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ABSTRACT

We study the total-mass density profiles of early-type galaxies (ETGs: ellipticals and lenticulars) with globular clusters (GCs) as
kinematic tracers. The goal of this work is to probe the total mass distribution, parameterised with a double power-law profile,
by constraining the parameters of the profile with a flexible modelling approach. To that end, we leverage the extended spatial
distribution of GCs from the SLUGGS survey ({Rgc, max) ~ 8 R.) in combination with discrete dynamical modelling. We use discrete
Jeans anisotropic modelling in cylindrical coordinates to determine the velocity moments at the location of the GCs in our sample.
Assuming a Gaussian line-of-sight velocity distribution (LOSVD) and a combination of informative and uninformative priors we use
a Bayesian framework to determine the best-fit parameters of the total mass density profile and orbital properties of the GCs. We
find that the choice of informative priors does not impact the enclosed mass and inner slope measurements. Additionally, the orbital
properties (anisotropy and rotation of the dispersion-dominated GC systems) minimally impact the measurements of the inner slope
and enclosed mass. A strong presence of dynamically-distinct subpopulations or low numbers of kinematic tracers can bias the results.
Owing to the large spatial extent of the tracers our method is sensitive to the intrinsic inner slope of the total mass profile and we find
a = —1.88 £ 0.01 for 12 galaxies with robust measurements. To compare our results with literature values we fit a single power-law
profile to the resulting total mass density. In the radial range 0.1-4 R. our measured slope has a value of (y;,r) = —2.22 + 0.14 and
is in good agreement with the literature. Due to the increased flexibility in our modelling approach, our measurements exhibit larger

uncertainties, thereby limiting our ability to constrain the intrinsic scatter o.
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1. Introduction

In the current cosmological framework, galaxy formation is
driven by the coalescence of gas in the dark matter overdensities
of large-scale structures (White & Rees 1978). In the context of
ACDM cosmology, the total mass of galaxies is dominated by
dark matter on large scales, while the inner regions r < 1-2 R.!
are dominated by stars (Cappellari et al. 2013). Therefore, in
order to understand the mass content of these galaxies we need
extended kinematic tracers of the gravitational potential.

Early analytic efforts to characterise the mass distribution
within early-type galaxies (ETGs: ellipticals and lenticulars)
were based on the dynamical formalism of the Jeans equations
(Jeans 1922) and implementing the effects of violent relaxation
(Lynden-Bell 1967). With additional assumptions of spherical
symmetry and isotropic orbital distribution, the resulting radial
density profile for both dark matter and baryons was found to have
a power-law distribution p(r) oc 77 with a slope of —2. A simi-
lar, isothermal, distribution was also found for gas-rich late-type
galaxies (LTGs; see review in Courteau et al. 2014) and it results
in the flattening of the circular rotation curves first reported by
Rubin et al. (1970).

R. is the stellar effective radius where half the stellar light is enclosed.

The first studies with gravitational lensing of ETGs found
that the total mass distribution within the Einstein radius (~R./2)
can be closely approximated by a single power law with a nar-
row scatter and a profile that is slightly steeper than an isother-
mal sphere with a slope of —2 (Auger et al. 2010; Barnabe et al.
2011; Sonnenfeld et al. 2013). This trend was initially deter-
mined for the strongest gravitational lenses, i.e., the most mas-
sive galaxies. Subsequently, a similar trend was confirmed for
lower-mass galaxies using dynamical modelling (e.g., Alabi et al.
2016; Poci et al. 2017, Bellstedt et al. 2018, hereafter A16, P17,
B18). In the case of ETGs, the apparent tendency that two non-
isothermal distributions of stars and dark matter ‘conspire’ in a
close-to-isothermal slope has been a point of great discussion. The
‘bulge-halo conspiracy’ was found to hold only on certain mass
scales, suggesting that galaxy feedback processes might play a
role (Dutton & Treu 2014, and references therein).

The flat velocity dispersion profile found within 1R, of
ETGs has been linked to the dry major mergers as the main for-
mation channels of these gas-poor systems. Through simulated
binary mergers, Remus et al. (2013) showed that the inner slope
Yot ~ —2 acts as a natural attractor, and once in place, only a
major merger with a high gas fraction can modify the total mass
density slope. They found that the larger the fraction of in-situ
formed stars the steeper the total density profile. They link this
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with the dissipationless nature of gas, which sinks in the centre
of the merged galaxy to form a new population of more centrally
concentrated stars, thereby steepening the total mass slope.

Poci et al. (2017) investigated the correlations between the
inner slope and stellar kinematic properties and found for galax-
ies with log 0. > 2.1, the stellar velocity dispersion at 1 R, that
the inner slope is constant. Recently, Zhu et al. (2024) extended
the study to late-type galaxies (LTGs) and found morphologi-
cal and mass dependence of the y,y in the sample of MANGA
galaxies. LTGs with log 0. < 2.2 show an increasingly shallower
total mass density profile in contrast with ETGs. They also found
a steeper slope with increasing age of the stellar component at a
fixed value of o.

In LTGs, the cold gas traces the total mass distribution out to
few R., while most ETGs have already depleted their main gas
reservoir, and observations of the centrally concentrated inner
stellar component are needed to constrain the potential. The
stellar surface brightness profile drops rapidly and it becomes
observationally challenging to observe beyond a few R.. How-
ever, all galaxies have their inner and extended outer halos pop-
ulated by globular clusters (GCs; Harris 1991, and references
therein). Owing to their compact size and high stellar surface
brightness they can be observed in nearby galaxy clusters (e.g.,
Coté et al. 2004; Jordan et al. 2007a) and they probe the gravita-
tional potential in the outer regions of galaxies and clusters (e.g.,
Chaturvedi et al. 2022). Several literature studies have utilised
these tracers to carry out dynamical modelling and used the dis-
tinct origin and dynamical properties of the GCs populations to
constrain the enclosed mass and to break the mass-anisotropy
degeneracy (e.g., Napolitano et al. 2014; Zhu et al. 2016).

In this paper we carry out discrete anisotropic Jeans mod-
elling accounting for the observed flattening of the GC systems
(GCS) to investigate the inner slope of the total mass profile and
the virial mass. In Sect. 2 we introduce the sample of GCs used
throughout the paper and discuss the source of photometry and
kinematics. Then we discuss the modelling of the tracer density
profile in Sect. 3, one of the key components of the dynamical
modelling. We introduce the dynamical modelling approach we
adopted, focusing on the Bayesian inference and different mod-
elling set-ups in Sect. 4, followed by a discussion of the results
and exploration of potential biases in our modelling approach in
Sect. 5. In Sect. 6 we compare the results with literature values,
and discuss our results in Sect. 7. Section 8 presents and sum-
marises our main conclusions.

2. Sample of globular cluster systems

In this section we introduce the data used throughout this work.
For dynamical modelling, we need kinematic data as well as
information on the spatial distribution of the tracer population.
We used the sample of the GC radial velocities (RV) from the
SAGES Legacy Unifying Globulars and GalaxieS (SLUGGS;
Brodie et al. 2014) survey that observed 27 nearby galaxies.
First, we discuss the properties of the RV sample and define the
kinematic flags based on the visual inspections of the GC veloc-
ities. Second, we present the sources of GC photometry for 21
galaxies used to determine the tracer density profile in Sect. 3.
The observed properties of the 21 galaxies we modelled in this
work are presented in Table 1.

2.1. Kinematic datasets

The kinematic tracers from the SLUGGS dataset have a typi-
cal spatial extent of ~8 R, up to Ryax ~ 15 R, and a median of
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80 GCs per galaxy, varying from 20 to 600 GCs per individual
galaxy. The median error of the radial velocities is 10-15km s,
representing around 10% of the typical velocity dispersion of a
GCS for SLUGGS galaxies. The SLUGGS catalogue excludes
foreground stars and background galaxies based on the phase-
space diagram (Forbes et al. 2017). Additionally, ultra-compact
dwarfs (UCDs) are flagged, and we excluded them from the fol-
lowing analysis. UCDs can be misidentified as the bright tail
of the GCs due to their compact size and magnitude, but they
have a different origin, and therefore different spatial distribution
and orbital properties (e.g., UCDs in NGC 5128: Dumont et al.

2022).

NGC 5846

A special remark is needed for galaxy NGC 5846, which is
the brightest cluster galaxy and has three bright companions
(NGC 5846A, NGC 5845, and NGC 5850). The projected phase
space distribution of GCs belonging to NGC 5846 from the
SLUGAGS survey and the locations of all four galaxies are shown
in Fig. 1.

The spatial and velocity distribution of NGC 5846A and
NGC 5845 overlap with those of NGC 5846. In Fig. 1 there is
a clear elongation of the GCS in the direction of NGC 5845,
but the contamination from NGC 5846A is not as apparent in
this phase-space diagram. To estimate the contamination of the
GC catalogue for NGC 5846 we first estimated the number
of GCs for each of these galaxies based on their absolute V-
band magnitude. We used the observed correlations between the
number of GCs and the absolute V-band magnitude of its host
galaxy in a high-density cluster environment (e.g., Zepf et al.
1994; Kissler-Patig 1997). We estimate that NGC 5846A hosts
fewer than 100 GCs; for NGC 5845 we estimate ~300 GCs,
and NGC 5846 is expected to host ~2500 GCs. The GCs from
NGC 5845 thus have a much stronger contribution to the con-
tamination than the GCs from NGC 5846A. To remove poten-
tial GCs belonging to NGC 5845 we removed clusters at a <
226.52° from the kinematic dataset of NGC 5846. A more
sophisticated selection and additional removal of NGC 5846A
GCs is beyond the scope of this work.

2.2. Kinematic flags

Strong rotation, substructures (non-relaxed populations), and
a small number of kinematic tracers or GC subpopulations
with distinct kinematics can bias the results of the dynamical
modelling. Before proceeding with the modelling we visually
inspected the velocity distribution of the GCS for all galaxies.

We focused on the radial variation of mean velocity and
velocity dispersion and on the 2D velocity field of the GCs, sim-
ilar to the one shown in the left panel of Fig. 2 for NGC 3377.
We visually inspected the regularity of the velocity field look-
ing for the presence of strong rotation signatures, cold comoving
groups, observationally biased sparse sampling or other peculiar
features.

