) is that of two-phase evolution
(Oser et al. 2010; Johansson, Naab & Ostriker 2012). An initial
phase of galaxy formation occurs at high redshift involving gas
collapse with strong radial inflows, and the primary mechanism for
stellar growth is the in situ formation of stars. The second phase of

* E-mail: sbellstedt@swin.edu.au

formation then begins at redshift ~2-3, where mass growth occurs
through the accretion of satellite systems. This scenario has shown
success in explaining the size growth of galaxies, without overpre-
dicting the mass growth. Similarly, it explains the round shapes and
older stellar populations present in many elliptical galaxies (e.g.
Lackner et al. 2012, Moody et al. 2014). The mechanisms leading
to the formation of lenticular (SO) galaxies are less well understood
than those contributing to the formation of elliptical (E) galax-
ies. Studies such as that by D’Onofrio, Marziani & Buson (2015)
indicate that spiral (Sp) galaxies are being transformed into both
E and SO galaxies over time. When measuring the fraction of spi-
ral galaxies in galaxy clusters throughout time, the fraction of both
S0/Sp and E/Sp can be seen to be increasing towards lower redshifts.

Two of the main processes that are advocated for producing
lenticulars are mergers/accretion, and the removal of gas from a
spiral galaxy through either secular or environmental mechanisms.
Numerical simulations have shown success in producing SO-like
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galaxies by merger mechanisms (e.g. Bekki 1998; Bois et al. 2011;
Tapia et al. 2014; Querejeta et al. 2015a), suggesting that SO galax-
ies can be formed from both major and minor mergers. In contrast,
SO galaxies have been found observationally with kinematics sim-
ilar to those of spiral galaxies (as shown for SO galaxy NGC 1023
by Cortesi et al. 2011). This is an indicator that these galaxies are
likely ‘faded’ spirals, rather than the remnants of galaxy mergers, in
which the progenitor kinematics would have been disrupted. Fad-
ing of spiral galaxies to produce SOs has also been supported by
studies of globular clusters (GCs) (Aragén-Salamanca, Bedregal &
Merrifield 2006). Moreover, the presence of ‘pseudo-bulges’ in
many SOs in low-density environments is a strong argument in
favour of secular evolution (e.g. Kormendy & Kennicutt 2004; Lau-
rikainen et al. 2006) that transfers gas from the disc to the bulge.

Which of these processes dominates in the formation of indi-
vidual SO galaxies is likely highly dependent on their mass, and
the environment in which they are found. The process within clus-
ters attributed to the largest amount of galaxy transformation is
ram pressure stripping (Gunn & Gott 1972), in which the intr-
acluster medium strips gas away from galaxies as they fall into
the cluster. Numerous studies have observed ram pressure strip-
ping acting on individual galaxies (e.g. Vollmer et al. 2008, 2009;
Abramson et al. 2011), and the prevalence of this process has been
highlighted by Poggianti et al. (2016), who identified 344 galax-
ies within 71 galaxy clusters that are experiencing ram pressure
stripping. Other processes that shape galaxies in clusters include
the following: galaxy harassment (e.g. Moore et al. 1996, 1999), in
which the gravitational influence of fast galaxy encounters modifies
the galaxy; strangulation (e.g. Larson, Tinsley & Caldwell 1980), a
secondary effect to ram pressure stripping and tidal stripping, where
the hot gas halo surrounding the galaxy is removed, thereby cutting
off the gas supply; gas loss due to galactic winds caused by stellar
or active galactic nuclei feedback (e.g. Faber & Gallagher 1976;
Veilleux, Cecil & Bland-Hawthorn 2005); and thermal evaporation,
in which the hot intergalactic medium evaporates gas within galax-
ies (Cowie & Songaila 1977). Furthermore, in galaxy groups and
cluster outskirts, where velocity dispersions are lower than in clus-
ter centres, processes such as tidal interactions can reshape spiral
galaxies into SOs, as shown through theoretical work by Bekki &
Couch (2011).

SO galaxies are also found in low-density field environments,
where the cluster processes described above are ineffective. In these
environments, the two dominant processes are mergers/interactions
(signatures of mergers were observed in isolated SOs by Kuntschner
et al. 2002), and secular processes such as gas loss through internal
processes, supported by observations suggesting that many field SOs
host pseudo-bulges, (e.g. Laurikainen et al. 2006).

An alternate pathway for SO formation has been suggested, in
which these galaxies are initially compact spheroidal objects at high
redshift, whose discs built up over time from cold gas accretion.
This formation mechanism was advocated by Graham, Dullo &
Savorgnan (2015), in response to indications that the prevalence
of mergers (both minor and major) is insufficient to produce the
number of SO galaxies observed in the present Universe.

There has been some discussion in recent years as to whether or
not the classification of ETGs into ellipticals and lenticulars is phys-
ically meaningful. SAURON! (de Zeeuw et al. 2002) and ATLAS?P
(Cappellari et al. 2011a) were pioneering spectral surveys that used

! Spectroscopic Areal Unit for Research on Optical Nebulae
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integral field unit (IFU) spectrographs to obtain central kinematic
measurements of a large sample of ETGs (~30 and ~260, respec-
tively). These surveys made the assertion that rather than classify-
ing ETGs according to visual morphology, they should be divided
into centrally fast and slow rotators (Emsellem et al. 2011). This
separation did not simply follow that of SO and E galaxies, with
~34 per cent of the E galaxies within the ATLAS®® survey clas-
sified as slow rotators, while ~93 per cent of the SO galaxies of
the survey were classified as fast rotators. Cappellari et al. (2011b)
suggested that ~66 per cent of fast rotating E galaxies were actu-
ally disc/lenticular galaxies for which the photometric classification
process produced incorrect conclusions.

The ATLAS?P fast/slow rotator classification is based on the
kinematics of the central regions of galaxies and, as shown by
Arnold et al. (2014) and Foster et al. (2016), the rotational behaviour
in the outskirts of galaxies can be very different to that of their
centres. As a result, the separation of galaxies into centrally fast or
slow rotators is not necessarily able to provide complete insight into
the formation of these galaxies.

In order to fully understand how different formation pathways
have affected ETGs, in particular how their recent histories af-
fect their size, shape and kinematic structure, it is necessary to
understand the kinematics in the outer regions of these galaxies,
where dynamical times are long and signatures are preserved. The
SLUGGS survey” (Brodie et al. 2014) is a multiyear project uti-
lizing the Keck telescope to collect spectral data of stellar and GC
light from 25 ETGs, out to ~3-10 effective radii (R.). This large
spatial coverage allows measurements of kinematics and metallici-
ties out to larger radii than previously existing surveys, permitting a
more detailed analysis of their potential formation pathways (Forbes
et al. 2016). Additionally, the o resolution for the SLUGGS survey
is 24kms™', a significant improvement over other IFU surveys in-
cluding the ATLAS?P survey, which has a o resolution of 90 kms ™!
(Bacon et al. 2001). This enables accurate measurements of kine-
matic properties of lower mass galaxies, which have lower central
velocity dispersions.

The four galaxies analysed here occupy the lower end of the
stellar mass range studied by the SLUGGS survey, with a lower
limit of M,. ~ 10'° M. For galaxies within this stellar mass range,
the dominant formation process for SO galaxies is still unknown.
Within this paper, we aim to explore how the measured kinematics
of observed low-mass SO galaxies compares to those of simula-
tions, and whether or not these galaxies display different kinematic
behaviour to E galaxies. We compare the kinematic properties of
our galaxies to results from binary merger simulations, and to the
assembly classes from cosmological simulations of two-phase for-
mation scenarios.

The structure of this paper is as follows: Section 2 describes
the data, including the observations and data reduction. Section 3
describes the kinematic results, including kinematic maps, higher
line-of-sight velocity distribution (LOSVD) moments and stellar
spin measurements and profiles. In this section, we also explore
the classification of lenticular versus elliptical, and identify a clear
separation between these classes. Comparison of these results to
those of simulations of galaxy formation is provided in Section 4,
and we discuss the results in Section 5. We summarize and conclude
in Section 6.

2 http://sluggs.swin.edu.au
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Table 1. Galaxy properties.

