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ABSTRACT

We study the evidence for a diversity of formation processes in early-type galaxies by presenting the first complete volume-limited
sample of slow rotators with both integral-field kinematics from the ATLAS3P Project and high spatial resolution photometry from
the Hubble Space Telescope. Analysing the nuclear surface brightness profiles of 12 newly imaged slow rotators, we classify their
light profiles as core-less, and place an upper limit to the core size of about 10 pc. Considering the full magnitude and volume-
limited ATLAS®P sample, we correlate the presence or lack of cores with stellar kinematics, including the proxy for the stellar angular
momentum (Ag,) and the velocity dispersion within one half-light radius (o), stellar mass, stellar age, a-element abundance, and
age and metallicity gradients. More than half of the slow rotators have core-less light profiles, and they are all less massive than
10" M. Core-less slow rotators show evidence for counter-rotating flattened structures, have steeper metallicity gradients, and a
larger dispersion of gradient values (A[Z/H] = —0.42 + 0.18) than core slow rotators (A[Z/H] = —0.23 £ 0.07). Our results suggest
that core and core-less slow rotators have different assembly processes, where the former, as previously discussed, are the relics of
massive dissipation-less merging in the presence of central supermassive black holes. Formation processes of core-less slow rotators
are consistent with accretion of counter-rotating gas or gas-rich mergers of special orbital configurations, which lower the final net
angular momentum of stars, but support star formation. We also highlight core fast rotators as galaxies that share properties of core
slow rotators (i.e. cores, ages, o, and population gradients) and core-less slow rotators (i.e. kinematics, Ag., mass, and larger spread
in population gradients). Formation processes similar to those for core-less slow rotators can be invoked to explain the assembly of
core fast rotators, with the distinction that these processes form or preserve cores.

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

galaxies: nuclei — galaxies: structure — galaxies: stellar content

1. Introduction

Early-type galaxies (ETGs) are typically considered to be fea-
tureless compared with spirals. Nevertheless, they have complex
surface brightness profiles that cannot be reproduced with a sin-
gle fixed form, but require a smooth variation (e.g. Caon et al.
1993; D’Onofrio et al. 1994; Graham et al. 1996; Trujillo et al.

* Based on observations with the NASA/ESA Hubble Space Tele-
scope, obtained at the Space Telescope Science Institute, which is oper-
ated by the Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS5-26555. These observations are associated
with program 13324.

2001; Ferrarese et al. 2006), as well as multiple components
(e.g. Graham 2001; Kormendy et al. 2009; Laurikainen et al.
2010). Even before high spatial resolution imaging was avail-
able, the brightest and the most massive galaxies were known to
have cores: regions where the surface brightness profile flattens
to a profile that remains constant or slowly rises as the radius
approaches zero (King & Minkowski 1966; Lauer 1985; Kor-
mendy 1985; Nieto et al. 1991). High spatial resolution imaging
of the Hubble Space Telescope (HST) brought unequivocal evi-
dence that the nuclear regions of some ETGs have cores, but it
also showed that the majority of luminous ETGs have continu-
ally rising cuspy profiles (Crane et al. 1993; Ferrarese et al. 1994;
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Lauer et al. 1995; Faber et al. 1997). Subsequent studies enlarged
the sample of galaxies with high-resolution imaging capable of
distinguishing central cores from cusps of various shapes (e.g.
Rest et al. 2001; Ravindranath et al. 2001; Laine et al. 2003;
Lauer et al. 2005; Ferrarese et al. 2006; Kormendy et al. 2009;
Richings et al. 2011; Dullo & Graham 2012, 2013).

The classification of nuclear surface brightness profiles de-
pends on the definition of what a core is, and on the functional
form used to fit the light profiles (as can be seen from the dis-
cussions in the cited papers). We discuss these technical details
further in Section 3. For the moment, we need to bear in mind
that cores typically exist in galaxies brighter than My = -21.
Cores in fainter galaxies are known, but are also rare (Lauer
et al. 2007). Furthermore, cores have typical sizes of 20-500 pc
(e.g. Lauer et al. 2007; Richings et al. 2011; Rusli et al. 2013),
but even kiloparsec-scale cores are known (Postman et al. 2012;
Lépez-Cruz et al. 2014; Bonfini & Graham 2016; Dullo et al.
2017). Finally, core size positively correlates with the total lumi-
nosity, surface brightness, mass, and stellar velocity dispersion
(Lauer et al. 2007; Dullo & Graham 2014): the more massive
the galaxy, the more extended its core and the larger the differ-
ence between the observed brightness level in the core and the
expected brightness based on the extrapolation of the large-scale
profile (e.g. Graham 2004; Ferrarese et al. 2006; Kormendy et al.
2009; Kormendy & Bender 2009; Dullo & Graham 2012, 2013,
2014; Rusli et al. 2013). This is a key finding that delineates the
formation of cores, and we review it in Section 5.1.

Stellar kinematics represents a crucial diagnostic of the in-
ternal structure of galaxies as it relates the projected structure
with the intrinsic shape of galaxies (e.g. Franx et al. 1991; de
Zeeuw & Franx 1991; Statler 1994a; Statler & Fry 1994; Statler
1994b). Furthermore, the information in the mean velocity, V,
and the velocity dispersion, o, of the line-of-sight velocity dis-
tribution (LOSVD) can be used to distinguish between the dom-
inance of the ordered and random kinetic energy, or in terms
of the tensor virial theorem (Binney & Tremaine 2008, p. 360),
whether the flattening of the galaxy is due to its rotation or to
anisotropy in the velocity dispersion vectors. This was pioneered
by Binney (1978), who introduced the anisotropy diagram relat-
ing V/o and the projected shape of galaxies, €. However, the
long-slit data that revealed the kinematic properties of ETGs
(e.g. Bertola & Capaccioli 1975; Illingworth 1977; Schechter &
Gunn 1979; Efstathiou et al. 1980; Davies et al. 1983; Davies
& Illingworth 1983; Dressler & Sandage 1983; Jedrzejewski &
Schechter 1988, 1989; Franx et al. 1989; Bender & Nieto 1990;
Bender et al. 1994) are insufficient for the rigorous interpretation
of the tensor virial theorem (Binney 2005).

The observations with SAURON, an integral field unit (IFU)
(Bacon et al. 2001) of nearby ETGs (de Zeeuw et al. 2002; Cap-
pellari et al. 2011a), showed that stellar velocity maps can be
used to recognise discs (Krajnovi¢ et al. 2008, 2013a), and to
rigorously apply the tensor virial theorem and use the V/o — €
diagram to estimate the anisotropy of galaxies (Cappellari et al.
2007). Furthermore, the IFU data allow us to measure a more
robust proxy, Ag., for the projected specific stellar angular mo-
mentum of ETGs (Emsellem et al. 2007, 2011). The regular or
non-regular appearance of the velocity field of ETGs (Krajnovi¢
et al. 2011), directly related to the existence or lack of (em-
bedded) discs, can also be related to the measured angular mo-
mentum (Emsellem et al. 2011). Emsellem et al. (2007) defined
two classes of ETGs, where fast rotators have regular kinemat-
ics, while slow rotators have irregular velocity maps (Emsellem
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et al. 2011). The kinematic classification from IFU studies' has
a strong resemblance to the structural classification of galaxies
based on imaging, but it resolves a crucial problem of recog-
nising stellar discs that are hidden due to (non-physical) projec-
tion effects or (physical) multiple structures (e.g. embedded in
spheroids). Based on the structural classification of ETGs (based
on HyperLeda, Cappellari et al. 2011a), it is easy to recognise
galaxies that are misclassified (Emsellem et al. 2011), but also
to associate slow rotators with bright ellipticals and fast rotators
with discy ellipticals and SO galaxies (e.g. Cappellari 2016).

Using the V/o metric to separate fast and slowly rotatating
ETGs, Faber et al. (1997) noted that essentially all core galaxies
have low V/o. Their sample was limited and selected in a het-
erogenous way (Lauer et al. 1995). Similar in size, the SAURON
sample (de Zeeuw et al. 2002), for which the first robust stellar
angular momenta were derived, had a more systematic selection,
but was still only a representative sample. Emsellem et al. (2007)
showed that while there is a strong trend between cores and slow
rotators, there is no 1:1 relation (i.e. neither do all slow rotators
have cores, nor are all cores found in slow rotators). This was
also emphasised by Glass et al. (2011), while Dullo & Graham
(2013) presented a sample of SO galaxies (and therefore almost
certainly fast rotators) with cores.

Lauer (2012) investigated a subset of galaxies with WFPC2
imaging from the volume- and magnitude-limited ATLAS?P
sample (Cappellari et al. 2011a), and confirmed the lack of a
1:1 relation between cores and slow rotators. He argued that
slow rotators could be defined as galaxies with low angular mo-
mentum and core surface brightness profiles, imposing a limit of
Age < 0.25. This would resolve the issue of previous studies that
highlighted core galaxies in fast rotators.

Krajnovi¢ et al. (2013b) collected all published nuclear
surface brightness profiles and also analysed all unpublished
archival HST imaging of the ATLAS?P galaxies, increasing the
Lauer (2012) sample from 63 to 135 galaxies, and demonstrated
that the option of using Ag, < 0.25 would also include a num-
ber of galaxies without cores into slow rotators. Furthermore,
Krajnovi€ et al. (2013b) investigated the physical differences be-
tween fast and slow rotators with cores. The study concluded
that core fast rotators are morphologically, kinematically, and
dynamically different from core slow rotators and argued against
a classification scheme that combines these objects.

The mixing of fast and slow and core and no-core options
remains a puzzle for a comprehensive picture of galaxy (or more
precisely, ETG) formation. One of the problems was that only
135 of 260 ATLAS?P galaxies have HST imaging at sufficient
resolution. Crucially, one-third of the slow rotators were among
those without classified nuclear surface brightness profiles (Kra-
jnovié et al. 2013b). These galaxies are all of relatively low mass
(< 10" Mp) with indications of dynamically cold structures
and exponential (i.e. low Sérsic index) photometric components
(Krajnovi¢ et al. 2013a). Based also on the typical properties
of core galaxies from the studies cited above, Krajnovi¢ et al.
(2013b) made a case for these galaxies being core-less?.

" Az, measures the project and specific (weighted by a mass proxy)
angular momentum within one half-radius. Several studies noted that
assuming a different scale, the relative values of Ag, can change (Arnold
et al. 2014; Foster et al. 2016; Bellstedt et al. 2017; Graham et al. 2017).
A scale is a natural requirement for any classification. The one effective
radius was driven by the size of the IFU, the distance of the galaxies, and
their brightness. As we work on galaxies from Emsellem et al. (2011),
we retain their definition.

2 The term "cusps" is sometimes used as a description of steep cen-
tral surface brightness profiles (e.g. Sparke & Gallagher 2000, p. 238).
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After obtaining HST imaging for all remaining slow rotators
of the ATLAS3P survey, we are now in a position to address the
connection between nuclear surface brightness and stellar angu-
lar momentum, and develop a comprehensive view of the diver-
sity of slow rotators and the implications for their formation and
evolution, as well as their distinctiveness. Furthermore, in con-
trast to previous studies (with the exception of Kormendy et al.
2009), we also make use of the stellar population parameters that
are now available for the ATLAS?P sample (McDermid et al.
2015). As will become clear later, this information is crucial for
separating the different assembly pathways among ETGs.

This paper is organised as follows. In Section 2 we de-
scribe the derivation of the stellar population parameters, and
present the new HST observations and their reduction. Section 3
presents the nuclear surface brightness profiles, which allows
us to present the first volume-limited sample of slow rotators
with both IFU data and HST imaging. Section 4 updates the re-
sults of Krajnovi¢ et al. (2013b), presents global stellar popu-
lation properties based on SAURON observation, and discusses
the metallicity gradients in the context of nuclear light profiles.
The discussion in Section 5 reviews theories of core formation
and connects the results on the light profiles with results from
the global IFU observations. It ends by discussing the different
mass-assembly process of fast and slow rotators with and with-
out cores and presents evidence for two separate channels of for-
mation of slow rotators. The paper ends with a list of conclusions
in Section 6.

2. Data analysis
2.1. Observations

We used two sets of observations based on spectroscopy and
imaging. The first set was obtained using the integral-field spec-
trograph SAURON (Bacon et al. 2001) as part of the ATLAS3?
survey (Cappellari et al. 2011a) of nearby early-type galaxies. In
particular, we here present and make available unpublished prod-
ucts of the stellar population analysis based on McDermid et al.
(2015), pertaining to age, metallicity, a—element abundances,
and gradients of these quantities.

The second set of data is based on new HST imaging. The
ATLAS?P galaxies that were not analysed by Krajnovié et al.
(2013b) lacked HST observations suitable for extracting nuclear
surface brightness profiles. We selected all 12 remaining slow ro-
tators with the aim to complete this class with space-based high-
resolution imaging. The general properties of these galaxies are
listed in Table 1.

The HST data for this project were obtained through HST
Program GO-13324. The primary pointings used the Wide Field
Camera 3 (WFC3) with F475W and F814W filters, observed
during one HST orbit. Next to the primary WFC3 observations,
data were taken with the ACS (Ford et al. 1998) using the same
two filters in coordinated parallel observations, yielding data
360”away from the galactic nuclei. We here present and anal-
yse only the WFC3 data.

The WFC3/F475W and WFC3/F814W data for each target
galaxy were split into two dithered exposures with total expo-
sure times of 1050 s and 1110 s, respectively. A short 35s expo-
sure was added in F814W to mitigate potential saturation of the
galaxy nuclei.

However, some confusion may emerge when the "cuspy cores" is used
as in Kormendy et al. (e.g. 2009). In order to avoid any ambiguity, we
prefer to use core-less as a direct opposite to core.

2.2. SAURON stellar populations

We made use of stellar population parameters extracted from the
SAURON (Bacon et al. 2001) data cubes obtained within the
ATLAS?P project. The extraction of stellar population parame-
ters, including the emission-line correction and the measurement
of the absorption-line strengths and star formation histories, are
described in detail in McDermid et al. (2015). We associate with
this paper the maps of age, metallicity ([Z/H]), and a—element
abundance ([a/Fe]) for all galaxies in the ATLAS3D?P sample.
These were derived based on single stellar population (SSP)
models as described in McDermid et al. (2015). Briefly, fol-
lowing McDermid et al. (2006) and Kuntschner et al. (2010),
McDermid et al. (2015) used Schiavon (2007) models, which
predict the Lick indices for a grid of various ages, metallicities,
and a—elemement abundances. McDermid et al. (2015) derived
the SSP parameters for SAURON data using three indices that
are measured across the field of view of SAURON cubes (Hg,
Fe5015, and Mgb). The stellar population parameters are found
by means of y? fitting, where the best-fit SSP provides the clos-
est model values to our observed indices in a grid of age, metal-
licity, and a—elemement abundances. Original models are over-
sampled using linear interpolation, while the uncertainties are in-
cluded as weights in the sum. The errors of the final parameters
are calculated as dispersions of all points that differ by Ay? = 1.

