








The remaining newly introduced lower mass ETGs have relatively
sparse data sets but always with Ngc > 20. This limit is set due
to the 1/4/Ngc nature of the uncertainty on total mass estimate
such that below Ngc = 20, the uncertainty increases rapidly beyond
0.5 dex. We have therefore adopted Ngc = 20 as a sample size limit
for our analysis. This is consistent with recent results from Toloba
et al. (2016) and was pointed out earlier in Strader et al. (2011).

2.2 GC kinematics data from the literature

We also include six ETGs (NGC 1316, NGC 1399, NGC 4472,
NGC 4594/M104, NGC 4636 and NGC 5128) from the literature,
with rich GC kinematics data sets (Ngc > 170) obtained from
various telescopes/instruments. For NGC 1316, we use the GC
kinematics catalogue published in Richtler et al. (2014), obtained
from VLT/FORS2. The data for NGC 1399 and NGC 4636 are
from Schuberth et al. (2010) and Schuberth et al. (2012), respec-
tively, also obtained from VLT/FORS2. The data for NGC 4472 are
from Keck/LRIS (C6té et al. 2003). The data for NGC 4594 are
from Keck/DEIMOS but with a different setup that did not use the
CaT features as we have done in the SLUGGS survey (Alves-Brito
et al. 2011). Finally, we also considered NGC 5128 (Centaurus
A), using the GC kinematics catalogue compiled in Woodley et al.
(2010). The GC kinematics data for NGC 5128 have been obtained
over two decades from an array of telescopes and instruments such
as CTIO/SIT, Magellan/LDSS-2, VLT/VIMOS and CTIO/HYDRA.

Unlike Keck/DEIMOS data obtained with the SLUGGS setup,
where the average uncertainty on the kinematics datais ~15kms™!,
these externally sourced data have an average uncertainty of
~50kms~!. Higher uncertainty in the kinematics data tends to
wash out subtle but important details in the velocity distributions,
e.g. kinematics substructures and higher velocity moments (see for
example, Amorisco & Evans 2012), needed to accurately determine
galaxy dynamical mass. Also, larger uncertainties on the velocities
tend to bias mass estimates, especially in galaxies with low-velocity
dispersions. This bias typically scales with AV;/o, where AV; and
o are the uncertainties on individual velocity measurements and the
central velocity dispersion of the galaxies, respectively.

2.3 Size and stellar mass measurements

Systematic deviation of galaxies from the size—stellar mass scaling
relation could create artificial tension between our DM fraction mea-
surements and expectations from cosmological simulations. Here,
we revisit and update (where necessary) the size and stellar mass
measurements used in Alabi+16, as described below.

The galaxy sizes used in Alabi+16 were taken from Brodie et al.
(2014), which they obtained mostly from the ATLAS?® survey
(Cappellari et al. 2011) based on calibrated near-IR 2MASS and
optical RC3 size measurements (de Vaucouleurs et al. 1991). Such
measurements, however, underestimate galaxy sizes up to a factor
of ~2-3 for our most massive galaxies. This naturally leads to an
underestimation of the measured fpy within 5 R.. Here, we partially
correct for this underestimation by adopting the recently published
size measurements from Forbes et al. (2016) obtained using 3.6 pm
Spitzer imaging data. This correction only affects the most massive
galaxies in our sample, with NGC 4374 being the most severely
affected, where we have now revised its R. upwards by a factor of
~3 to ~12 kpc.

In Alabi+16, we obtained stellar masses for our galaxy sample
from their 2MASS absolute K-band magnitude, assuming a stellar-
mass-light ratio M/Lg = 1. While this assumption is consistent with
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a Kroupa/Chabrier stellar IMF, it does not account for variations
in stellar age or metallicity. The implication of this assumption
becomes critical in ETGs whose stellar population is dominated by
younger stars, since stellar M/Lg for ETGs is known to be age-
dependent. For example, at a mean stellar age of ~6 Gyr, assuming
solar metallicity and Padova isochrones, Rock et al. (2016) recently
reported a stellar M/Lg ~ 0.6. This corresponds to an ~0.2 dex
decrease in stellar mass and an ~0.1 increase in fpy, which may
change our earlier conclusions, especially in galaxies with low fpy.
One way of addressing this concern would be to apply an age-
weighted correction to our previous M/Lg = 1 assumption. Forbes
et al. (2016) applied this correction to their stellar mass estimates
(they assumed a Kroupa IMF) from the 3.6 pm Spitzer data. We
note that there is a one-to-one correspondence with the 2MASS
K-band stellar mass estimates if they are also corrected for stellar
age variations.

We use the homogeneously measured effective radii and total
stellar mass estimates for the 27 galaxies we have in common with
Forbes et al. (2016). For the remaining galaxies, we obtain their stel-
lar mass estimates from 2MASS absolute K-band magnitudes, cor-
recting for sky oversubtraction (Scott, Graham & Schombert 2013)
and stellar age variation (Rock et al. 2016). Their effective radii are
obtained from the literature studies that used 3.6 um Spitzer imag-
ing data and a similar effective radius measurement procedure as
in Forbes et al. (2016). Our final sample of 32 galaxies now spans
a log (M,/Mg) range of 10.1-11.8, with the typical uncertainty
on M, and R, being ~0.1 dex and ~0.15 dex, respectively. Table 1
contains a summary of the salient properties of the galaxies used in
this work.

3 METHOD AND RESULTS

3.1 Total mass estimates and DM fractions within 5 R,

We use the tracer mass estimator (TME) of Watkins, Evans &
An (2010) to obtain the total mass estimates and subsequently the
DM fractions for our galaxy sample, following the implementation
described in Alabi+16. We give a brief summary of the implemen-
tation below and encourage interested readers to see Alabi+16 for
more details.