Galaxy Alt. name RA Dec. log(M.) Dist o R. PA € Viys Morph.
(NGC) (hms) (dms) M@) (Mpc) (kms™!) (arcsec) ©) (kms™1)

(1 2) 3) ) (%) (6) @) (8) ©) (10) (11) (12)
2549 . 08 18 58.3 +5748 11 10.28 123 141 14.7 179.5 0.69 1051 SO
4459 VCC 1154 1229 00.0 +1358 42 10.98 16.0 170 48.3 105.3 0.21 1192 S0
4474 VCC 1242 1229535 +14 04 07 10.23 15.5 88 17.0 79.4% 0.42 1611t S0
7457 2300 59.9 +3008 42 10.13 12.9 74 34.1 124.8 0.47 844 S0

Notes. (1) Galaxy NGC number; (2) Alternative galaxy name; (3) Right ascension and (4) Declination (taken from the NASA/IPAC Extragalactic Database);
(5) Total stellar mass (Forbes et al. 2017); (6) Distance (Brodie et al. 2014, except for NGC 2549, for which we use the value published in Tonry et al. 2001);
(7) Central velocity dispersion within 1 kpc (Cappellari et al. 2013); (8) Effective radius (Forbes et al. 2017); (9) Photometric position angle (Krajnovié
et al. 2011); (10) Ellipticity (Krajnovi¢ et al. 2011); (11) Systemic velocity (Cappellari et al. 2011a); (12) Morphological type.

TDenotes quantities published incorrectly in Brodie et al. (2014).
2 DATA

2.1 The sample

The four galaxies studied within this paper are all low-mass SO
galaxies. NGC 4474 and NGC 7457 are the two lowest stellar
mass (M,) galaxies within the SLUGGS survey, with masses of
log(M,./M@) = 10.23 and 10.13, respectively. NGC 4459 falls in
the mid-M, range, with a stellar mass of log(M,. /M) = 10.98. We
also include NGC 2549 that was not part of the original SLUGGS
survey, with a stellar mass of log(M,.,/M) = 10.28.

Emsellem et al. (2011) determined that all four galaxies are
centrally fast rotators using the ATLAS’P survey (Cappellari
et al. 2011a). NGC 4459 and NGC 4474 have an angular sepa-
ration of only 14.1 arcmin, and both reside within the Virgo cluster.
NGC 4459 and NGC 4474 are at distances from the observer of 16.0
and 15.5 Mpc, respectively (Brodie et al. 2014). We note that these
distances are based on surface-brightness fluctuation measurements
of Blakeslee et al. (2009) and Tonry et al. (2001), and more details
can be found in Brodie et al. (2014).

NGC 4459 is a dusty galaxy, with a dust disc about 17 arcsec
across, inclined at 45° to the line of sight (Ferrarese et al. 2006),
and has a large bulge (i.e. one measurement of the bulge-to-total
ratio is 0.61, using spheroid and total magnitudes from Savorgnan
& Graham 2016; however, this value varies depending on the type
of decomposition applied). The inferred inclination of this galaxy
by Cappellari et al. (2013) is 48°. Blue clumps have been seen
(Ferrarese et al. 2006), which have been interpreted as signs of
recent star formation. NGC 4474 has an elongated, edge-on stellar
disc, and contains a nuclear star cluster (Ferrarese et al. 2006), with
an inclination of 89° (Cappellari et al. 2013).

NGC 7457 is located in a field environment (Cappellari
et al. 2011b), is known to host a small bar (Michard &
Marchal 1994), has an estimated bulge-to-total ratio of 0.14 (Bal-
cells, Graham & Peletier 2007) and is claimed to have a pseudo-
bulge (Pinkney et al. 2003). Existing analysis of the SLUGGS kine-
matic data of this galaxy based on pre-2015 data (Arnold et al. 2014)
indicates that there is global rotation present, in addition to anticor-
relations of V/o with higher moments of the LOSVD (see Sec-
tion 3.2) — highlighting the presence of a kinematic disc. Cappellari
et al. (2013) infer a galaxy inclination of 74°.

NGC 2549 is an edge-on (inclination of 89°; Cappellari
et al. 2013) barred (Savorgnan & Graham 2016) SO field galaxy
with a central disc, its bulge-to-total ratio is 0.29 (Savorgnan &
Graham 2016). The central part of the bulge has been noted to be
x-shaped, with a major-axis radius of 4.9 arcsec (Laurikainen &
Salo 2017). It was observed as part of the SAURON survey, where
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it was noted that there is strong, misaligned [O 1] and HB emission
in the outer regions of the galaxy (Sarzi et al. 2006), and the gas
kinematics are misaligned with the stellar kinematics in the outer
regions. The kinematics of this galaxy were studied by Weijmans
(2009), which hints at an inner stellar disc in the kinematic map.
A set of basic properties for these galaxies is outlined in Table 1.

2.2 Observations

We use data from the DEIMOS spectrograph (Faber et al. 2003)
mounted on the Keck II telescope, collected as part of the SLUGGS
survey (Brodie et al. 2014). The new data presented in this paper are
the final observations of the SLUGGS survey, collected over three
observing runs in 2015 April and December, and 2016 March. Since
NGC 4459 and NGC 4474 have such a small angular separation,
a single system of six masks was designed to cover both galaxies.
Three of these six masks are centred solely on NGC 4459, two
focus on NGC 4474, and one is a ‘bridge’ mask, containing slits
that cover both NGC 4474 and NGC 4459. The configuration of
these masks is shown in the top panel of Fig. 1. Data were collected
for a third galaxy (NGC 4468) in this field of view, but this is only a
serendipitous object, and due to the sparse nature of the data it will
not be discussed within this paper.

We also present new data for NGC 7457 (observed in 2015 De-
cember) that we combine with the two masks previously observed
in 2013 November and September, and 2010 June (their kinematics
were reported by Arnold et al. 2014 and Foster et al. 2016). The
configuration of both new and previously observed masks is shown
in the middle panel of Fig. 1.

These DEIMOS masks were designed with the standard set-up
of the SLUGGS survey: slits are arranged to target GCs in the outer
regions, and galaxy light in the central regions. For this paper, we
analyse only the stellar spectra extracted from galaxy light — GC
data will be presented in a separate paper.

We also present the first complete data taken using the
SuperSKiMS? technique of Pastorello et al. (2016) for the galaxy
NGC 2549. This technique maximises slits across the central part of
the galaxy in order to increase the sampling density of galaxy stel-
lar light out to large radii. Three masks were made for this galaxy,
shown in the bottom panel of Fig. 1. A fourth mask was designed
to target the minor axis of the galaxy, but it was not observed due
to an instrument fault.

A summary of observation parameters for each mask, including
date of observation, exposure time and seeing conditions, is given

3 SKiMS: Stellar Kinematics with Multiple Slits
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Figure 1. DEIMOS mask layout. Panel (a): mask layout for NGC 4459
(right) and NGC 4474 (left). The background image shows the field ob-
served in the r filter with Subaru/Suprime-Cam. The galaxy between the
two is NGC 4468 — a serendipitous object. Panel (b): mask layout for NGC
7457. The background image shows the field observed in the g filter with
Subaru/Suprime-Cam. Panel (c): mask layout for NGC 2549. The back-
ground image shows the field observed in the r filter with Subaru/Suprime-
Cam. For all panels, orientation is north up, east to the left.
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Table 2. Observations.

Mask name Obs. date Exp. time Seeing
(s) (arcsec)
(1) 2) 3) 4)
Existing data:
745TM1 2010-06-12 9900 1.1
7457TM2 2010-06-13 5354 0.9
N7457M3 2013-09-29 8700 0.8
4N7457B 2013-11-02 7200 0.9
New data:
2N4474 2015-04-12 6422 0.4
1N4459 2015-04-12 7200 1.2
3N4474 2015-12-07 6900 0.9
IN2549 2015-12-08 7200 0.7
2N4459 2015-12-08 7200 0.7
2N2549 2015-12-09 6000 0.7
IN7457 2015-12-09 7200 2.0
1N4474 2015-12-09 7200 1.3
3N2549 2015-12-10 7200 1.2
4N4459 2016-03-09 9000 1.3

Table 3. The S/N range and number of spectra for each galaxy.