Focusing on these features we defined four flags: Good
(9/21) and Good w. rot. (4/21) for GCSs showing a highly reg-
ular velocity field, and that are either dispersion-dominated or
show non-negligible rotation, respectively; Subpop. (subpopula-
tions, 3/21) for galaxies showing distinct kinematic subpopula-
tions (such as the blue and red GC populations in NGC 1407,
Romanowsky et al. 2009) or cold comoving groups that can
inflate their velocity dispersion; and Pecul. (peculiar, 5/21) for
galaxies that have on average the lowest number of GCs among
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Table 1. Basic information for the 21 galaxies from the SLUGGS survey modelled in this work.

NGC d log,o M. R. R. env Usys i Ngc Kin. flags Photometry source

Mpc Mo arcsec  kpc kms™! °
(H 2 3) 4 (O] (@) ) © (10) (11)
720 26.9 11.27 29.1 3.8 F 1745  90.0% 65 Good SLUGGS (Kartha et al. 2014)@
821 23.4 11.0 43.2 4.9 F 1718  75.0%9 58  Good w.rot. SLUGGS (Forbes et al. 2017)
1023 11.1 10.99 48.0 2.6 G 602 74.0% 113  Good w.rot. Forbes et al. (2014)
1400 26.8 11.08 25.6 33 G 558 32.5% 69 Pecul. SLUGGS (Forbes et al. 2017)
1407 26.8 11.6 934 121 G 1779  303% 356 Subpop. SLUGGS (Forbes et al. 2017)
2768 21.8 11.21 60.3 6.4 G 1353 90.00 106 Good SLUGGS (Forbes et al. 2017)
3115 94 10.93 36.5 1.7 F 663 90.07 149  Good w.rot. SLUGGS (Forbes et al. 2017)
3377 109 10.5 454 2.4 G 690 89.00 122 Good SLUGGS (Forbes et al. 2017)
3607 222 11.39 48.2 5.2 G 942 46.0% 39 Good SLUGGS (Kartha et al. 2016)@
3608 223 11.03 429 4.6 G 1226 88.09 29 Good SLUGGS (Kartha et al. 2016)@
4278 15.6 10.95 28.3 2.1 G 620 88.00 256 Good SLUGGS (Forbes et al. 2017)
4365 23.1 11.51 77.8 8.7 G 1243 88.099 251 Good SLUGGS (Forbes et al. 2017)
4374  18.5 11.51 139.0 125 C 1017  88.0%9 41 Pecul. Jordan et al. (2009)
4459  16.0 10.98 48.3 3.7 C 1192 48.09 36 Pecul. Jordan et al. (2009)
4473 152 10.96 30.2 2.2 C 2260 81.00 105 Good Jordan et al. (2009)
4486 16.7 11.62 86.6 7.0 C 1284  84.09 650 Subpop. Jordan et al. (2009)
4494  16.6 11.02 52.5 4.2 G 1342 86.09 105 Good Humphrey (2009)
4526 164 11.26 324 2.6 C 617 77.09 107 Pecul. Jordan et al. (2009)
4564 159 10.58 14.8 1.1 C 1155  76.0%9 26  Good w.rot. Jordén et al. (2009)
5846 24.2 11.46 89.8 105 G 1712 89.09 176 Subpop. SLUGGS (Forbes et al. 2017)
7457 129 10.13 34.1 2.1 F 844 74.09 21 Pecul. SLUGGS (Forbes et al. 2017)

Notes. Column (1) gives the NGC identifier of each galaxy. Columns (2)—(7): distance, stellar mass, stellar effective radius in angular and physical
units, environment (F - field, G - group, C - cluster), systemic velocity of the galaxy, all from Forbes et al. (2017) and references therein. Columns
(8) and (9) show the inclination (sources listed below) and the number of GCs used in the dynamical modelling, respectively. Column (10) gives
the kinematic quality flags discussed in Sect. 2.2. In Col. (11) we list the source of GC photometry.  Galaxies for which only the tracer density

profile is available in the literature.

References. (" Bellstedt et al. (2018); ¥ Cappellari et al. (2013); ®HyperLeda (http://leda.univ-1lyonl. fr/).

the SLUGGSs galaxies and show an irregular velocity field. The
galaxy flags are shown in Col. 10 of Table 1.

2.3. Photometric datasets

One of the inputs for the dynamical modelling is the spatial dis-
tribution of the kinematic tracers (i.e., tracer density profile), and
photometry is crucial to accurately characterise it. The SLUGGS
catalogue provides photometry in the Sloan g and z bands for the
12 galaxies that can be used to construct accurate tracer density
profiles. For the remaining galaxies we utilised either literature
photometry, when available, or the parameters of the fitted num-
ber density profile. With the literature photometric information,
we could construct the tracer density profiles for nine additional
galaxies. The source of photometry or tracer density profile for
each of the galaxies is presented in the last column of Table 1.
Eight galaxies in the SLUGGS survey belong to the Virgo
galaxy cluster. This nearby galaxy cluster (d ~ 16.5Mpc) was
extensively studied with the HST Advanced Camera for Sur-
veys (ACS) as part of the ACS Virgo Cluster Survey (ACSVCS;
Coté et al. 2004). We used the photometry in the F475W (~Sloan
g) and F850LP (~Sloan z) bands of six galaxies in the survey.
ACSVCS targeted only the innermost regions of the galaxies and
the spatial extent of their tracers is limited to Rp,x ~ 1007,
which translates to ~3 R, for a typical galaxy in our sample.
For three of the galaxies that we model, only the best-fitting
parameters of the tracer density profile were available.

3. Modelling tracer density profile

The key component of any dynamical modelling is an accurate
spatial distribution of the tracer population. For the dynamical
modelling approach used in this work, the input tracer density
profile is needed in the form of multi-Gaussian expansion (MGE,
Emsellem et al. 1994) and in this section, we explain how we
constructed MGEs for the SLUGGS galaxies.

We applied the analysis to the 18 SLUGGS galaxies, for
which the photometry of the GCs is available in the literature
(see Table 1). The sources of photometry used in this work are
heterogeneous and assessing the magnitude completeness and
observational footprint from the photometric images was not
possible. That is why we used the observed GC luminosity func-
tion (GCLF) to asses the magnitude completeness and radial
variation of PAgcs (position angle) for spatial completeness. The
two steps are applied only to the photometric dataset as dynami-
cal modelling is less sensitive to incompleteness in the kinematic
sample.

Early-type galaxies show the presence of multiple popula-
tions of GCs (Jordan et al. 2007b, and references therein) found
in their colour distribution. Fahrion et al. (2020) studied the
kinematic properties of GCs in a sample of ETGs from the For-
nax 3D survey (Sarzi et al. 2018) in a mass range similar to that
of the SLUGGS ETGs. Splitting them into red and blue popu-
lations, based on their colour, they found that the velocity dis-
persions of both populations agreed within their measurement
uncertainties. Building on those findings and the work done by
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Fig. 1. Position of the GCs from the SLUGGS survey are shown as blue
and orange points. The orange points are selected based on their posi-
tion as more likely belonging to NGC 5845, and the blue points show
the NGC 5846 GCs used in this work. The positions and systemic veloc-
ities shown as coloured crosses for the four galaxies are from Simbad
(https://simbad.unistra.fr/simbad/).

A16, Posti & Fall (2021), and Bilek et al. (2019), we treated the
red and blue GCs as one population in our dynamical mod-
elling. Notable exceptions where this treatment breaks down
are the central dominant galaxies NGC 1407, NGC 4486, and
NGC 5846. These galaxies have been shown to have very differ-
ent accretion histories to other galaxies (e.g., De Lucia & Blaizot
2007; Oliva-Altamirano et al. 2015) and much richer population
of GCs (Harris et al. 2017). As Chaturvedi et al. (2022) showed
in a study of the central galaxy of the Fornax cluster, these galax-
ies host a population of blue (metal-poor) GCs that trace better
the group or cluster potential. We discuss these three galaxies
further in Sect. 7.2.1.

For the three galaxies with literature studies on the GCs num-
ber density profile, we used the parameters of the fit. In Sect. 3.4
we focus on a close pair of Leo II galaxies, for which the GC
density profile was investigated with two different methods in
Kartha et al. (2016).

3.1. Magnitude completeness

We used the observed GCLF to determine the limiting magni-
tude. Sources fainter than the limiting magnitude are strongly
affected by incompleteness. Including them in the analysis of
the tracer density profile would introduce a bias by mimicking a
shallower profile close to the centre of the galaxy as the galaxy
light becomes brighter than the faint GCs.

The GCLF for ETGs is closely approximated by a Gaussian
distribution (Rejkuba 2012, and references therein). The mean
absolute magnitude of the GCLF, the turn-over magnitude
(TOM), is constant for massive ETGs within +0.2 mag (e.g.,
Harris et al. 2014; Villegas et al. 2010) and has even been used to
determine precise distances to galaxies (e.g., Jordan et al. 2005).
The width of the GCLF, ocLg, depends on the total mass of the
galaxy with a significant scatter at the faint end (Villegas et al.
2010).

To determine a magnitude-complete sample of GCs, we
compared the observed cumulative GCLF with the theoretical
Gaussian function, assuming TOMy = —7.5mag or TOM, =
—8.5mag and a spread of ogcLr ~ 1.2 mag computed from
the absolute magnitude of the galaxy in the B band and rela-
tion found in Jordan et al. (2007b). The theoretical luminosity
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function is normalised to match the number of clusters up to
the limiting magnitude in an iterative approach. For each galaxy
we computed the square of the residuals between the observed
cumulative GCLF and theoretical function and we set the mag-
nitude limit where the residuals exceed lo. This is shown in
the right panel of Fig. 2 for NGC 3377. The observed GCLF of
this galaxy becomes strongly affected by the incompleteness at
the limiting magnitude of 23.8, shown with the grey dotted line
in the right panel of Fig. 2. The limiting magnitudes and radial
truncation for all of the galaxies are presented in Table 2 together
with the results of the Sérsic fit.

3.2. Spatial completeness

After determining the magnitude limit we analysed the radial
variation of PAgcs (increasing from north to east) and flattening
defined as gocs = 1 — e = 1 — b/a to understand the spatial
completeness and measure both parameters. In the axisymmetric
dynamical modelling used in this work, the axis of symmetry has
to be aligned with the position angle and can be flattened along
the vertical axis.

The analysis was performed in the projected Cartesian coor-
dinate system (x,y), where x is in the direction of west and
y is north. For the transformation from the equatorial coordi-
nates of the GCs («;, ;) we used the following equations from
van de Ven et al. (2006):

Aa=a—-ap (1)
A6 =6—0 2)
x = —rycos(d) sin(Aa) 3)
y = ro( sin(8) cos(dp) — cos(6) sin(dp) cos(Aa)). 4

Here ay, dp are the coordinates of the centre of the galaxy. The
scale factor ryp = 180/ x 3600 converts x and y from radians to
arcsec.