The TME assumes that the discrete dynamical tracers follow a
power-law density distribution when de-projected and a power-law
description for the gravitational potential. The pressure-supported
mass within a sphere with projected radius R, M,( < R), is then

My(< R) o f(a, B.y) x (Vo ,R) M

where o and y are the power-law slopes of the gravitational poten-
tial and the de-projected GC number density profile, respectively.
B is the Binney anisotropy parameter (Binney & Tremaine 1987),
assumed to be constant with radius. For each galaxy, we use equa-
tions (8) and (10) from Alabi+16 to obtain « and y, respectively.
In Alabi+16, we obtained « from the logarithmic slope of the cir-
cular velocity curves of realistic galaxies (from the cosmological
simulation reported in Wu et al. 2014) at 5 R.. We obtained y from
a compilation of GC density profiles from the literature. We found
that & and y are well approximated by

a = (—0.46 £ 0.06) x log(M./M@) + (5.29 £ 0.68) 2)
and
Yy = (—0.63 £ 0.17) x log(M./M@) + (9.81 £ 1.94), 3)
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Table 1. General properties of our galaxies. Columns: (1) galaxy name: T = bonus galaxies, ¥ = SLUGGS galaxies not studied in Alabi+16; (2) distance;
(3) systemic velocity; (4) central stellar velocity dispersion within 1 kpc; (5) ellipticity; (6) galaxy environment: F=field, G=group, C=cluster; (7) galaxy
morphology, mostly sourced from Brodie et al. (2014), otherwise from Makarov et al. (2014), although NGC 4594 (Sombrero galaxy) is classified as an Sa, we
include it in our ETG sample; (8) average luminosity-weighted age of central (1 Re) stellar population, mostly from McDermid et al. (2015) unless otherwise
noted and listed below; (9) number of GCs with kinematics data; (10) effective (half-light) radius; (11) stellar mass; (12) Sérsic n index; (10)—(12) are mostly
from Forbes et al. (2016) unless otherwise noted and listed below (also see text for more details); (13) the power-law slope of the gravitational potential; (14)
the power-law slope of the de—projected GC density profile; (15) normalizing factor to correct for effect of galaxy flattening on dynamical mass estimate and
(16) rotation dominance parameter for the GC system [details on the derivation of columns (13)—(16) can be found in Alabi+16]. Galaxies below the horizontal
line are not part of the SLUGGS survey, we have obtained their GC kinematics data from the literature.

Galaxy Dist. Viys Okpe € Env.  Morph. Age Ngc R log (M) n o y Corr Viot/o
(NGC) (Mpc) (kms™') (kms™!) (Gyr) (kpc) M@e)

(1) (2) (3) “4) (S (6) (7 (8) ) (10) (11) (12) (13) (14)  (15) (16)
720 26.9 1745 227 049 F E 7.8 69 3.80 11.27 3.8 0.106 271 092 042702
821 23.4 1718 193 035 F E 11.0 69 4.90 11.00 6.0 0230 2.88 098 0.4070%
1023 11.1 602 183 063 G S0 123 115 258 10.99 42 0235 289 085 0.6570%
1400 26.8 558 236 013 G E/SO  13.8° 69 3.33 11.08 50 0193 283 101 022702
1407 26.8 1779 252 007 G E 120 372 1214 11.60 49 0046 250 1.01 0.0470%8
2768 21.8 1353 206 057 G E/SO 123 107 637 1121 38 033 275 088 0.507013
29747 209 1887 231 036 F S0 9.3 26 3.06 10.93 43 0262 292 097 0317012
3115 9.4 663 248 066 F S0 9.0¢ 150  1.66 10.93 47 0262 292 083 0947003
3377 10.9 690 135 033 G E 7.0 122 240 10.50 5.9 0460 320 098 0.2370
3607% 222 942 229 013 G S0 10.3 36 5.19 11.39 53 0.051 263 101 0.1870%
3608 223 1226 179 020 G E 9.9 36 4.64 11.03 53 0216 286 101 0217028
4278 15.6 620 228 009 G E 118 270  2.14 10.95 62 0253 291 101 0.13%0%8
4365 23.1 1243 253 024 G E 134 251 8.71 11.51 49  —0.005 256 1.00 0.157009
4374 185 1017 284 005 C E 149 41 1245 11.51 80  —0.005 256 1.01 045703
4459t 16.0 1192 170 021 C S0 7.0 36 3.75 10.98 5.4 0239 289 101 020703
4473 152 2260 189 043 C E 131 106 223 10.96 50 0248 291 095 023100
44741 155 1611 88 042 C E/SO 108 23 1.50 10.23 2.8 0.584 337 095 2.0473
4486 16.7 1284 307 016 C E 177 702 7.01 11.62 51 —0.055 249 101 0.1470
4494 16.6 1342 157 014 G E 8.0 107 423 11.02 45 0221 287 101 0517013
4526 16.4 617 233 076 C S0 11.0 107 258 11.26 36 0110 272 077 061753
4564 15.9 1155 153 053 C E 11.8 27 1.14 10.58 32 0423 3.4 090 1.80%03}
4649 16.5 1110 308 016 C E/SO 177 431 634 11.60 46  —0.046 250 101 034700
4697t 12.5 1252 180 032 G E 113 90 5.81 11.15 53 0161 279 098 072193
5846 242 1712 231 008 G E/SO 177 190  10.54 11.46 52 0018 259 101  0.08%09
5866+ 149 755 163 058 G S0 5.9 20 1.69 10.83 28 0308 299 088 0.167,%
7457 12.9 844 74 047 F S0 3.8 40 2.13 10.13 26 0.63 343 093 1.90703
1316 20.8 1760 225 028 C SO 47¢ 175" 857" 11.55 50" —0.023 253 1.00 0.607519
1399 21.2 1425 335 001 C E 1.0/ 514 1583 1150  11.1° 0002 257 100 0.091093
4472 16.7 981 288 019 C E 177 263 1574 1178 607 —0.126 239 100 0.197007
4594 9.77 1024 231 046 G Sa* 1258 232m 341 11.41 32 0.041 262 100 0.13700%8
4636 14.3 930 198 023 C E 134 386K 12717 11.17 577 0153 277 1.00 0357508
5128 3.8¢ 547 107 011 G ES0O  —— 549 221" 1094 35" 0258 292 100 0.1770%

References: a. Harris, Rejkuba & Harris (2010), b. Rembold, Pastoriza & Bruzual (2005), ¢. Spolaor et al. (2008), d. Norris, Sharples & Kuntschner (2006),
e. Koleva et al. (2011), f. Trager et al. (2000), g. Sdnchez-Blazquez et al. (2006), 4. Richtler et al. (2014), i. Schuberth et al. (2010), j. Coté et al. (2003), k.
Schuberth et al. (2012), I. Woodley et al. (2010), m. Alves-Brito et al. (2011), n. Sani et al. (2011), o. Lasker, Ferrarese & van de Ven (2014), p. Kormendy
et al. (2009).

respectively. The most massive galaxies in our sample have o ~ 0,
that is, they are nearly isothermal, and the less massive ones are
more Keplerian. Also, y defined this way is such that 2 < y <
4, with the most massive galaxies well described by shallow GC
density profiles.