Galaxy Spectra S/N range Maximum radius
(NGO) (Number) (Re)
2549 69 8.6-451 3.5
4459 70 6.4-212 3.1
4474 28 9.4-189 2.7
7457 61 7.0-177 24

in Table 2. All masks have spectra that are centred around 7800 A,
in order to obtain the calcium triplet (CaT) absorption lines. Each
slit on the mask has a width of 1 arcsec. The velocity resolution of
the DEIMOS instrument is o =24 kms ™.

2.3 Reduction

The reduction procedures used for our data are mostly outlined in
Arnold et al. (2014). The spectra are reduced using an ipL spec2d
pipeline (Cooper et al. 2012). This pipeline processes the spectra
of the central objects in the slits, often GCs, subtracting off the sky
and galaxy stellar light. Thereafter, an additional process extracts
the spectra of the galaxy stellar light. We apply the SKiMS tech-
nique (Norris et al. 2008; Foster et al. 2009; Proctor et al. 2009),
which utilizes ‘pure sky’ slits at large distances from the galaxy
centre to determine the sky spectra, and then subtracts these off the
background spectra, isolating the galaxy stellar light.

In order to produce a high-quality sky subtraction, the penal-
ized pixel cross-correlation fitting (pPXF) routine by Cappellari &
Emsellem (2004) has been implemented to determine the best
matches for the sky spectra in each individual slit.

Table 3 provides a summary of the number of spectra, S/N, and
radial extent of the data for each galaxy.

2.4 Kinematic measurements

The kinematic properties from each spectrum can be described as
a Gauss—Hermite parametrization of the LOSVD (van der Marel &
Franx 1993; Gerhard 1993), which consists of four moments: mean

MNRAS 467, 4540-4557 (2017)
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velocity (V), velocity dispersion (o), h3 (related to skewness — an
asymmetric deviation from the Gaussian) and A, (related to kurtosis
— a symmetric deviation from the Gaussian).

In a galaxy that is observed at an inclination, the stars either in
front of, or behind, the tangent point will have a lower line-of-sight
velocity and the LOSVD will have a low-velocity tail, resulting in a
negative h3. This effect is greater for galaxies that are more edge-on
(this is described nicely in section 6.1 of Veale et al. 2017). Stronger
amplitudes in /3 are evidence of skewed distributions of stars in the
line of sight, and can be an indication of rotation or kinematically
distinct cores (van der Marel & Franx 1993).

The h, moment is an indicator of the anisotropy along the line
of sight for a single measurement, where /4 > 0 (peaked Gaussian)
corresponds to increasingly radial orbits, whereas /4 < 0 (flattened
Gaussian) corresponds to increasingly tangential orbits. Isotropic
systems would therefore be expected to have iy ~ 0.

These parameters are all fitted using pPXF. For a more detailed
description of this process, see Arnold et al. (2014).

3 RESULTS

3.1 Stellar kinematics

3.1.1 Kinematic maps

2D maps provide a visual overview of the mean velocity and velocity
dispersion for the four galaxies. We apply the kriging interpolation
technique to generate 2D maps, as done by Pastorello et al. (2014)
and Foster et al. (2016). We only include spectra that have been
judged to have good spectral fits, and data points that were identi-
fied from the kinematic maps as clear outliers with respect to the
interpolated map were excluded. The data points used are shown
on the maps themselves. These 2D maps are shown in Figs 2-5, for
galaxies NGC 2549, NGC 4459, NGC 4474 and NGC 7457.

All of these four galaxies are classified as central fast rotators by
the ATLAS®P survey. In Figs 25, our data show that this rotation
is not only restricted to the central regions, but extends out to the
radial extent of our data, around 2 R..

We draw the reader’s attention to the structural difference in the
distribution of data points for NGC 2549 (Fig. 2), where we have
more thorough spatial sampling along the major axis. This is due
to the application of the new SuperSKiMS mask design (Pastorello
et al. 2016). In the mean velocity map for NGC 2549 (Fig. 2), we
identify a thinner rotational component in the central R, (whereas
typical rotating features increase in projected width with radius, this
feature maintains a constant narrow width for ~20 arcsec along the
major axis) than in the outer regions of the galaxy. In addition to
the thinner rotation component, there is a subtle dip present in the
velocity map at ~20 arcsec from the centre of the galaxy along the
major axis. Both of these features are visible in the velocity map of
Weijmans (2009). The thinner inner disc component is also visible
in the ATLAS’P mean velocity map; however, the radial extent
of this data is not large enough to identify the velocity dip. The
velocity dispersion map for NGC 2549 shows a clear peak in the
centre of ~110kms~!, with a decline in velocity dispersion along
the major axis. Along the diagonal axes, the velocity dispersion is
seen to peak again. This is again a feature that was present in the
data from the PPAK integral-field spectrograph of Weijmans. In the
ATLAS?P velocity dispersion map, there is also a slight indication of
an increase in velocity dispersion along the diagonal axis; however,
this feature is not significant.

MNRAS 467, 4540-4557 (2017)
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Figure 2. 2D kinematic maps for NGC 2549. The slit positions are indicated
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An indication of the spatial extent of each map is given by the 1 and 2
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Figure 3. NGC 4459 (see the caption of Fig. 2 for details).
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The rotation signature in the velocity map of NGC 4459 (Fig. 3)
is very broad, as is naturally expected for a near face-on galaxy.
The rise in velocity occurs very sharply in the centre of the galaxy,
and extends beyond ~2 R.. We note a spot at ~2 R, along the major
axis in the west end of the galaxy where there is a reduction in the
velocity of ~50kms~!. This feature in the velocity map coincides
with a ‘cold spot’ in the velocity dispersion map, where the o value
is smaller than the surrounding area by ~50 kms~'. Greater spatial
sampling in this region would be required to confirm whether this
‘spot’ is real, and not simply an artefact of our sampling. For both
kinematic maps, the general features visible in the ATLAS?P maps
are the same as those we see. Due to the better central sampling
of the ATLAS?P maps, however, the central rotation is seen to be
stronger in the ATLAS®P velocity map, and the central o peak is
resolved, indicating that it is higher than that shown in our map by
~20kms™!.

NGC 4474 also displays strong rotation along the major axis
(Fig. 4). The velocity gradient in the centre of the galaxy is more
gradual than for NGC 4459, but the extent of the rotation is com-
parable. The features in the ATLAS?P velocity map for NGC 4474
exactly replicate those seen in Fig. 4, despite the sparser sampling.
While the velocity dispersion is seen to decline along the major axis
for NGC 4474, the low spatial sampling in the inner parts of the
galaxy limits our information about a central peak in the velocity
dispersion. Along the minor axis, the velocity dispersion appears
constant. The ATLAS?P data indicate that there is a central velocity
dispersion peak of just under 100 kms~! for this galaxy (Cappellari
et al. 2011a).

The kinematic maps for NGC 7457 (Fig. 5) show the galaxy’s
very regular rotation along the major axis, with a peak in rotational
velocity lower than 100 km s~'. The velocity dispersion map shows
a modest central peak of ~45kms~!, declining with radius in all
directions. Foster et al. (2016) also identify a peak in rotational
potation at ~100km s, with a central o below ~50kms~!. The
ATLAS?P velocity dispersion map for NGC 7457 is fairly noisy,
with central ¢ measurements ranging from ~40-80kms~'.

3.1.2 Kinemetry

Kinemetry was introduced by Krajnovi¢ et al. (2006) to calculate
the best-fitting kinematic parameters of a galaxy in the azimuthal
dimension. This technique was adapted for sparsely sampled data
by Proctor et al. (2009). Our application of kinemetry is outlined
in Proctor et al. (2009) and Foster et al. (2016). We give a brief
overview in what follows.