We caution that the derived maps have to be interpreted as
SSP-equivalent because we cannot expect that all stars within a
region covered by a SAURON bin have the same age, metallic-
ity, or abundance ratio. As Serra & Trager (2007) have shown,
the SSP-equivalent age is biased towards the young populations,
while the SSP-equivalent chemical compositions is dominated
by the old population.

Maps of stellar ages and metallicities are pertinent to this
paper, which were used to extract age and metallicity pro-
files. Metallicity profiles were derived in the same way as in
Kuntschner et al. (2010) by averaging the values on stellar popu-
lation maps along the lines of constant surface brightness. In this
way, we ignored possible (and known) differences between the
projected distribution (shape) of the stellar population parame-
ters (e.g. metallicity, Kuntschner et al. 2010) and flux. Uncertain-
ties at each radial point were derived as the standard deviation of
all points at this ring after applying a 3o clipping algorithm.

Gradients of the metallicity, A[Z/H], and the age, A Age,
were obtained by performing straight line fits to the metallicity
and age profiles (weighted by their errors). Following the defini-
tion in Kuntschner et al. (2010), the metallicity gradient is then
defined as

6[Z/H]
AlZ/H] = ———, 1
[Z/H] SlogR/R. ()
and the age gradient as
log(A
AAge = J108(ALS) )
ologR/R,

The fits were limited to a region between 2" and the half-light
radius. The inner boundary was set to avoid seeing effects, while
our data rarely reach far beyond the half-light radius. For mas-
sive slow rotators, SAURON observations do not cover the full
R., and in these cases, the outer limit is set by the data. We
were not able to extract stellar population profiles and gradi-
ents for two galaxies (NGC 4268 and PGC 170172), but these
galaxies do not have HST data and therefore are not relevant
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Table 1. General properties of the observed galaxies.

name Dist O, /1Re € Re MK lOg(MJAM)
Mpc km/s kpc M
(D 2 B @ & (© @) (®
NGCO0661 30.6 178 0.14 031 2.85 -23.19 10.932
NGC1222 333 91 0.15 028 267 -2271 10.504
NGC 1289 384 124 0.18 0.39 4.06 -23.46 10.717
NGC3522 25.5 98 0.06 0.36 234 -21.67 10.305
NGC4191 39.2 124 0.11 0.27 3.23 -23.10 10.704
NGC4690 40.2 98 0.15 027 438 -22.96 10.620
NGC5481 25.8 122 0.10 0.21 3.15 -22.68 10.613
NGC5631 27.0 150 0.11 0.13 3.56 -23.70 10.887
NGC7454 232 114 0.09 0.36 3.26 -23.00 10.627
PGC28887 41.0 129 0.14 032 242 -22.26 10.534
PGC50395 37.2 81 0.14 0.23 2.06 -21.92 10.145
UGC3960 33.2 83 0.12 0.19 4.01 -21.89 10.390

Notes — Column (1): Galaxy name. Column (2): Distance. Column (3): Effective velocity dispersion. Column (4): Specific stellar
angular momentum within one effective radius. Column (5): Half-light radius. Columns (6): Apparent K-band magnitude. Column
(7): Dynamical mass. Values in Cols. (2) and (7) are taken from Cappellari et al. (2011a). Columns (3), (6), and (8) are taken
from Cappellari et al. (2013b), where Col. (8) is obtained by multiplying the mass-to-light ratio with the luminosity of galaxies as
specified in that work. Columns (4) and (5) are taken from Emsellem et al. (2011).

for this study. Age and metallicity gradients are presented in Ta-
ble B.1 and in the online version of the paper. Age, metallic-
ity, and a@—element abundance profiles, as well as the SAURON
maps of the SSP equivalent stellar age, metallicity, and alpha-
element abundances can be obtained from the ATLAS?P Project
website?.

2.3. HST image combination

The data processing was performed at the Space Telescope Sci-
ence Institute (STScI). It involved dedicated wrapper scripts that
use modules from the DrizzlePac software package, including
AstroDrizzle and TweakReg.

First, we ran AstroDrizzle on every set of associated im-
ages (i.e. all images taken in one visit with the same filter) using
the setting driz_separate = True. This created singly driz-
zled output images, which are the individual exposures after cor-
rection for geometric distortion using the World Coordinate Sys-
tem (WCS) keywords in the image header. The software package
SExtractor (Bertin & Arnouts 1996) was then run on each singly
drizzled image, using a signal-to-noise ratio threshold of S/N =
10. The resulting catalogues were trimmed using object size, lo-
cation, and shape parameters chosen to reject most cosmic rays,
detector artefacts, diffuse extended objects, and objects near the
edges of the images. Using these cleaned catalogues, residual
shifts and rotations between the individual singly drizzled im-
ages were then determined using TweakReg. This yielded formal
alignment uncertainties below 0.1 pixel. The reference image
was always taken to be the image that was observed first in the
visit. The resulting shifts and rotations were then implemented
in a second run of AstroDrizzle to verify the alignment.

Cosmic-ray rejection was performed within AstroDrizzle,
which uses a process involving an image that contains the me-
dian values (or minimum value, see below) of each pixel in the
(geometrically corrected and aligned) input images as well as
its derivative (in which the value of each pixel represents the

3 http://purl.org/atlas3d
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largest gradient from the value of that pixel to those of its di-
rect neighbours; this image was used to avoid clipping bright
point sources) to simulate a clean version of the final output im-
age. For this step, we used the default cosmic-ray reduction set-
tings in AstroDrizzle, combine_type = minmed, which use
the median value unless it is higher than the minimum value by
a 4 o threshold. Pixels that were saturated in the long F814W
exposures were dealt with by flagging them as such in the data
quality (DQ) extensions of the corresponding _flc.fits files.
AstroDrizzle then effectively replaced the saturated pixels by
the corresponding pixels in the short F814W exposures.

Sky subtraction was performed on each individual image
prior to the final image combination, using iterative sigma clip-
ping in the region shared by all images with a given filter. The
resulting sky values were stored by AstroDrizzle in the header
keyword mprizsky of the individual _f1t.fits or _flc.fits
images; our wrapper script then calculated the average sky
rate in e~ /s for that filter and stored it in the header keyword
MDRSKYRT of the final AstroDrizzle output file (_drz.fits or
_drc. fits), which also uses e”/s units. This was done to allow
the sky level to be added back in before performing surface pho-
tometry, which is needed to determine proper magnitude errors.

The final run of AstroDrizzle was then performed us-
ing the so-called inverse variance map (IVM) mode. These
weight maps contain all components of noise in the images
except for the Poisson noise associated with the sources on
the image, and they are constructed from the flatfield reference
file, the dark current reference file, and the read noise values
listed in the image header. For the final image combination by
AstroDrizzle, we used a Gaussian drizzling kernel, and pa-
rameters final_pixfrac =0.90 pixel and final_scale 0.032
" [pixel. These parameter values were determined after exper-
imentation with appropriate ranges of values. The HST imag-
ing used in this work as well as the reduced parallel fields were
assigned a doi number (10.17876/data/2020_1%), and are made
available at ATLAS?P Project website (see footnote 3).

4 Resolvable via https://doi.org/10.17876/data/2020_1
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2.4. Extraction of surface brightness profiles.

We followed the common procedure, which starts with the
extraction of the light profiles using the STSDAS IRAF task
ellipse. This method, as described in Jedrzejewski (1987), is
based on the harmonic analysis along ellipses, fitting for the cen-
tre of the ellipse, its ellipticity €, and position angle ®@. The best-
fit parameters describing the ellipse (ellipse centre, @, € ) were
determined by minimising the residuals between the data and the
first two moments in the harmonic expansion. The semi-major
axis was logarithmically increased as the fitting progresses. The
values of the ellipse parameters are susceptible to the influence
of foreground stars and dust patches, which effectively distort
the shape of the isophotes. Therefore we created object masks
prior to fitting. The whole procedure is similar to that used in
Ferrarese et al. (2006) and Krajnovié et al. (2013b).

We converted the light profiles into surface brightness us-
ing the standard conversion formulae and the zero-points pro-
vided in the headers of the HST images. The light profile of one
galaxy, NGC 1222, was considered too uncertain for any subse-
quent analysis. The reason for this is the presence of complex fil-
amentary dust structures, extending several kiloparsec from the
nucleus, mostly along the minor axis of the galaxy, and bounded
by two bright complexes of young and bright stars. The stunning
appearance of NGC 1222 was shown in the NASA/ESA Photo
Release’ using the HST observations presented here. NGC 1222
is a recent merger remnant, and while it is clearly a slow rotator,
it is somewhat special because it exhibits a prolate-like rotation
(around the major axis). The galaxy is also rich in atomic gas,
which has the same kinematic orientation as the stars and is dis-
tributed in the polar plane of the galaxy, making a clear link with
the dusty central regions (Young et al. 2018). For our study, how-
ever, the most relevant is the extinction caused by the dust in the
centre, which prohibits a robust extraction of the light profile.
Therefore we excluded this galaxy from further analysis, but we
highlight it in relevant figures.

The final step in the preparation of the surface brightness
profiles was to address the influence of the HST point spread
function (PSF). We used the same method as in Krajnovi¢ et al.
(2013b): the single iteration of the Burger - van Cittert decon-
volution (van Cittert 1931; Burger & van Cittert 1932). This
method was shown to converge when |1 — A(x)| < 1, where A is
the PSF (Bracewell & Roberts 1954), while Burger & van Cittert
(1932) advised that a single iteration is often sufficient. For each
filter we constructed WFC3 PSF images using the code Tiny Tim
(Krist et al. 2011). The original HST image was convolved with
this PSF image using the STSDAS IRAF task fconvolve to cre-
ate a smoothed image. This smoothed image was run through the
ellipse task, but now using the best-fit parameters (ellipse cen-
tre, @, €) from the fit to the original HST image. This resulted in
extraction of smoothed surface brightness profiles. We then ap-
proximated the effective profile as SB.rs = 2XSB,ig — SBeon,
where SBiony, SBorig , and SB,y; are the convolved, original,
and effective (deconvolved) surface brightness profiles, respec-
tively. The errors on SB, s were estimated as a quadrature sum
of the errors returned by the el1lipse task on SB,,, and SB,;,.
The original and the effective profiles in F475W and F814W fil-
ters are presented in Figs. 1 and 2, but the subsequent analysis
was performed on the effective profiles only. In Appendix A we
show through a comparison with the Richardson-Lucy deconvo-
lution (Richardson 1972; Lucy 1974) that the single iteration of
the Burger-van Cittert deconvolution provides consistent surface
brightness profiles down to the central WFC3 pixel. This means

> https://www.spacetelescope.org/images/potwl645a/

that the surface brightness profiles presented here have a spatial
resolution comparable to those in the literature (and used in our
previous work).

3. Nuclear surface brightness profiles

We are interested in characterising the surface brightness profiles
as having or lacking a core. A core is a region interior to a certain
break radius in which the surface brightness bends away from
the steep outer profile to a shallower inner profile. The simplest
functional form to describe such a surface brightness profile is a
double power law (e.g. Lauer et al. 1992; Ferrarese et al. 1994),
which has subsequently been further developed into the Nuker
profile (Lauer et al. 1995; Byun et al. 1996).

An alternative parametrisation uses a combination of a power
law and a Sérsic (1968) function, the so-called core-Sérsic model
(Graham et al. 2003). Its main advantage is the fact that galaxy
light profiles are typically well fitted with Sérsic functions, and
not with power laws. A core-Sérsic model can, in principle, be
expected to fit the surface brightness well across a wide range
of radii (Truyjillo et al. 2004; Ferrarese et al. 2006). Galaxies are,
however, often made of multiple components, and as Kormendy
et al. (2009) pointed out, instead of rigid analytic functions, it
is necessary to use multiple (Sérsic) functions and fit the light
profiles piecewise.

Our main goal here is not to precisely fit the surface bright-
ness profiles over the full range of the HST imaging. Instead,
we wish to determine which galaxies can be classified as having
cores, a task for which the double power-law model is sufficient.
For consistency with Krajnovi¢ et al. (2013b), which was partly
based on the literature values, we use the Nuker profile. While
the cores from the Nuker profile and the depleted cores from the
core-Sérsic model are not the same structures, in practice, there
is only a small number of galaxies that are classified differently
(e.g. where the Nuker profile and the core-Sérsic model do not
agree). Furthermore, it is often not clear if the differences are
caused by the way the fit was made (e.g. radial extent, as the
core and outer profiles are interdependent), the difference in the
data used, or the treatment of the PSF. We note, however, that the
values of the parameters defining the core (e.g. the break radius,
see Section 3.1) are not the same for both parametrisations, and
they should be used with care. For more information, we refer
to the discussion in Kormendy et al. (2009), Dullo & Graham
(2012, 2014), and Krajnovi¢ et al. (2013b).

3.1. Nuker profiles

We used a double power-law function of the following form

(Lauer et al. 1995):
a(y-B)/a
1+ (L) } )
Ty

where 7 is the inner cusp slope as r approaches 0. Galaxies with
cores are marked with r,, the radius at which a break in the light
profiles occurs, and [, is the brightness at the break. Whether
a light profile has a core or is core-less is not parametrised by
v, but by the local (logarithmic) gradient y’ of the luminosity
profile, evaluated at the HST angular resolution limit, #’. The
definition (Rest et al. 2001; Trujillo et al. 2004) of y’ is given by

1(r) = 260, (’7’3)7 3)

dlogl
dlogrl=r B

_ Y+ )"
1+ /)’

’