Since the TME assumes that the GC system is pressure-supported,
we first subtract the contribution of rotation, V., from the line-of-
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sight velocity, V)., before evaluating equation (1). V;, is obtained
by fitting an inclined-disc model to the GC kinematics data. Our
total mass estimate, M., is then evaluated as the sum of the rota-
tionally supported mass, M, and the pressure-supported mass, M.
The contribution from rotation to the total mass is usually small,
~6 per cent. We evaluate M, assuming that the orbital anisotropy
of the GC system is either strongly radial, mildly tangential or



isotropic, i.e. 8 = 0.5, 0, respectively. Since our mass estimates
are largely insensitive to the choice of 8 (deviating by <10 per cent),
we adopt M, obtained when g = 0, that is, the velocity distribution
is isotropic. As a further test, we have also obtained M,y assuming
a more extreme velocity anisotropy of § = —1. This is motivated
by recent results from dynamical studies and cosmological simu-
lations where such anisotropies were reported (e.g. Rottgers, Naab
& Oser 2014; Pota et al. 2015; Zhang et al. 2015). Even with such
extreme anisotropies, the maximum deviation in total mass is less
than 20 per cent, never producing a shift in DM fraction greater
than 0.1 (see Appendix A1 for more details). Note that we have also
applied small corrections to M, to account for galaxy flattening and
projection effects (on average, ~5 per cent) and non-equilibrium
conditions (~20 per cent when kinematics substructures are identi-
fied in the GC system).

For the newly introduced galaxies and at the lower M, end, the
average fractional uncertainty on M,y is 0.4 dex. At the high M,
end of our sample, there is no significant difference between the
fractional uncertainties on M, for galaxies with externally sourced
kinematics data, compared to galaxies with Keck/DEIMOS data.
We are unable to identify any kinematics substructures that may be
in the GC systems of these newly introduced galaxies. This is due
to the large uncertainties on the individual radial velocities. Since
our kinematics data extend well beyond 5 R. for most galaxies
in our sample, we also obtain M, enclosed within the maximum
radial extent, Ry, of our data. We obtain the DM fraction, fpy, as
1 — M,.( < R)/M( < R) where we assume that all of the baryonic
mass within R in our galaxies is stellar in nature. We describe the
total stellar mass within 5 R, with de-projected Sérsic profiles, using
the Sérsic indices from Table 1. Table 2 contains a summary of the
total masses and DM fractions enclosed within 5 R. and Rp.y.

For the galaxies originally studied in Alabi+16, we compare
results in Fig. 1 to see how the newly adopted sizes and stellar
masses affect both parameters of interest. We remark that while
these new galaxy parameters result in changes to the total mass and
DM fraction estimates within 5 R. on a galaxy by galaxy basis,
their overall distributions, which we will present shortly, for our
galaxy sample remain unchanged. In particular, at the high M, end,
galaxies are now more massive within the 5 R, aperture and a few
~L* galaxies also have slightly lowered DM fractions compared to
Alabi+16.

Fig. 2 shows the fp\ versus M, for our galaxy sample, assuming
B = 0 and a Kroupa IMF. For most galaxies in our combined
sample, the DM content already dominates the mass budget at 5
R. with the DM domination increasing as we probe beyond 5 R,
into the outer haloes. There is a wide diversity in the measured fpm
within 5 R, ranging from 0.1t00.9, generally increasing with galaxy
stellar mass, with some log(M,/M¢) ~ 11 galaxies having very
low fpm, that is, <0.4, less than what a simple galaxy model (SGM)
predicts. This trend persists for a variety of stellar M/L assumptions,
assumed slope of the gravitational potential and orbital anisotropies.
The large spread in fpy is driven exclusively by log(M,./Mp) ~ 11
ETGs. The updated list of galaxies with fpy within 5 R, lower than
the prediction from our SGM now consist of NGC 720, NGC 2974,
NGC 3607, NGC 4494, NGC 4526 and NGC 5866. A complete
inventory of our galaxy sample shows that 2 out of 5 field galaxies,
3 out of 15 group galaxies and 1 out of 12 cluster galaxies have
low DM fractions. This is the same as 2 out of 16 ellipticals, 4
out of 10 lenticulars and none of the 6 galaxies with ambiguous
morphological classification having low DM fractions.

The results we have obtained for NGC 2974 may appear to
be at odds with that reported in the H1 study of Weijmans et al.
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(2008) where they obtained a DM fraction of 0.55 within 5 R,
and a Mio(< 5R.) = 2.7 x 10" My for their maximal disc model,
compared to our values (for the isotropic orbit case) of 0.08 £
0.45 and M,y (< 5R.) = 0.8 £0.4 x 10" M@ . The stellar mass
and galaxy size used in the two studies are comparable. If we as-
sume o = 0 (i.e. the isothermal case as suggested by their flat
rotation curve), we would derive a somewhat higher DM fraction
of 0.15. The main limitation on our DM fraction measurement for
NGC 2974 is likely the limited sample size of 26 GCs; this results
in a relatively large error. Despite different data sets and modelling
assumptions in both studies, our low DM fraction is consistent
within ~1o of the Weijmans et al. value. Therefore, these intrigu-
ing results of very low DM fractions would need confirmation by
future studies to rule out that it is not the poor number statistics
that is driving these results, although we also find fpm ~ 0.8 in
NGC 3608 with M,~10"" M and similarly sparse GC kinematics
data.

To properly understand our observed fpy, we compare our results
with expectations from simple galaxy models and the cosmological
hydrodynamical simulations reported in Wu et al. (2014, hereafter
Wu+14) and in Remus et al. (2017, hereafter Remus+17). The
simple galaxy model, labelled SGM1, (details of which are pre-
sented in Alabi4-16) does not account directly for processes that
are believed to alter the distribution of baryons and non-baryons
in present-day ETGs during their evolution. It takes as input the
R.—M.., M.—M> and M>o0—C200 scaling relations from the litera-
ture, adopts the Planck cosmology and predicts the fpy and the My
within 5 R, for a given M,.. On the other hand, the mass distribution
is explicitly modified in the cosmological simulation of Wu+-14
via dissipative and/or non-dissipative processes during galaxy as-
sembly. However, they did not include feedback models from AGN
and/or SN winds in their simulations. The immediate effect of this
is that their galaxies contain more baryons relative to DM when
compared to conventional M,—M» scaling relations for ETGs. If
we allow for a factor of 2-3 excess stellar mass at any defined
M>y in our SGM1 model, we adequately predict the fpy reported
in Wu+14, as shown in Fig. 2. The predicted fpy from our SGM1
is then reduced by ~0.1 at all galaxy stellar mass. The cosmologi-
cal simulation of Remus+17 is an improvement on Wu+14 in that
they have included a feedback model that accounts for AGN and SN
winds effects. However, at low M., their galaxies are larger than the
expectations from conventional R.—M, scaling relations for ETGs
(e.g. Lange et al. 2015). This probably indicates AGN feedback that
is too strong in their lower stellar mass regime. Lastly, we construct
a variant of our SGM1 where we use the galaxy sizes, stellar masses
and Sérsic indices listed in Table 1 and compare the predicted DM
fractions with what we have measured within 5 R.. We show the
comparison in Fig. 3 as a function of galaxy stellar mass. We also
show this simple galaxy model (labelled SGM2) in Fig. 2 where
we have used a double-power law fit to the galaxy sizes and stellar
masses in Table 1, and show that it is consistent (within 1o) with
the dark matter fractions predicted by SGM1. This galaxy model
captures the shape of our measured dark matter fractions better than
SGML1.