The assumption is made within this technique that along each
radial ellipse, mean velocity and A3 vary sinusoidally, such that the
maximum and minimum values occur on either side of the major
axis. For the symmetric parameters velocity dispersion o and Ay,
the values are assumed to be constant along an ellipse. The mean
velocity curve versus azimuth angle is calculated using

Vobs = Vs‘ys £ Vit COS(¢')7 ()

where V is the observed velocity and Vg is the systemic velocity
of the galaxy. The angular separation of a data point from the major
axis is given by ¢, and is defined as

tan(PA — PAy,)
4kin ’

Here, PA is the position angle of the data point, PAy;, is the kinematic
position angle of the galaxy and g, is the kinematic axial ratio of
the galaxy. Within each radial increment, the best-fitting kinematic

tan(¢) = @
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Figure 6. Galaxy radial profiles for NGC 2549, NGC 4459, NGC 4474 and NGC 7457 from kinemetry. From top to bottom, the panels show the rotational
velocity Vio in km s—h velocity dispersion in km s~!; kinematic position angle; i3; and h4. Our data are presented in solid blue, and the SAURON/ATLAS3P
data are in dashed red. The shaded region indicates the 1o range of points produced through 500 bootstrap resamplings. Parameters that have been fixed during
the kinemetry calculation to ensure better fits have been displayed as finely dashed black lines.

measurement is determined by the deviations of equation (1) from
the data.

As with the data used to create 2D kinematic maps, only spectra
are included for which the kinematic fits to the data have been
judged as good. Furthermore, individual data points that were seen
to be clear outliers in the kinematic maps have also been excluded
from the kinemetric input.

The data are separated into rolling radial bins of elliptical annuli
with varying radii, such that the number of points per radial bin
is constant. This number is manually determined, based on the
sampling density of the observational data. For our data, we use
10 points per radial bin, determined to be large enough to extract
kinematic data, but small enough to ensure a sufficient number of
bins. To measure the radius of each point, the coordinates of each
galaxy are first redefined so that the x-axis is coincident with the
photometric position angle (PApp,) of the galaxy

x = (o — ap) cos(8p) sin P Appoc + (8 — o) os P Apho

¥y = (@ — o) cos(8p) cos P Aphoy — (8 — 8o) sin P Appy, 3)
where « and §, are the central right ascension and declination of
the galaxy respectively, and then the circular-equivalent radius R of
each point is defined as

R = \/xz X Gphot 1 yz/Qphota 4

where g is the photometric axial ratio of the galaxy.
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Starting in the centre annulus, where the S/N is the highest,
the least-squares process is carried out iteratively to compute four
parameters in each bin: Vi, o, h3 and h4. The equations describing
the x? computations for each of the four parameters are outlined
in detail in Foster et al. (2016). The kinemetry errors are given by
the 1o distribution of 500 bootstrap resamplings, as introduced in
Foster et al. (2013).

When carrying out kinemetry on this sample, the kinematic axial
ratio gy, is fixed to gpno to ensure greater stability in the results (see
Foster et al. 2016).

This process has been carried out independently for both our data
and the corresponding ATLAS?P data. This ensures that the trends
noted in the two surveys are independently assessed.*

The rotational velocity, velocity dispersion, position angle, /3
and hy profiles derived from kinemetry for each of the galaxies are
shown in Fig. 6, and we describe some of the key features in the
following:

NGC 2549: The rotational velocity increases up to 1.5 R., at
which point the rotation plateaus. The ATLAS®P rotation profile
shows a slight wiggle just interior to 0.5 R., which is not reproduced
by our data. This is due to the structure of the disc-like rotation in the
centre of the galaxy. As can be seen in Fig. 2, the first rotational peak
occurs well within 1 R.. This disc is of uniform thickness within

4 Because of the much larger spatial sampling of the ATLAS®P data, the
number of points per radial bin implemented was 100, as opposed to 10 for
our data.
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~0.5 R., beyond which this disc is seen to thicken dramatically.
This feature is also seen in the maps of ATLAS®P. Due to our sparse
sampling of the galaxy along the minor axis, however, this feature is
not picked up by the kinemetry, resulting in the discrepancy of the
two profiles within 0.5 R.. The velocity dispersion profile declines
with radius until ~2 R., where the kinemetry profile shows a bump.
This corresponds with the o peaks seen in the kinematic maps, and
discussed in Section 3.1.1. As with the other galaxies, there is a
velocity dispersion offset between our data and that of ATLAS?P of
around 20 kms ™', which is constant over the whole overlap region
between the two observations. We discuss this offset further at the
end of this section. The PA;, of the galaxy is shown to be constant
with radius at 0°. The h; profile varies between —0.1 and 0, with
some deviations from the ATLAS?P data. No clear features are seen
in the hy4 profile.

NGC 4459: The rotation velocity plateaus at a maximum value
between ~0.5 and 1R., and declines slowly out to the extent of
our spatial coverage. From the ATLAS?P profile, a double-velocity
peak is identified, which led to this galaxy being classified as a
‘2M’ (double maxima) galaxy in the ATLAS®P survey (Krajnovié
et al. 2011). We see a slight dip in the rotation profile at ~2 R.,
which corresponds with the velocity dip seen in the kinematic maps.
The central o profile is quite steep, with the velocity dispersion
declining with radius. The offset in velocity dispersion between our
data and that of ATLAS?P is smaller for this galaxy than for the other
three galaxies. Again, the effect of the ‘cold spot’ in the velocity
dispersion kinematic map is present within the kinemetry profile at
2 R.. No noticeable features can be seen in the PAy;, or A, profiles,
and the features seen in the s; profile are not significant within the
uncertainties.

NGC 4474: Due to the lower number of points available for
this galaxy, we were unable to fit for PA;,, and have instead fixed
the kinematic PA to the photometric value (we have shown the
fixed parameter with the black finely dashed line in Fig. 6). The
rotational velocity profile steepens at 1 R., after which the rotation
remains constant at ~75kms~" until 2 R.. The velocity dispersion
profile gradually decreases with radius, with a dip seen at 1 R..
Beyond 1 R., velocity dispersion is constant in the same manner as
the rotation profile. A slight increase is seen in the /3 profile with
radius, following a shallow dip in the profile at ~1 R.. There are no
features present within the /4 profile.

NGC 7457: Within 1R., the rotational velocity profile reaches
close to the maximum level, and at larger radii, this rotation re-
mains constant. The most central rotational velocity measurement
agrees with the ATLAS?P profile, but the gradients of the two
profiles are very different, such that the two profiles deviate by
~25kms™! from 0.5 to 1R.. The central velocity dispersion is
much lower than for the other three galaxies, peaking at values of
~50kms ™" at 0.3 R., and while o decreases with radius, the gra-
dient is very shallow. The offset in the velocity dispersion profile
between our data and those of ATLAS?P is large, at ~30kms~'. We
note that the extent of this offset may be due to the poorer veloc-
ity dispersion resolution of the ATLAS’P survey of ~90kms™'.
The velocity dispersion measurement from ATLAS3P is at this
limit, and would have been difficult to resolve by the SAURON
instrument. Kormendy (1993) measured a central velocity disper-
sion of o =65kms™', which is consistent with our velocity dis-
persion measurement. Again, no particular features are noted in
the PAy;, or hy profiles. A slight wiggle is noted in the A3 pro-
file at 1.5 R., but this is not significant within the errors of the
profile.

The rotation we measure are in good agreement with the
ATLAS?P data; however, we note that as in Foster et al. (2016),
a o offset is present between our data and those of ATLAS?P in the
overlapping regions. The average ¢ offset for each galaxy is 20, 11,
17 and 33km s~! for NGC 2549, 4459, 4474 and 7457, respectively.
Potential sources of this offset were discussed by Foster et al., but
no firm conclusions were reached. Pastorello et al. (2016) compared
SLUGGS measurements of individual slits to ATLASP measure-
ments in overlapping regions for the galaxy NGC 1023, and found
that the o offset is larger in the outer regions, where o is lower.
Since the binning is larger in ATLAS?" points in the outer regions
of the galaxy, this suggests that the binning might be responsible
for the offset. Similar offsets were seen in Boardman et al. (2016),
and these were also attributed to binning in ATLAS®P data.

The additional data included in this paper from NGC 7457 have
resulted in kinemetry profiles that are consistent with those pub-
lished in Foster et al. (2016). This highlights the robustness of the
kinemetry technique to varying spatial sampling.