The values of PAgcs and gges are computed by construct-
ing an inertial tensor from the GC positions (x,y). The eigen-
vectors of the tensor are aligned along the semi-major axes. We
assume that the intrinsic position angle of each GCS is constant
with radius and that any deviations we measure are introduced
by the observational footprint in the SLUGGS survey. We take
the radius where the PAgcs and ggcs change rapidly as the max-
imal completeness radius and we present it in Col. (3) of Table 2
in units of R.. Columns (4) and (5) show the recovered PAgcs
and ggcs of the spatially and magnitude complete sample.

3.3. Sérsic fits

After establishing a spatially and magnitude complete sample
we ere able to bin the photometric data for each galaxy and fit
the MGEs to the binned profile. However, binned profiles are
stochastic and the number of bins is often small. So instead we
chose to fit an analytic Sérsic function to the binned data as
an intermediate step. To account for the flattening of the GCS
we did not bin in spherical radii; instead, we used the elliptical

radius for each GC Ry = /x* + /¢ -

We investigated two binning strategies: logarithmically
spaced bins and bins with an equal number of GCs. For each
binning strategy we additionally created five different binned
profiles, varying the number of bins or number of GCs per bin.
This step was motivated by the large variation in the number
of GCs per galaxy. It also enabled us to compare the resulting
best-fit parameters of the analytic function in order to ensure the
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Fig. 2. Example of spatial and magnitude distribution of the kinematic tracers. Both were used to determine an observationally unbiased sample
of GCs to construct the tracer density profile for each galaxy. The left panel shows the spatial distribution of the GCs in NGC 3377 centred at
the coordinates of the host galaxy and aligned with the photometric position angle. The GCs are colour-coded by their velocity corrected for the
systemic velocity of the galaxy. The kinematic tracers extend beyond 9 R.. The solid grey line in the right panel shows the GCLF of NGC 3377.
The dashed black curve shows the arbitrarily scaled theoretical GCLF; the turn-over magnitude is indicated with a vertical solid black line. The
vertical dotted line shows the magnitude completeness of the sample, determined as described in the text.

Table 2. Results from the analysis of the tracer density profile fitting and completeness.

NGC mag;,, Remax  PAccs qacs Reccs neces
arcsec ° arcsec
(H 2 3) 4 5 (6) @)
720 - - 50.0 0.77 1182 +£20.4@ 416+ 1.21@
821 23.79 10.0 56 0.77 147.31f;§:%g 2.74151
1023 23.87 8.0 67 0.75 104.40*737 1.16*533
1400 23.34 8.0 26 0.71 247.53f;gg‘5) 3.21ﬁ}f&
1407 2294 6.0 165 0.87 276.133;%;7 2.321'):%2
2768 229 10.0 52 0.74 92.61j%8:8§ 2.75f8:§i
3115 2235 6.0 40 0.8 214.53f§§:% 3.66f}:§‘3‘
3377 2289 8.0 36 0.82 160.60* 30470 3.14j{:g?
3607 - - 109 +8® 0.61® 1194 +17.4® 197 +1.19?
3608 - - 66+7®  0.8® 90 + 9® 0.93 +0.56®
4278 2253 12.0 168 0.93 213.84%8?35 2.53ﬁ}}§
4365 22.83 10.0 39 0.73 175.68+3530 2.45%08¢
4374 255 1.0 140 089 716933 0.69*017
4459 2457 2.0 46 0.85 594523 4134133
4473  24.86 3.0 110 0.82 170.63*6381 2.6710%
4486 2585 1.0 19 094 162468 1.17+032
4494 2358 10.0 10 0.75 1 19.95f}§:§f 1.90fg:gg
4526 2454 3.0 128 074 106357141 1647128
4564  24.4 8.0 48 0.67 80.983;:22 3-07i?:83,
5846  22.25 10.0 12 0.87 254.2032:?213 0.49*9+)
7457  22.28 6.0 131 1.0 173.58+ 082 3.58* 1€

Notes. Column (1) lists the NGC identifier of the galaxy; Col. (2) the limiting magnitude for completeness as determined using GCLF; Col. (3)
the outer radial limit for spatial completeness, as described above in units of R, of the stellar component of the galaxy. Columns (4) and (5) show
the best-fit position angle and flattening for the magnitude complete sample of GCS. Columns (6) and (7) show the best-fit effective radius R. gcs
and Sérsic index and n. gcs of the number density of the GCS with the associated 16th and 84th percentile. Galaxies NGC 720, NGC 3607, and
NGC 3608 have only tracer density profiles presented in the literature, and we used the Sérsic parameters to perform the MGE for the dynamical
models.

References. @Kartha et al. (2014), ®Kartha et al. (2016).
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Fig. 3. Sérsic fit to the binned tracer density profile for NGC 3377 in
elliptical radius. The binned profile is represented by black points. The
best-fit model is shown with the solid red line with 1 and 30~ uncertainty
regions indicated with dark and light grey shaded regions, respectively.

binning introduces minimal bias. Then we fitted the analytic
Sérsic function to the binned number density X [Ngc arcsec 2]

Rep

V(Ra) = vo exp ( ~b(5) " - 1)) 5)

where v is the normalisation in the units of Ng¢ arcsec™2, R, is
the effective radius, and # is the Sérsic index. For the value of b,
we used the asymptotic expansion for b, = 2n—1/3+4/(405n) +
46/(25515n%) from Ciotti & Bertin (1999). This approach yields
good results even in the presence of low-number statistics with a
small number of bins.

To fit the Sérsic function we used a Bayesian framework,
with flat priors on the free parameters: ngcs and Reges, and
a Gaussian likelihood. The best-fit parameters and the posteri-
ors were sampled using EMCEE (Foreman-Mackey et al. 2013)
a Python implementation of the Goodman & Weare (2010)
affine-invariant Markov chain Monte Carlo (MCMC) ensemble
sampler.

As an example, the best-fit Sérsic model for NGC 3377 is
shown in Fig. 3. The black points with respective uncertainties
represent the binned data. The solid red line is the best-fit model
and grey-shaded regions are 10~ and 30 uncertainty regions. The
full results of the fits are presented in Table 2 in Cols. (6) and (7).

3.4. MGE decomposition

The last step is to represent the tracer density profile in the MGE
format required for the dynamical models we use later. For the 18
galaxies to which we fitted Sérsic profiles directly, we drew sam-
ples of the Sérsic parameters from their posteriors and used them
to evaluate the profile at each radius. This step mimics observa-
tional noise and provides a more realistic treatment of the tracer
density profile. We used mgefit, an implementation of the MGE
algorithm by Cappellari (2002).
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Three galaxies, NGC 720, NGC 3607, and NGC 3608, only
have parameters of the Sérsic profile reported in the literature
and do not have GCs photometry available. For these galaxies
we did not have posteriors to draw from, so our approach was
necessarily different. We generated random samples of # and R,
assuming a Gaussian distribution centred at the best-fit values
presented in the literature, generated the perturbed Sérsic profile,
and proceeded in the same way as before. For these galaxies, we
took PAgcs from the main stellar component and ggcs from the
literature studies. The information is listed in Table 2.

NGC 3607 and NGC 3608

NGC 3607 and NGC 3608 are part of the Leo II group. They
are a close pair with a projected distance of 39 kpc and a relative
difference in the systemic velocity of ~260kms~! (Brodie et al.
2014). The velocity dispersion of the GCS, of the order of
150kms™! (Kartha et al. 2016), means that membership cannot
be assigned based on velocities alone. To this end, we used the
results from Kartha et al. (2016), where the properties of GCS
were investigated in a systematic way, and two different meth-
ods were used to determine the distribution of GCS in the two
galaxies (see their Sect. 4).

The authors find that PAgcs and egces for NGC 3607 are con-
sistent between the different methods. The recovered PAgcs for
NGC 3608 differs by more than 20 between the two methods.
We adopted the results from their major-axis method (see their
Sect. 4.2) for both galaxies, and we used the Sérsic parameters
computed with this method (Table 2). We found this method bet-
ter matched our analysis of the PAgcs of NGC 3608 based on the
kinematic sample.

4. Discrete dynamical modelling

In this section we introduce the dynamical modelling approach
used in this work. First, we present the anisotropic Jeans models
followed by the Bayesian inference to find best-fit parameters.
The results and robustness tests against the modelling assump-
tions are presented in the next section.

4.1. Axisymmetric Jeans anisotropic MGE models

Most ETGs in the nearby universe are closely approximated as
axisymmetric systems in a steady state. Jeans equations derived
from the collisionless Boltzmann equation in cylindrical coor-
dinates (R, z, ¢) have been used extensively in the literature to
determine the dynamical properties and mass profiles of galax-
ies using a variety of different tracers (PNe, GCs, stellar and gas
kinematics). The recent study of simulated GCS by Hughes et al.
(2021) investigated the accuracy of Jeans models applied to these
discrete potential tracers of LTGs and showed its robustness in
recovering the enclosed mass.

The axisymmetric Jeans anisotropic MGE (JAM) formal-
ism was introduced by Cappellari (2008). Within the formalism,
the velocity ellipsoid is cylindrically aligned and the velocity

anisotropy has the form g, = 1 —v2/ v,ze. To compute the first
velocity moments an additional assumption on the rotation of
the dynamical tracers is incorporated through the « parameter.
It encapsulates the relative contributions of ordered and random

. _ -  T\/2 T
motions: vu, = K(vvé—vvlze) . Through the inclination angle, the

intrinsic velocity moments are projected along the line of sight.
In this work we assume that the GCS is aligned spatially with the
inner stellar component, and use the inclination of the latter as
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presented in the literature from various sources and summarised
in Table 1.

The tracer and mass densities are represented using the MGE
method. In this method we represent the number and mass densi-
ties as a series of Gaussians. The benefits of this parametrisation
are that it is flexible and computationally fast and stable.