3.2 Average DM density

We obtain the average enclosed DM density, (opwm), within a sphere
with radius R, as in Thomas et al. (2009) using

Mpu(< R)

(Ar/3)R "’ “

{opm) =
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Table 2. Summary of mass estimates and DM fractions assuming different anisotropy. The results shown here have been obtained using the TME and a stellar
M/L that accounts for stellar age variation. M, is the pressure-supported mass and has been corrected for the effect of galaxy flattening. M. is the rotationally
supported mass. My is the total mass after correcting for galaxy flattening, rotation in the GC system and the presence of kinematics substructures. fpy is the
DM fraction. We list masses enclosed within spheres of radius 5 Re and Ryax, the maximum galactocentric radius where we have GC kinematics data. Note
that the kinematics data for NGC 4374, NGC 4472, NGC 4636 and NGC 4697 do not extend out to 5 R.

Galaxy B Mrot( < SRe) Mp( <5Re) Mi( <5R:) fom(<5Re)  Rmax Miot( < Rmax) Mp( < Rmax)  Miot( < Rmax)  foM( < Rmax)

(NGC) (10°Mp)  (10'"Mg)  (10'"'Mp) (R.) (10"°M) (10""Mp) (10""Mp)
720 0 17403 24£06 26+£05  036+020 2291  7.6+16 114422 122420  085+£0.04
0.5 24406 26+05  034+021 11L.1+22 11.9+£20  084+004
-0.5 25+£06 26+£06  037+0.18 11.64+23 124+£22  085+0.04
821 0 21404 434038 45408  081+£005 8.06 34+0.6 56+ 1.0 59+ 1.0 0.85 = 0.04
0.5 44408 46+09  0.82+0.05 58+1.0 6.1+ 1.0 0.85 +0.04
—0.5 42408 444+08  081£005 55+1.0 58+ 1.0 0.85 £ 0.04
1023 0 24+04 14403 1L6+£02  047+£0.12 1615  7.7+14 32406 39£05 0.76 & 0.05
0.5 15+03 L7402  049£0.12 33+0.6 41£05 0.76 & 0.05
-05 14403 1L6+02  046+0.13 3.1£05 39£05 0.75 £ 0.05
1400 0 0.3+0.1 22405 22406  054£021 2255  1.6+0.6 7113 72413 0.84 +0.04
0.5 22406 234£06  054+02 72£13 74+£13 0.84 £ 0.04
-05 22405 22405  053£0.17 70+13 7112 0.83 +0.04
1407 0 01401  186+15 186+15 082+004 954 02+0.1 36.4+27 364+£27  0.90+0.02
0.5 165414  165+14 0794004 322424 322424 0884002
-05 197416  197+17  083+£0.03 385+238 385+£27  0.90+0.02
2768 0 43404 63+ 1.1 68+09  078+005 1136  9.8+09 120419 130+17  0.88+0.02
0.5 6.3+ 1.0 67+09  0.78+0.05 119419 129417  0.88+0.03
—0.5 6.4+ 1.1 68409  0.79+0.05 121419 131417 0.88+0.02
2974 0 0.5+0.1 08 +04 08+04  008+045 1069  1.0+03 49£15 S0£15 0.84 £ 0.09
0.5 0.8 +0.4 09+£04  0.12+044 51+1.6 52+ 1.6 0.84 +0.11
-05 08+04 08404  0.06+048 48£15 49414 0.83 £ 0.09
3115 0 34+0.6 17403 21403  064+008 176  11.8+2.1 44406 5.6+0.6 0.85 4 0.03
0.5 1.84+04 22403 0.65+0.08 46+0.7 58+0.6 0.86 & 0.03
—0.5 17403 20£03 063 +0.09 43406 55+0.6 0.85 4 0.03
3377 0 0.1£0.1 0.7+0.1 07+£0.1  062+009 1137  03+0.1 1.34+02 134£02 0.77 £ 0.05
0.5 0.8 40.1 08+0.1 0.6+ 0.09 14402 15402 0.80 & 0.04
-05 0.6+0.1 07+£0.1  0.60+0.10 12402 124£02 0.76 & 0.05
3607 0 0.4£0.1 24£07 25407  016+044 1676 13405 102424 103+£24  0.7740.09
0.5 23£06 24406  0.11+038 9.6+£23 97422 0.75 £ 0.08
—0.5 25+07 26406  0.18+0.38 104425 105+£26 0774024
3608 0 0.5+0.2 39411 40+12 0774019 682 0.7+03 44412 45+12 0.78 £0.12
0.5 41+£12  41£12 078011 45+12 46+ 12 0.79 £ 0.1
—0.5 39411 394+1.1  077+£02 43412 44+12 0.78 £ 0.12
4278 0 0.140.1 26403 27404  072+£007 1681  05+02 6.5+0.6 6.6+ 0.6 0.87 £ 0.02
0.5 28404 28+£04  0.73+0.06 6.8 0.6 6.9+0.6 0.88 & 0.02
—0.5 26403 26403  0.72+0.07 6.3+0.6 64£05 0.87 £ 0.02
4365 0 15+£02  165+£16 166+16 083£003 879 26403 29.7+2.6 300£26  0.9040.02
0.5 151414 152+ 15 0824004 27.1+24 274+24  0.8940.02
-05 1734£16  174+16  0.84+0.03 31.0+238 313£27  0.9040.02
4374 0 161414  209+48 225+49 089+004 351 - - - -
0.5 19.1+44  207£44  0.88+0.04 - - - -
-0.5 218450 234453 0.90+0.04 - - - -
4459 0 02+0.1 21406 22406  062+£032 727 0.3+0.1 26+£0.7 27+0.7 0.68 £ 0.14
0.5 22406 22406  0.64+0.17 27+0.7 28£07 0.69 £ 0.13
—0.5 21406 214£06  0.62+039 2607 26407 0.67 +0.13
4473 0 02+0.1 1.6 +0.3 1.6+03  051£015 1551  08+04 3.6£05 37£05 0.76 & 0.05
0.5 1L7+03 17403 053+0.12 37+0.6 38+05 0.77 £ 0.05
-05 15403 1.6+03  050+0.14 35£05 3.6£05 0.75 £ 0.05
4474 0 12412 04402 06+02  071£042 1718 42446 09+03 1.3+0.6 0.87 +0.38
0.5 05+02 06+£03  0.75+041 1.0+04 14406 0.88 & 0.44
—0.5 04+02 05+02  0.70+045 08+03 12406 0.86 & 0.44
4486 0 17402  255+18 257+£19 086+003 2855  98+10 1480484  1490£84 0974001
0.5 225416 227+16 0844003 1300+73 131076  097+001
-05 27.1£19 273419  0.87+0.03 1570488  1580£92 0974001
4494 0 13+0.1 14+£02 15+£02  04+014 795 20£02 1.9+03 21403 0.53 £0.11
0.5 14402 1L6+02  041+£0.13 1.94+03 22+03 0.54 £0.10
-0.5 14+£02 15+£02  039+0.14 1.9+03 21403 0.52+0.10
4526 0 2.1£06 27+08 29406  043+0.18 1675  7.0+2.1 6.5+13 72411 0.75 £ 0.05
0.5 26+0.38 28406  041+0.20 64+13 71+ 1.0 0.74 %+ 0.06
-05 27+08 29406  043+0.19 6.6+ 14 73411 0.75 £ 0.06
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Table 2 — continued