3.2 Higher order LOSVD Moments

The higher order moments of the LOSVD (line-of-sight velocity
distribution), namely, the /43 and A, parameters, have been shown to
hold a wealth of kinematic information supplementary to the mean
velocity and velocity dispersion. As done in Forbes et al. (2016), we
look for potential signatures in the V/o against i3 and h, parameter
spaces. Fig. 7 shows V/o versus h3 and hy for our four galaxies.

The minimum S/N used in our analysis of the higher velocity
moments is 20, so that no spurious values are considered. The S/N
cut-off used by Forbes et al. (2016) was 10; however, we identify
that by increasing this cut-off, we decrease the mean error in /3 by,
on average, 20 per cent, and we note a significant visual reduction
in the outliers in Fig. 7. From Fig. 7, we can identify that the
anticorrelation between /3 and V/o is present for all four galaxies,
more strongly for NGC 2549 and NGC 4474. This anticorrelation
is indicative of a rotating disc within the galaxy.

The presence of a bar in NGC 2549 can be seen to have an in-
fluence on the plots of both V/o versus h3 and V/o versus Ay. In
the V/o versus h3 plot (top left-hand panel of Fig. 7), the slope is
positive within the very inner region, in contrast to the dominant
outer regions. In particular, the points that correspond to this posi-
tive correlation are likely measurements taken within the x-shaped
region at the very centre of the bar (Laurikainen & Salo 2017). In
the V/o versus hy plot (bottom left-hand panel of Fig. 7), there
is a distinctive peaked shape in the data, where points with low
V/o have slightly positive h4 values, and as the absolute magnitude
of V/o increases, hy becomes increasingly negative. Since Ay is a
proxy for anisotropy (as outlined in Section 2.4), this indicates that
NGC 2549 is roughly isotropic in the central regions (where V/o
is small), and then has increasing tangential anisotropy with radius
(where V/o is large).

To gain a deeper understanding of how the LOSVD properties of
the four low-mass SO galaxies studied in this paper relate to those
of the broader ETG population, we present measurements made for
all 28 SLUGGS (25 original, plus 3 ‘bonus’®) galaxies to date in
Fig. 8. Here, we highlight the difference in the &3, h4 versus V/o pa-
rameter space as a result of morphology. The strong anticorrelation
between /3 and V/o is very apparent in SO galaxies, and not at all in

3 NGC 2549, NGC 3607, NGC 5866
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Figure 8. Higher order LOSVD measurements for all SLUGGS galaxies,
separated by morphology. All spectra with S/N > 20 for each galaxy have
been plotted.

E galaxies. This is due to the much larger horizontal spread in points
for SO galaxies, an outcome of SO galaxies having more rotational
support, as opposed to the dispersion-supported E galaxies. NGC
2549, NGC 4459, NGC 4474 and NGC 7457 are clearly typical
examples of SO galaxies.
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3.3 Stellar spin

We use individual pixels from 2D kinematic maps (Figs 2-5) to
measure the stellar spin of each galaxy. We utilize the same proxy
for stellar spin as developed by Emsellem et al. (2007), Ag:

_ Y FRV
S FiRi/VE +of

Here, at the ith pixel, F is the flux, R is the circularized radius (as
indicated by equation 4), V is the velocity and o is the velocity
dispersion. Although this parameter was referred to as an ‘angular
momentum’ parameter by Emsellem et al. (2007), it is technically
better described as a dimensionless ‘spin’ parameter, and therefore
throughout this paper, we adopt this nomenclature.

We apply equation (5) in three separate ways to measure different
aspects of the stellar spin of each galaxy.

First, we measure the fotal stellar spin, a single value describing
the stellar spin present within a specific radius. Here, equation (5)
is applied to each pixel of the kinematic maps within the specified
aperture radius. We denote this value as Agr. This is equivalent to
the Ar value used in Emsellem et al. (2011) to classify ETGs as
either fast or slow rotators. The stated aperture used to calculate
Ar by Emsellem et al. (2011) is 1 R, which is the aperture that we
use within this paper. We note, however, that the radial extent of
ATLAS?P used by Emsellem et al. (2011) is less than 1 R, for NGC
4459 and NGC 7457.

We calculate the radius of each pixel using the method given in
Section 3.1.2 using equations (3) and (4). We identify the flux at
each pixel F; based on MGE (multi-Gaussian expansion; Emsellem,
Monnet & Bacon 1994) luminosity profiles derived from /- and r-
band deconvolved surface brightness profiles (Emsellem, Dejonghe
& Bacon 1999; Cappellari et al. 2006; Scott et al. 2009; Scott,

AR ()
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Figure 9. A depiction of how the variation in stellar spin in the outer regions of galaxies is better probed by a local measure of the stellar spin for the E galaxy
NGC 3377. The velocity 2D map is shown in the left-hand panel, where the positions of individual spectra are plotted as small circles, and the white dashed
ellipses show the 1 and 2 R, spatial extent. L(R) and AR profiles are plotted in the middle and right-hand panels, respectively. The radius at which the maximum
stellar spin values are reached is indicated by the blue line in both panels, and it can be seen that the peak in local stellar spin is reached earlier than in the total
(cumulative) stellar spin profile. The peak Ar value is indicated by the red line, and it can be seen that the peak value is greater in the local profile than the total
profile. The decline of stellar spin in the outer region, which is clearly visible in the 2D velocity map, is more strongly presented in the A(R) profile than the

AR profile. Note the differences in radial coverage for each of the profiles.

Graham & Schombert 2013). For galaxies not part of the ATLAS?P
survey, which do not have MGE profiles, we use surface bright-
ness profiles derived from Spitzer Space Telescope imaging (Forbes
et al. 2017). We have tested that there is no significant impact on
the results by using a luminosity profile in a different band.°

Secondly, we calculate the Ax value at radial intervals of the
galaxy to produce a cumulative total stellar spin profile. These
profiles replicate the Ag profiles displayed in fig. 2 of Emsellem
et al. (2007). We note, however, that the methods in making these
measurements are slightly different, with value of Ax by Emsellem
et al. (2007) being produced through Voronoi binning, whereas we
produce these values through use of the kriging map pixels. This
produces slight variation in the results.

Thirdly, we measure the Ag parameter within a 1-arcsec wide
elliptical annulus at radial intervals to measure local stellar spin
profiles. We denote these values as A(R). Due to the small radial
interval over which this parameter is measured, the flux-weighting is
meaningless, since the flux levels are, by definition, nearly uniform
across elliptical annuli. Because the number of pixels in each bin
varies with radius, we bootstrap resample the pixels within each
bin and calculate the local stellar spin 100 times. We propagate the
velocity and velocity dispersion uncertainties from individual pixels
of the 2D maps through to the profiles in Fig. 10.

Stellar spin profiles of SLUGGS galaxies have previously been
published in Arnold et al. (2014) and Foster et al. (2016). In both of
these studies, the stellar spin profiles had been presented in the form
of A(R) profiles. Hence, the A profiles presented within this paper
are the first cumulative stellar spin profiles published for SLUGGS
galaxies.

The radius to which we measure both Ar and A(R) profiles is
determined by the azimuthal completeness at each radial bin, in the
same manner as was implemented by Emsellem et al. (2007) for the
SAURON survey. For A(R), the cut-off point is the radius at which
the coverage over the annulus is less than 85 per cent, and for Ag,
the cut-off point is the radius at which the coverage over the whole

6 The average difference in Ar values for SLUGGS galaxies with both
luminosity profiles is ~0.6 per cent. This variation represents ~5 per cent of
the associated uncertainties, and hence the variation produced by different
luminosity profiles is negligible.

NGC 2549
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Figure 10. Stellar spin profiles, derived from 2D kinematic maps. We plot
the Ar(loc) profile in black solid lines, and the Ar flux-weighted profile in
red dashed lines. The shaded regions show the associated uncertainties of
the profile.
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enclosed elliptical area is less than 85 per cent. Since it is necessary
to define the coverage differently due to the different ways in which
the profiles are calculated, the radial extent of the A profiles is
therefore larger than the A(R) profiles for each galaxy.