“

\<
Il

Article number, page 5 of 24



A&A proofs: manuscript no. cores_astroph

T
o SBes FA75W
—— Nuker y'=1.00
© SBesF814W 7
---- Nuker y'=0.96

-
N
T
I
N
T

T
o F475W ]
F814W

=
»
T
=
B
T

§ q
(o) |9}
Q 1}
(%] 0
[} O
— —
© @©
o 16 E o 16 -
© ©
€ S
— 18} - — 18 s
%] (%]
n (%2}
9] L}
S 20} E S 20} .
< <
R o
5 22f E & 22 s
4] [}
8 NGC0661 O NGC1222
24 - © 24 -1
Tt t
o 3
v 26 'l 'l 'l 0 26! 1 L 1 ﬂ 1
0.50 rry T T T T 0.507 T T T T
© 0.25} 4 ®© o0.25f 4
=} >
T o.00} T 0,00 -
%] 0w
U _o.25} 4 9 -o0.2s5f -
'l 'l 'l 'l 'l L 1 L 1 1
-0.50 0.01 0.10 1.00 10.00 100.00 -0 58.01 0.10 1.00 10.00 100.00
log(R) [arcsec] log(R) [arcsec]
o [T T 1 [T
i o  SBey FA75W ) B o SBey F475W
g :—— Nuker y'=0.76 8 —— Nuker y'=0.89
v 14r © SByF8LAW ] v 14r © SByF814W ]
S -- Nuker y'=0.71 S ---- Nuker y'=0.89
O 16 - o 16 H -
© @©
€ S
— 18| - — 18 e
%] (9]
0w (%2}
9] L}
S 20f . £ 20f i
ey <
2 o
S 22f 5 S 22 .
4] [}
O NGC1289 O NGC3522 N
© 24} e © 24} ~ 1
t €
3 : : \ > : H
0 PY] YV R PP BRI R PPP | o " PY-] T R AP BRI BRI I BT, . 1 -
0.50 0.50 T T
© 0.25 o 0.25} 4
> =}
T 0.00 T o0.00} - -
%] 4 H n
Y _o.25}f H o 4 9 -o0.25f ? : E
—0.50 bl P MR | PP sl P —0.50 bl HI MR | e PR = WP | P
2770.01 0.10 1.00 10.00 100.00 ~>7"0.01 0.10 1.00 10.00 100.00
log(R) [arcsec] log(R) [arcsec]
S 2r o SB.r F475W I I o SBer F475W
o ~~< —— Nuker y'=0.47 O —— Nuker y'=1.01
Q a7}
v 14 o SB.sF814W v 14r o SB.sF814W
] ---- Nuker y'=0.53 © ---- Nuker y'=1.24
o 161 : E o 16 : e
© ©
IS €
— 18| E — 18 1
] [}
(%] w0
9] [}
S 20f E S 20} L
Ny <
Rl o
S 22fF . S 22 - .
(V] [}
o NGC4191 v NGC4690
© 24 - © 24} -
t t
3 3
wn G (%}
26 al A2 3 sl i
0.50 rmy ——r—— 0.50 T
© 0.25F 41 ®© o.25f a .
=} S o
T 0.00f - R g™ Qs - g MR -+ w v eseennenennenaans 4 T o.00} uﬁ ............. .
(%] [%2]
Y —o0.25} o 4 9 -o.2s5f ° E
H Y HE
—0.50 bt PRI | MR | TR ETT B AT | P —0.50 bl N | s sl T | MR | P
0.01 0.10 1.00 10.00 100.00 0.01 0.10 1.00 10.00 100.00
log(R) [arcsec] log(R) [arcsec]

Fig. 1. Surface brightness profiles of the first six low-mass slow rotators from the ATLAS3P survey (ordered by name). Each galaxy is represented
by two panels. The upper panel shows light profiles in F475W (light blue squares) and F814W (red circles) filters, and the smaller lower panel
shows residuals from the fit. Open symbols are original (observed) light profiles, and filled symbols are effective (deconvolved) profiles used for
the analysis. The sampling does not correspond to the pixels of the WFC3 camera, but it is defined by the tool for the isophote analysis. The
Nuker fits to both filters are shown with solid (F475W) and dashed (F814W) lines. Two vertical dotted lines indicate the range used in the fit. The
short vertical solid line indicates the location at which the ¢’ slope is measured. Our images have a pixel scale of 07032. For a comparison with
Richardson-Lucy deconvolution results, see Appendix A.
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Fig. 2. Surface brightness profiles of the second six low-mass slow rotators from the ATLAS®P survey (ordered by name). Each galaxy is repre-
sented by two panels. The upper panel shows light profiles in F475W (light blue squares) and F814W (red circles) filters, and the smaller lower
panel that shows residuals from the fit. Open symbols are original (observed) light profiles, and filled symbols are effective (deconvolved) profiles
used for the analysis. The sampling does not correspond to the pixels of the WFC3 camera, but is defined by the tool for the isophote analysis.The
Nuker fits to both filters are shown with solid (F475W) and dashed (F814W) lines. Two vertical dotted lines indicate the range used in the fit. The
short vertical solid line indicates the location at which the ¢’ slope is measured. Our images have a pixel scale of 0”7032. For a comparison with
Richardson-Lucy deconvolution results, see Appendix A.
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Table 2. Parameters of the Nuker fits and kinematic structure of the analysed galaxies.

name Filter rp rp I a B vy vy rms ry ry Class Kinematic
structure
(arcsec) (pc) (arcsec) (pc)

(1) () 3) @ & © O @ ©» aqo Jday 12y 13) (14)
NGC 0661 F475W  0.05 742 1432 500 1.03 0.00 1.00 0.04 <0.10 <14.84 \ CRC
NGC 0661 F814W  0.06 890 13.04 500 1.03 0.06 096 002 <0.10 <14.84 \ CRC
NGC 1289 F475W 040 7447 1636 0.11 5.13 -3.00 0.76 0.05 <0.10 <18.62 \ CRC
NGC 1289 F814W  2.00 37234 17.19 020 4.11 -1.15 0.71 0.03 <0.10 <18.62 \ CRC
NGC 3522 F475W 040 4945 16.63 0.07 5.17 -3.00 0.89 0.06 <0.10 <1236 \ KDC
NGC 3522 F814wW  1.03 12734 1656 125 1.66 085 0.89 005 <0.10 <1236 \ KDC
NGC4191 F475W  0.27 5131 1647 2.18 126 038 047 0.04 0.06 11.55 A 20
NGC4191 F814W  0.31 5891 1527 234 130 048 053 0.04 <0.10 <19.00 \ 20
NGC 4690 F475W  0.33 6432 1685 5.00 124 1.01 1.01 004 <0.10 <1949 \ NRR
NGC 4690 F814W  0.05 9.74 13.12 5.00 127 042 124 004 <0.10 <1949 \ NRR
NGC 5481 F475W 040 50.03 16.63 080 1.72 035 0.69 0.03 <0.10 <1251 \ KDC
NGC 5481 F814w 200 250.16 17.55 0.36 3.01 -0.02 0.75 0.01 <0.10 <12.51 \ KDC
NGC 5631 F475W  0.05 6.54 1434 049 142 -025 0.73 003 <0.10 <13.09 \ KDC
NGC 5631 F814W  0.05 6.54 12.83 1.01 127 -044 0.70 0.05 <0.10 <13.09 \ KDC
NGC 7454 F475W  0.05 5,62 1475 500 1.02 033 1.00 002 <010 <11.25 \ NRR
NGC 7454 F814W  0.26 29.24 15.16 0.03 432 -235 094 005 <0.10 <1125 \ NRR
PGC028887 F475W  0.40 79.51 17.03 0.13 5.12 -3.00 0.70 0.12 <0.10 <19.88 \ KDC
PGC028887 F814W  1.61 320.03 1748 272 228 087 0.87 007 <0.10 <19.88 \ KDC
PGCO050395 F475W  0.40 72.14 1755 0.05 482 -275 090 0.08 <0.10 <18.04 \ CRC
PGCO050395 F814W  0.89 160.51 17.25 5.00 134 092 092 003 <0.10 <18.04 \ CRC
UGC03960 F475W  0.05 8.05 1555 500 1.07 053 1.05 0.12 <0.10 <16.10 \ NRR
UGC03960 F814W  2.00 32192 1850 500 151 1.05 1.05 005 <0.10 <16.10 \ NRR

Notes — Column (1): Name of the galaxy. Column (2): HST WFC3 filter. Column (3-8): Parameter of the Nuker fit as defined in
Eq. (3). Column (4) repeats the values of Col. (3) in the physical units. Column (9): Gradient of the luminosity profile evaluated

at the limit of 0”1 (assuming the HST resolution limit of 0”705,

the classification remains the same, except for NGC 0661 and

NGC 5631, which then have intermediate profiles, but only in the F814W filter.). Column (10): Root mean square of the Nuker fit
residuals. Columns (11 - 12): Cusp radius as defined by Eq. (5) in arcseconds and parsec, respectively. Column (13): Classification
into intermediate (A) and power law (\), where intermediate and power law are grouped as core-less in the text (see Section 3). A
core (N) does not occur in this sample. Column (14): Kinematic structure in the velocity maps taken from Krajnovi¢ et al. (2011),
where CRC means counter-rotating core, KDC means kinematically distinct core, 20 is the double peak in the velocity dispersion
map indicating counter-rotating discs, and NRR are non-regular velocity maps. NGC 1222 is not included because we did not

analyse this galaxy because its nuclear dust content is high.

where we adopted for r’ = 0.1”as a measure of the HST resolu-
tion. In Appendix A we show that the deconvolution method we
used can be trusted to about 0”704 - 0”705 for WFC3 data. There-
fore we could also have selected a smaller radius to derive y’, for
instance the resolution limit of 0.05. The main reason for not do-
ing this is that part of the literature data based on Nuker profiles,
including Krajnovi¢ et al. (2013b) with values for the rest of the
ATLAS® galaxies, have used ' = 0.1”. Using a smaller radius
does not change our conclusion here, as we discuss in more de-
tail below.

Following Lauer et al. (1995), core galaxies are defined to
have ¥’ < 0.3, while power-law galaxies are defined to have
profiles steeper than v’ > 0.5. The values of 0.3 < ¢ < 0.5 are
nominally denoted as intermediate (Rest et al. 2001). In practice,
we considered all galaxies with v’ > 0.3 not to have resolved
cores, and we refer to them as core-less.

We also defined the cusp radius as the radius at which y’ =
0.5 (Carollo et al. 1997),

&)
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This radius is considered to be a more robust core scale radius,
which reasonably approximates the core radius obtained from
core-Sérsic fits (Dullo & Graham 2012). For galaxies that have
¥ = 0.5, we adopt r, < 0.1”.

The fits to the deconvolved surface brightness profiles in
both filters are shown in Figs. 1 and 2 and their parameters
are presented in Table 2. The fitting was performed using a
least-squares minimisation routine based on MPFIT (Markwardt
2009), an implementation of the MINPACK algorithm (Moré
et al. 1980). The deconvolved profiles in both filters were fit-
ted between the inner radius of 0.03” and an outer radius that
was chosen for each galaxy, limiting the spatial range in which
Eq. (3) was used. Reasonable fits were obtained when the outer
radius was generally close to 10", although in a few cases, they
were considerably smaller (e.g. 2" for NGC 0661). This is a typ-
ical range for fits with the Nuker law (Lauer et al. 1995; Rest
et al. 2001; Lauer et al. 2005; Krajnovic et al. 2013b).

In a few cases, the residual plots in Figs. 1 and 2 show sig-
nificant deviations between the Nuker model and the data within
the fitted region (e.g. NGC 3522, NGC4191, PGC 028887,
PGC 050395, and UGC 03960). The deviations in the inner parts
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(within the fitting region) arise partially because galaxy light
does not follow a power-law profile. The Nuker fit therefore
needs to be limited to different regions for different galaxies.
In addition, some of our galaxies likely contain multiple light
components that are most appropriately decomposed with Sér-
sic profiles. At large scales (> 2.5"), light profiles of our galax-
ies are well fitted by a Sérsic profile, while PGC 028887 and
UGC 03960 are better fit with a double Sérsic model (Krajnovié¢
et al. 2013a). The HST data show that additional (Sérsic) com-
ponents are also necessary within the central few arcseconds to
reproduce the profiles well. We did not attempt a full decompo-
sition of the radial profiles because we are only interested in the
existence (or lack) of cores.

3.2. Are cores of our galaxies beyond the HST resolution
limit?

Our galaxies are at distances of between 25 and 40 Mpc, and it
is not obvious that even with the HST resolution we would be
able to resolve or even detect their cores. Based on our choice
for ¥ = 0.1” and a limiting distance of 40Mpc, the lower limit
to the size of cores that we can detect is about 19 pc, while sizes
a factor of two smaller would be detectable for ' = 0.05”. This
means that we cannot expect to detect any core with a physical
radius smaller than ~ 10pc. Cores detected in previous works
have characteristic sizes typically larger than 20 pc (e.g. Lauer
et al. 2007; Krajnovi¢ et al. 2013b; Dullo & Graham 2014).

As defined in the previous section, two relevant radii are re-
lated to the core size within the Nuker profile: 7, and r,. The
former is the radius at which the Nuker profile has the maximum
curvature, or the location of the transition between the two power
laws of Eq. (3). The latter is a characterisation of the physical
size of the core, defined as the location at which the logarithmic
slope of the galaxy surface brightness reaches a given value of 7/,
as shown in Eq. (5). The choice of y’ is somewhat arbitrary, but
as Carollo et al. (1997) and Lauer et al. (2007) showed, ' = 0.5
is a natural way to separate cores from core-less galaxies, and
it provides tighter relations with other galaxy parameters. How-
ever, r,, does not specify the actual size of the core, but should
be considered, in the words of Lauer et al. (2007), as “just a con-
venient representative scale".

Our galaxies have y’ > 0.5 (all except NGC 4191 in F475W
filter), and therefore the cusp radius is not well defined for the
combination of the o and 8 parameters. As is the custom for such
galaxies, we placed an upper limit on the core size of r, < 0.1”
(see Table 2 for values in parsec). Given the distances to our
galaxies, this places a limit to the core scales of < 10 — 20 pc, as
expected from the resolution arguments. The possibility remains
that our galaxies harbour smaller cores.

Known galaxies with cores are all massive, bright, and have
large velocity dispersions, therefore it might be an issue that the
current scaling relations, such as r, — o or the r,— My relations,
are not representative of our galaxies. In order to use them for
our galaxies, they need to be extrapolated to oo ~ 100 km/s or
My < —-20, while they are currently confined to o > 150 and
My > —21 (Figs. 4 and 5 in Lauer et al. 2007). When we apply
these relations to estimate the sizes, the potential cores in our
galaxies would have r, < 5 pc (for r, — ) and r, < 10 pc (for
ry— My, assuming V-K = 3 colour for our galaxies and using the
absolute K-band magnitudes from Table 1). Even though r, < 1,
and not the physical size of the core, it is likely that we would not
be able to detect such small cores. The same conclusion remains
valid for most galaxies when we use assume ' = 0.05 (and r, <
0.05").

c I core-less
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Fig. 3. Distribution of sizes (r,) and distances to core ATLAS?® galaxies
(red squares). The blue solid line shows the HST limit of r, < 0.1”
assumed for all galaxies that have y’ > 0.5. Below this line, cores cannot
formally be detected. Circles on the line are the upper limits on possible
core sizes for galaxies presented here with values from Table 2. The
histogram at the top shows the fraction of core-less galaxies in bins of
distance. There is no evidence for an increase of the fraction of core-less
galaxies as a result of resolution effects.

An alternative is to use relations from Dullo & Graham
(2014), such as their r, — o or r, — uo (Fig. 5 in that paper).
These relations are made for core-Sérsic fits and are based on a
smaller sample than the Lauer et al. (2007) relations. They also
need to be extrapolated because the velocity dispersion is limited
to o > 200 km/s, while gy > 14 (V-band surface brightness).
Furthermore, we recall that r, (core-Sérsic) ~ 1/2r, (Nuker)
(Dullo & Graham 2014), but r, ~ r, (core-Sérsic) (Dullo &
Graham 2012). Nevertheless, using the r, — y relation on our
galaxies with typical surface brightness in F475W filter between
14 and 15 mag/”?, we might expect core sizes of 20 — 40 pc,
parametrised as r;, (core-Sérsic), while the r, —o relation predicts
for most of galaxies r;, < 5 pc. These values show a considerable
spread in the estimated sizes, and point to a general problem of
predicting the (relevant) sizes of cores: they are highly uncertain.