Galaxy B Miot( <5Re)  Mp(<5Re) Miot( <5Re)  fom(<5Re)  Rmax Miot( < Rmax)  Mp( < Rmax)  Miot( < Rmax)  fDM( < Rmax)

(NGC) (10°Mg)  (10"M@)  (10''Mg) (R)  (10"°Mp) (10""Mp) (10""M)
4564 0 1.84+04 0.7+02 09+£02  059+022 1125  40+09 09403 13403 0.71 £ 0.09
0.5 08403 09+£03  0.62+0.15 1.04+03 14403 0.73 £ 0.09
-05 0.6+02 08+£02  057+02 09403 13403 0.70 = 0.08
4649 0 46+£03 129410 134£10 074£005 202  18.6%13 53.9+£38 558+£38  0.93+001
0.5 114409 119409 0714005 478 £33 497434 0924001
-05 137+11 142£11  075+005 57.0 4.0 589439 093001
4697 0 31402 3.6+06 39£06  07+£007 40 - - - -
0.5 3.6+0.6 39406  0.7£0.07 - - - -
-05 35£06 39+£05  0.7+0.07 - - - -
5846 0 0.4+0.1 184+19  184£19 087+003 899 0.8 +0.2 325433 326+33  0.92+0.02
0.5 17.0£18 170+ 1.8  0.8640.03 30.1£3.0 302£31  091£0.02
-0.5 190+£20 190£20  0.87+0.03 337434 338+34  0.92+0.02
5866 0 0.1£0.1 1.0+0.5 1.0+£04  034+£045 885 0.1£0.6 12405 12404 0.44 £ 0.39
0.5 1.0+0.5 1LO0+£04 038045 13+05 13+05 0.48 + 0.42
-05 09+05 09+£04  032+044 114£05 12404 0.42 £ 0.38
7457 0 1.8+£02 09+03 L1+£02  083%£004 6.6l 24403 0.9+03 12+02 0.89 + 0.04
0.5 1.14+03 12403 0.90+0.04 1.14+03 1.34+03 0.90 & 0.03
—0.5 0.8+0.2 1.0+02  0.87£0.04 0.8 +0.2 L1£02 0.88 + 0.04
1316 0 1204+£04  146+£21 158420 081+£004 945  226+08 293+3.6 31.6+£34  0.89£0.02
0.5 132+19 144£19 079005 264432 287434  0.88+0.02
-05 1544£22  166+21  082+£004 308 £3.7 331£36  0.90£0.02
1399 0 02+0.1  408£27 408+26 094+001 606 0.2+0.1 494+32 494431 0.95 + 0.01
0.5 374+£25 374424 094+001 4534£29 453430 0954001
-0.5 425+28  425+29  0.94%001 515+33 515+£34 0954001
4472 0 02401  296+28 296+£28 085+004 312 - - - -
0.5 246+23  246+24  0.82£004 - - - -
-05 322431 322430  086+003 - - - -
4594 0 03 £0.1 5.6+0.6 57406  058+008 10.0 0.6+0.3 9.9+09 9.9+09 0.75 £ 0.05
0.5 53405 53+£06  0.56+0.09 9.3£09 94+09 0.73 £ 0.05
-05 58+0.6 58406  059+0.08 1024 1.0 1034+1.0  0.75+0.05
4636 0 1.0+0.1 9.5+07 96+£07  088+002 348 - - - -
0.5 9.5+07 96+07  0.88+0.03 - - - -
-05 95+07 9.6+£07  0.88+0.02 - - - -
5128 0 0.1£0.1 1.7+02 17402  053+£009 2173  06+03 74405 75+£05 0.88 = 0.02
0.5 17402 L7402 054+0.09 7.6+05 77£05 0.89 £ 0.02
-0.5 1.6 +0.2 1L6+01 052009 73405 74£05 0.88 = 0.02
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Figure 1. Comparison of total mass estimates (left-hand panel) and DM fractions (right-hand panel) obtained using different galaxy sizes and stellar masses
(see text for details). Note that we have excluded NGC 4697 from these plots due to the additional change to its kinematics data.
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Figure 2. Measured dark matter fraction, fpy, within 5 effective radii (R.) versus the total stellar mass, M, assuming 8 = 0, i.e. isotropic velocity distribution.
The solid black line (SGM1) shows the predicted dark matter fraction within 5 R assuming Planck cosmology and Kroupa IMF for a simple galaxy model
based on scaling relations for early-type galaxies. The dot-dashed black lines are the 1o scatter in the predicted dark matter fractions from the adopted R, —
M, relation. We also show results from the cosmological hydrodynamical simulations reported in Wu et al. (2014) and Remus et al. (2017) for comparison.
The dashed green line (SGM2) is the predicted dark matter fraction from a simple galaxy model using a fit to galaxy sizes and stellar masses in Table 1. The
orange-coloured circles and the lower left representative errorbar are for our galaxy sample. Galaxies with log (M,/M@) ~ 11 have a larger spread in their
measured fpy, with a few of them having fpm lower than predicted by any cosmological model. At any stellar mass, central dominant galaxies (marked with

crosses) mostly have higher fpm.
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Figure 3. Residuals between observed and predicted DM fractions, assum-
ing a Planck cosmology and using galaxy sizes, stellar masses and Sérsic
indices from Table 1 in the simple galaxy model, that is, SGM2.
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where Mpy is the enclosed DM mass, evaluated as
M ( < R) — M.( < R). Again we have followed the approach
used in Alabi+16, where we assume that all the baryonic matter
within our 5 R, aperture is in the stellar component.

