I " # $ %
&
% () % * 1 # o+  (
1 (
1-- 1%. %- -1 -0110-
%!
I " # $ %
& 456789"' " % () % * |
# o+ ( .. ( .2
2 3
#
$ # %
&
* 4 %




%



Advance Access publication 2016 May 20

The SLUGGS survey: the mass distribution in early-type galaxies within
pve effective radii and beyond
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ABSTRACT

We study mass distributions within and beyond 5 effective ralij (n 23 early-type galax-

ies from the SAGES Legacy Unifying Globulars and Galaxies Survey, using their globular
cluster (GC) kinematic data. The data are obtained with Keck/DEep Imaging Multi-Object
Spectrograph, and consist of line-of-sight velocities 8500 GCs, measured with a high
precision of 15kms  per GC and extending out th3 R . We obtain the mass distribution
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in each galaxy using the tracer mass estimator of Watkins et al. and account for kinematicg
substructures, rotation of the GC systems and galaxy attening in our mass estimates. The>
observed scatter between our mass estimates and results from the literature is less than 0%

dex. The dark matter fraction withinf® (f ) increases from0.6to 0.8 for low- and high-
mass galaxies, respectively, with some intermediate-mass galkkid M ) having low

f 0.3, which appears at odds with predictions from simple galaxy models. We show that
these results are independent of the adopted orbital anisotropy, stellar mass-to-light (M/L) ra-2

tio, and the assumed slope of the gravitational potential. However, tHe lowthe 10 M
galaxies agrees with the cosmological simulations of Wu et al. where the pristine dark matte
distribution has been modi ed by baryons during the galaxy assembly process. We nd hints
thattheséM 10 M galaxies with lowf  have very diffuse dark matter haloes, implying
that they assembled late. Beyon®5 the M/L gradients are steeper in the more massive
galaxies and shallower in both low and intermediate mass galaxies.

Key words: globular clusters: general—galaxies: evolution—galaxies: kinematics and
dynamics.

and evolution models. For example, at the same stellar mass, early-
type galaxies (ETGs) are thought to have a higher DM concentration
One of the fundamental properties of galaxies is their total mass compared to spiral galaxies. This is because the central portions of
(baryonic+ dark matter). The total mass pro les of giant galaxies the haloesin ETGs are already in place at a higher redshift compared
are dominated by baryons in the central parts, with the dark matter to spiral galaxies for the same galaxy mass (e.g. Thomas81G9).
(DM) component becoming more dominant atlarge radii, eventually ~ For late-type galaxies, it is relatively easy to determine the total
dominating the total mass budget. Studying the distribution of these mass distribution out to large radii using the motions of the read-
mass components provides a viable way of testing galaxy formation ily available H gas as a tracer of the galaxy potential. However,
this exercise is more dif cult for (individual) ETGs. This is be-
cause ETGs are generally poor in cold gas, their stellar motions are
aalabi@swin.edu.au predominantly random by nature and at large galactocentric radii,

1 INTRODUCTION

r

S2I00N\

c

)

Ais)

9T0Z ‘6 J8qUWIBAON UO



Mass distribution in ETGs at large radii 3839

they are optically faint. These properties combine to make studies tracers). A tracer population with number densitfy) r re-

of the mass distribution in ETGs challenging. Yet, to properly un- sides in a power-law gravitational potential of the fo(my  r
derstand the DM content in ETGs, one needs to probe out to at leastThe total mass density,, is directly related to the gravitational
ve effective radii (R ), where DM is expected to begin dominating  potential via Poisson’s equation and hence it has the power-law

the enclosed mass (Romanowsky e2803; Napolitano et aR005; form () r . Also, the TMEs assume that the tracer popula-

Cappellari et al. 2015). tion is spherically symmetric and that galaxies are in steady-state
Various mass tracers such as planetary nebulae (PNe; e.g. Mor-equilibrium, i.e. virialized.