A comparison of the local and total stellar spin profiles is shown
in Fig. 9 for the SLUGGS galaxy NGC 3377. Here, the behaviour
of the two profiles is qualitatively the same, however, quantitatively
different. Within the total stellar spin profile, the spin gradients are
diluted, especially within the outer regions. The rotation map for
NGC 3377 is also shown in Fig. 9, and from this map, the differing
kinematic behaviour in the outskirts of the galaxy compared to the
inner region is clear. This behaviour is much better portrayed by the
M(R) profile than the Ar profile.

We show individually the A(R) profiles of the four galaxies of
this paper in Fig. 10 as black solid lines. NGC 4459 and NGC
7457 both have rapidly increasing profiles within the central 1R,
and flat profiles outside 1 R.. The same trend appears to be true for
NGC 4474, although due to a smaller spatial coverage, we cannot
confirm a flat stellar spin profile beyond 1 R.. The profile for NGC
2549 reaches an early plateau at 0.5 R., then increases to reach a
secondary plateau at 1.5 R.. This is likely due to the central bar that
extends to a radius of 45 arcsec along the major axis (Savorgnan &
Graham 2016).

We additionally show in Fig. 10 the Ar profiles, which are akin
to the A profiles presented by the ATLAS®P team, as described
in Section 3.3. There are a few systematic differences to be noted
from presenting Ar profiles in these two ways. The most obvious
of these differences is that the maximum value of A is less than
that of A(R). This is an unsurprising result, given the flux-weighting
(resulting in an underweighting of points with the greatest rotation),
and the cumulative nature of the A profile (central values contribute
at all radii). In falling rotation profiles, this effect is the opposite at
larger radii, where the value of A(R) is less than that of Ag. Another
difference is that the A(R) profiles peak closer to the galaxy centre.
This is most apparent for NGC 4459, where the A(R) profile plateaus
at ~0.5 R., whereas the Ar profile is still rising at 2 R.. Finally, we
observe that the A(R) (by design) is much better able to follow the
local variations in the rotational behaviour of the galaxy with radius.
This is especially true at large radii, where the signal is reduced.
Fig. 9 clearly shows such differences for the SLUGGS galaxy NGC
3377. We will place emphasis on A(R) profiles for the remainder of
the discussion within this paper, since we are interested in viewing
signatures of formation in the outskirts of these galaxies. These
features are much more prominent when studying the kinematic
variations with radius, as opposed to the global kinematic properties
portrayed by Ag.

Qualitatively, our profiles display the same trends as those pro-
duced by the ATLAS?P data in regions where the data overlap when
calculating the profiles in the same manner.

3.3.1 The morphology of NGC 4564

The morphology of the SLUGGS galaxy NGC 4564 was listed as
E6 in Brodie et al. (2014), according to the classifications of RC3
and RSA. It was noted by Michard & Marchal (1994), however,
that this galaxy may be better classified as SO as a result of clear
bulge—disc separation in the photometry, and strong disciness. In a
study of elliptical galaxies using imaging from the Hubble Space
Telescope, Trujillo et al. (2004) found that the elliptical features
in NGC 4564 were actually disc features, and concluded that it
was better classified as an SO galaxy. Furthermore, Kormendy et al.
(2009) showed that the brightness profile has a two-component
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Figure 11. Stellar spin profiles of all galaxies within the SLUGGS sur-
vey, as well as NGC 2549. The upper panel features lenticular galaxies,
whereas elliptical galaxies are shown in the lower panel. Galaxies NGC
2549, NGC 4459, NGC 4474 and NGC 7457 are highlighted as solid lines
in the upper panel. The shaded regions for each profile indicate the associated
uncertainties.

structure with a bulge and a disc, and found very discy distortions
in the a4 profile (where a4 is a measure of the disciness/boxiness of
the galaxy isophotes).

Hence, there is consensus that NGC 4564 was originally misclas-
sified as an elliptical galaxy, and therefore throughout the analysis
in this paper, we assume NGC 4564 to be an SO galaxy.

3.3.2 Stellar spin profiles — lenticular versus elliptical galaxies

We compare the A(R) profiles of the four lenticular galaxies of this
paper to the rest of the galaxies of the SLUGGS survey’ in Fig. 11.

7 We include profiles for bonus SLUGGS galaxies NGC 3607 and NGC
5866. For further detail on these galaxies, including their 2D kinematic
maps, see Foster et al. (2016) and Arnold et al. (2014).
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In the top panel, we plot the A profiles for all the galaxies that
have been classified as SO (or hybrid of E and S0), and we contrast
these profiles to those classified morphologically as pure elliptical

galaxies in the lower panel. )
The most immediate difference between the two samples is that

the SO galaxies typically have much larger stellar spin values, par-
ticularly at radii beyond 1 R.. For all SO galaxies, except NGC 2768,
NGC 3607 and NGC 4649, the A(R) profile peaks within 1 R., and
then remains relatively constant. For NGC 2768, NGC 3607 and
NGC 4649, the profiles are continuously rising until the radial ex-
tent of our data. This behaviour of the A(R) profiles is only replicated
for a few of the elliptical galaxies. Laurikainen et al. (2011) iden-
tified that NGC 3607 and NGC 4649 both contain lenses, a feature
that may be responsible for these increasing A(R) profiles. Out of
the 14 E galaxies, 5 are seen to have downturning profiles after the
initial central rise, and those galaxies with a constant A(R) value at
larger radii have their peak at A(R) < 0.3. NGC 3607 is seen to have
arise in A(R) beyond 1 R. after a quick rise then plateau in the inner
1 R.. This upturn is seen in two E galaxies NGC 4494 and NGC
4697.

Not only are the shapes of the profiles different for the galaxies
of each morphology, so too is their distribution. E galaxies dis-
play a strong clustering of profiles at 0 < A(R) < 0.4 (with only two
galaxies outside this range), whereas the SO galaxy profiles occupy
a larger part of the parameter space, with a smooth distribution
within 0.2 <A(R) <0.9.

A quantitative way of comparing the gradients of these profiles is
shown in Fig. 12, where the difference in A(R) values at 2 and 0.5 R,
is plotted against the L(R) profile at 1 R.. For those galaxies with a
radial extent less than 2 R., the value of A(R) was used at the maxi-
mum radius (open circles). For these galaxies with R,x < 2R., if
the A(R) gradient is large at Ry, then we include arrows to indi-
cate how the value would change if making the measurement at 2R...
This parameter space was used in Arnold et al. (2014) for a smaller
sample of the SLUGGS galaxies. Similar plots were presented by
Raskutti, Greene & Murphy (2014) and Foster et al. (2016). Here,
galaxies with steeply rising profiles that plateau are located in the
upper right-hand corner of the plot, while slowly rising profiles
with low peak values tend to stay on the middle left-hand part of
the plot. If there is a downturn in the stellar spin with radius, then
the galaxy resides in the lower half of the plot, with a negative gra-
dient between 0.5 and 2 R.. We note that high-A(R) galaxies with
plateaus (upper right-hand corner of Fig. 12) are almost exclusively
SO galaxies, while lower A(R) (middle left-hand part) and down-
turning A(R) (lower half of plot) galaxies have an E morphology in
almost all cases.® This supports the qualitative conclusions made
from Fig. 11. Similarly, Foster et al. (2016) measured the gradient
in local stellar spin for 23 SLUGGS galaxies. They established that
lenticular galaxies generally have a stronger positive spin gradient
than elliptical galaxies, as found within this work. This was not
as evident in Raskutti et al. (2014), whose analysis found no par-
ticular trends when plotting the stellar spin gradient against either
morphological type or local stellar spin at 1 R..