Fig. 4 shows the log (ppym) within 5 R. for our galaxy sam-
ple. We also show similar data from Thomas et al. (2009), Weg-
ner et al. (2012) and Corsini et al. (2017), but obtained within 2
R. for several ETGs in the Coma cluster, the nearby Abell 262
cluster and low-density environments, respectively. The offset be-
tween these literature results and our measurements is due to the
difference between the apertures used. The general trend, regard-
less of the adopted aperture, is for (ppm) to decrease with M., with
an enhanced scatter around log(M,/M@)~11. A wide range of
average DM densities is possible at any stellar mass, in agree-
ment with theory, where galaxies are expected to have diverse
mass assembly histories at any stellar mass. We do not see any
difference between the mean average densities for the lenticulars
or ellipticals in our galaxy sample, neither do we see any sig-
nificant trend with galaxy environment. The increasing trend ear-
lier observed in fpy as a function of mass is now reversed when
(ppm) is compared with M,. This is due to the steep increase
of R. with M,, such that in the more massive galaxies, our fidu-
cial radius now encloses more DM within a much more increased
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Figure 4. Average DM density within 5 R, (ppm), versus the stellar mass for our galaxy sample. Results from Thomas et al. (2009) for ETGs in the Coma
cluster, Wegner et al. (2012) for eight galaxies in the nearby, but poor Abell 262 cluster and Corsini et al. (2017) for two galaxies in low-density environments
within 2 R are also shown. The offset from our data is due to differences in the apertures used. Galaxies with sub-5 Re kinematics data are marked with
downward-pointing arrows. The solid and dashed lines are the predicted average dark matter densities within 5 R. from our simple galaxy models, that is,
SGM1 and SGM2, respectively. We have also included results from the cosmological simulations of Wu+14 and Remus+17. Average DM density within 5

R. (as well as within any other aperture) decreases mildly with total stellar mass

volume, hence the lowered density. The increased offset at the low
stellar mass end between our measurements and the predictions
from Remus+-17 is due to the relatively large galaxies produced in
their simulations.

3.3 Inferring DM halo properties from dynamical
measurements

Next, we turn to one of the main questions we wish to address in this
work, that is, given dynamical mass measurements at some fiducial
radii (in our case, 5 R.), which are smaller than the typical scale
radii in DM haloes, can we reliably infer the structural properties
of these haloes, that is, M» (virial mass), cgo (halo concentration)
and Zzgorm (the halo assembly epoch)?

DM haloes can generally be described by Navarro—Frenk—White
(NFW) profiles (Navarro, Frenk & White 1996) where the average
enclosed DM density, (opwm), can be expressed as

@ In(1+cx) —cx/(cx + 1)
In(1+4+c¢)—c/(c+1)

where x = R/ and ¢ = cy00 = ra00/7s (200 is the virial radius
and ¢y is the NFW DM halo concentration), with r; being the
scale radius of the DM halo, corresponding to the radius where
the logarithmic slope of the DM density profile is —2. The virial
overdensity, Ay, is 200 times the critical density, pui = 1.37 x
10> Mg kpc~3. Since the RHS of equation (5) has two unknown
quantities (c00 and ragp), it cannot be solved uniquely without some
extra assumptions. We solve equation (5) using the mock galaxies
in our SGM1 with the following steps:

{ppm) (< R) =

®

crits
x.’y

, with a larger scatter around log(M,/M@)~11.

(i) For mock galaxies with M, identical to our galaxy sample,
obtain galaxy sizes using the R.—M, relation from Lange et al.
(2015).

(ii) Use the R.—n relation from Graham (2013) to obtain Sérsic
indices (Sérsic 1968) for each mock galaxy.

(iii) Calculate the total M, enclosed within 5 R, with the de—
projected Sérsic mass profile (Terzi¢ & Graham 2005).

(iv) Calculate Mg, for each mock galaxy using the M,—Myy
relation for ETGs from Dutton et al. (2010), which assumes a Planck
cosmology. Note that rgo follows directly from M.

(v) Calculate the total DM mass, Mpy; enclosed within 5 R.., from
the cumulative NFW DM only profile.

(vi) Calculate the ratio of M, to M, within 5 R, for each mock
galaxy.

(vii) Assume that for any M,, given the ratio of My to My
within 5R. obtained from our mock galaxies, we can extrapolate
our measured My, within 5 R, to obtain the corresponding M.

As a sanity test, we have compared the ratio of our measured M,
within 5 R, to the extrapolated My for our galaxy sample with that
from Wu+-14. The scaling ratios we have used are consistent with
those inferred from their simulations, bearing in mind that they have
overproduced stars by factors of 2-3. Armed with the extrapolated
M, which we transform to ryq using Mooy = 47t A0 Pcriti200° /3,
we then numerically solve the non-linear equation (5) and obtain
ca00 given our measured (ppy) within 5 R.. We have used Monte
Carlo methods to propagate uncertainties from our mass measure-
ments and the scaling relations at every stage of this analysis. From
our results, cgo increases steeply as (opm) increases, such that an
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Table 3. Summary of inferred halo parameters. Columns: (1) galaxy name;
(2) average DM density within 5 Re; (3) halo mass; (4) halo concentration;
(5) halo assembly epoch (we have set the halo assembly epoch of galaxies
with invalid zgorm to 0.1; these are all galaxies with very low DM fractions);
(6) redshift corresponding to the mean luminosity-weighted stellar age from
Table 1. For galaxies with mean stellar ages comparable to or older than the
age of the universe, we have set their corresponding Zstars to a lower limit of
10.