The models provide the first and second velocity moments

i, vi2 at a given position on the plane of the sky. The veloc-

ity dispersion is given by a'i2 = U? — ;2. This enables dis-
crete dynamical modelling, through the assumption of local line-
of-sight velocity distribution (LOSVD). There are three main
advantages of the discrete approach over binning velocities in
radial bins: the number of kinematic data points constraining
the model is higher, biases due to an arbitrary binning strategy
are removed, and contaminants that could bias binned velocity
moments can be self-consistently modelled (e.g., Watkins et al.
2013; Hénault-Brunet et al. 2019). This simplified assumption
is reasonable given the quality and size of the dataset, and
it has been used in the literature to model discrete kinematic
datasets (e.g., Zhu et al. 2016). Read et al. (2021) compared dif-
ferent modelling techniques on simulated datasets (spherical
Jeans equations, distribution function models, and higher virial
moments) and found good agreement in the recovered mass pro-
file for the different modelling techniques.

4.2. Gravitational potential

In this work the total mass in a galaxy (luminous and dark mat-
ter) is assumed to follow a spherical double power-law pro-
file (as done in Cappellari et al. 2013, 2015; Poci et al. 2017,
Bellstedt et al. 2018). We assume the functional form

pon(r) = p(ri)(l v )3 ©)

2 2r
where ps represents scale density and g scale radius. The inner
total mass slope, parameterised by «, transitions to an outer slope
fixed at -3.

4.3. Bayesian inference

We use Bayesian inference to find the best-fit models. Each GC
is treated independently and no binning in velocities is used to
obtain the mean velocity and velocity dispersion profile.

Likelihood
Given the assumption of a Gaussian LOSVD the likelihood is

1 2 (v; — U_z)z
InLi=-n (2no,) - 7 @)
los,i
where 0'120“. = o-i2 + 6111.2 is the dispersion of the LOSVD at the

position of the ith GC convolved with the measurement uncer-
tainty. At the position of each GC, this constitutes the likelihood
of the measured velocity (v;, dv;) given the free model parame-
ters 6.

Priors and summary of the modelling set-ups

In this analysis we use both uninformative (flat) priors and infor-
mative (Gaussian) priors. The informative priors were neces-
sary to break the degeneracy in the modelled parameters (in

particular between ps and rg) without the need for fixing one
of them. The Gaussian function was chosen for its simplicity
and symmetry. To test and ensure that the priors are not driving
the resulting posteriors, we run two models with different prior
widths.

We consider three different model set-ups: models A, B, and
C. They differ in the number of free parameters and the widths
of Gaussian priors. In models A and B we vary only the three
parameters of the total mass profile in Eq. (6) (os,rs, @) and
change the prior widths between the two models. In model C
we additionally vary rotation and velocity anisotropy, and thus
have five free parameters:(p, s, @, B;, k). The modelling set-ups
and choices of priors are summarised in Table 3.

The assumption of no rotation and isotropy in models A and
B is motivated by the substantial increase in the computational
time of the models when 5, # 0 and x # 0. Before proceeding
with models A and B we explored the variation in the likelihood
on small grid models by varying S8, and «. We found the peak
of the likelihood corresponding to very mild radial anisotropy
(B; > 0), and the galaxies that were flagged as having strong
rotation signatures in Sect. 2.1 have a prominent non-zero peak.
We discuss the impact of these assumptions on the recovered
parameters of the total mass density in Sect. 5.2.

The parameters p; and r; can vary by several orders of mag-
nitude; to sample the posterior more efficiently they are sampled
in logarithmic space. Other parameters are dimensionless, and
even though anisotropy is a strongly asymmetric variable’ we
do not reparametrise it as GCSs show only mildly anisotropic
orbital distributions, as discussed in Sect. 5.2. The effect our
choice of priors has on the posteriors is discussed in Sect. 5.1.

Posterior

Having defined the likelihood and priors, the Bayes theorem
gives the expression for the posterior:

Nac
InP(0]D) o Z (In L(D;16)) + In p(®). (8)
i=1
Here P(61D) is the posterior for a given set of free parameters 6,
L(D;10) is the likelihood for the ith GC and p(0) is the prior.

MCMC set-up

To explore the parameter space and sample the region of best-
fitting parameters, we use the EMCEE package, a Python imple-
mentation of an affine-invariant ensemble sampler for Markov
chain Monte Carlo (MCMC). For models A and B (isotropic and
non-rotating) we use 100 walkers and 6000 steps and for model
C (free B, and «) 100 walkers and 2000 steps, due to the increase
in the computational time. In both set-ups, 600 steps are dis-
carded as a burn-in phase. We verified that this set-up is longer
than several auto-correlation times, and we visually inspected
the convergence of the chains. The initial conditions are the
same in all runs: log,,ps = —4 [Mgpc3], log,ors = 1.3 [kpcl,
a = —1.5, and for model C: 8 = 0.01, « = 0.1. These initial con-
ditions were informed by prior dynamical modelling of GCs in
FCC 167, an ETG of the Fornax galaxy cluster. Given its prop-
erties, the modelled galaxy is a good representative of the ETGs
in the SLUGGS sample. We explored the robustness of the pos-
teriors against the variations in the initial conditions and found a
negligible effect.

2 Velocity anisotropy varies between 1 and —co for extremely radial
and vertically anisotropic systems respectively.
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Table 3. Overview of the priors for different set-ups.

Model  logqps [Mo pc‘3] log, rs[kpc] @ B K Comments
Hprior O prior Mprior O prior min  max HMprior O prior min  max

A -3 1.5 1.78 1 -5 0 - - Narrow priors

B -3 4.5 1.78 3 -5 0 - - Wide priors

C -3 1.5 1.78 1 -5 0 0.0 0.2 -1 1 Rotating model

Notes. Parameters with uninformative priors (@ and «) have lower and upper limits (min, max). The other three parameters (log,, ps, log,, 75, and
3.) have Gaussian priors characterised by mean fiyior and spread o-prior. Models A and B have anisotropy and rotation fixed to 0; these assumptions

are relaxed in model C.

logy ps = —4.257530

e

logyg7s = 1'77tifl§11

8 *3 0 JJ—\
.
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a=-210"033

log7s ol

«

4
%
4
9,
v
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'

logy ps

Fig. 4. Posterior of model B for NGC 3377. The median and the 1o
percentiles are shown as dashed lines on each of the marginalised pos-
teriors and the corresponding values are given at the top.

5. Results: Fiducial model and robust sample

Now that we have described the dataset and laid out the mod-
els we can describe how we applied the models to the data. We
applied models A, B, and C to all 21 galaxies in our sample
and found that all MCMC chains converged and all posteriors
were unimodal. As an example, we show the corner plot for
NGC 3377 for the model B set-up in Fig. 4. The parameters p;
and ry are strongly anti-correlated, and the informative priors we
imposed help to constrain both but cannot break the degeneracy.
The inner slope « is not degenerate with the scale density and
radius, but has a tail towards shallower profiles. At such shallow
profiles, r; ~ 1 kpc (within the innermost kinematic tracer), and
therefore in these cases the density is effectively a single power-
law profile with the slope of —3 (see Eq. (6)).

We adopted model B as the fiducial model, following the
arguments laid out in this section; the robust sample of galaxies
are those with the flags Good and Good w. rot., as introduced in
Sect. 2.2. We present the best-fit values of the total mass density
profile for the fiducial model in Table 4 for the 19 galaxies we
modelled. NGC 1400 and NGC 3607 were not modelled because
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Table 4. Summary of posterior results from the fiducial set-up,
model B.

NGC log;o ps log,, s a Flag
[Mope™]  [kpe]

) @) (€) 4) )

720 -0.95"23% 05373 -236142  Good

821  —1.5773%  0.6571% —246712  Good w. rot.

1023 -3.657237 1.87*172  -1.64"0%] Good w. rot.

1407 =521 442157 —1.067090  Subpop.

2768 —1.09712  0.667)% -1.5571%%  Good

3115 -1.29722 0675 -2.13%}2}  Good w. rot.

3377 4257316 17714 —2.1%933 Good

3608 -2.79*273  1.36%15, -1.61*19, Good

4278 -3.0729  1.54%)¢  -1.857093  Good

4365 -5.54*23 2957138 187702 Good

4374 -3.58°297  2.657185  —1.297037  Pecul.

4459 -427°2% 257718 1287035 Pecul.

4473 =231 1127070 —1.77719% Good

4486  —4.727132 3497167 1217016 Subpop.

4494  -3.84*231 17371710 —1.72707¢  Good

4526  —4.477391 2811178 —1.26%051  Pecul.

4564  -2.09733  0.53*3) -2.51%13  Good w. rot.

5846  —4.0519%7  3.37"39%  -0.61*023  Subpop.

7457 -3.51722 167218 127077 Pecul.

Notes. The median and the 16th and 84th percentiles on the parameters
of the total mass slope are listed, as is the value of the quality flag (last
column).

the literature value of the inclination was not consistent with the
projected flattening of their GCSs.

5.1. Effect of informative priors

To test the robustness of the results against our choice of pri-
ors we discuss the marginalised posteriors of models A and B,
the two isotropic and non-rotating set-ups, in this section. We
focus only on the parameters with informative priors log;, ps and
log 7s as the prior for « is the same in both set-ups (see Table 3).
The posteriors for the two set-ups are shown in Fig. 5. The
top row shows the results for model A and the bottom row for
model B (fiducial model), as described in Sect. 4.3. Each column
corresponds to a different free parameter of the total density pro-
file: log,, ps on the left and log,, rs on the right. The solid grey
lines show the marginalised posteriors for each of the modelled
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10

Model A

10

Fig. 5. Comparison between informative priors for log,, ps and log, r;
as coloured lines for model A and model B and the posteriors for each
of the 21 modelled galaxies as grey lines. In fiducial model B the widths
of the posteriors are narrower than those of the priors, which indicates
that the data is driving the posterior, not the prior.

galaxies and priors are shown with coloured lines: the blue line
shows prior for model A and the orange for model B.

The posteriors and priors show similar widths in the top pan-
els for model A making it unclear whether the data or prior
are driving the posterior distribution in this case. This moti-
vated us to test the robustness of the informative priors to ensure
our choice of prior was not driving the posterior. To this end,
we increased the widths of the Gaussian priors on the log;, os
and log,, s parameters, and in the bottom row for model B the
prior is wider than the posteriors. This indicates that the data is
driving the posterior for this choice of prior. Thus, we adopted
model B as the fiducial set-up. This effect is most strongly seen
for the log;, ps parameter, while the posteriors in log,, rs are
narrower than the prior in both instances. For clarity, the inner
slope « is not shown in Fig. 5. We compared the values of the
slope between the two set-ups and found minimal differences in
their posteriors. We performed the same investigation for model
C, which includes rotation and anisotropy and found similar
behaviour of the posteriors as for model A.