Figs 11 and 12 show that through comparison of the inner and
outer kinematics, the morphological classifications are still a rel-
evant way to separate the galaxies, detecting important structural
signatures that are missed by central data alone (and better detected

8 Strong outer substructure was identified in the SO galaxy NGC 5866
by Martinez-Delgado et al. (2010), evidence of a recent accretion event.
This may be responsible for the depressed rotation relative to the other SO
galaxies.
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Figure 12. Gradient in A(R) profiles between 0.5 R and 2 R, versus A(R)
at 1 R.. SO galaxies are plotted as orange circles and elliptical galaxies are
plotted as blue squares. For galaxies with a radial extent <2 R., the A(R)
value at the maximum radius was used (open squares/circles). If the reduced
radial extent is likely to affect the final value due to a non-zero A(R) gradient
at the maximum radius (see Fig. 11), we indicate using arrows the expected
change in the value at 2 R.. The NGC number of each galaxy is indicated
on the plot. SO galaxies typically have rising local stellar spin profiles. The
position of NGC 4564 in this parameter space is in line with SO galaxies,
rather than with the other E galaxies.

by local than by cumulative spin). In tracing extended stellar kine-
matics, we are able to trace extended discs within galaxies. As a
result, while face-on galaxies are difficult to classify morphologi-
cally, the kinematics make the morphological separation clearer. In
Fig. 12, only two (face-on) galaxies fall in overlapping regions.

We investigate whether the level of separation of Es and SOs
seen within the parameter space of Fig. 12 could have happened
by chance. When randomly assigning morphologies to each of the
galaxies, and then computing the separation between the median
point of the distribution of each morphology, we determine that
the level of separation that we see is only replicated 0.03 per cent
of the time. We therefore confirm that the separation seen within
the galaxies of our sample is unlikely to occur by chance, and
is therefore linked to the underlying morphology. Our sample is,
however, relatively small, and this conclusion may be different for a
larger sized sample. Moreover, our sample includes few fast rotator
elliptical galaxies, which would appear kinematically more similar
to the SO galaxies of our sample.

In general, the inclination at which galaxies are observed may
affect their morphological description, so that some galaxies
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Figure 13. Cumulative stellar spin parameter Ar of each galaxy measured at 1 R, versus ellipticity measured at 1 R, (Emsellem et al. 2011). In both panels,
the observed lenticular galaxies are plotted as orange circles, while elliptical galaxies are plotted as blue squares. Small grey points represent observed spiral
galaxies from the CALIFA survey (Querejeta et al. 2015b). In the left-hand panel, the shaded regions show the simulated results from Bois et al. (2011).
Measurements from both the Bois et al. (2011) and Querejeta et al. (2015b) simulations are also within 1 R.. In the right-hand panel, grey triangles represent
the SO-like merger remnants produced by the simulations of Querejeta et al. (2015b), while the cyan stars represent the spiral progenitors. These are all edge-on
values. When compared with the Bois et al. (2011) simulations, the SO galaxies from the SLUGGS sample are generally more consistent with spiral progenitors
than simulated merger remnants. The Querejeta et al. (2015b) remnants show better agreement with the SLUGGS galaxies; however, some of the SLUGGS SO
galaxies are still more consistent with spirals than merger remnants.

Table 4. Ag. for all SLUGGS galaxies.

described as elliptical could, in fact, be face-on SO galaxies. A
large fraction of the E galaxies in our sample have downturning
profiles, however, indicating that they are likely true ellipticals, as
opposed to SOs. Additionally, the inclination of galaxies may affect
their position in Fig. 12, since lower inclinations generally result in
lower ellipticities. For the fast rotators within our sample, however,
the inclinations are relatively well known, and omitting near face-on
galaxies would simply strengthen our results.

4 COMPARISON TO SIMULATIONS OF
GALAXY FORMATION

We next discuss the possible assembly pathways for our galaxies
based on comparisons with simulations of binary mergers (Bour-
naud, Jog & Combes 2005; Bois et al. 2011; Querejeta et al. 2015b)
and with hydrodynamical cosmological simulations of two-phase
formation (Naab et al. 2014). In Section 5, we comment on how
consistent these conclusions are with each other.

In a hierarchical universe, there is an expectation that low-redshift
galaxies have experienced mass accretion from surrounding galax-
ies. This accretion could be in the form of a single, violent event
such as a major merger, or perhaps more commonly in the form
of multiple minor mergers. The likely accretion scenarios for our
four galaxies will be determined using the three aforementioned
simulations.

4.1 Binary merger formation
Bois et al. (2011) simulated binary mergers with mass ratios ranging

from 1:6 to 1:1, where the merger progenitors were spiral galaxies
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Galaxy ARe Galaxy ARe

NGC 720 0.13 +0.01 NGC 4365 0.14 +0.01
NGC 821 0.27 +0.01 NGC 4374 0.05 +0.01
NGC 1023 0.70 + 0.02 NGC 4459 0.49 + 1.00
NGC 1400 0.23 +0.01 NGC 4473 0.19 +0.11
NGC 1407 0.09 £+ 0.01 NGC 4474 0.59 + 0.01
NGC 2549 0.72 +0.16 NGC 4486 0.04 +0.01
NGC 2768 0.42 4+ 0.05 NGC 4494 0.27 £ 0.01
NGC 2974 0.56 +0.07 NGC 4526 0.67 +0.10
NGC 3115 0.64 + 0.01 NGC 4564 0.67 £0.23
NGC 3377 0.50 +0.02 NGC 4649 0.25 +0.02
NGC 3607 0.14 £ 0.01 NGC 4697 0.27 £ 0.01
NGC 3608 0.14 £ 0.01 NGC 5846 0.03 £ 0.05
NGC 4111 0.72 £ 0.04 NGC 5866 0.48 £ 0.01
NGC 4278 0.16 +0.01 NGC 7457 0.75 £+ 0.04

with 10 per cent gas and bulge fraction B/T = 0.20. The results
of these mergers were analysed in Ar.—€. space (where €. is the
ellipticity of the galaxy at 1 R, as done by Jesseit et al. 2009), to
understand how the position of galaxies in this parameter space re-
late to their individual merger history. The results of the simulations
are plotted in the left-hand panel of Fig. 13. The study produced
fast-rotating merger remnants (cyan shaded region), slowly rotat-
ing merger remnants (red shaded region) and galaxies that are the
result of re-mergers (green shaded region). The simulated spiral
progenitors are shown in the grey shaded region.

We plot the positions of the SLUGGS galaxies in Fig. 13. The
Are values for each of the galaxies have been indicated in Table 4.
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The Bois et al. (2011) simulations suggest that the four SO galaxies
we study are kinematically more similar to the spiral progenitors
of the simulations than to the merger remnants themselves. In fact,
when extending this classification to the other SLUGGS galaxies
shown in Fig. 13, SO galaxies generally resemble spiral progenitors,
whilst most of the E galaxies span three regions: fast rotator merger
remnants, slow rotator merger remnants and also the product of a
galaxy re-merger. A few exceptions include the SO galaxies NGC
1400 and NGC 4649, which are consistent with being fast rotating
merger remnants, and the SO galaxy NGC 3607, which may be the
remnant of galaxy re-mergers. These galaxies are offset from the rest
of the SO population in the bottom left-hand corner of Fig. 13. We
note, however, that these galaxies are near face-on (as we discuss in
further detail in Section 5), and therefore these inferences are more
ambiguous than for the other SO galaxies.

In Fig. 13, we also display the spiral galaxies measured by the
CALIFA survey (Querejeta et al. 2015b). These galaxies cluster
above the Bois et al. (2011) simulation remnants, with values of
0.6 < Are < 0.8 and high ellipticities, as expected for these flat ro-
tating galaxies. The total distribution of these galaxies extends to
low Age values of ~0.3, highlighting that even the possible pro-
genitor galaxies of ETGs display large variation in this parameter
space. Fig. 15 of Cappellari (2016) is similar, in that it highlights
the large regions (and overlap of these regions) in this parameter
space occupied by both ETGs and spirals using ATLAS?P, SAMI
and CALIFA data.

Querejeta et al. (2015b) conducted simulations of binary major
mergers (with merger mass ratios of 1:1-1:3) using spiral galaxy
progenitors that more closely resemble the spiral galaxies observed
by the CALIFA survey. The results of this simulations are plotted in
the right-hand panel of Fig. 13. The progenitors of the simulations
have been indicated as the cyan stars, which can be seen to have a
rotation much higher than the spiral progenitors of Bois etal. (2011).
The SO-like remnants that have been produced by these simulations
have been plotted as grey triangles, and it can be seen that the effect
of having progenitors with higher rotation is to produce remnants
that too have greater rotation. When compared to the SLUGGS
galaxies, more of the observed SO galaxies now overlap with the
simulated remnants (as opposed to the Bois et al. 2011 simulations);
however, a portion of them are still inconsistent with the simulated
sample.