In Fig. 3 we compare the sizes of cores (r,) and distances
to galaxies in the ATLAS’P sample. We over-plot the effect of
the resolution of the HST and the upper limits for our galaxies
from Table 2. They show that our observations are able to de-
tect cores with sizes typical for ETGs, even at the distance limit
of the sample. We also show a histogram with the fraction of
core-less galaxies as a function of distance. The purpose is to
demonstrate that there is no sudden increase in the fraction of
core-less galaxies with distance, which might be the case if we
were missing cores because of the resolution effects. There is a
lack of galaxies with large cores at distances beyond ~ 35 Mpc,
but this is a feature of the local universe and the ATLAS?P sam-
ple, which contains no massive galaxies at these distances.

Table 2 shows that none of our galaxies have a core larger
than 10-20pc. They could have undetected cores from sub-parsec
up to a few parsec in size, but these are obviously very different
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from cores in other slow rotators. As we discuss later, the galax-
ies presented here differ from other slow rotators, most notably
in mass and stellar population parameters. It is crucial that the
galaxies we investigated here are slow rotators because this in-
formation was absent from all previous samples that were used
to investigate nuclear surface brightness profiles. We showed that
among slow rotators are galaxies that have large cores, tens to
hundreds of parsec in size (Krajnovié et al. 2013b, and see also
Lauer 2012), and we here address slow rotators that in the most
extreme case cannot have cores larger than a few parsec.

For the rest of the paper we assume that the galaxies analysed
here are all core-less. When we assume that all galaxies with
non-regular kinematics have similar formation histories and that
slow rotators should be core galaxies (e.g. Lauer 2012), then this
is already an unexpected result.

4. Results: not all slow rotators have cores

In this section, we first update Krajnovié et al. (2013b) with in-
formation on the surface brightness profiles for all ATLAS?P
slow rotators. We then extend the analysis using the informa-
tion on the stellar populations, in particular the metallicity and
age gradients.

4.1. Cores versus rotation
4.1.1. Global kinematic parameters

Figs. 4 and 5 present the specific angular momentum (Ag,) versus
the observed elliptiticy and the velocity dispersion within one
half-light radius for ATLAS?P galaxies, respectively. The data
are the same as in Figs. 4 (left) and 7 of Krajnovic et al. (2013b),
where we now complete the information on nuclear light profiles
for all remaining slow rotators. Two results are evident. Stel-
lar angular momentum alone remains an ambiguous predictor
of the presence of cores (Fig 4). The transition region between
fast and slow rotators (0.1 < Ag, < 0.2) contains galaxies with
both types of nuclear surface brightness profiles. Only galaxies
with the lowest measured values for Ag, are more likely to have
cores. Notably, core-less light profiles seem to be more likely
associated with flatter slow rotators, dominating the distribution
for ez, > 0.25.

On the other hand, a combination of the effective velocity
dispersion, o, and Ag., remains the best predictor of the nu-
clear light profile structure (Fig. 5), as noted in Krajnovi¢ et al.
(2013b). All slow rotators with a velocity dispersion lower than
about 160 km/s have core-less light profiles. Within the rectan-
gle, defined as o, > 160 km/s and Az < 0.25, where essentially
all core galaxies are found, there are now two core-less galaxies,
and one with an uncertain profile. This means that only about
10% of the galaxies within the box are likely to have core-less
profiles. When we restrict this to o, > 200 km/s and Ag, < 0.25,
essentially all galaxies have cores. This provides an interpreta-
tion for studies of large samples, such as the one of Graham et al.
(2018), who investigated the kinematics of MANGA galaxies
for which high-resolution nuclear stellar profiles are not avail-
able. Assuming that our low number statistics can be taken as an
indicator, about 15 per cent of galaxies with 160 < o, < 200
km/s and Ag, < 0.25 in the MANGA sample could be core-less.
Nuclear surface brightness profiles of all MANGA galaxies with
o, > 200 km/s and Ag, < 0.25 most likely exhibit cores.

Galaxies in the boxed region of Fig. 5 are separated into two
groups with a jump in Ag, for about 0.05-0.1. The group of the
higher Ag, (and o, < 220 km/s) corresponds to the group of
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Fig. 4. Specific stellar angular momentum vs. the observed ellipticity of
the ATLAS?P galaxies. Small open circles are galaxies with no available
HST observations, and small filled circles are galaxies for which the
central surface brightness profile is uncertain, mostly because of a dusty
nucleus. Red diamonds are core galaxies (y’ < 0.3), and blue pentagons
are core-less galaxies (y* > 0.3). The green solid line separates fast
from slow rotators following Emsellem et al. (2011), and the grey solid
line is the Cappellari (2016) alternative. The dashed magenta line shows
the edge-on view for spheroidal galaxies integrated up to infinity with
B = 0.7 X €y, as in Cappellari et al. (2007). Other dashed lines show
the same relation projected at inclinations of 80°, 70°, 60°, 50°, 40°, 30°,
20°, and 10° (from right to left). The dotted lines show the change in lo-
cation for galaxies of intrinsic €, = 0.85,0.75,0.65,0.55,0.45,0.35,
and 0.25 (from top to bottom). This plot differs from Fig.4 (left) of Kra-
jnovié et al. (2013b) in that all slow rotator galaxies now have nuclear
surface brightness characterisation, but the number of slow rotators with
cores did not increase. NGC 1222 is the small black symbol on the grey

line.

fast rotators with cores in Fig. 4. Slow rotators with cores are
confined to the lowest values of Ag,, but extend to the highest
velocity dispersions.

Slow rotators are heterogeneous in terms of the mass (span-
ning almost two orders of magnitude in the ATLAS?P sample),
environment, and kinematics (Emsellem et al. 2011; Cappel-
lari 2016). Their velocity maps exhibit no net rotation, vari-
ous types of KDCs, as well as velocity maps that show rota-
tion, but it is irregular and with twists (Krajnovi¢ et al. 2008,
2011). The velocity maps of the slow rotator sub-sample pre-
sented here are as diverse. Notably, 7 of 11 galaxies (we also
excluded NGC 1222 from the kinematic analysis of the sample)
have KDCs or counter-rotating cores (CRC), one galaxy is clas-
sified as a 20 (it contains a counter-rotating disc, recognisable
with two peaks in the velocity dispersion maps), with the remain-
ing three having non-regular rotation (NRR)® velocity maps. In

6 Velocity maps characterised as NRR by Krajnovié et al. (2011) have a

relatively low rotation amplitude, an irregular appearance, and possible
kinematic twists. These all result in deviations from the regular rotation
(as found in fast rotators) that is described by a simple disc-like velocity
model.
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Table 3. Incidence of kinematic and photometric features among ATLAS3P slow rotators.

class ‘KDC CRC 20 LV NRR ‘ Total Fraction | f(KDC) f(CRC) f(20) f(LV) f(NRR)
(1) 2 @ @ 6 ©O | D )] ) (10) (1 12) (13)
core-less | 6 4 4 1 5 |2 057 030 020 020 005 025
core 4 30 4 4 15 043 027 020 000 027 027

Notes — Column (1): Classification of the surface brightness profiles based on this work and Table C1 from Krajnovic et al. (2013b).
Columns (2-6): Kinematic classes from Table D1 of Krajnovié et al. (2011): KDC is the kinematically distinct core, CRC is the
counter-rotating core, 20" is the double velocity dispersion peak (indicative of counter-rotation), LV is the low-level velocity (no
net rotation), and NRR is the non-regular rotation (but without special features, except for a possible kinematic twists). Columns
(7) and (8): Total number and fraction of slow rotators with different types of surface brightness profiles (NGC 1222 is excluded),
respectively. Columns (9-13): Fraction of galaxies with KDC, CRC, 20, LV, and NRR kinematic features.
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Fig. 5. Specific stellar angular momentum vs. stellar velocity disper-
sion within the half-light radius for the ATLAS?P sample. Galaxies are
separated into core slow rotators, core fast rotators, core-less slow ro-
tators, and core-less fast rotators, as shown on the legend. Galaxies
with uncertain profiles and galaxies with no HST data are shown with
small solid and open symbols, respectively. The box delineated by solid
black lines is from Fig. 7 of Krajnovi¢ et al. (2013b), where mostly
cores occur. Data presented here show that outside the box there are no
new core galaxies, while the one galaxy that was previously unclassified
(NGC 0661, the upper blue symbol within the box) also has a core-less
surface brightness profile. The galaxy with an uncertain surface bright-
ness profile in the box is NGC 3607, while NGC 1222 is the small solid
circle with o ~ 90 km/s and Az ~ 0.15.

the last column of Table 2 we copy the kinematic structure of
these galaxies from Krajnovié et al. (2011).

The high incidence of KDC/CRCs among core-less slow ro-
tators is worth a closer look, especially when we consider that
CRC:s are a sub-class of KDCs in which the rotation of the KDC
is opposite to the orientation of the main body (the angle differ-
ence is ~ 180°). In Table 3 we combine the information from this
work (Table 2), the surface brightness profile classification from
table C1 of Krajnovic et al. (2013b), and the kinematic structures
from table D1 of Krajnovié et al. (2011). We removed NGC 1222
from the total of 36 ATLASP slow rotators, and show that only

43% of the remaining 35 slow rotators have cores. The relative
fraction of KDCs or CRC:s is similar between core and core-less
galaxies, however, and the same is true for galaxies with NRR
velocity maps. The clear difference in the kinematics is visible
in the remaining two kinematic classes. Low-velocity (LV) fea-
tures are almost entirely found among core slow rotators, while
20 features are found only among core-less slow rotators.

An exception to the rule is NGC 6703, classified as LV and
a core-less slow rotators, but its non-rotation arises because this
galaxy is seen almost face-on, as has been suggested by Em-
sellem et al. (2011) and confirmed by dynamical modelling of
Cappellari et al. (2013b). We also highlight the case of the core
galaxy NGC 5813, the first galaxy that was recognised as hav-
ing a KDC (Efstathiou et al. 1980, 1982). Recent high-quality
MUSE data also showed a 20 feature in their velocity disper-
sion map (Krajnovié et al. 2015). This galaxy is unusual because
it apparently does not have two counter rotating discs, but the
MUSE data can be reproduced with a dynamical model con-
structed of two counter-rotating short axis tube orbital families.
Strictly speaking, NGC 5813 could be included in Table 3 as the
only core 207, but we prefer to keep it as a KDC, reserving the 20
class for galaxies that are made of counter-rotating discs. Nev-
ertheless, NGC 5813 is an important case because it shows that
counter-rotation does not need to be solely associated with discs,
but likely comes in a spectrum of possible orbital structures.

On the other hand, NGC 0661 (a CRC) and NGC 7454 (a
NRR) could also be considered 20 galaxies. For these two galax-
ies, Cappellari (2016, fig. 12) constructed successful dynamical
models made of two counter-rotating discs. If we assumed that
NGC 0661 and NGC 7454 were such objects, the fraction of var-
ious kinematics classes of core-less slow rotators would change:
f(CRC)=0.15, f(20)=0.3, and f(NRR)=0.2, but the overall con-
clusions remain the same. A significant fraction of core-less slow
rotators are dominated by counter-rotation, which decreases the
net angular momentum.

4.1.2. Local kinematic parameters

The difference in the kinematics between core slow rotators and
core-less slow rotators must originate in their formation. The
statistics in Table 3 suggests that the main difference is the ex-
istence of hidden disc-like structures, which by virtue of the
counter-rotation leads to a low angular momentum. To investi-
gate this conjecture further, we also considered the higher or-
der moments of the LOSVD, in particular, the 3 Gauss-Hermite
moment, as defined by van der Marel & Franx (1993). Figure 6
shows that core slow rotators and core-less slow rotators have
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Fig. 6. Local V/o — h; diagram for slow rotators separated into core
(dashed red line) and core-less (solid blue line). Contours are based on
logarithmic number counts starting from 0.25 and 0.5 and then increase
with a step of 0.5 until 2.5 for core slow rotators and 1.5 for core-less
slow rotators, respectively. Only bins with an uncertainty 6h; < 0.05
and o, > 120 km/s are plotted. Straight lines show the slope of the
distributions as measured by the &; parameter (see text for details). The
inset histogram shows the distribution of the &; obtained using the jack-
knife method, where from the original distributions for core slow rota-
tors and core-less slow rotators one galaxy (in each sub-sample) was
randomly removed, and the &; remeasured. The histograms are notably
different, with core-less slow rotators having steeper slopes (&3 < 1).
This confirms the robustness of the weak anti-correlation between the
V/o and hj distributions of core-less slow rotators.

marginally different distributions in the V/o —h3 plane: that there
is an anti-correlation between V/o and hj for core-less slow ro-
tators. This anti-correlation is not strong, but the distribution of
the blue contours (core-less slow rotators) is clearly skewed with
respect to the symmetric distribution of red contours (core slow
rotators). We quantify the difference between the distributions in
Fig. 6 using

_ i Fihsi(Vi/oy)

& YiFihi,

(6)

from Frigo et al. (2019), where for each spatial bin i, there is
the local flux F;, the mean velocity V;, the velocity dispersion
o, and the skewness parameter /3 ; of the LOSVD. This global
parameter measures the slope of the distribution of points in the
h3 — V/o plane, as shown by straight lines in Fig. 6. It is tuned
such that when /3 and V/o are fully (anti-)correlated, the corre-
lation is given by h3 = (1/&3)V/o. Frigo et al. (2019) showed ex-
amples of various A3 and V/o distributions with and without cor-
relations, and corresponding &3 parameters. Fast-rotating galax-
ies have & < —4, while slow rotators are expected to have &;
close to 0. Positive &3 are also possible and often found in barred
systems. In our case, as shown in Fig. 6, core-less slow rotators
combined have &3 = —1.3, and core slow rotators combined have
&3 = —0.5. The difference between the two distributions is small
because all galaxies are slow rotators, but it is significant.
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We tested the significance of the difference between the two
distributions by randomly removing one core-less slow rotator
and one core slow rotator from the distributions and remeasur-
ing the slope of the distribution through the &; parameter. The
aim was to show how the distributions of points in the i3 — V/o
are dependent on individual galaxies, that is, whether the distri-
butions are skewed by, for example, a single galaxy. The result-
ing histograms of a jackknife sequence of 100 such samples are
shown in the inset panel of Fig. 6. The difference in the two &3
distributions is clearly visible, where core slow rotators show a
relatively narrow distribution that peaks at low &3 values com-
pared to core-less slow rotators. As expected from the original
sample, the distribution of &3 values for core-less slow rotators
is centred on a value indicating a stronger anti-correlation be-
tween V/o and h3. However, the distribution is wide and it also
has multiple peaks that result from large variations between indi-
vidual galaxies. The small overlap between the two histograms
indicates a clear difference of the orientations in the h; — V/o
plane, and a stronger anti-correlation between A3 and V/o for
core-less slow rotators.

The anti-correlation between V/o- and h3 is one of the cru-
cial differences between galaxies with and without discs (Ben-
der et al. 1994; Krajnovié et al. 2011, 2013a; van de Sande et al.
2017). These anti-correlations are typically found in remnants
of gas-rich mergers (Bendo & Barnes 2000; Jesseit et al. 2005;
Gonzalez-Garcia et al. 2006; Naab et al. 2006a, 2007; Jesseit
et al. 2007; Hoffman et al. 2009; Rottgers et al. 2014) or in simu-
lations of objects that did not have a strong feedback mechanism
turned on (e.g. no AGN feedback Dubois et al. 2016; Frigo et al.
2019). We therefore conclude that it is likely that core-less slow
rotators originate from dissipative processes and contain embed-
ded discs or disc-like structures.