We further explored the impact of informative priors by com-
paring the resulting enclosed mass for models A and B. To com-
pute the enclosed mass we numerically integrated Eq. (6). We
randomly drew 1000 samples from the posterior, computed the
enclosed mass profile, and determined the uncertainties at fixed
radii: 1 R., 5R. and at the radius of the maximum extent of the
tracers for literature comparison. In the integration we excluded
profiles with @ steeper than —3. These result in infinite enclosed
mass, and with $0.5% of the chains having such extreme values
we considered that this selection did not impact our results and
conclusions.

The enclosed mass measurements for model B are presented
in Table 5 and the comparison between the fiducial and narrow
set-up is presented in Fig. 6 within 5 R.. The different symbols
correspond to the kinematic flags defined in Sect. 2.2. The black
points show galaxies flagged as Good or with strong rotation
signatures, the red open symbols denote the galaxies with strong
subpopulations, and the blue open symbols are peculiar galaxies
with apparent peculiar velocity fields. The dashed line shows the

Table 5. Results from the fiducial run (model B set-up).

NGC Mq(1R) Mu(5R) R.  R. Flag
[10'"" My,] [10' M) [arcsec] [kpc]

(1 2 (€) @) 6 ©

720 1.0173%%  343*13% 291 38 Good
821 1032 281%)3 432 49 Good wrot
1023 0227023 1.89%0%)  48.0 2.58 Good w rot
1407 8.76733% 202.5330% 934 12.14 Subpop.
2768 1.15%07%  3.6670% 603  6.37 Good
3115 0377072 1.63%03, 365 166 Good w rot
3377 01574 067707 454 24 Good
3608  0.3%)4  3.05713] 429  4.64 Good
4278 03703 213706 283 2.14 Good
4365 271709 16.4659° 778 8.71 Good
4374 10477773 72.89* 1831 139.0  12.47 Pecul.
4459 02703 2587178 483 375 Pecul
4473 0.1970%  1.24*057 302 223 Good
4486 241709 4778558 86.6  7.01 Subpop.
4494 0187007 115793 525 4.23 Good
4526 0.13700%  2.68'0% 324 258 Pecul.
4564 0.07702,  0.26%05 148  1.14 Good w rot
5846 0.52%09  254%7%  89.8 10.54 Subpop.
7457 0.02709%  0.23*09 341 2.13 Pecul.

Notes. Columns (2) and (3) show the total enclosed mass within specific
radii in units of 10'" M. The results are given as the median and the
uncertainties are computed as 16th and 84th percentiles For reference,
Cols. (4) and (5) give the effective radii of the galaxy’s stellar compo-
nent in angular and physical units, and Col. (6) includes the quality flags
introduced in the text. Two galaxies (NGC 1400 and NGC 3607) do not
have results because the literature value of the inclination is inconsistent
with the flattening of the GCS.

1-1 relation to guide the eye and is not a fit to the points. This
figure demonstrates the negligible effect the prior widths in mod-
els A and B have on the enclosed mass. The same is found for
enclosed mass at all radii we investigated, with the uncertainties
increasing with increasing radius, and it also holds for model C.

5.2. Effects of rotation and velocity anisotropy

After investigating the effects of informative priors on the poste-
rior and enclosed mass here we discuss the impact of anisotropy
and rotation of the GCS on the parameters of the total mass dis-
tribution. We find the enclosed mass and inner slopes « are con-
sistent between models A, B, and C, suggesting that velocity
anisotropy and rotation have a negligible impact on the recov-
ered properties of the total mass profile. A16 studied the GCs of
the SLUGGS galaxies and, using a tracer mass estimator (TME,
e.g., Watkins et al. 2010)3, they found a minimal contribution
(~6%) to the pressure-supported mass estimate due to rotation
(see their Fig. 7) and ~5% when a different velocity anisotropy
for GCs is assumed (see the right panel of their Fig. 5).

3 The method assumes spherically symmetric tracer and mass distribu-
tions to evaluate pressure-supported mass estimates and, through addi-
tional correction, provides mass corrections due to flattening of the
tracer distribution, rotation, and velocity anisotropy.
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Fig. 6. Effect of informative priors on enclosed mass within 5 R.. The
black dots and triangles show galaxies flagged as Good and Good w.
rot., respectively, as defined in Sect. 2.2. The measurements for these
galaxies are robust. The open red diamonds and blue squares are galax-
ies flagged as Subpop. and Pecul., respectively, and for which the mea-
surements are not robust. The dashed line is a 1-1 line for reference.

This can be seen in Fig. 7 for NGC 3115; we chose to show
this galaxy as it shows signs of strong rotation in the kinematics
of its GCs. In the figure we compare the velocity moments com-
puted from the best-fit parameters of models B (in black) and C
(in red). The blue squares and triangles show the binned velocity
dispersion and rotation of the GCs; they are shown for visualisa-
tion purposes and were not used in the dynamical modelling. To
obtain the binned profiles we assumed a point-symmetric veloc-
ity field, characteristic of a relaxed axisymmetric system, and
symmetrised the velocities to reduce the noise in each radial
bin. We imposed a constant number of GCs in each bin along
the semi-major axis and computed the robust mean velocity and

velocity dispersion (i.e., o2 = v? — o) for the kth bin. The drop
in the velocity dispersion close to the centre of the galaxy is not
realistic, but is due to incompleteness in the radial velocity mea-
surements in the galaxy’s inner region.

In this galaxy, the rotation of the GCs in the outer parts
iS Us ~ 100kms™! and the velocity dispersion is oo ~
130km s~!. The results for model B are shown as a black dashed
line and the velocity moments from CJAM for model C are shown
as a solid red curve. In the top panel we see that model C can
reproduce the observed rotation well, which by construction is
not the case for model B. The velocity dispersion profile is very
closely matched by model B in the bottom panel, and model C
agrees within the 10~ uncertainties of the data. We can see that in
the observing plane, models B and C both agree with the velocity
dispersion profile, as seen in the bottom panel.

Velocity anisotropy and rotation measurements

In Fig. 8 we show the anisotropy parameter (top panel) and rota-
tion parameter (bottom panel).

We find that most galaxies have a velocity anisotropy consis-
tent with zero, consistent with the assumptions in models A and
B. NGC 1023 and 2768 deviate at the level of 30, showing more
radial orbits (3, > 0). We also find that most GCs are consis-
tent with having negligible rotation, with the exception of those
we flagged as having strong rotation signatures (black triangles).
Two galaxies were not flagged as showing a strong rotation sig-
nature in the velocity field of their individual GCs (NGC 2768
and NGC 4494), but the model prefers strong « # 0.
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Fig. 7. Comparison between the best-fit results from models B and C
and the data for NGC 3115 along the semi-major axis of the galaxy. The
top panel shows the mean velocity and the bottom the velocity disper-
sion. The blue triangles and squares show the mean velocity and veloc-
ity dispersion of the GCs, respectively. The black dashed line shows the
velocity dispersion computed with the best-fit parameters of model B.
The solid red line shows the same for model C. The vertical grey lines
show multiples of the stellar effective radius for comparison.
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Fig. 8. Best-fit velocity anisotropy and rotation from model C. The sym-
bols match those in Fig. 6; the black points are the galaxies with robust
measurements and the open symbols those without. The top panel shows
the velocity anisotropy for each galaxy and the bottom panel shows the
rotation parameter k. The error bars highlight the 16th and 84th per-
centile uncertainty on the measurement. The dashed grey line shows the
isotropic 8, = 0 and non-rotating x = 0 values for reference.

5.3. Definition of the robust sample

In this work we present robust results for 12 galaxies out of the
initial 21; they are flagged as Good (8 galaxies) and Good w. rot.
(4 galaxies) in Table 5. In the rest of the paper we refer to them
as ‘robust measurements’.

In our analysis we identified galaxies with strong rotation
signatures, a small number of GCs, or a strong presence of sub-
population in their GCS. Three galaxies, NGC 1407, NGC 4486
(M 87), and NGC 5846, are central galaxies in their respec-
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tive groups, and literature studies have identified a strong pres-
ence of dynamically distinct populations. We flagged them as
Subpop. (subpopulations) based on the differences in the kine-
matic properties between the red and blue GCs. We flag four
galaxies, NGC 4374, NGC 4459, NGC 4526, and NGC 7457,
as Pecul., owing to the peculiar signatures in the kinematics of
their GCs. We discuss the individual galaxies with these flags
in more detail in Sect. 7.2. In the analysis that follows we
show the results for these two classes with open symbols for
completeness.

5.4. Single power-law slope of the total mass density

Here we introduce the method used to determine the single
power-law slope from Eq. (6); we present the results in Table 6.
The key advantage of this work is the large spatial distribution
of the tracers, which enables us to place robust constraints on the
total mass profile. To compare the inner mass slope obtained in
this work with the literature studies, we fit a single power law
with slope vy in different radial ranges to our best-fit models;
the results are given in Table 6. The radial ranges were selected
based on literature measurements.

To determine the single power-law slope, we first randomly
draw 10000 samples of the total mass parameters from the post-
burn-in posterior of each galaxy. This represents 25% of the total
posterior sample, and changing the number of samples negligi-
bly affected the final results. For each set of parameters we solve
for the single power-law slope by computing the least square
solution of equation: logp = vy logr + A, with the logarith-
mic slope vy, and scaling A. The median and 16th and 84th
uncertainty intervals for y are then computed; they are given
in Table 6 for the five different radial ranges.

To illustrate the method an example of the fit to NGC 3115
is shown in Fig. 9. The red solid line and red shaded regions
show the median and 1o percentiles of the total density profile.
The vertical red dashed line shows the location of the median
scale radius of the total mass density for reference. For com-
parison, we chose y,; and A obtained from the fit in the range
0.1 < r/R. < 4 (same as B18). The black solid line shows the
power law with the median and grey-shaded regions highlight-
ing the uncertainty. The vertical orange lines show the multiples
of the R., and the small vertical blue lines indicate the projected
positions of the GCs.

Depending on the radial region over which we fit the single
power-law profile, the resulting power-law slope will vary, as
also shown in B18. When considering a larger radial extent, the
power-law fit becomes more sensitive to the transition from the
inner slope a to the outer slope, fixed to —3. While the profiles
agree within the 1o uncertainty, it is clear that using the sin-
gle power-law profile will result in a higher density and higher
enclosed mass in the outer regions of the galaxy.