ganti et al.2013), globular clusters (GCs; e.g. Pota eféll5) and This paper uses the GC kinematic data from the SLUGGS

diffuse X-ray gas (e.g. Su et #014) have been used to explore (SAGES Legacy Unifying Globulars and Galaxies Survey; Brodie
the mass distribution in ETGs out to large radii. For PNe- and GC- et al. 2014) and TMEs to study in a homogeneous way the mass
based studies, their orbital distributions are usually not known, and distribution within and beyondR in ETGs. The galaxies we study
are notoriously dif cult to determine due to the mass—anisotropy cover astellar mass range of k40 —4.0x 10 M andinclude
degeneracy (Binney & Mamoh982). The discrete kinematic data  galaxies from cluster, group and eld environments. We therefore
are often binned and smoothed in order to determine the massextend the range of galaxies with mass pro les beyoiR! Hito the

pro le, leading to loss of vital information. Since binning is im-  low stellar mass galaxy regime. The science questions we seek to
practicable for sparse samples, only galaxies with relatively rich answer are straightforward — Are TMESs appropriate mass estimators
systems of bright tracers, i.e. massive ETGs, are usually studied.using GCs as the tracers? How is mass distributed between baryons
This limitation also extends to X-ray-based studies, where X-ray and DM in the outer haloes of ETGs, especially in intermediate and
haloes are observed mostly around massive galaxies that usualljow stellar mass ETGs? Are ETGs always DM dominated in their
reside in dense environments. Hence most ETGs with radially ex- outer parts? If they are not always DM dominated, as some results
tended mass modelling results in the literature are the more massivefrom the literature seem to suggest, then why? Are the measured
ones, with the low and intermediate mass ETGs usually overlooked. mass and DM content estimates consistent with predictions from
Furthermore, ETGs tend to be studied one at a time, with different CDM models?

methods and assumptions. This makes it problematic to compare In Section 2 we describe the observations, data reduction and

the results in a systematic way. data preparation. Section 3 starts by introducing in detail the TMEs,
Apart from the observational dif culties, results at large galac- de nes the mass estimator parameters and quanti es the sensitivity
tocentric radii in some intermediate mass ETG6 ( 10 M ) of the mass estimators to these parameters. In this section, we also
have suggested inconsistencies with the predictions f@biv quantify the effects of galaxy attening, rotation and kinematic
cosmology (e.g. Romanowsky et 2D03; Napolitano et aR009; substructures on our mass estimates. We study the deviation of
Deason et al2012, hereafteD+12). While results from the well- ETGs from isotropy. We obtain the DM fractions withinRs and

studied massive ETGs agree with the prediction that in the outer beyond, and compare with expectations from a simple galaxy model,
halo, DM dominates the galaxy mass budget, the same is less cleacomposed of DM and stars only. In Section 4, we discuss how
in intermediate mass ETGs, as different mass modelling techniquespredictions and observations compare. We complete this section by
using the same tracers seem to produce contradictory results (segtudying correlations between the DM fraction and various galaxy
Romanowsky et aR003; Napolitano et ak009;D+12; Morganti properties. In Section 5, we summarize our results.
et al. 2013, for the peculiar case of NGC 4494). The situation is
even worse for low stellar mass ETGs, since they have hardly been
studied out to large radii. It is therefore imperative to probe the DM 2 OBSERVATIONS, DATA REDUCTION AND
halo in these galaxies systematically. DATA PRUNING

The traditional methods of mass modelling are dif cult to apply
to GC kinematic data for sub- ETGs. It is therefore desirable to