4.2. Cores in the (M, R.) diagram

The difference between core slow rotators and core-less slow
rotators is also well illustrated in the mass - size relation. Fig. 7
is an update of Fig. 6 from Krajnovi¢ et al. (2013b) and shows
the mass - size relation for slow rotators (top) and fast rotators
(bottom) in the ATLAS?P sample, with masses and sizes from
Cappellari et al. (2013b). Again there is a confirmation of the
expectation that all low-mass ETGs (< 0.8 X 10" M) are core-
less (Faber et al. 1997; Kormendy et al. 2009), but the size, the
velocity dispersion, or the mass are not decisive parameters for
finding cores. Mass seems to be a robust discriminator between
core and core-less galaxies only for slow rotators; there are no
core-less slow rotators above ~ 101! M. It should be noted that
ATLAS?P does not probe galaxies more massive than 8 x 10!
Mg , and because beyond this mass fast rotators become very
rare (e.g. Veale et al. 2017), it could be that beyond some high
value, the galaxy mass remains the only parameter separating
core from core-less galaxies, regardless of their stellar angular
momentum content. To settle this issue, more observations of
most massive galaxies are required because there are BCGs that
have core-less profiles (Laine et al. 2003). Their absolute magni-
tude is typically less bright than -23 mag in V band, which limits
their mass to about 10'> My, Nevertheless, it would be interest-
ing to see if these galaxies are fast or slow rotators because not all
central galaxies, or BCGs in particular, are found to be slow ro-
tators (Brough et al. 2011; Jimmy et al. 2013; Oliva-Altamirano
et al. 2017).

Fig. 7 also shows the kinematic type of galaxies. As shown
before, complex kinematic features, which include KDC, CRC,
LV, NRR, and 20, are found in slow rotators (Krajnovi¢ et al.



Krajnovi¢ et al.: Formation channels of slow rotators

MEERE — T Ty — T T 7]
50,/ 70,/ 100 150 200,250
Slow Rotators i I / R
core Vi ! H S/
10.0 coreless /’ /’ y
Of 4 : o ]
o3 7/ . -
’ H 4
B 4 ’ H ~
o 4 4 v ~
B /’, // ,‘ b
4 7’ H
U L ,’/ ,/ , .
g s S S Be -
V4 e s *b P
ed u ,’ ,’ 9
) i s “,&
o L/ -
2 L , O NRR
7/
bt ot ¥ % KDC
ya 4 /s oo CRC
4
10p” g S, oLv .
L S cb 20 ]
- S, ® uncertain A
-/', /, s s H H ]
VAR I RA AN | H L1 a1l N
1010 1011 1012
T — T TS T T T T ]
/, ’, :// // /’ /’
Fast Rotators i 1 i J S
core 4 7 s / A
coreless ,/' /’g & S S
10.0 / S :
4 -
7/ -
/,I -’
—_ J
O
S J
= 1
< < RR l
C NRR
@ KDC
8 CRC
1.0 LV .
[ oo 20 ]
I @ uncertain 1
[/ / A : O unknown 7]
e 7 7/ 7/ 7/ . -
Zi a2l 2z 1L L2 L a1l L Ll
10%° 10'! 10'2
M. [Mo]

Fig. 7. Mass — size relations for ATLAS?P fast (bottom) and slow (top)
rotators. In both panels, small open symbols show galaxies with no
HST imaging, and small filled symbols represent galaxies with uncer-
tain light profiles. The colour specifies core (red) and core-less galaxies
(light blue). Symbols refer to kinematic classes defined in Krajnovié¢
et al. (2011, see also Table 3), including KDC, CRC, 20 , LV, NRR,
and RR. Vertical lines are drawn at characteristic masses of 0.8 and
2 x 10" My, Constant velocity dispersions are shown by dashed lines.
Compared to Fig. 6 of Krajnovi¢ et al. (2013b), the new HST data show
that core galaxies do not appear in galaxies less massive than 0.8 x 10!
M,, and that all slow rotators more massive than 10'! M, have cores.
The black symbol in the top panel is NGC 1222.

2011; Emsellem et al. 2011). Among slow-rotators there is a
weak trend that KDC are found in more massive galaxies than
CRC and 20 features, but exceptions exist. Much more robust is
the fact that core-less slow rotators overlap with (core-less) fast
rotators in the mass, size, and velocity dispersion. Conversely,
core slow rotators occupy a special place in the mass - size dia-
gram, being both the most massive and the largest galaxies and
having the highest velocity dispersions. They extend beyond the
location of fast rotators and spiral galaxies (e.g. Cappellari et al.
2011a, 2013a) and form a progressively thin distribution cluster-
ing close to the zone of exclusion (Krajnovic et al. 2018b).

The most conspicuous difference between core-less slow ro-
tators and core slow rotators is their masses. The high-mass
core slow rotators are found in dense regions, such as clusters
and groups of galaxies, and they often are the central galaxies in
such environments (see review by Cappellari 2016). Low-mass
core-less slow rotators are found in various environments from
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Fig. 8. Radial variation of metallicity profiles averaged along isophotes
for all ATLAS?P slow rotators and normalised by the half-light radii.
Blue circles show metallicity profiles of slow rotators with core-less
surface brightness profiles, and red squares show profiles of slow ro-
tators with cores. Green circles belong to NGC 1222, which was not
classified because of the dust. As seen in Fig. 7, core galaxies are more
massive slow rotators, and the offset between the metallicity profiles of
core and core-less galaxies is explained as the mass trend. Core galaxies
are also larger than core-less galaxies, which explains the offsets along
the horizontal axis between the two types of galaxies. The profiles differ
also in their slopes, however.

clusters to the field (Cappellari et al. 2011b). Our sample is too
small to distinguish between mass or environmental effects as
the driver for the kinematic differences (e.g. Brough et al. 2017;
Greene et al. 2017; Graham et al. 2019). Nevertheless, as the
galaxy mass increases, core-less galaxies give way to core galax-
ies. According to the currently favoured core formation scenario
(see Section 5), cold gas needs to be absent for making cores.
The transition between core-less slow rotators and core slow ro-
tators visible in the top panel of Fig. 7 therefore may be the
result of a decreasing role for the nuclear cold gas in the mass
assembly.

Cores also exist in fast rotators. They are rare (8% of fast ro-
tators with HST imaging, compared e.g. to 57% of core-less slow
rotators), and their hosts are kinematically different from core
slow rotators (Krajnovi¢ et al. 2013b). Compared to the rest of
fast rotators, core fast rotators are typically more massive, have
a higher effective velocity dispersion, and a lower stellar angular
momentum (e.g. Figs. 4 and 7). They occupy the same regions
in the mass - size space as slow rotators with cores, except that
they do not extend as high in mass and size. These galaxies are
further discussed in Section 5.4.

4.3. Metallicity gradients: evidence for different assembly
processes of core and core-less galaxies

Mass assembly can also be traced by stellar population proper-
ties. In this respect, gradients of stellar populations, in partic-
ular, their metallicity gradients, are heralded as discriminators
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between various formation models (White 1980). We investigate
this prediction by first showing the radial metallicity profiles of
all ATLAS?P slow rotators in Fig. 8. We consider metallicity
profiles in galaxies with young stellar populations as not reliable
(for our sample, this means anything younger than 5 Gyr). The
slow rotator with the youngest stellar populations is NGC 1222,
which we exclude from this analysis and highlight in the figures.
We highlight in passing also NGC 4191 and NGC 4690 because
their stellar ages fall below the 5 Gyr limit at some radial bins.
The luminosity-weighted stellar ages within the half-light radius
for these galaxies are 6 and 4 Gyr, respectively (McDermid et al.
2015). For this reason, and because their metallicity radial pro-
files do not look different from the rest of the slow rotators, we
kept them for further analysis.

The metallicity profiles in Fig. 8 are normalised to the ef-
fective radius of galaxies (from Cappellari et al. 2013b) to re-
move the size dependence. The mass trend, in which more mas-
sive core slow rotators have higher mean absolute values of the
metallicity profiles, is visible in the figure. The size difference
between core slow rotators and core-less slow rotators is also
highlighted by the fact that in core slow rotators, which are
typically larger galaxies, we probe smaller relative radii. Fur-
thermore, there seems to be a global difference in the slope of
the metallicity profiles between core slow rotators and core-less
slow rotators, and we quantify this by considering metallicity
gradients.

Fig. 9 shows metallicity gradients for all ATLAS®P galax-
ies (left-hand panel) and ATLAS?P galaxies with HST imaging,
highlighting the slow rotators (right-hand panel). In both pan-
els we highlight core and core-less galaxies and their correla-
tion with the fast or slow rotators. A similar figure showing a
mass dependence on the metallicity gradient was also presented
in Kuntschner (2015). The trend in the figure is consistent with
trends in the literature when the specific sample selections are
taken into account (Spolaor et al. 2009, 2010; Rawle et al. 2010;
Koleva et al. 2011; La Barbera et al. 2012; Li et al. 2018a). Most
ATLAS?P galaxies have negative gradients, implying higher val-
ues in the centre, while many of the galaxies with positive gra-
dients have younger stellar populations. Recent IFU surveys of
late- and early-type galaxies showed that metallicity gradients
typically steepen as the mass increases (Gonzélez Delgado et al.
2015; Goddard et al. 2017; Li et al. 2018a). Figure 9 shows,
however, that for the most massive galaxies, there is a reverse
trend where the gradients become shallower. An indication of
this trend is also visible in Fig. 13 of Gonzalez Delgado et al.
(2015), where for masses higher than 10" My, there is a turnover
and metallicity gradients become less steep. More recently, Li
et al. (2018a) analysed more than 2000 spirals and ETGs and
showed that galaxies above 2 x 10'! M, have flatter metallicity
gradients than the rest of the galaxies. In this respect, our smaller
sample is consistent, but additionally provides the information
on the shape of the surface brightness profiles.

The shallower gradients for more massive galaxies can be
demonstrated by the running mean plotted in Fig. 9. The mean

value of the gradient A[Z/H] does not change for masses < 10'!
Mg, beyond which there is a gradual increase for about 0.1 dex,
with a tendency for further increase. When we divide the sub-
sample with HST imaging into galaxies that are less and more
massive than 10'! Mg, measure the median gradient and its stan-
dard deviation, we obtain the following values: the high-mass

sub-sample has a median A[Z/H] = —0.27 +£0.13, while the low-

mass sub-sample has A[Z/H] = —0.36+0.19. This is in line with
predictions from numerical simulations that more massive galax-
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Table 4. Median values and scatter of the metallicity gradients for the
galaxies in the ATLAS®P sample.

type A[Z/H] &(A[Z/H]) No.
(D 2 3) “4)
all ATLAS3P

M >10"TM, -0.28 0.13 211
M < 10" M, -0.37 0.21 49
ATLAS?P with HST

M > 10""M, -0.27 0.13 41
M < 101" M, -0.36 0.19 106
core -0.23 0.13 24
core SR -0.23 0.07 15
core FR -0.19 0.19 9
core-less -0.36 0.15 109
core-less SR -0.42 0.18 20
core-less FR -0.35 0.13 89

Notes — Column (1): Sub-sample type. Column (2): Me-
dian metallicity gradient values for various sub-samples of the
ATLAS®P galaxies. Column (3): Standard deviations of the
metallicity gradients. Column (4): Number of galaxies in each
sub-sample.

ies should have flatter profiles. A very similar results is achieved
when we calculate the median and the standard deviation of the
gradients for core (A[Z/H] = —0.23 £ 0.13) and core-less galax-

ies (A[Z/H] = —0.36£0.15), strengthening an assembly connec-
tion between the mass and the nuclear light structures.

Dividing galaxies according to their nuclear profiles and an-
gular momentum adds important information (Table 4). As ex-
pected, both core slow rotators and core fast rotators are char-
acterised by flatter metallicity gradients (close to —0.2), while
core-less slow rotators and core-less fast rotators have steeper
gradients (> —0.35). Furthermore, the standard deviations of the
metallicity gradients of core fast rotators, core-less fast rota-
tors, and core-less slow rotators are similar among each other,
~ 0.13 — 0.19, and to the values reported above. Significantly,
the standard deviation of A[Z/H] for core slow rotators is only
0.07, at least a factor of 2 smaller. This tightening of the spread
in metallicity gradients among core slow rotators is not visible
when a selection in mass alone is considered, and we discuss this
further.

The right-hand panel of Fig. 9 focuses on slow rotators. Here
we again divided the core slow rotators and core-less slow ro-
tators and plot in the background all other galaxies with HST
imaging (fast rotators). This plot visualises the strong difference
between core slow rotators and core-less slow rotators in terms
of the dispersion of their A[Z/H] values. Core-less slow rota-
tors can essentially have any value of A[Z/H] typical for the un-
derlying fast rotators. Core slow rotators are located in a much
more limited space of A[Z/H]. To quantify these differences in
metallicity gradients, we performed a Kolmogorov-Smirnov test.
The hypothesis that core slow rotators and core-less slow ro-
tators are drawn from the same continuous distribution can be
rejected because its probability is 0.0003. Similarly, the proba-
bility that metallicity gradients for core and core-less ATLAS3P
galaxies are drawn from the same distribution is only 0.001. A
Kolmogorov-Smirnov test, however, cannot reject the hypothesis
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Fig. 9. Metallicity gradients vs. the stellar mass of the ATLAS’P galaxies. The left-hand panel shows all ATLAS’P galaxies. Galaxies with cores
are shown with red symbols, and core-less galaxies are represented in blue. The shape of the symbols indicates whether the galaxy is a slow
(square) or a fast (circle) rotator. Diamonds show galaxies without HST imaging (empty) or with uncertain profiles (filled). NGC 1222 is shown
as a green square. Red (dashed) and blue (solid) straight lines indicate the median values for core and core-less galaxies, respectively. The lengths
of these lines are arbitrary and separated at mass of 10'' M. The thick orange line is the running mean of A[Z/H]. The right-hand panel focuses
on the ATLAS? galaxies with HST imaging only, where coloured symbols are slow rotators, either with cores (red) or core-less (blue). Open
symbols are fast rotators. Dashed lines indicate the median values for core and core-less galaxies, respectively. The thick red line is the best-fit
relation for core slow rotators (red squares). Galaxies with cores tend to have shallow gradients, which flatten with the increase in mass, while

core-less galaxies show a large spread.

that core-less slow rotators and fast rotators in general are drawn
from the same distribution (the rejection probability is 0.11).

Next to the conclusion that core slow rotators and core-less
slow rotators (and galaxies in general) have different metallicity
gradients, we see in the right-hand panel of Fig. 9 another inter-
esting feature: there seems to be a correlation of the metallicity
gradient of core slow rotators with their mass. We fitted a linear
regression and found a relation A[Z/H] = 0.16log(M,.) — 2.18,
with correlation coefficient of 0.51. The correlation is not lim-
ited to the 15 core slow rotators in the ATLAS?P sample because
adding core fast rotators (9 galaxies) does not change its shape
by much (A[Z/H] = 0.14log(M,)—1.87). The correlation coeffi-
cient drops to 0.28, however, as expected because the dispersion
of A[Z/H] of core fast rotators is significantly larger.