6. Comparison with literature

In this section we compare the results from this work with the
literature measurements obtained with different dynamical mod-
elling methods and kinematic tracers. We focus on the compari-
son of the enclosed mass and the slope of the total mass profile.
We discuss the results for all 19 galaxies we modelled, but focus
on the sample of 12 galaxies with robust measurements deter-
mined in Sect. 5.3.

We compare our results with three different studies that sys-
tematically investigated the total mass profile of a large sub-
set of SLUGGS galaxies: Al16, P17, and B18. Their overlap-

ping science goals, but different kinematic tracers or method-
ologies, make them uniquely suitable for comparison with our
work. A16 determined the enclosed mass with GCs from the
SLUGGS survey. They used TME, which assumes spherically
symmetric tracer and mass distributions. The inner slope o Was
studied by P17 and B18 with stellar kinematics and axisymmet-
ric JAM. The former used stellar kinematics from the Atlas®®
survey (Cappellari et al. 2011) which extends out to 1 R., and
the latter combined the central AtlasP kinematics with extended
stellar kinematics from the SLUGGS survey out to 4 R.. The
summary of the literature studies is presented in Table 7.

6.1. Enclosed mass

We computed the enclosed mass at different radii from model B,
as discussed in Sect. 5, and compared it to the literature results
from A16. The study modelled 18 of the 19 galaxies presented
in this work, and they used GCs with TME. It assumes that both
mass density and the tracer density profile are spherically sym-
metric with a power-law distribution. The slopes are not free
parameters in their modelling. Instead, for the GC tracer den-
sity slope the authors used literature studies to build an observed
correlation between the stellar mass of the host galaxy and the
power-law slope of the GCS. To obtain the slope of the total
mass density the study uses simulated ETGs and observations
to determine the correlation between the logarithmic slope and
stellar mass of the galaxy. In their modelling they find that the
steeper the slope of either profile, the higher the recovered mass,
and thus their treatment of the tracer density profile could result
in biased measurements.

Figure 10 shows the enclosed mass within 5 R, as computed
from the fiducial set-up described in Sect. 5 on the x-axis, and the
values from A 16 on the y-axis. We use the A16 masses corrected
for flattening, rotation, and presence of kinematic substructures.
The dashed line shows the 1-1 line as a guide. The solid black
points show galaxies with robust measurements, and we show
the galaxies with strong rotation signatures as triangles. These
galaxies show no systematic difference in the enclosed mass
compared with the galaxies that do not show a strong rotation
signature. The greatest outlier is NGC 4564 with a mass mea-
surement that is more than 1o lower than the literature value.
NGC 4365 shows a value that is more than 1o higher than the
total mass.

The open red diamonds and blue squares indicate the galax-
ies with strong subpopulations or other complications in the
dynamical modelling. These galaxies deviate most from the
1-1 relation. Blue points indicate three galaxies: NGC 4374,
NGC 4526, and NGC 7457. A16 found that NGC 4526 and
NGC 7457 have a very large number of GCs in kinematic sub-
structures, 25 out of 107 measured GCs and 6 out of 21, respec-
tively. We did not remove these kinematic substructures, and in
the dynamical modelling framework used in this work, the sub-
structures bias the measurements. NGC 4374 is one of the most
massive galaxies in the sample, but it has only 41 observed GCs.
A16 do not find strong corrections due to rotation, flattening, or
kinematic substructures for this galaxy. They compare their mea-
surement with the literature value and find a range of enclosed
mass values, suggesting that this galaxy requires great care when
inferring its total mass. For our measurement, we conclude that
the small number of kinematic tracers is the main driver of
the difference with the literature values, but a full investigation
is beyond the scope of this work. NGC 4526 shows peculiar
kinematics, but has twice the number of GCs than the other
two galaxies. With 107 GCs Jeans modelling can reasonably

A46, page 11 of 17



Versic, T., et al.: A&A 681, A46 (2024)

Table 6. Single power-law slope of the total mass density profile in different radial ranges; the kinematic flags are listed in the last column.

Yot

NGC r<I1R. r<4R. 0.1R.<r/R.<1 0.1 <r/R.<4 Rpmin<r<Rnx Flag

720 —2.56f?:g4 —2.59f8:;§ —2.69’:8:2; —2.76f8:§§’ —2.89:’832 Good

821 —2.57f8;§g —2.62jg:§; —2.73f8:2é —2.8fg:§‘11 —2.89f8:§g Good w. rot.

1023 —1.641030  —167°0%  _16970% 174702 ~1917928  Good w. rot.

1407 -1 .06f8:(1)8 -1 .O6f8:8§ -1 .O6f8:8§ -1 .O7f8:8(§ -1 .07f8:8§ Subpop.

2768 —1.87j8§% —1.96j8:f§ —2.14j8:28 —2.28t8:§§ —2.47f8% Good

3115 —2.21f8:gf —2.25t812§ _2~3t8:ié —2.36f8ﬁ3 —2.61f8:§f Good w. rot.

3377 =21 1f8:;71 2. 12f8:g3 —2.13f8§§ 2. 17j8§§ —2.28f8:£ Good

3608 -1 .84f(1):§g -1 .89f?:?4 —2.0f8:39 -2.1 1f8:gg -2.21 fg:% Good

4278 -1 .87fgg§ -1 .88f832 -1 .89’:8:32 -1 .93f8:§? -2.1 Zf(o):}g Good

4365 —1.87f8ﬁ4 —1.88f8:}2 —1.88f8:}§ —1.9f8;{‘3‘ —1.92f8;{§ Good

4374 —1.32f8:jg —1.35f81g —1.43’:8:2‘? _1-51t8ﬁ —1.57f8:j§ Pecul.

4459 -1 .3f8:g$ -1 .32f8:‘3‘6 -1 .34f8:‘31}‘ -1 .38f8§1 -1 .44:’8:;2 Pecul.

4473 —178°08 183108 18610 ~1.961041 ~2.1792  Good

4486 —1.21f8:{6 —l.21t8:{5 —1.21’:8;}5 —1.22ﬁ8:{3 —1.26f8:8§ Subpop.

4494 -1 .76f8;g% -1 .77f8;‘3‘? -1 .8f833 -1 .87f8:%§ —2.02f8§7 Good

4526 -1 .28f8:gg -1 .29f82§ -1 .29f8;% -1 .3f8;§3 -1 .38f8§§ Pecul.

4564 —2.66f(1):36 —2.68f8;§5 —2.74f8:;; —2.8f8;31 —2.92f8:i? Good w. rot.

5846 —0.65702  _0.661028  _068+028 -0.7293, ~0.76*932  Subpop.

7457 -1 .42f81§7 -1 .46f8zgg -1 .5j8:gg -1 .6f81§é -1 .68f8:£ Pecul.
constrain the enclosed mass, but the inner slope is a factor of ) : T i
2 shallower than the literature studies. Owing to their complex 10° ¢ | — Best fit model |
kinematic properties and observational caveats, the measure- ; —— Power law fit
ments of these three galaxies are not robust. 10tk | GC position
6.2. The power-law slope of the total mass profile ‘g_ 10-1
To compare the single power-law profiles with the literature we E
chose B18 (their model I) and P17 (their model 1). These stud- < -3 i
ies used integrated stellar kinematics in different radial ranges.
P17 used central kinematics out to 0.9 R. and B18 extended the i
measurements to 4R.. Thgy both uged JAM modelling with a 1075¢ LI ||-I||-||||l||
cylindrically aligned velocity ellipsoid and the same total mass ‘ : ‘ ‘
density profile to which they fit a single power-law slope. The 107! 10° 10! 10?

spatial extent of their data does not allow r; to be constrained, so
they fix it to 20kpc. B18 explored how their constraints on the
Yot change when rg is left to vary freely. They claim that in this
case, the measurements agree within the 1o~ uncertainties. Their
similar methodology makes these studies ideal for comparison.
We find that our results agree within 1o for the robust sample
of galaxies; however, our measurements have a larger spread.
We postulate that this could be a consequence of a more flexible
modelling approach and fewer data points used to constrain the
model.

The comparison of individual galaxies between this work on
the x-axis and the literature on the y-axis is shown in Fig. 11.
The top panel shows the comparison with P17 for the logarith-
mic slope within 1 R, and the bottom panel shows the compar-
ison with B18 within 4 R.. The symbols correspond to those in
Fig. 6. The black points are the galaxies with robust measure-
ments, and within 1o~ uncertainties they agree with the literature
values. NGC 1023 is more than 1o from the dashed 1-1 line and
is highlighted in the figure.
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Fig. 9. Total mass density of NGC 3115 from the fiducial model. The
red solid line with the associated shaded region shows the median, and
the 16th and 84th percentiles of the total mass density profile. The red
dashed line shows the median scale radius of the total mass density pro-
file. The black solid line and grey shaded regions show the resulting
single power-law fit in the region 0.1 < /R, < 4 and the 10 uncertain-
ties, as explained in Sect. 5.4. The orange vertical lines show the stellar
effective radius and the blue lines indicate the positions of the tracers
for reference.

Similarly to the enclosed mass, discussed in Fig. 6, the
blue open squares and red open diamonds are systematically
lower compared with the literature values. We highlight galaxy
NGC 4526, which shows enclosed mass measurements consis-
tent with the literature values in Fig. 10, but the inner slope is
more than 1o shallower than both literature studies. This justifies
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Table 7. Properties of the different dynamical studies from the literature in comparison with this work.

Potential tracers  Rpyax [Re] Modelling tool Symmetry Tracer density  Mass density T kxand B
This work  Individual GCs 4-8 CIAM Axisymmetry Sérsic Eq. (6) Free Free
Al6 Ensamble GCs 4-8 TME Spherical Power law Power law - 0
P17 Unresolved stars ~1 JAM Axisymmetry SB MGE Eq. (6) Fixed (20 kpc) Free
B18 Unresolved stars ~4 JAM Axisymmetry SB MGE Eq. (6) Fixed (20 kpc) Free

Notes. (VSB MGE; stellar surface brightness multi-Gaussian expansion.