have mass estimators that use the projected kinematic informationThe GC kinematic data used in this work were obtained through
directly without the need for binning — an approach that lends itself spectroscopic observations, mostly as part of the SLUGGS sur-
to relatively sparse tracer populations. Examples include the virial ey, with the DEIMOS (DEep Imaging Multi-Object Spectrograph;
mass estimator (VME) from Limber & Mathews (1960) and the pro- - Faber et al2003) instrument on the 10 m Keck-Il telescope. For
jected mass estimator (PME) from Bahcall & Tremaib@g1), later NGC 3115, NGC 4486 and NGC 4649, we have supplemented our
modi ed by Heisler, Tremaine & Bahcall (1985). These assume that catalogue with data from some external sources (see Arnold et al.
the tracers (e.g. GCs, PNe, satellite galaxies) have a number den2011; Strader et aR011; Pota et al. 2015, respectively, for details
sity distribution —n(r), that directly follows the total mass density  of these externally sourced kinematic data and the re-calibration
of the galaxy — (r), i.e.n(r) ~ (r). This is not usually true since  of their uncertainties to match with those of DEIMOS). Spectro-
the total mass density is dominated by the DM component, espe-scopic data collection with DEIMOS began in 2006 and we have
cially at large radii. The VME and PME are in principle similar  now obtained 3500 GC radial velocities in 25 carefully chosen
to earlier attempts at estimating mass in a spherically symmetric, ETGs (Brodie et a2014). Here, we only consider 23 galaxies from
self-gravitating system where the tracers orbit a central point massthe SLUGGS survey with 20 or more spectroscopically con rmed
(e.9. Zwicky1937; Schwarzschild954). GCs. Readers interested in a detailed explanation of our DEIMOS
Amore recent class of mass estimators, the tracer mass estimatorgjata reduction method are encouraged to check Pota &0dI3)
(TMEs), however, allows for the more general case where the trac- though we give a brief description here.
ers and total mass densities, while both assumed to be scale-free, we design masks with 1 arcsec wide slits targeting GC candidates

have different distributions. They were rst introduced by Evans and integrate per mask for an average of 2 h. We set up DEIMOS
et al. (2003) and later modi ed by Watkins, Evans & An (2010,

hereafte\W+10), and (An & Evans2011, see also Watkins et al.
2013for an axisymmetric Jeans modelling of discrete kinematic  http://sluggs.swin.edu.au

2.1 Observations and data reduction

MNRAS 460,3838-3860 (2016)
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with the 1200 lines mri centred on 7800 A. This ensures we have
a wavelength resolution of..5 A and cover the CaT absorption
lines in the near-infrared (8498, 8542, 8662 A) and often the H
line at 6563 A. We reduce our raw spectra usingithe 2 data
reduction pipeline (Cooper et &012) and obtain radial velocities
by measuring the Doppler shifts of the CaT absorption lines using
task in . We cross-correlate our science spectra with
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mixed can sometimes be isolated in position—velocity phase space,
even when the coherent structures are no longer evident in photo-
metric studies. For the immediate task of mass modelling, it is im-
portant to isolate tracers that show correlations in position—velocity
phase space, i.e. kinematic substructures, in order to avoid spurious
mass estimates.

For each galaxy, we use the Dressler-Schectman (DS) test

spectral templates of 13 carefully chosen Galactic stars, obtained(Dressler & Shectmah988; Ashman & Birdl993; Pinkney et al.

with the same instrument and setup. The nal radial velocity for each

1996; Mendel et al. 2008; Einasto et2012) to detect substructures

object is the average from the cross-correlation. The uncertaintiesin position—velocity phase space and to quantify the signi cance of

on our radial velocities are obtained by adding in quadrature the
uncertainty outputs from to the standard deviation among
the templates, typically8kms . Finally, our science spectra are
redshift corrected.

the substructures. For each GC, we compute the local average veloc-
ity (V ) and velocity dispersion () using theN N

N
nearest neighbours (as advised by Pinkney e1296). We then
compare the local and global kinematics and sum over all the GCs

To classify an object as a GC, we ensure that the CaT featuresto obtain , the DS statistic, for the GC system using
in the rest-frame spectra are seen at the expected rest wavelength

and the radial velocity is consistent with the host galaxy’s systemic
velocity (through a 3 clipping implemented via the friendless al-
gorithm of Merrett et al. Z003)). For secure classi cation as a GC,
we require that at least the 8542 and 8662 A CaT lines are ob-
served, as well as the Hline (when the H wavelength region

is probed). In addition, we obtain a consensus from at least two

members of the SLUGGS team on the status of our GC candidates.