Fig. 9 and Table 4 provide evidence for different formation
scenarios between core slow rotators and other ETGs. The trend
of flattening metallicity gradients with increasing mass is the
dominant effect, seen both globally (in our full sample) and lo-
cally (among core slow rotators). Higher mass galaxies also have
a lower dispersion of metallicity gradients, but when the selec-
tion is made for only core slow rotators, the spread in A[Z/H]
is significantly minimised. The consequence of this small dis-
persion is that these galaxies must follow very similar formation
scenarios, whereas the flat gradients suggest a lack of star for-
mation in the assembly events. As a contrast, the steepness of
the metallicity gradients of core-less galaxies are indicative of
an inside-out formation, while the larger spread of the gradient
values is indicative of more varied star-formation histories. Core
fast rotators are somewhere in between the two extremes, having
similar mean metallicity gradients like core slow rotators, but the

dispersion of the gradients is more similar to core-less galaxies.
The latter suggests that there are multiple ways of forming this
class of galaxies.

We add two caveats pertinent to our sample. Firstly, there are
only nine core slow rotators in the ATLAS?P sample, and the
results are susceptible to low number statistics. Secondly, above
a mass of 2 — 3 x 10'! My, there are no more fast rotators, and
only core slow rotators remain. Selecting this mass cut would
reproduce the same result as by selecting on core slow rotators,
but for a small number of galaxies. Although we cannot fully
separate the effects of galaxy mass, it plays a pivotal role. In
Section 5 we discuss the influence of the mass on formation of
flat metallicity gradients and cores in more detail.

4.4. Stellar age, age gradients, and star formation histories

We conclude our presentation of results by addressing the rela-
tion between the kinematics, surface brightness profiles, and age
properties of stellar populations. For this purpose, we use the
results of McDermid et al. (2015), specifically their SSP-based
ages and a-element abundances within one effective radius (their
Table 3). In Fig. 10 we focus on [@/Fe] abundances as a mea-
sure of the star formation timescales. Similar to Kormendy et al.
(2009), we plot it against the effective velocity dispersion (as in
Fig. 11 of McDermid et al. 2015), and after removing the best-fit
relation, against the SSP ages. As before, we highlight the core
and core-less galaxies as well as fast and slow rotators.

The o, or the mass, dependance of this relation is well
known (e.g. Thomas et al. 2005), while Kormendy et al. (2009)
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Fig. 10. Top: Luminosity-weighted SSP @-element abundance vs. ef-
fective velocity dispersion of the ATLAS?P galaxies. The dashed black
line is the best-fit relation from McDermid et al. (2015, see their Ta-
ble 5, relation i). Bottom: a-element abundance corrected for the o,
dependance (by subtracting the values as given by the dashed line in the
top panel) vs. the SSP age. Both SSP ages and [a/Fe] values are taken
from McDermid et al. (2015), which also show that very old SSP ages
are consistent with the fiducial age of the Universe (Planck Collabora-
tion et al. 2016) when measurement errors and SSP mode uncertainties
are taken into account. In both panels the symbols are the same and as
described in the legend. Core-less slow rotators have a range of SSP
ages, while core slow rotators as well as all but one core fast rotators
are older than 10 Gyr.

also noted that core-less galaxies have lower a-elements abun-
dances than core galaxies. This implies that the stars in core
galaxies formed over a shorter timescale than stars in core-less
galaxies. The ATLAS?P sample shows a relatively large scat-
ter in [@/Fe] - o, relation, where some of the largest [@/Fe],
and therefore shortest star formation histories, are found among
core-less fast rotators. When we focus only on slow rotators,
however, they alone are consistent with the global relation (we
take the best fit from McDermid et al. 2015, as given in their
Table 5, where the slope and intercept are 0.31 + 0.03 and
—0.44 + 0.05, respectively). Core-less slow rotators typically
have lower [a/Fe]. This seems to be a purely o, driven effect
because when the o, dependance is removed from the relation
(bottom panel), there are no significant differences in relative
abundances. In Section 5.3 we return to this point, but as gas-
free merging cannot increase the value of [a/Fe], core-less slow
rotators cannot be progenitors of core slow rotators, unlike some
core-less fast rotators.

The bottom panel of Fig. 10 shows the distribution of light-
weighted SSP ages. As already presented in McDermid et al.
(2015), galaxies with complex kinematics (i.e. slow rotators)
can have a range of ages. When core slow rotators and core-
less slow rotators are separated, it becomes clear that slow ro-
tators with the youngest stellar ages are found among core-
less galaxies. Stars in core slow rotators are on average older
than 10 Gyr, while core-less slow rotators can be as old as any
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Fig. 11. Age gradients vs. metallicity gradient. Galaxies with cores
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blue. The shape of the symbols indicates whether the galaxy is a slow
(square) or a fast (circle) rotator. All galaxies follow an anti-correlation
trend between the metallicity and age gradients. Core slow rotators are,
however, found to have close to zero age gradients, while core-less slow
rotators can have extreme positive and negative age gradients. Similar
behaviour is observed for core fast rotator galaxies.

ATLAS?P galaxy. Notably, cores are found in galaxies with old
stellar populations (with the exception of NGC 4382), regardless
of whether they are fast or slow rotators. As the core formation
occurred at or after the starburst (see Section 5.1), the formation
redshift of cores is lower than 2-3.

In Fig. 11 we present the anti-correlation between the age
and metallicity gradients. This is an expanded version of the plot
presented in Kuntschner (2015). This time we add the informa-
tion on the kinematics and the shape of the surface brightness
profiles. Next to the strong anti-correlation between the age and
metallicity gradients, consistent with other studies (e.g. Rawle
et al. 2010; Koleva et al. 2011), this figure reveals a remarkable
location of the core and core-less galaxies. Before we remark
on them, we note that positive age gradients are expected to be
produced by nuclear starbursts, which also enrich the medium
and are responsible for the steepening of the negative metallicity
gradients (Mihos & Hernquist 1994; Kobayashi 2004; Hopkins
et al. 2009a). The overall anti-correlation in Fig. 11 is therefore
as expected and consistent with other stellar population relations
(Kuntschner 2015; McDermid et al. 2015).

Fig. 11 shows that core slow rotators have shallow age gradi-
ents (close to zero), while core-less slow rotators can essentially
have any age gradient. They are found among galaxies with the
most negative as well as most positive age gradients. This sup-
ports the conjecture where core-less slow rotators can be pro-
duced through a large variety of formation scenarios, while the
formation of core slow rotators is much more restricted to a spe-
cific formation channel.

The location of core fast rotators is also noteworthy. These
galaxies are distributed similarly to core-less slow rotators such
as that there are some with negative age and nearly positive
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metallicity gradients, some with flat but negative metallicity and
zero age gradients, and some with positive age and negative
metallicity gradients. The implication is again that core fast ro-
tators can be made through processes involving different levels
of star formation and subsequent gas-poor merging that tend to
flatten gradients.

5. Discussion

This section starts with reviews of the literature pertaining to the
formation of stellar cores and flat metallicity gradient. Subse-
quently, we apply these ideas and the results presented above to
outline possible scenarios for the formation of slow or fast and
core or core-less galaxies. As a visual guide we show in Fig. 12
examples of surface brightness profiles and velocity maps of
galaxy categories that we discuss here: a core slow rotator, a
core fast rotator, a core-less slow rotator, and a core-less fast
rotator.

5.1. Formation of stellar cores

There are several possible scenarios for the creation of nuclear
stellar cores, of which the most attention has been received by
those involving the interaction of two supermassive black holes
(SMBH) (Begelman et al. 1980; Ebisuzaki et al. 1991; Makino
& Ebisuzaki 1996; Quinlan 1996; Quinlan & Hernquist 1997,
Milosavljevi¢ & Merritt 2001; Milosavljevié et al. 2002; Merritt
et al. 2007; Gualandris & Merritt 2012; Kulkarni & Loeb 2012;
Rantala et al. 2018). The notion that the SMBH binaries are re-
sponsible for flat surface brightness profiles observed in bright
ellipticals was first proposed by Faber et al. (1997). Following
the work in numerical simulations (Barnes & Hernquist 1991;
Mihos & Hernquist 1994; Barnes & Hernquist 1996), Faber et al.
(1997) showed that core-less galaxies are consistent with be-
ing formed through dissipative, gas-rich mergers, but they also
showed that pure dissipation-less, gas-poor mergers may not
be able to form and maintain cores. Exploring an alternative
model for core formation, Faber and collaborators proposed that
SMBH binary mergers that remove stars from the nuclei could
indeed explain the diversity of surface brightness profiles. Sub-
sequent studies discovered that the SMBH mass correlates with
the mass absent from the nuclei (Graham 2004; Ferrarese et al.
2006; Hyde et al. 2008; Kormendy & Bender 2009; Rusli et al.
2013; Dullo & Graham 2014), while Kormendy et al. (2009)
summarised a myriad of evidence that core and core-less (extra
light in their terminology) galaxies are products of dissipation-
less and dissipative mergers, respectively, where SMBH binaries
form cores.

The processes of core formation are based on the require-
ment that for an SMBH binary to become more tightly bound,
it has to loose its angular momentum. The angular momentum
is transferred to ejected stars that crossed the in-spiraling bi-
nary, which forms a depleted nuclear region. This results in the
formation of a core in the light profile (Yu & Tremaine 2002;
Milosavljevi¢ & Merritt 2003; Makino & Funato 2004; Merritt
& Milosavljevi¢ 2005; Merritt 2006). Mergers without SMBHs
show that the nucleus of the remnant is simply the denser of
the progenitor nuclei (Holley-Bockelmann & Richstone 1999;
Rantala et al. 2018). For the core formation in galactic mergers,
two prerequisites are therefore necessary: two SMBHs, and an
environment lacking cold gas. SMBHs will eject the stars de-
pleting the core, but the paucity of gas will ensure the absence
of a nuclear starburst that should refill the depleted region (e.g.

Mihos & Hernquist 1994; Barnes & Hernquist 1996; Rothberg
& Joseph 2004, 2006).

The reduction of the number of stars occurs before the
SMBH merge, but it can continue even after the merger event.
The anisotropic gravitational radiation can impart a recoil on the
remnant SMBH of several hundred km/s, which then leaves the
nucleus pulling along stars that are gravitationally bound to it.
If the recoil velocity is not higher than the escape velocity, the
SMBH will return to the nucleus as a result of dynamical fric-
tion, which will create an even larger core (Boylan-Kolchin et al.
2004; Merritt et al. 2004; Gualandris & Merritt 2008).

Overall, the formation of the core is a rapid process (within
50 Myr of the SMBH interaction, Rantala et al. 2018), and sim-
ulations indicate two straightforward observational predictions.
One is the formation of the core, and the other is a tangentially
anisotropic orbital distribution, as the core is depleted of orbits
that cross the binary SMBH path (Quinlan et al. 1995; Quin-
lan & Hernquist 1997; Milosavljevi¢ & Merritt 2001; Rantala
et al. 2018). The velocity anisotropy is indeed observable (e.g.
Thomas et al. 2014, 2016), but only within the region dominated
by the SMBH gravitational influence. A more readily observ-
able kinematic consequence is a possibility of KDC formation
from the interaction between the SMBHs and the surrounding
stellar body. As SMBHs pass and exert torques on each other,
there is a switch of the angular momentum between the SMBHs
(and stars under their direct gravitational influence) and the rest
of the galaxy, possibly producing nested KDCs (Rantala et al.
2019). Because the core formation is enhanced if the SMBHs
are massive, and because such SMBHs live in massive galaxies
(e.g. van den Bosch 2016), as well as because gas-poor mergers
are more likely for massive, quiescent elliptical galaxies, we can
expect that cores will be present in the most massive ETGs.

Finally, it should be noted that some of the processes in-
voked for the formation of cores in dark matter profiles (e.g. Go-
erdt et al. 2010; Laporte et al. 2012; Martizzi et al. 2012, 2013;
Teyssier et al. 2013; Nipoti & Binney 2015; El-Zant et al. 2016),
which depend on some sort of feedback mechanism, could also
be at work in galactic nuclei. There is little evidence that their
mechanisms and predicted properties are compatible with ob-
served galactic nuclei, however.

5.2. Formation of flat metallicity gradients

Monolithic collapse models predict steep metallicity gradients
(e.g. Pipino et al. 2008, 2010), while hierarchical merger mod-
els anticipate shallower gradients (e.g. Kobayashi 2004; Rupke
et al. 2010). The metallicity gradients are strongly influenced by
the amount of dissipation during the mass assembly, and, there-
fore an occurrence of a secondary star formation will steepen the
gradients (e.g. Navarro-Gonzalez et al. 2013). The mass ratio of
the merger is important because equal-mass gas-free mergers are
predicted to produce flatter metallicity gradients, while unequal
mass mergers (e.g. with mass ratio of 1:5 or more) are shown to
produce significant gradients at large radii (e.g. Hilz et al. 2012,
2013; Hirschmann et al. 2015). In such gas-free mergers, the
flattening of the gradients also depends on the initial difference
of the population gradients between the progenitors (Di Matteo
et al. 2009). The scatter is also expected to be large depending on
the efficiency of star formation and can be interpreted in terms
of mergers of progenitors with various gas richness (Hopkins
et al. 2009a,c) or in terms of the monolithic collapse model with
differing star formation efficiency at a given mass (Pipino et al.
2010). Furthermore, a feedback mechanism (e.g. winds or AGN)
is often necessary to align the simulation results with observa-
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Fig. 12. Examples of four categories of galaxies with varied stellar kinematics and nuclear surface brightness profiles. In each panel, circular
symbols show the nuclear surface brightness obtained in the same way as those in Figs. 1 and 2. The solid lines represent the Nuker fits with the
gradient y’ as given in the legend. Profiles and the Nuker fits for NGC 3379, NGC 3377, and NGC 4406 (data for this galaxy are from Ferrarese
et al. 2006) are taken from Krajnovié et al. (2013b), while data for NGC 3522 are from the present paper. The insets show respective velocity maps,
demonstrating the level of regularity and some specific kinematic structures. The colour bars show the range of velocities, which are kept the same
for all galaxies for comparison. Legends also provide details on the projected ellipticity and Ag,, taken from Emsellem et al. (2011). The two fast
rotators (left column) are characterised with regular rotation. The two slow rotators (right column) exhibit a KDC (top) and a CRC (bottom). The
CRC in NGC 3522 has a peak rotation of only about 20 km/s and is located within the central 5”(Krajnovi¢ et al. 2011).

tions (e.g. Dubois et al. 2013; Hirschmann et al. 2015; Cook
et al. 2016)

Notwithstanding the details and the absolute level of pre-
dicted metallicity gradients by models, a general conclusion is
that galaxies undergoing dissipation-less merging will have flat-
ter gradients than galaxies that experience gas-rich mergers or
secondary star formation of any origin. This is important be-
cause we can link these predictions with formation scenarios for
galaxies with cores (gas-poor major mergers) or for those with
core-less light profiles (gas-rich mergers followed by a nuclear
starburst). The expectation therefore is that galaxies with cores
should have flatter metallicity gradients.