» 4 Good /,»’
107 "E" Good w. rot. //”
K Subpop. o
i 0
S @4 Pecul. e
]! P N I -
e Hi-,- NGC 4365
3%
< :: ! NGC 4564 .ﬁﬁb NGC 4526
10t =
1()11[]0f(; 101 1012 1013
This work

*‘[tot (SR(‘) [1\'1’\]

Fig. 10. Comparison between the enclosed mass within 5 R, measured
using GC kinematics presented in this work and in A16. The measure-
ments on the x-axis were obtained with axisymmetric Jeans models
assuming a total mass density profile described by Eq. (6) and on the y-
axis the literature study used spherical TME with power-law total mass
density distribution. The colours and shapes of the points correspond
to those used in other figures. The dashed line is a 1-1 line for com-
parison and not a fit to the data. We find consistent enclosed mass for
galaxies with robust measurements, with the exception of NGC 4564
and NGC 4365, highlighted in the figure, which show more than 1o
lower and higher values, respectively.

the exclusion of this galaxy from our robust sample and further
supports our initial assignment of kinematic flags.

6.3. Mean value of the inner slope and the intrinsic scatter

After determining the samples with robust measurements we
investigate the mean value of the inner slope. We consider both
the logarithmic power-law values v in different radial ranges
and the intrinsic inner slope @. The mean values with respec-
tive uncertainties are presented in Table 8 together with a sum-
mary of literature results. The first two rows summarise our
results followed by the literature values determined using dif-
ferent methodologies and tracers. The first row summarises the
results only for galaxies without strong rotation signatures and
the second row includes the galaxies with strong rotation sig-
natures of the GCS. The third column shows the mean values
and lo error for the intrinsic inner total mass density slope a.
The fourth column is the mean value of the single power-law fit
within 1 R., for comparison with P17, who determined the inner
slope of (yior)1 = —2.193 = 0.016. The last column shows the
mean value for the power-law slope within 0.1-4 R., compara-
ble with y,o = —2.24 + 0.05 found by B18.

Including only the measured slopes of galaxies flagged as
Good results in a slightly shallower slope than when galaxies
with strong rotational signatures are included. When investigat-

ing the effect of rotation and velocity anisotropy we did not
find evidence linking rotation to a steeper profile, and we con-
clude that our kinematic classification is not linked to the mea-
sured values. Our measurements are in broad agreement with
these literature studies. Auger et al. (2010) finds slightly shal-
lower slopes, which could be a result of the systematically more
massive galaxies that were probed in this study with gravita-
tional lensing. P17 and Yildirim et al. (2017) use central stellar
kinematics, B18 and Cappellari et al. (2015) used extended stel-
lar kinematics, and Serra et al. (2016) combined the central stel-
lar kinematics with extended gas measurements; they all agree
within 1o uncertainties.

The literature studies disagree on the value of the oy, ;
Cappellari et al. (2015) and Serraetal. (2016) prefer even
smaller intrinsic scatter than Auger et al. (2010) and Serra et al.
(2016). This low intrinsic spread has been linked with the uni-
versality of the inner total mass slope over several magnitudes
in stellar mass. With the novel measurements presented in this
work, we attempted to constrain the intrinsic spread of the inner
slope o, (e.g., Kirby et al. 2011, Eq. (8)). We find that the mea-
surement uncertainties d, are such that the intrinsic spread can-
not be recovered. This is mainly driven by the low average num-
ber of GCs per galaxy, which is strongly correlated with the
resulting measurement uncertainty, as seen in the left panel of
Fig. 12. The figure shows how the d,, for each galaxy is corre-
lated with the number of kinematic tracers in the left panel and
the median RV error for GCs in the right panel. The measure-
ment uncertainty is strongly correlated with the number of kine-
matic tracers, while up to the median RV error of 14 km s~! the
O, 1s not correlated with the velocity errors.

The dashed grey line indicates the literature value of the
0y, ~ 0.16 consistently found by Auger et al. (2010) and P17.
We investigated what limiting precision of @ is needed to con-
strain the intrinsic scatter at the same level with 12 galaxies by
artificially scaling d,. The estimate of that limiting precision is
shown as the solid black line indicating that at least 100 kine-
matic tracers per galaxy are needed for sufficient precision. For
galaxies with fewer observed GCs the modelling has to be sup-
plemented by stellar kinematics or other halo tracers, such as
planetary nebulae, to provide sufficient constraints on the « to
recover the intrinsic scatter. Increasing the number of galaxies
has an impact on the recoverability of the o, but more detailed
quantification of the observing guidelines is beyond the scope of
this work.

6.4. The relation between the inner slope and stellar mass

Several relations have been reported in the literature linking o
to different properties of the galaxy. Due to the limited number of
galaxies with robust measurements, we focus only on the relation
between the stellar mass and inner slope; we present our mea-
surements of the intrinsic inner slope @ in Fig. 13. The literature
values in light blue from P17 were computed with the central
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Table 8. Mean values of the inner slope and the observed root mean square (rms) scatter for the robust sample of galaxies from this work and the

literature studies.

Sample # gal. 0.1-1R. 0.1-4R.

a Ou (Vo)1 Tyl (Yiot)2 Tyen2
Good 8 -1.76 £0.01  0.83+0.01 -2.03+0.18 0.53+0.19 -2.12+0.16 0.48=+0.17
Good + w. rot 12 —-1.88+0.01 0.94+0.01 -2.14+0.16 0.64+0.16 -2.22+0.14 0.58+0.15
Auger et al. (2010) 73 - - —2.078 +0.027V  0.16 + 0.02(V - -
Cappellari et al. (2015) 14 - - -2.15+0.03 0.1 2.27 +0.06% 0.16M
Serra et al. (2016) 16 - - —-2.18 + 0.031M 0.11¢- D - -
Poci et al. (2017) 142 - - -2.193 £ 0.016® 0.15® -~ —~
Yildirim et al. (2017) 16 - - - - -2.25 -
Bellstedt et al. (2018) 21 - - -2.12+£0.05 - - -

Notes. The first two rows contain results from this work and are followed by six literature investigations using varied potential tracers and
techniques for z = 0 galaxies. For the results from this work, the subsamples used to compute the mean values are listed in the first column, with
the number of galaxies in that subsample in the second column; Cols. 3 and 4 show the statistics of the intrinsic inner slope with 10~ uncertainties;
Cols. 5 and 6 the mean and rms scatter for the logarithmic slope within 0.1—-1 R., and the last two columns show the same for the fit in 0.1-4 R,
as explained in Sect. 5.4. The last six rows contain the values from the literature studies computed in different radial ranges. (V'Single power-law
profile used in the fit. @In radial range r < 4 R.. ®For model I. VEstimated intrinsic scatter o-,.

stellar kinematics with median radius probed 0.9 R.. Similarly,
the orange points show measurements with gravitational lensing
(Auger et al. 2010) with median radius probed 0.5 R..

We do not observe a statistically significant trend of @ with
the stellar mass. A similar trend is reported by B18 and has also
been found in the Magneticum simulations* (Remus et al. 2017).
Tortora et al. (2014) used spherical isotropic Jeans equations to
carry out dynamical modelling of SPIDER galaxies over a wide
mass range and found that ;o becomes progressively shallower
with increasing stellar mass. This trend is not observed by our
study or by Cappellari et al. (2015).

The large spatial extent to which the discrete dynamical
modelling of GCS is sensitive means that we have tracers beyond
the scale radius of the total mass profile. Therefore, the SLUGGS
GCs are sensitive to the intrinsic inner total mass slope @ and we
can compare « to the values from the power-law studies of the
inner mass slope, but its interpretation is not straightforward.

7. Discussion

Comparing our results with the literature results from A16, P17,
and B18, we investigated various properties of the galaxies for
potential trends with the environment (field, group, cluster),
baryonic content (stellar mass), (Urot/0)ges as reported by Al6,
flattening of the GCSs, and a number of dynamical tracers on
Ayior- We did not identify any parameters correlated with sys-
tematic offset for any of the three literature datasets.

7.1. The link between inner slope and galaxy formation

The apparent universality of the yis ~ —2 has been linked to
the formation history of the ETGs. Remus et al. (2013) found in
merger simulations that dry major mergers redistribute baryonic
and dark matter such that the resulting total mass distribution
follows a singular isothermal sphere. This configuration is very
stable and only the accretion of large amounts of gas can modify
the inner slope. Major mergers were more frequent in the earli-

4 www.magneticum.org
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est phases of galaxy cluster assembly and Derkenne et al. (2021,
2023) recently studied the redshift evolution of . finding shal-
lower profiles in cluster galaxies compared to those in interme-
diate density environments at z ~ 0.3. The trend persists to z = 0
and galaxies in intermediate density environments, which expe-
rience fewer major mergers, show negligible evolution of 7y,
in the past 3—4 Gyr. Recently, Zhu et al. (2024) showed a strong
dependence of the inner slope on the . and morphological type.

Different galaxy simulations disagree on the values for
the inner slope. B18 found that the EAGLE® simulations
(Schaye et al. 2015) produce galaxies with profiles shallower by
~0.3-0.5 than the Magneticum simulations (Remus et al. 2017).
Galaxies in the latter simulation additionally show anticorrela-
tion between the stellar mass and the inner slope 7y, that is not
observed in real galaxies. Moreover, Remus et al. (2017) stud-
ied the correlations between the galaxy properties and vy, for
three different simulations that vary in whether they incorpo-
rate active galactic nuclei (AGN) and star-formation feedback.
They find that the AGN feedback in their simulations acts to
erase the correlation between the slope and stellar mass of the
simulated ETGs. When comparing the results for galaxies from
the Magneticum simulation with those from the Oser simula-
tions (Oser et al. 2012) that do not include AGN feedback, they
find large discrepancies and systematically steeper values of y
for Oser simulated ETGs. The study also finds evidence that the
slope in simulated galaxies is steeper at higher redshift and that
there is a strong anti-correlation between the central stellar sur-
face brightness and y;q.