Objects with contentious status, but radial velocities consistent with
the host galaxy’s systemic velocity, are classi edhagrginal GCs.

We do not use such objects in this work. Figshows the com-
posite galactocentric distribution of our homogeneous sample of
3500 GC line-of-sight velocities (V ) with well-understood er-
rors used in this work. On average, our GC data extends to 10,
13 and 15R in the low (log(M/ M )< 10.8), intermediate
(10.8 logM /M ) 11.3) and high (log(M/ M )> 11.3)
stellar mass galaxies in our sample, respectively.

2.2 Kinematic substructures in GC systems

A fundamental assumption of mass modelling methods is that the
system of tracers is in dynamical equilibrium. However, if galax-

N +1

x[(V. SV ) +( S ) 1)
For a Gaussian-lik¥'  distribution, is approximately of the or-

der ofN and the larger its value, the more likely it is that the GC
system has substructures. However, a non-Gaussiatistribution

can also produce a signi cantly different fromN even when
there are no real substructures. Therefore, to properly identify sub-
structures and statistically quantify their signi cance, we perform a
Monte Carlo experiment (repeated 5000 times) where we randomly
shuf e theV of the GCs while keeping their positions xed. This
breaks any correlation between position &d while keeping the
same velocity distribution and tests against the null hypothesis that
there is no correlation between position and. The signi cance
(p-value) is the number of times from the Monte Carlo exper-
iment is greater than that from the observed data divided by the
total number of simulations, such that smajevalues correspond

to stronger substructure signatures. For GC systems with statisti-
cally signi cant substructures, i.@-val < 0.05, we identify and

ies assembled their mass hierarchically via mergers and accretionisolate the GCs with correlated kinematics and re-perform the DS

events, a lumpy ‘outer’ halo is expected, especially in position—
velocity phase space (Bullock & Johnst@®05; Helmi 2008;
Cooper et al2013). The fossils of the accreted galaxies or satel-

test on the ‘cleaned’ data set iteratively urgival > 0.05. The
total numbers of GCs removed per GC system are summarized in
Tablel. Table2 contains thep-values for all the galaxies. We show

lite galaxies undergoing disruption that have not been totally phase the identi ed kinematic substructures from the DS test in Rig.

MNRAS 460,3838-3860 (2016)
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wherer is the deprojected radius of the innermost GC and

- CrD 438 (+2) @)

S A (-+)
with  (x) being the gamma function. Equations (3) (i) and (ii)
are from Evans et al.2003) and W+10; An & Evans 2011),
respectively. 1 inthe TME of Evans et al2003) and in
those ofW+10 and An & Evans2011). Our kinematic data consist
of N line-of-sight velocity (V ) measurements at circularized
galactocentric radiiR) de ned as

Y
R = qX + E, (5)

whereq is the ratio of the galaxy photometric minor to major axis
(@= 1S ), with X andY as the projected Cartesian coordinates
of individual GCs on the sky. Equation (5) is from Romanowsky
etal. (2012), and it ensures tHatis in a consistent format with the
circularized effective radii (Cappellari et #013b) we have used
for our analysis.

The TME of W+10 has been shown to outperform that of Evans
et al. (seeW+10), and that of An et al. is just a special case of
W+10 where 3. We therefore use the more general TME of
W+10 for further analyses and hereafter refer to it as TME.

3.2 Debning , and

3.2.1 The power-law slope of the gravitational potential —

Inthe TME formalism, the gravitational potential is described math-
ematically by a power-law function. This is assumed to be valid in
the region probed and the slope is allowed to vary &/r

1 such that

Vv

Sl

We ensure that our nal samples are free of substructures as (f ) a (6)
identi ed by the DS test. We further compare mass estimates with v log v ( =0).
and without the identi ed substructures in Section 3.5 to ascertain ~ _ . . . .

= 0 corresponds to an isothermal potential with a at circular

the effect of substructures on our mass estimation. However, Wevelocit curve (CVC)and = 1 corresponds to a Keplerian potential
defer a detailed discussion of these substructures, within the context y N P P P

X : around a point mass, characterized by a declining C¥Qs the
of hierarchical galaxy mass assembly, to a future paper. . . :
circular velocity atscale radius a.