5.3. Formation of slow rotators with and without cores

The main implication of our results is that slow rotators can be
divided into two sub-categories with different formation paths,
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which are revealed by their nuclear light profiles. The difference
seems to be strongly related to the type of the merger at the most
significant formation event. In the present and the following
subsection, we build on the conclusions reached by Kormendy
et al. (2009). We further probe a sample of galaxies focusing
on the differences in their surface brightness profiles, adding
critical information extracted from modern IFU data. The two-
dimensional kinematics and stellar population properties provide
us with an upgraded perspective, leading to new insights on core
and core-less galaxies.

Core-less slow rotators have somewhat higher 4,, lower o,
are typically flatter, less massive, and younger, with steeper
metallicity gradients and a larger dispersion of the gradient val-
ues. Age gradients span the full range of slopes from steep pos-
itive over flat to steep negative values. The detailed kinematic
properties show that they have a more significant anti-correlation
between V/o and k3, and exclusively have 20 type of kinemat-
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ics. These last two aspects suggest that at least for some of them
(40-45% according to the discussion in Section 4.1), the low an-
gular momentum is a consequence of the counter-rotation of flat-
tened structures. These are not necessarily actual discs, but are
characterised as having well-defined angular momentum vec-
tors, oriented in opposite directions. Crucially, they have lower
masses than the core slow rotators. They are therefore more
closely linked in their evolution to fast rotators (Sect.3.4.3 of
Cappellari 2016).

Following theoretical predictions and previous observational
work (e.g. Kormendy et al. 2009), we conclude that core-less
slow rotators are mostly products of gas-rich interactions. Some
might form by accretion of counter-rotating and star-forming gas
(e.g. Algorry et al. 2014; Coccato et al. 2015; Starkenburg et al.
2019), where the number of counter-rotating stars that formed
defines whether the galaxy is classified as a slow rotator. Other
core-less slow rotators might form in gas-rich mergers of spe-
cific orbital configuration. NGC 1222 is likely an example of
such a merger. This gas-rich merger is in an advanced stage
(Young et al. 2018), but the outcome is not yet fully defined.
It can, however, be expected that the remnant will have a low net
angular momentum, with possibly a KDC or even a prolate-like
rotation, but likely with a core-less light profile (e.g. Rothberg
& Joseph 2004, 2006). Finally, equal-mass binary mergers (e.g.
Bournaud et al. 2005; Bois et al. 2011) showed that stellar discs
might survive if the orbital orientations and the intrinsic spins
of progenitors are finely tuned. This is most likely the forma-
tion scenario of the prototypical 20~ galaxy and a core-less slow
rotator NGC 4550 (Crocker et al. 2009).

McDermid et al. (2015) showed that galaxies with non-
regular kinematics (typically slow rotators) fall below the gen-
eral trend in a [Z/H] versus o, (see their fig. 11). The trend is
more pronounced for galaxies with lower o, and lower mass,
which effectively selects our core-less slow rotators. As the au-
thors argued, this can be considered as an offset in metallicity
(these galaxies are less metal rich than typical fast rotators), or
an offset in velocity dispersion or mass (have larger velocity dis-
persion or higher mass for a given metallicity). The latter can be
understood as a consequence of a merger in which violent relax-
ation (Lynden-Bell 1967; Spergel & Hernquist 1992) plays a ma-
jor role in reshaping the internal structure of galaxies (Hilz et al.
2012) as well as morphologically transform galaxies (Hernquist
1993). This applies to minor collisional and major collision-less
mergers (Naab & Ostriker 2017).

Mergers producing core-less slow rotators are between pro-
genitors, with the mass ratios spanning a significant range (e.g.
1:1 - 1:10), but the orbital configurations of the mergers must
be such to produce low angular momentum remnants (e.g. Naab
et al. 2006a; Hoffman et al. 2009, 2010; Bois et al. 2011; Moody
et al. 2014; Naab et al. 2014; Rottgers et al. 2014; Lagos et al.
2018). In some of these mergers, a binary SMBH pair might
form, but it could be of too low mass’ to excavate an observ-
able core (Rantala et al. 2018), or the central starburst is able
to refill the nuclei (Mihos & Hernquist 1994; Kormendy et al.
2009, see also Section 5.4). Finally, radiative feedback from the
active galactic nucleus, or a mechanical feedback from winds,
can also facilitate the production of slow rotators by preventing
the cooling and accretion of new gas (Serra et al. 2014; Frigo
et al. 2019).

7 Core-less slow rotators have masses between 10'° and 10" Mo,
which implies black hole masses of ~ 107 up to 108 M, (e.g. van den
Bosch 2016)

Steeper metallicity gradients of core-less slow rotators are
compatible with these formation scenarios. Crucially, the fact
that the gradients show a large dispersion indicates that there are
multiple pathways for the formation of core-less slow rotators.
Even a range of star formation histories is allowed, as long as
new stars do not settle in a fast, co-rotating, and flat disc-like
structure. The formation channels are characterised by the fact
that the progenitors are typically less massive (~ 10'° My or
smaller), have different stellar populations (typical of fast rota-
tors), and have various amounts of gas.

Core slow rotators are more massive galaxies, with the low-
est angular momenta, show flat age and metallicity gradients,
and are made of old stellar populations. They comprise sys-
tems of the highest o, , and some of them show no net rota-
tion. Such properties are predicted from major and multiple mi-
nor dissipation-less mergers (e.g. Jesseit et al. 2005; Naab et al.
2006b, 2009; Moody et al. 2014; Rottgers et al. 2014; Lagos
et al. 2018; Rantala et al. 2018). Furthermore, these properties
also require a very active mass-assembly history, rich in accre-
tion of much smaller galaxies (e.g. Hilz et al. 2013), but also ex-
periencing a few major (equal mass) mergers (e.g. De Lucia &
Blaizot 2007). The latter are required in order to produce com-
plex kinematics and also to create cores in the nuclei through
binary supermassive black hole evolution (Faber et al. 1997; Ko-
rmendy et al. 2009; Rantala et al. 2018). The location of core
slow rotators in the mass - size diagram is consistent with the
predicted location of remnants of equal-mass dissipation-less
mergers (Boylan-Kolchin et al. 2006; Bezanson et al. 2009; Naab
et al. 2009; Hopkins et al. 2009b), which indicates a doubling
growth in mass and size, but no change in the effective veloc-
ity dispersion. This remains true for galaxies with masses higher
than 10'2 My, (Krajnovié et al. 2018b; Graham et al. 2018).

Numerical simulations placed in the cosmological context
(see the review by Naab & Ostriker 2017) produce consistent
results with simulations of binary mergers. Massive galaxies are
gas-poor systems, and their late evolution (z < 2) is dominated
by accretion of stars formed elsewhere (e.g. De Lucia & Blaizot
2007; Oser et al. 2010; Wellons et al. 2015; Cook et al. 2016;
Lagos et al. 2018). The current picture is that low-mass galax-
ies typically grow through star formation and are more likely to
experience dissipative mergers, while massive galaxies accrete
stars formed elsewhere and grow through dissipation-less merg-
ers (e.g. Rodriguez-Gomez et al. 2016; Qu et al. 2017). Empir-
ical models support this picture (Moster et al. 2013; Behroozi
et al. 2013; Moster et al. 2018). The implication is that the
SMBH masses will also increase proportionally to the SMBH
masses of progenitors and the number of subsequent gas-free
mergers. This gives rise to the relation of the SMBH mass with
the core size, as well as with the missing light (or stellar mass)
compared to the extrapolation of an external light profile (Gra-
ham 2004; Lauer et al. 2007; Kormendy et al. 2009; Rusli et al.
2013). It also supports the expectation that the SMBH mass will
not correlate well only with the velocity dispersion in the most
massive systems (Krajnovi¢ et al. 2018a).

Core slow rotators are consistent with being merger rem-
nants of galaxies that resemble present-epoch massive core-less
fast rotators or core slow rotators. This is supported by the over-
lap in [a@/Fe] values (Fig. 10) for some core-less fast rotators
and core slow rotators and by the substantial population of core-
less fast rotators with large o, (and masses, Fig 7). Furthermore,
there are also core fast rotators that overlap in o, and [@/Fe] (as
well as mass) with core slow rotators. This is important because
during the dissipation-less major merging, the velocity disper-
sion typically remains unchanged. On the other hand, core-less
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slow rotators do not seem to be able to contribute to the forma-
tion of core slow rotators and the most massive galaxies in gen-
eral. Their o, and [«/Fe] are too low. This conclusion is similar
to that reached by Kormendy et al. (2009), but our spectroscopic
data provide stronger constraints on types of possible progeni-
tors of core slow rotators.

Galaxy mergers, the lack of cold gas, and the interaction of
massive SMBHs seems to be crucial for the creation of cores.
This is typical for the most massive galaxies, as is the low angu-
lar momentum that is expected to result from such interactions.
Moreover, the flat metallicity gradients and the small variation
between them imply a unique channel of formation or a few dif-
ferent formation paths that have a dominant physical process in
common: dynamical mixing of stellar populations is efficient and
likely dependent on mass. Furthermore, maintaining the core is
necessary, and this is probably why cores are mostly found in
massive slow rotators: they are able to retain their halo of hot X-
ray emitting gas (Kormendy et al. 2009; Krajnovic et al. 2013b).

5.4. Formation of fast rotators with cores

Core fast rotators, while comprising only a small fraction of fast
rotators (9 of 111 ATLAS?P fast rotators with HST imaging),
seem to contradict the favoured scenario of core formation. Kra-
jnovié et al. (2013b) showed that core fast rotators often have
regular kinematics and a significant V/o- — h3 anti-correlation.
These are indicative of embedded disc-like structures. Core fast
rotators have somewhat lower masses and o, but a significant
overlap also exists with the properties of core slow rotators (e.g.
see Fig. 7). Judging by many other galaxy properties, such as
stellar populations, age, metallicity gradients, @-element abun-
dances (as presented in this paper), molecular gas content, mass
of supermassive black holes, or derived core parameters (as pre-
sented in Krajnovi¢ et al. 2013b), core fast rotators are similar
to core slow rotators. Two more notable differences with respect
to core slow rotators deserve to be highlighted. Firstly, core fast
rotators show a large dispersion in metallicity and age gradients,
indicating that they can be formed in different ways (Sections 4.3
and 4.4). Secondly, core fast rotators have a lower X-ray emis-
sion than core slow rotators, but it is similar to those of core-less
galaxies (Krajnovi¢ et al. 2013b). This means that at least a the-
oretically, they might accrete cold gas after the last merger s(and
the formation of the core) and change their global kinematics.

At this point it is instructive to consider some of these galax-
ies in more detail. NGC 0524 and NGC 4473 have very clear ev-
idence for embedded discs, both morphologically and kinemati-
cally. NGC 0524, has a nuclear dust disc which makes the analy-
sis of the nuclear light profile difficult, but is the only core galaxy
with molecular gas (Young et al. 2011), while dynamical mod-
els for NGC 4473 require two counter-rotating discs (Cappellari
et al. 2007). The cores in these two galaxies seem to be well de-
fined, but the cores might also depend on the actual choice of the
fitting range. For example, Kormendy et al. (2009) showed that
in the case of NGC 4473, it is possible to fit the surface bright-
ness profile such as to recover a core, an extra-light (core-less)
or a combination of an extra-light profile with an indication for a
core (their Figs. 58 (top), 17, and 58 (bottom), respectively). This
suggests that some of core fast rotators could be considered as
just somewhat unusual fast rotators.

Alternative examples are provided by NGC4649 and
NGC 5485. The former is the third most luminous galaxy in the
Virgo cluster and the latter has a prolate-like (around the ma-
jor axis) rotation (Krajnovié et al. 2011). These two galaxies are
massive and have relatively high o,. This is especially the case
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for NGC 4649, which is one of the most massive galaxies in the
ATLAS3P sample, the most massive fast rotator (see Fig 7), and
also has one of highest o, in the sample. The prolate-like rotation
of NGC 5485 requires a special merging configuration, possibly
favouring a dissipation-less type of merger as it also has a nu-
clear gas disc in polar configuration (Tsatsi et al. 2017; Ebrovd
& Lokas 2017; Li et al. 2018c). These galaxies are much more
similar to core slow rotators, and it is possible that their classifi-
cation depends on the definition of fast rotators as much as their
angular momenta depend on the chance outcome of the forma-
tion process.

Possible scenarios for the formation of core fast rotators are
limited by two constraints: they show cores, and they show in-
creased angular momentum and often evidence for discs. On the
other hand, as has been argued by Faber et al. (1997) and Kor-
mendy et al. (2009), given that almost all bright galaxies contain
SMBHs, the question is not why some galaxies have cores, but
why most of galaxies are core-less. Their explanation, supported
by simulations and other observations (as cited above), is that in
a major merger a central starburst will fill any core excavated by
the interacting black holes. This might not be the complete pic-
ture because we do not yet have full understanding of the specific
conditions relevant to ejection of stars by the binary SMBHs, or
starburst physics. In particular, the duration of a nuclear star-
burst can be as short as 30-50 Myr (e.g. Renaud et al. 2014;
Fensch et al. 2017), while the core excavation is completed on a
comparable timescale (~ 50 Myr, Rantala et al. 2018), and both
processes are likely to be strongly dependant on the initial con-
ditions (i.e. gas mass, SMBH mass, merger orbital set-up, and
feedback Naab & Ostriker 2017).

Furthermore, it is useful to recall that some core slow
rotators could also be created through dissipative mergers.
NGC 5557 is one such case (Duc et al. 2011), a relatively mas-
sive ( 2 x 10" My) and round core slow rotator. This galaxy,
very typical of slow rotators in its central regions, has a long
and narrow tidal tail featuring gas-rich and star-forming objects,
which are likely tidal dwarf galaxies. The long-lived tidal struc-
tures in NGC 5557 are likely related to the event that formed
the present galaxy, as the luminosity-weighted stellar age in the
central regions is only 1-2 Gy old, even though no evidence of
a starburst remains and the surface brightness core is detectable.
NGC 5557 is likely a special case and could have ended as a core
fast rotator. Nevertheless, this case, as well as many of the core
fast rotators, should add caution to our discussion because our
understanding of the assembly process through dissipative and
dissipation-less processes is evidently incomplete.

We reiterate previous suggestions that core fast rotators are
the galaxies that experienced a shorter central starburst com-
pared to the time of the binary SMBH evolution. They are char-
acterised with (typically) lower masses, diverse stellar popula-
tion parameters, and lower X-ray luminosities. This makes them
candidate remnants of dissipative mergers, where the final out-
come (i.e. core or core-less, fast or slow rotator) could depend
on initial conditions such as the gas mass, black hole mass, feed-
back, or general details of the merger. Furthermore, as shown by
Bois et al. (2011), dissipation-less mergers can also result in fast
rotators (see also Moody et al. 2014; Naab et al. 2014) and core
fast rotators might just be special cases, curious products of the
vast parameter space of merger orbits.