These simulations highlight the effect of the progenitor kinemat-
ics on the merger remnant. We point out that while the spiral pro-
genitors of Querejeta et al. (2015b) better replicate the strong stellar
spin of the observed CALIFA spiral galaxies, the high-redshift spi-
ral galaxies that are the expected progenitors of local SOs do not
necessarily have the same properties.

Bournaud et al. (2005, hereafter BJC05) also conducted simu-
lations of binary disc—disc galaxy mergers with gas fractions of
8 per cent to understand the remnants of mergers with varying
mass ratios. They found that mergers with mass ratios of 1:1-3:1
mainly resulted in elliptical galaxies, whereas more intermediate
mass mergers with mass ratios 4.5:1-7:1 were much more likely
to produce SO-like disc galaxies. Here, remnants were classified
as either elliptical or disc galaxies based on their stellar density
profile.

The remnants of the mergers showed a characteristic distribution
in the V;o/o—€ space, which demonstrates an effect of the merger
mass ratio on the level of rotation present within the remnant galaxy.
We plot the results from BJCOS5 with those from the SLUGGS galax-
ies in Fig. 14. We compare our galaxies to these simulated remnants,
in an attempt to determine the implied merger mass ratios that
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Figure 14. Rotation parameter Vio/o against ellipticity for each of the
SLUGGS galaxies, used to assess potential merger mass ratios. The
SLUGGS lenticular galaxies are represented by orange circles, while el-
liptical galaxies are represented by blue squares. The simulated remnants
of Bournaud et al. (2005, BJCO0S) are plotted in grey, with the size/colour
combination indicating the mass ratio of the merger, and squares represent
elliptical remnants (within the blue shaded region to assist the eye), while
triangles represent disc remnants (within the orange shaded region). The
simulation measurements are edge-on, however, the observations are not.
To illustrate the effect of this, the solid magenta line displays the typical
edge-on positions for simulated galaxies, and the dashed/dotted magenta
lines show how this distribution would change if the galaxies were viewed
from an inclination of 60°/40°. The control sample, in which progenitor
galaxies did not undergo a merger, is represented by cyan stars. SO galaxies
are generally consistent with the progenitors of the BJCOS simulations, and
depending on the effects of projection, some may have experienced mergers
with lower mass ratios of 10:1 to 7:1.

produced our observed galaxies. The V,y /o parameter measured in
BJCOS is done in a theoretical manner, and we briefly describe the
process to make an equivalent measurement from our observational
data.

In the simulated merger remnant, the V,,, and o values are aver-
aged from an edge-on projection between 0.55R,s and R,s. Based
on the measurements of Rys of lenticular galaxies in three galaxy
clusters by Marinova et al. (2012), we select the radial range 1-2 R,
to make the equivalent measurement for our galaxies, using the
kinemetry profiles as shown in Fig. 6. This essentially measures a
plateau value of V/o. The observed ellipticities have been taken as
the average of values from Krajnovié et al. (2011), which represent
global ellipticities (measured at 2.5-3 R.), and those from Emsellem
et al. (2011) (measured at 1 R.) to best replicate the simulated val-
ues that have been measured as the mean values between 0.55R»s
and R5s, roughly corresponding to the observed radial range 1-2 R...
Additionally, the inclination at which the measurements were made
differs between the observed and simulated galaxies. Theoretical
measurements are made from the edge-on inclination, whereas the
inclination varies for the observed galaxies. The effect of a non-
edge-on measurement is that the galaxy appears rounder, therefore
resulting in a lower ellipticity. At the same time, the measured V.
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will also decrease. Observational measurements for non-edge-on
galaxies will therefore be pushed towards the left and downwards
in Fig. 14. This may explain the horizontal offset between some
of the observed galaxies and the BJCOS simulations in Fig. 14.
We plot the trajectory on this plot for typical edge-on galaxies in
the solid line. To highlight how inclination may affect the posi-
tion of our galaxies, we plot the equivalent trajectory for an in-
clination of 60° and 40° as dashed and dotted lines, respectively.
Note how these better follow the range of observed galaxies in
Fig. 14.

What is clear from Fig. 14 is the relation between the merger
mass ratio and the type of remnant galaxy produced. This results
in a separation of disc and elliptical galaxies within this parameter
space, with only a relatively small overlap (indicated by the orange
and blue shaded regions, respectively). Simulated galaxies with
the highest rotation typically coincide with remnants from smaller
mergers between 7:1 and 10:1, and simulated galaxies with the
least rotation are remnants of merger mass ratios of 1:1-2:1. BJC05
argued that intermediate-mass mergers (which they classified as
mergers with mass ratios from 4:1 to 10:1) were good candidates for
producing SO galaxies, while smaller mass ratios (major mergers)
produce E galaxies, and larger mass ratios (minor mergers) simply
produce disturbed spiral galaxies.

Some of the SLUGGS SO galaxies, including NGC 2549 and
NGC 7457, lie significantly above the simulated merger remnants,
suggesting that these galaxies are not consistent with being formed
in a merger, even a minor one. BJCO5 conducted three control runs,
in which the progenitor galaxy was allowed to evolve in a secular
manner, without any mergers. The properties of these progenitor
galaxies are shown in Fig. 14 by cyan stars. We note that the galaxies
NGC 2549 and NGC 7457 have Vo /o values more consistent
with these disc progenitors than with the galaxies produced through
mergers.

Bois et al. (2011), found that mergers with mass ratios of 6:1 pro-
duced only fast rotating galaxies with Ag ~ 0.3-0.5, while mergers
with mass ratios of 3:1 produced mainly fast rotating galaxies and
not SO-like galaxies with higher Ag, but also had a chance of produc-
ing slowly rotating galaxies (Agr ~ 0.1-0.5). In these simulations,
slowly rotating galaxies with Agx ~ 0-0.1 were produced from 2:1
and 1:1 mergers.

The Bois et al. (2011) and BJCO5 simulations suggests that ma-
jor mergers or re-mergers are likely to result in elliptical galaxies
(although it has been shown that there are also other mechanisms
that can produce elliptical galaxies; e.g. Ceverino et al. 2015). SO
galaxies, on the other hand, may be produced by minor mergers, but
a significant portion of the SO galaxies in the SLUGGS survey, in-
cluding NGC 2549 and NGC 7457, are more consistent with spiral
galaxies.

4.2 Two-phase formation

One of the popular theories describing the formation of ETGs
(particularly massive ETGs) is that of two-phase evolution (Oser
et al. 2010; Johansson et al. 2012). Utilizing zoom-in cosmo-
logical simulations of the two-phase formation simulations of
Oser et al. (2010), Naab et al. (2014, hereafter N14) introduced
a set of six classes of ETGs, with differing formation histories
that imprint identifiable features on their kinematics. The radial
extent to which the simulated galaxies are analysed is 2R,
which is equivalent to the ~2 R. radial extent of our kinematic
data.
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Galaxies are classified using three separate properties: the shape
of the Ay profile’, the anticorrelations between k3, iy and V/o, and
the rotational structures present within the 2D kinematics maps.
The six N14 classes are summarized briefly as follows:

Class A: regular fast rotators with peaked Ar profiles and clear
anticorrelation of V/o and A3, indicative of galaxies that have ex-
periences gas-rich minor mergers.

Class B: fast rotators with Ar profiles that are constantly rising,
with an anticorrelation of V/o and k3. These galaxies are formed
by late gas-rich major mergers.

Class C: slow rotator galaxies with non-rising Ar profiles, and
no anticorrelation in V/o and hj3, formed by late gas-rich major
mergers leading to a spin-down of the remnant.

Class D: fast rotator galaxies with gradually rising Ag profiles
and no V/o and h; anticorrelation, produced by late gas-poor major
mergers. These galaxies have experienced a major merger leading
to a spin-up.

Class E: elongated slow