The power-law slope of the gravitational potential is a priori

3 ANALYSIS unknown and in the following we use different assumptions based
on observations and/or theory to constrain our choice .ofThe
3.1 TMEs simplest clue about is to be found from recent studies (e.g. Auger

et al. 2010; Thomas et al2011; Cappellari et al2015) where

the total mass density of ETGs was found toriearly isothermal

with a small intrinsic scatter, i.e(r) r . These studies therefore

vV R, ) suggestthat 0. However, there are indications of a trend in the
logarithmic slope of the total mass density pro les for ETGs with
the more (less) massive ETGs having shallower (steeper) slopes
gravitational constant ankll is the pressure-supported mass, i.e. POth observationally (e.g. Barelet al. 2011p+12; Tortora et al.
equation (2) assumes no rotation of the system. In practicés 2014) and from cosmological simulations (e.g. Dutton e2@l3;
taken as the projected galactocentric radius of the outermost G¢.Reémus et al2013). This implies that a variety of shapes would be
The prefactolC varies with TMEs but depends on the slope of the S€€n in the CVCs at large radii. o ,
gravitational potential (, see Section 3.2.1), the orbital distribution ~ Under the assumption of a power-law gravitational potential,

of the GCs ( , see Section 3.2.2) and the deprojected density pro le €2n be evaluated (see Eval#94) as the logarithmic slope of the

of the GCs (, see Section 3.2.3% is de ned with two choices as CVC at large radii
dlog V

The TMEs are generally expressed as

C
ME )= &N

wherer is the deprojected radius of the outermost &Js the

16( + S2)4S S 1S Ir ) ) S lim ———. @)
. @53) 35 15¢ i ) 0 3 dlog R
(+ S2 )r (i) Using equation (7) we determine given the CVCs from the

| cosmological hydrodynamical resimulations of Oser et 2010,

MNRAS 460,3838-3860 (2016)
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2000 1998
2013 2014

2012). We use the logarithmic slopes of their CVCs as analysed with the results for the Galaxy potential in Yencho et al. (2006) and
by Wu et al. (2014, hereaftau+14), in 42 of these simulated =~ W+10. Table 2 contains a summary of adopted for the galaxies
ETGs. The simulated ETGs have stellar masses over the rangen this study, given their stellar mass.

2.7x 10 -4.7x 10 M ,comparable to the stellar mass range in
this study. The logarithmic slope is evaluated & 5We nd an
empirical relation between and the logarithm of the stellar mass
by tting a linear function to the data (see Fig). The best- tting The Binney anisotropy parameter, (Binney & Tremainel987)
linear function to the data is describes the orbital distribution of the GCs. It can be a major

- (50.46+ 0.06)x log(M / M )+ (5.29+ 0.68) ®) source of uncertainty in mass modelling of ETGs as it is poorly
T e constrained. It is de ned (assuming spherical symmetry) as

3.2.2 The orbital anisotropy parameter —

with an rms scatter of 0.18% 0.01. Using equation (7) and the

radially extended CVC data (out to 20 kpc) for ETGs publishedin =18 —, 9)

Trujillo-Gomez et al. 2011), we con rm that the relation obtained

above is consistent with observations in the region of overlap. Our where and are the tangential and radial velocity dispersions,

best- tting function is similar to those reported in Tortora et al. respectively. The TMEs are based on the assumption of constant

(2014) determined at much more central radii of 0.5 aRd. When anisotropy with radius. We do not tfor, but rather we derive mass

constrained this way, re ects the shallower (steeper) total mass estimates assuming = 0, 0.5,50.5, corresponding to isotropic,

density pro les for more (less) massive ETGs. With equation (8), strong radial and mild tangential anisotropies, respectively. Our
0.4 for an arbitrary galaxy with MW-like stellar mass, consistent choice oft+0.5 is predicated on results from mass modelling where

MNRAS 460,3838-3860 (2016)
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