6. Conclusions

We used SAURON IFU observations and HST imaging of the
ATLAS?" sample to investigate the formation of early-type
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galaxies. In particular, we presented the metallicity and age gra-
dients for the full ATLAS3P sample. We also link this paper with
a public release of the age, metallicity, and @-element abundance
profiles, SAURON maps of the SSP equivalent stellar age, metal-
licity, and @-element abundances, which can be obtained from
the ATLAS?P website. Furthermore, this paper presents the anal-
ysis of the HST imaging of 12 ATLAS?" Survey slow rotators.
We derived their nuclear stellar surface brightness profiles ex-
cept for one galaxy that was too dusty. Combining these with
results of Krajnovic¢ et al. (2013b) and the kinematic properties
of ATLAS?P galaxies, we divided the ATLAS?P galaxies into
core slow rotators, core-less slow rotators, core fast rotators, and
core-less fast rotators. The last category is the most numerous,
but it is also the most incomplete with respect to the HST imag-
ing. Nevertheless, this study presents the first complete volume-
limited sample of slow rotators with IFU kinematics and high
spatial resolution photometry.

Using the Nuker profile parametrisation, we showed that all
newly analysed slow rotators have rising light profiles and can
be classified as core-less. We placed an upper limit on the core
sizes of ~ 10 pc. Because there are no known galaxies with
smaller cores, our observations are consistent with expectations
and show that lower mass slow rotators do not harbour unex-
pected nuclear structures. This allowed us to show that more than
half (about 55% ) of the slow rotators in the ATLAS3P sample
have core-less light profiles.

The metallicity gradients of the ATLASP galaxies are con-
sistent with gradients expected for galaxies in the same mass

range. We detect a trend where the most massive galaxies (>
10" M) show significantly flatter gradients (A[Z/H] = —0.28)
than the less massive galaxies (A[Z/H] = -0.37). This is
closely reflected for galaxies with core and core-less light pro-

files (A[Z/H] = —0.23 and —-0.36, respectively). Core slow ro-
tators and core fast rotators have similarly flat gradients (-0.23
and -0.19, respectively), but the dispersion of gradient values is
much higher for core fast rotators (0.19 compared to 0.07). The
mean gradient and gradient dispersion values of core-less slow
rotators are similar to those of core-less fast rotators. There is
also an indication that metallicity gradients become flatter with
increasing mass. Age gradients of core slow rotators are close to
zero, while those of core-less slow rotators or core fast rotators
can take essentially any value as the underlying ETG population.

The presence (or absence) of cores correlates with a number
of other properties of slow rotators. We find that core-less slow
rotators, compared to core slow rotators

— are less massive (typically < 10" M), have lower o, and
overlap with fast rotators in the mass - size diagram,

— are flatter, have somewhat higher A , and often show evi-
dence of counter-rotation, and

— have steeper metallicity gradients (A[Z/H] = —0.42 com-

pared to A[Z/H] = -0.23), and show a large disper-
sion of gradient values (6(A[Z/H]) = 0.18 compared to

O0(A[Z/H]) = 0.07) as well as a range of stellar ages.

Core slow rotators are extreme galaxies. They are the bright-
est and most massive, the largest, and have the highest o,.
They have the lowest angular momenta. Their stellar populations
(within one half-light radius) are always old, and the metallicity
gradients are shallow and show little dispersion. There is an indi-
cation that the metallicity gradients flatten with increasing mass.

Core-less slow rotators and core slow rotators are equally
likely to have KDCs or CRCs, but velocity maps with no net ro-
tation are obtained only for core slow rotators, while 20" velocity

dispersion maps are exclusive for core-less slow rotators. From
investigating also the higher order moments of the LOSVD, we
conclude that core-less slow rotators form due to accretion of
counter-rotating star-forming gas or stars, and the level of the
counter-rotation defines whether they are classified as slow rota-
tors. A fraction of core-less slow rotators are remnants of dissi-
pational processes, such as gas-rich mergers of various mass ra-
tios with specific orbital configurations, which can also decrease
the net angular momentum of the remnant. Violent relaxation
can also influence the formation of core-less slow rotators.

Core fast rotators share some properties with core slow ro-
tators (i.e. presence of cores, [@/Fe], mass, 0., mean values of
metallicity gradients, and old ages) and some properties with
core-less slow rotator and other fast rotators (i.e. kinematics,
counter-rotation, disc-like components, higher Ag, larger spread
in metallicity and age gradients, and lower X-ray luminosities).
In this respect, core fast rotators are the most diverse class in
terms of possible formation channels. They can be products of
gas-poor mergers that result in fast rotators (but allow core cre-
ation), gas-rich mergers with a central starburst of shorter dura-
tion than the binary SMBH evolution, or are able to subsequently
increase angular momentum through further interactions with-
out destroying cores. Most likely, every such galaxy will have a
unique way of mass assembly, core formation, and subsequent
protection.

In contrast to all this, the formation of core slow rotators
requires at least one and probably a few dissipation-less ma-
jor mergers in the presence of massive black holes in order to
produce the core, flatten their metallicity gradients, and create
the variety of observed kinematics. Their progenitors could be
galaxies resembling present-day core fast rotators or most mas-
sive core-less fast rotators, but the assembly of the most massive
galaxies is only possible by core slow rotators themselves.

Our results support the approach of only considering core
slow rotators when searching for massive dry merger relics in
observations (Lauer 2012; Cappellari 2013) or when describ-
ing their evolution as a class (Cappellari 2016). Finally, the fact
that core slow rotators only dominate the characteristic mass of
M, ~ 2 x 10" M, and are completely absent below ~ 10
Mg, indicates that when the characteristics (e.g. their shapes or
environments) of massive dry merger relics are to be studied
but high-resolution imaging is not available, a further removal
of spurious objects is easily achieved by removing slow rotators
below M,,;; (e.g. Li et al. 2018b).
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Appendix A: Comparison between deconvolution
methods

In order to verify the robustness of our surface brightness pro-
files, we applied the Richardson-Lucy deconvolution method
(Richardson 1972; Lucy 1974) directly on our images. Among
various deconvolution methods available for the comparison, we
selected the Richardson-Lucy deconvolution because it was pro-
posed as a direct solution to the known effect that the Burger-van
Cittert method can lead to unphysical (negative) values in the
deconvolved profiles (e.g. Lucy 1974). Richardson-Lucy decon-
volution was also extensively used in the analysis of the nuclear
surface brightness profiles (Lauer et al. 1995, 1998; Rest et al.
2001; Lauer et al. 2005). An alternative approach is to convolve
the models (e.g. Nuker or Sérsic functions) with the PSF as in
Ravindranath et al. (2001) and Ferrarese et al. (2006), for in-
stance.

We used the WFC3 PSF estimates obtained using the Tiny-
Tim software as before. We followed the suggestion by Lauer
et al. (1995) and ran 80 iterations for the final decomposition,
but we tested the stability of the process with fewer iterations.
We used the Richardson-Lucy deconvolution software provided
in the python skimage package. The surface brightness pro-
files were extracted from the original and the deconvovled im-
ages in the same way as described in Section 2.4. The only dif-
ference is that we now used the python package photutils,
which implements the same Jedrzejewski (1987) method as in
STDS IRAF task ellipse. Figure A.1 shows the comparison be-
tween three surface brightness profiles for our galaxies, except
for NGC 1222, which is too dusty to allow any reliable compari-
son. We show the observed profile, the Richardson-Lucy decon-
volved profile, and the Burger-van Cittert deconvovled profile
(as in Figs. 1 and 2 and Section 3) for each galaxy. The figure
zooms on the central 1-2"to facilitate the comparison.

The deconvolved light profiles are essentially identical on
all scales. The only departure is visible in the innermost 0”703-
07704, which correspond to the central pixel of the WFC3 cam-
era. Similar accuracy is claimed by Lauer et al. (1998), who
used Richardson-Lucy deconvolution on WFPC2 images. Pro-
files deconvolved using the Richardson-Lucy method seem to
achieve somewhat higher flux in the centre, but the differences
are marginal, and in some cases, the deconvolution results in
rougher profiles than the original data. These are dependent on
the number of iterations, suggesting that this number needs to be
optimised individually for each case. Nevertheless, the overall
comparison clearly suggests that the Burger-van Cittert decon-
volution method based on high signal-to-noise ratio HST data
(and stable HST PSF), while approximate, converges, and pro-
vides sufficiently robust profiles comparable to other deconvolu-
tion techniques.

We can trust our deconvolved profiles to ~0”04, therefore
the question arises whether we might not also use a smaller ra-
dius to determine the slope of the inner profile. As mentioned
in the paper, we wish to be consistent with the literature. Nev-
ertheless, we calculated y” values for ' = 0.05”, based on our
Nuker profiles fits (Table 2). The changes in y’ were minimal, ex-
cept for NGC 0661, where the value changed from 0.96 to 0.33,
and NGC 5631 where y’ changed from 0.70 to 0.42. This means
that in both cases, the classification of the light profile changed
from a power-law to an intermediate, but it still remains core-
less in our definition. When the same analysis is performed on
the F475W images, the change for both galaxies is smaller, going
t0 V05 = 0.52 and y; os = 0.59 for NGC 0661 and NGC 5631,
respectively. The deconvolved F814W profile of NGC 5631 is
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Table B.1. Metallicity and age gradients for ATLAS®P sample. The full
table is available in the online version of the paper and at the ATLAS?P
survey website.

Galaxy A[Z/H] O6A[Z/H] AAge G6AAge HST

(H 2 3) 4 (&) (6)
IC0560 0454 0068 0411 0054 0
IC0598 -0278 0.081 0371 0061 0
IC0676  0.187  0.085 0221 0.115 0
IC0719 -056 005  -0.08 0.106 0
IC0782 -0234 0066 0222 0059 0
IC1024  0.151  0.052  0.099 0037 0
IC3631 -0.519 0071 0744 0.128 0
NGC0448 -0.403 004 -0.058 0.053 0
NGC0474 -0.257 0.041 -0295 0061 1
NGC0502 -0.305 0.059 -0.03 0076 0
NGC0509 -0.488 0.073 0781 0.067 0
NGC0516 -0.141 0.125 -0.169 0.164 0
NGC0524 0.042 0033 -0264 0033 1
NGC0525 -0.287 0.102 0.097 0.164 0
NGC0661 -033 0062 002 0075 1

Column (1): Name of the galaxy. Column (2): Metallicity gradi-
ent as defined by Eq. (1). Column (3): Uncertainty on the gra-
dient obtained from weighted linear regression fits to the metal-
licity profiles. Column (4): Age gradient as defined by Eq. (2).
Column (5): Uncertainty on the gradient obtained from weighted
linear regression fits to the age profiles. Column (6): Galaxies
that were observed with HST and for which we were able to ex-
tract surface brightness profiles are incidated by 1, those with
HST data and uncertain profiles are indicated by 2, and those
with no HST data are indicated by 0. This table is also avail-
able in the online journal and from the ATLAS3P project website
http://purl.org/atlas3d.

worth an additional note because it seems rather flat within 0”/7.
This is equally reproduced in the two deconvolution methods.
When the F475W image is used, this is not that case and the de-
convolved profiles are smoother. There is no evidence that the
F814W image is saturated because our data reduction method
used the shallow F814W image to substitute any saturated pix-
els. Even though the curvature increases for the F§14W decon-
volved profile, the Nuker fit returns core-less profiles, consistent
with F475W profile.

Appendix B: Stellar population gradients



sb [mag arcsec™2] sb [mag arcsec?] sb [mag arcsec™?]

sb [mag arcsec2]

12

NGC0661
T

"
w
T

M
>
T

i
7
T

-
)
T

® F814W Data
~— Burger - van Cittert
Richardson - Lucy

n.llo
log(R) [arcsec]

NGC4191

13.0

13.5

14.0

14.5

15.0

15.5

16.0

16.5

12

T
® F814W Data
~—— Burger - van Cittert |
Richardson - Lucy

0.‘10
log(R) [arcsec]

NGC5631
T

13

14

16

® F814W Data
~— Burger - van Cittert
Richardson - Lucy

1
0.10
log(R) [arcsec]

PGC050395

T
® F814W Data

~— Burger - van Cittert
Richardson - Lucy

o.llo 1.
log(R) [arcsec]

00

Krajnovi¢ et al.: Formation channels of slow rotators

sb [mag arcsec2]

sb [mag arcsec2]

sb [mag arcsec2]

sb [mag arcsec™?]

12 NGC1289
! o F8law Data
~— Burger - van Cittert
Richardson - Lucy
13t TS -
- sossenee,,,,
8
n 1l4F .
v
£
©
g
15 4
E
-]
[
16 4
N
17k 1 S
0.01 0.10 1.00
log(R) [arcsec]
NGC4690
12 T
® F814W Data
== Burger - van Cittert
\ Richardson - Lucy
13 4
- eetees,
T S oo,
v
2 1af i
v
£
L] -
g ~
15f \ 4
£ S,
2 R
w e
16 N, 4
o
17k 1
0.01 0.10 1.00
log(R) [arcsec]
NGC7454
T e F8law Dala’
13 === Burger - van Cittert
Richardson - Lucy
- ...-..........~
L 14t . i
Q
w
4
©
o 15f 4
©
£
=
a
? 16} i
17k ' N
0.01 0.10 1.00
log(R) [arcsec]
13 UGC03960
’ ! ® F814W Data
= Burger - van Cittert
13.51 Richardson - Lucy
14.0 4
14.5F 4
15.0 4
15.5 \ 4
\0
16.0[ \Q .
16.5 \\ 4
1 .n
0.01 0.10 1.00

log(R) [arcsec]

NGC3522
12 T T
® F814W Data
~— Burger - van Cittert
Richardson - Lucy
13 B
LLLTTY
u-.... N\
141 ®oos -
15 B
16 B
Q
17k 1 1 '\‘i, B
0.01 0.10 1.00
log(R) [arcsec]
NGC5481
T e F8l1aw Data'
13 = Burger - van Cittert .J
Richardson - Lucy
14 E
15 .
W
“a
Q‘
Ta
16 o, 4
a
a
a
o
Q
17k L Lo ]
0.01 0.10 1.00
log(R) [arcsec]
PGC028887
13.0 T
® F814W Data
=== Burger - van Cittert
13.5[ \ Richardson - Lucy
14.0 "'-u.....- ]
14.5F 4
15.0 4
15.5F 4
16.0 4
16.5[ _
L
0.01 0.10 1.00

log(R) [arcsec]

Fig. A.1. Comparison between surface brightness profiles deconvolved using the Burger - van Cittert (red solid line) and Richardson - Lucy (light
blue dashed line) deconvolution techniques. Black circles show the original profile in the F814W band. The sampling (black circles) of a light
profile does not correspond to the pixel scale of the WFC3 camera, but it is defined by the tool for the isophote analysis. We do not show NGC 1222.
In all galaxies, the two deconvolution methods result in very comparable profiles. The differences are only seen at radii smaller than 0703-0704,

which correspond to the central pixel.
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