Literature investigations have repeatedly found a narrow
intrinsic spread in 7y, (with o-;“‘ 0.16) for ETGs (P17,
Auger et al. 2010). Two studies with extended potential trac-
ers found an intrinsic spread of 0.11 for ETGs using stellar
kinematics out to 4 R. (Cappellari et al. 2015) and coupling
central stellar kinematics with HI circular velocity out to 6 R,
(Serra et al. 2016). Studies have found that this bulge—halo con-
spiracy requires a non-universal stellar initial-mass function
and feedback mechanisms to counteract dark matter contraction

5 Evolution and Assembly of GaLaxies and their Environments.
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—-3.01 ] Fig. 12. Correlation between the measurement uncertainty of the inner
slope (from model B) with the number of GCs per galaxy (left panel)
—3.5¢ 1 and the median error of the RV (right panel). The grey dashed line indi-
cates the intrinsic scatter of the inner slope of 0.16, as determined by
40 . . . . . . . P17 and Auger et al. (2010). In order to constrain the intrinsic slope to
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Yot (2 arcsec < r < 1Re) this work uncertainty needed when using ~10 galaxies.
0.0 ; ; ; ; ; ; ———
¥ Good
—0.57 WM Good w. Tot 1 have also shown that the radial region where the inner slope ;o
& ' ’ is fit will impact the recovered value of the parameter, as seen
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40 -~ range where the profile is fit. Additionally, because of our flexi-
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Fig. 11. Comparison of the logarithmic slope of the total mass density
slope presented in this work on the x-axis and the literature study on the
y-axis. The top panel shows the comparison with P17 (model 1) and bot-
tom B18 (model I); the dashed grey line is a 1-to-1 line. The colours and
symbols match those in Fig. 6; the solid symbols show robust measure-
ments and the open symbols galaxies excluded from the final analysis.
The error bars correspond to the 16th and 84th percentiles, as in Table 6.
In both analyses JAM with integrated stellar kinematics was used; this
work uses GC kinematics, while the literature studies used stellar kine-
matics. Within the uncertainties, the measurements of the robust sample
agree with the literature values.

resulting from dark matter cooling (e.g., Dutton & Treu 2014).
However, observations have primarily relied on gravitational
lensing or on dynamical modelling based on IFU®. Both pro-
vide information well within 1 R., where the dark matter frac-
tion is on average <15%. While Auger et al. (2010) used a sin-
gle power-law slope for the total mass density, P17 had a more
realistic double power-law profile with a fixed transition radius.
B18 used extended stellar kinematics out to 4 R.. However, the
spatial extent of the tracers was not sufficient to freely vary the
scale radius of the total mass profile.

Recently, Derkenne et al. (2023) showed that fixing the scale
radius has a systematic impact on the recovered slope a. We

6 Integral field unit.

ble modelling approach and the large spatial extent of our trac-
ers, our results are sensitive to the intrinsic inner slope of the
double power-law profile @. As can be seen in Fig. 9, the pro-
jected positions of the GCs in NGC 3115 can also be found
around the best-fit scale radius of the total mass profile, meaning
that there is enough power in the data to constrain the intrinsic
inner slope.

7.2. Limitations of our modelling approach

Discrete dynamical modelling is very flexible, yet great care is
needed to understand the intrinsic and observational properties
of the GCs. Kinematically cold substructures or biased sampling
of the underlying velocity field can result in the biased inference
of the modelled parameters, an effect that is strongly dependent
on the number of the kinematic tracers.

7.2.1. Effect of subpopulations

A subset of galaxies shows the presence of strong subpopula-
tions that are not relaxed or trace the group or cluster potential
instead of the galaxy potential. These galaxies were identified
by the rising or constant velocity dispersion out to 7 R, from
the centre without a strong presence of rotation. NGC 1407,
NGC 4486 (M 87), and NGC 5846 are all the central galaxies
of their group. and NGC 4486 is the second brightest galaxy of
the Virgo cluster. Their GCS have been extensively studied in
the literature.

A46, page 15 of 17



Versic, T., et al.: A&A 681, A46 (2024)

_1t _
3 I '
L | Y| i
22 a3 ¥t
7
= |
= :
=
_3 = i
4l Auger+10 Poci+17 § Gooa E Good w rot |
9.5 10.0 105 11.0 115 Arbitrary

logyg My [Mg)]

Fig. 13. Relation between stellar mass and inner slope (left panel) and distribution of the slopes as determined by this work and literature samples
(right panel). The measurements from this work show the intrinsic inner slope « from Eq. (6), those from the literature show the single power-law
slope yior- The black-filled circles and triangles show the galaxies with robust measurements representing the inner mass slope @ as measured in
this study from the GC kinematics, extending out to ~8 R.. The symbols are the same as in Fig. 6. Large literature samples focused on the single
power-law slope only. They are shown as blue and orange points from Poci et al. (2017) and Auger et al. (2010), respectively. The gravitational
lensing from the former study constrained the slope within 0.5 R., and the latter used stellar kinematics within ~0.9 R.. The arbitrary scaled
distribution of the measurements in the right panel shows the distribution of the slopes with colours corresponding to those in the left panel.

Zhu et al. (2016) and Napolitano et al. (2014) showed how the
velocity dispersion of red GCs in NGC 5846 rises in the outskirts
of the galaxy. The red and blue GCs also show distinct orbital
anisotropies, with blue showing mild radial anisotropy and red
tangential anisotropy in the outskirts. Similarly, Pota et al. (2015)
found a kinematically distinct red and blue population of GCs
in NGC 1407, with the velocity dispersion of blue GCs increas-
ing towards the outskirts. The Strader et al. (2011) comprehen-
sive kinematic and dynamical study of M 87 (NGC 4486) revealed
complexity and a strong presence of substructures in the GCS of
the galaxy, pointing to active assembly.

To investigate whether the presence of subpopulations is
causing the systematic offsets we modelled separately the blue
and red populations of GCS in NGC 1407 as a test case.
Romanowsky et al. (2009) carried out a kinematic analysis of the
red and blue populations using the colour information (¢’ —i’) =
0.98 to separate the populations. They found that the dispersion
profile decreases until R ~ 20kpc and then starts to increase.
They report low (vr1/0)ges in the outer parts and find signs of
misaligned rotation signatures between the red and blue popula-
tions with hints of tangentially biased orbits in the outer regions.
The blue population shows a presence of a cold moving group
around R ~ 40 kpc.

Following the work by Romanowsky et al. (2009) we sepa-
rated the two populations of GCs based on their colour. We then
carried out the same completeness and tracer density analysis as
described in Sect. 3 and re-ran the dynamical modelling. We find
that the red population, which is more centrally concentrated and
shows declining velocity dispersion in the outer parts, results in a
steeper inner slope, in agreement with the literature results. The
dispersion profile of the blue population stays flat in the entire
radial range, and the resulting inner slope is shallower than that
obtained for the red GCs. The enclosed mass measurements from
the red population are also in excellent agreement with the litera-
ture, while the blue populations result in overestimating the mass
by several orders of magnitude. We aim to investigate the other
two galaxies and present the results for NGC 1407 in a follow-up
study.
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7.2.2. Peculiar GCS

A subset of galaxies, NGC 4374, NGC 4459, NGC 4526, and
NGC 7457, show peculiar trends in their velocity field. All but
NGC 4526 have fewer than 40 GCs sparsely populating their
halo. NGC 4526 has a peculiar velocity field in the GCS with
the central region showing strong rotation and the outer region
showing a velocity offset. This particular galaxy has twice the
number of GCs compared with the other galaxies flagged as
Subpop., and the recovered enclosed mass is consistent with the
literature studies by A16, as highlighted in Fig. 10. However,
the inner slope is more sensitive to the peculiar features in the
observed GC velocity field, resulting in a biased measurement
of the inner slope o shown on Fig. 11.

To understand the discrepancy with the literature studies, we
explored trends with the galaxy stellar mass, environment, and
rotation parameter as reported by A 16, the Sérsic index, and the
number of tracers. We found the latter has the strongest impact
together with a non-uniform spatial distribution of the tracers.
These observational effects result in the shallower profile and
overestimated mass when using discrete dynamical modelling.
Similar to the galaxies discussed in Sect. 7.2.1 we consider that
our measurements for galaxies flagged as Subpop. are not robust.

8. Summary and future work

We carried out the discrete dynamical modelling of a large num-
ber of GCSs from the SLUGGS survey. A detailed analysis of the
tracer density profile and an investigation of the GC velocity field
limited the number of galaxies we modelled from 27 to 21, and
we present robust measurements for 12 galaxies. These galax-
ies have a sufficiently large number of kinematic tracers without
a strong observational footprint or presence of subpopulations.
We used Bayesian inference and a MCMC sampler to efficiently
sample the posterior and find the best-fit parameters. We find
that informative priors on logps and logrs can help break the
degeneracy in these parameters.

We explored three different model set-ups (A, B, C) to
investigate how the modelling assumptions impact the best-fit
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parameters. Models A and B assume non-rotating and isotropic
GCs and model C explores the impact of velocity anisotropy and
rotation on the recovered parameters of the total mass profile. We
find that 8, and « have a negligible impact on the enclosed mass
and inner slope. We identify model B as the fiducial model and find
the logarithmic inner slope of the 12 galaxies with robust measure-
ments is (Yor) = —2.22 = 0.14 in the range 0.1-4 R.. These val-
ues agree within the uncertainties, but we find that our values are
systematically shallower than the literature measurements. This
could be a result of our more flexible modelling approach. The
large spatial extent of the kinematic tracers in tandem with the
discrete modelling approach enables us to constrain the transition
radius of the total mass slope and measure the intrinsic inner slope
a = 1.88 £ 0.01 that is shallower than (yq).

We find a large rms scatter in the inner slope, which is in part
driven by the large measurement uncertainties. We demonstrate
that in order to constrain the intrinsic scatter at the level of 0.16
at least 100 kinematic tracers are needed per galaxy.

In Sect. 7.2.1 we have shown that the modelling results of
dispersion-dominated systems with CJAM are minimally affected
by rotation and anisotropy when the number of tracers is suffi-
ciently large, but providing quantitative guidelines is beyond the
scope of this work. When modelling merger remnants and GCS
with a strong presence of distinct subpopulations, our results
are strongly biased towards overestimating the enclosed mass by
several orders of magnitude and a shallower profile.

Simulations and observations both provide strong evidence
thatthe total mass slope cannotbe extrapolated with asingle power-
law profile at a large spatial extent, and new observations will
enable both larger photometric and kinematic samples of discrete
tracers in the nearby universe. We can use them to characterise
the mass distribution on large scales and constrain structure for-
mation models. This work highlights the benefits and caveats of
using sparse dynamical tracers in the halos of the galaxies. Com-
bining integrated stellar kinematics in the inner regions with more
extended halo tracers can provide stronger constraints on the cen-
tral mass distribution. Our work can be expanded by including
higher Gauss—Hermite moments or assuming anintrinsic 3D Gaus-
sian velocity distribution instead of the 1D projected.

With the upcoming wide-field photometric surveys larger
samples of extragalactic GCs will be observed, and this will open
an avenue for more studies of these low surface-brightness diffuse
halos that contain rich information on the total mass content of
galaxies. With the full mass profiles, dark matter content can also
be investigated over large galactocentric radii. We would also like
to further explore methods to improve the precision of the mod-
elling results and better account for the kinematic substructures.
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