Galaxy  log Moo log (ppm) €200 Zform Zstars
(NGC) Mgp) Mgpe™)
720 12.83 +£0.38 —2.48 4+ 0.65 3.0+ 20 064038 1.0

821 1299 £029 —-2.23+0.22
1023 12.56 £0.28 —2.07 £0.37
1400 1271 £036 —2.21 £0.49
1407 13.82£040 —2.79 £0.11 23+£03 05£03 35
2768 1322 £033 —-241+0.18 47 +£09 16£05 4.1
2974 1225 £0.55 -334£634 0.01 £ 6.6 0.1 1.4
3115 1265+£025 —-126+023 179 £37 69x14 13
3377 1219 £020 -222£027 57 £16 20+£07 038
3607 12.85+045 —-327+198 02 £ 2.0 0.1 1.9
3608 12954+038 —223+£039 62 +25 22+10 1.7
4278 1276 £026 —143+020 157 £29 6.1+1.1 32
4365 1373 £039 -240%£0.12 44 £05 14£03 10.0
4374 13.86 £043 —-2244+025 56+ 14 20+£07 10.0
4459 1267037 —-231£047 51 £25 1710 038
4473 1255+029 —-1.84+040 85£32 3213 75
4474 1213 £046 —1.65+£0.63 11.6 £72 45+£25 22
4486 1397 £040 —-191+0.09 78 +£07 29+£03 =>10
4494 1253 £0.28 —2.82£045 1.9 £ 1.1 0.1 1.0
4526 12.87£038 —1.87+054 72 +£35 27x14 24
4564 1227£029 —-1.19£044 186 £73 7227 32
4649 13.68 £040 —2.13£0.11 57+06 20+£03 =>10
4697 1296 £032 —-229+£023 54 %13 19+£06 26
5846 13.75£038 —-258+0.13 35+05 09+£03 =>10
5866 1231 £046 —-1.89+126 69 £63 26+£20 06
7457 1243 £024 —-173£024 114 £27 44x11 03

1316 1373 £041 —-241£0.17 41 £07 13x04 04
1399 14.11£038 —-273£007 29£02 05+£02 24
4472 1411 £042 -230+0.12 45+05 14+£03 =>10
4594 1275 £0.14 —-170£021 153 £34 59+13 46
4636 1336 £030 —-2.63+0.09 3.7+ 04 10£02 =>10
5128 1256 £024 —181£024 89 £20 34+08 -

64+ 15 23£06 24
62 22 23£09 4.1
54+26 19+1.1 =>10

order of magnitude increase in {ppy) corresponds to a factor of ~3
increase in cyqy.

The final step in estimating the epoch of halo assembly is to trans-
form our inferred halo concentrations into halo assembly epochs.
Tools that efficiently do this transformation are now readily avail-
able. For each estimated cy9, we use the commaH package from
Correa et al. (2015), which is based on NFW DM profiles, to obtain
the corresponding halo formation redshift, zsm,, given the halo con-
centration, c¢0, While adopting the Planck cosmology. This NFW
parametrization matches well with our earlier preference to describe
our DM haloes with NFW profiles, rather than with cored logarith-
mic DM haloes or other alternate parametrizations and thus enables
us to calibrate our DM densities directly into halo assembly epochs.
In the commaH package, zfom, is the epoch when the virial mass of
any progenitor halo is equivalent to the mass within its present-day
scale radius. Table 3 contains a summary of the inferred halo prop-
erties for our galaxy sample. From Table 3, low {ppy) corresponds
to more recently formed haloes and vice versa. Galaxies with ¢zg0
<2 (NGC 4494, NGC 2974 and NGC 3607) have invalid z¢orm from
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Table4. Comparison of halo properties with literature results. Columns: (1)
galaxy name; (2) halo mass; (3) halo concentration; (4) corrected halo mass
from the literature; (5) corrected halo concentration from the literature; (6)
virial overdensity, halo mass and concentration (where necessary, we have
obtained corresponding halo mass and concentration at virial overdensity of
200).

Galaxy logM>00 €200 logM>00 €200 Notes
(NGC) Mgp) Mg) Ay, logMy, ¢
This work Literature
720 12.83 3.0 12.77 14.15 101.6, 12.82, 18.50¢
821 12.99 6.4 17.52 1.73 101, 17.68, 2.45"
821 14.31 1.77 101, 14.46, 2.50¢
1400 12.71 5.4 11.92 3.98 101, 12.02, 5.38¢
1407 13.82 2.3 13.23 7.77 101, 13.3, 10.30°¢
13.78 6.85 101, 13.85,9.10"
12.99 5.63 101, 13.07, 7.53¢
13.57 12.11 200, 13.57, 12.118
13.34 18.59 200, 13.34, 18.60"
12.96 13.68 101.7, 13.02, 17.88¢
2768 13.22 4.7 11.69 4.72 101, 11.78, 6.35¢
3115 12.65 17.9 12.08 13.79 101, 12.14, 18.07¢
3377 12.19 5.7 11.28 5.25 101, 11.36, 7.03¢
4278 12.76 15.7 11.71 13.23 101, 11.77, 17.35¢
4365 13.73 44 12.53 11.01 101, 12.59, 14.48¢
4374 13.86 5.6 13.14 10.97 178, 13.15, 11.50'
13.32 5.59 100, 13.4, 7.50/
4486 13.97 7.8 13.93 6.98 101, 14.0, 9.27%
12.61 12.78 101, 12.67, 16.77¢
14.67 3.21 101, 14.78, 4.38!
13.90 3.88 101, 14.0, 5.25™
13.95 3.83 101, 14.05, 5.19"
4494 12.53 1.9 11.97 6.23 101, 12.05, 8.30°
12.02 4.32 101, 12.11, 5.82¢
4649 13.68 5.7 13.49 15.94 101.5, 13.54, 20.80¢
13.47 5.94 A not stated’
4697 12.96 54 12.66 4.53 101, 12.75, 6.10°¢
5846 13.75 3.5 13.16 6.00 101, 13.24, 8.007
12.76 11.40 101, 12.82, 14.99¢
13.10 8.90 200, 13.1, 8.904
1316 13.73 4.1 13.37 6.10 A not stated"”’
1399 14.11 2.9 13.31 13.57 101, 13.26, 11.00"
12.89 10.20 101, 12.95, 13.44*
4472 14.11 4.5 13.45 9.93 101.4, 13.51, 13.07¢
13.94 - 200, egn.16"
4636 13.36 3.7 13.13 7.37 101, 13.07, 5.90
12.99 20.09 200, 12.99, 20.10"

References: “Buote et al. (2007), *Forestell & Gebhardt (2010), “Napolitano
et al. (2009), YSamurovié (2014), ¢Pota et al. (2015), f/Romanowsky et al.
(2009),8Suetal. (2014), ”Zhang etal. (2007), Zhu et al. (2014),/Napolitano
et al. (2011), ¥Oldham & Auger (2016), lMcLaughlin (1999), "Strader
et al. (2011), "Murphy, Gebhardt & Adams (2011), “Shen & Gebhardt
(2010), PNapolitano et al. (2014), 9Zhu et al. (2016), "Richtler et al. (2014),
$Schuberth et al. (2010), ‘Samurovié (2016), “Coté et al. (2003), ”Schuberth
et al. (2012), "Johnson et al. (2009).

the commaH package and for these, we fix their halo formation epoch
at Zrorm ~ 0.1. These are all galaxies with low fpy within 5 R..

3.4 Comparison of halo properties with literature studies

Some of the galaxies in our sample have published cy00 and May
results in the literature from various studies. These studies are based
on data from extended PNe and/or GC kinematics (sometimes sup-
plemented with stellar kinematics data) and X-ray studies, with
different modelling techniques. We compile these results in Table 4



and where a virial overdensity other than Ajy has been used in the
literature, we rescale the results using the conversion relations from
Hu & Kravtsov (2003). Note that while our M5, and literature My
are generally consistent, our ¢y values are generally lower than
literature results and by construction, are more consistent with ex-
pectations from the M,pp—c209 relations. The implication of adopting
the cyo0 reported in the literature for our galaxy sample is that on
average, their haloes are already in place at zgm, ~ 5, whereas we
find a mean Zg,, ~ 3. This is due to the extra constraint from the
stellar mass—halo mass relation that we have placed on M. A sim-
ilar approach was used in Auger et al. (2013) where the M5—c200
relation was used as a conditional prior on ¢;. This eased the ten-
sion between theoretical expectations and results often reported in
the literature (e.g. Napolitano et al. 2011; Samurovi¢ 2014, 2016).

4 DISCUSSION

Present-day galaxies are expected to have experienced different
merger (major and/or minor) and gas accretion (smooth and/or
clumpy) histories of DM and baryons. It is also expected that signa-
tures of these varied assembly histories should be reflected in their
mass distributions and halo structural properties. In this work, we
have obtained DM fractions and average DM densities within the
inner 5 R. for our sample of ETGs. We interpret the diversity we
observe in these parameters as a reflection of their different mass
assembly histories. We also use these homogeneously obtained mass
measurements to infer the assembly epochs of their haloes as well
as their structural parameters.

4.1 Origin of the diverse DM fractions within 5 R. in ETGs

From our results above, it appears that galaxies with fpm ~ 0.7,
in particular, the central dominant types, are well described by the
simulation from Remus+17, while those with fpv ~ 0.5 appear
to be better described by Wu+4-14. A few galaxies have inferred
Jfom well below the results from both cosmological simulations.
Again, we note that in the simulations of Wu+14 and Remus+17,
the DM distributions have been modified from the standard NFW-
like profiles through baryon—-DM interactions. Also, Remus+17
included feedback from AGN and SN.

During the late phase of the mass assembly (i.e. z < 2) in these
simulations, growth is dominated by dry mergers (major/minor) and
happens predominantly in the outer haloes. Due to this mostly non-
dissipative growth in size and mass, our fiducial 5 R. now encloses
more DM relative to stars compared to their high-redshift progen-
itors. At any given stellar mass, ETGs with higher DM fractions
have experienced a late phase mass assembly that is increasingly
dominated by dry mergers. However, the present-day mass distribu-
tion, parametrized by the fpy, also depends on the extent to which
the inner DM halo has been modified by baryonic processes during
the mass build-up of the galaxies, as well as the initial conditions
set by the density of the universe during the initial halo collapse. We
explore this in more details below and note that none of the cosmo-
logical simulations (nor any that we are aware of in the literature)
produce galaxies with fpy within 5 R, as low as we have measured
in some of our ETGs.

While the simple galaxy model (SGM1) clearly captures the mean
DM fraction at any stellar mass, its use in properly understanding
the origin of the diversity in our measured fpy; is hampered by the
large scatter around the mean fpy. This scatter is from the combined
uncertainties from the input scaling relations (i.e. R.—M.,., M.—M>y
and Mjy—ca00). There is an ~0.25 dex scatter in the R.—M,, an
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~0.2 dex scatter in the M,—M>y, and an ~0.11 dex scatter in the
Mopo—ca00 scaling relations, with the scatter in the R.—M, being
the most critical. Deviations of individual galaxies from the R.—M.,
scaling relation produce an asymmetrical bias towards lowered fpum
(see Fig. 3, where we measure higher fpy; than predicted for most of
our galaxies), resulting in the wide range of plausible DM fractions.
However, these deviations do not explain why the galaxies with
low DM fractions preferentially have log(M,/Ma)~11. SGM2,
the simple galaxy model we constructed based on a fit to the sizes
and stellar masses in Table 1, could potentially help shed more light
on this since it captures better the general trend in our measured fpy;.
However, to properly address this issue, one would need to study
more galaxies with log(M, /M) < 10.5 to rule out any artificial
bias from our sample selection.

The low fpm ETGs, all with log(M../M@)~11, have very low
average DM densities within 5 R., and from our preceding anal-
ysis, they have unrealistic halo assembly epochs, appearing to be
incompatible with the Planck cosmology. However, they are normal
ETGs in that they have R. and M, that are compatible with the R.—
M, galaxy scaling relation. It is remarkable that log(M.,./M@)~11
corresponds to the sharp upturn in the R.—M, scaling relation and
the knee in the M,—M» scaling relation. At this stellar mass (also at
all redshifts), galaxies are most efficient at converting baryons into
stars e.g. Rodriguez-Gomez et al. (2016), such that a low DM frac-
tion should then be a natural expectation. Above log(M,./M@)~11,
galaxy haloes are too massive for gas to cool and form stars while
below this mass they are not massive enough to hold on to their
gas. This makes log(M.. /M@ )~11 ETGs interesting as one should
be able to observe the effects of extended star formation history on
galaxy evolution through their mass distributions.

From our SGM1, we find that haloes of log(M,/M)~11 ETGs
have significantly lower r;/R. (ratio of DM halo scale radius to
galaxy size) compared to ETGs at other stellar masses (see Ap-
pendix A2). A simple experiment with a mock log(M,/M@)~11
galaxy, where we increase r, by a factor of 3 to reflect a more diffuse
DM halo, sufficiently reduces the fp\ by a factor of 2, that is, from
~0.6 to ~0.3. This implies that any mechanism that can produce
normal galaxies in diffuse DM haloes should be able to explain the
low DM fractions we have observed in these galaxies. The physical
processes to achieve this include halo expansion through dynami-
cal friction from infalling stellar clumps (Johansson et al. 2009) or
feedback-induced DM outflows (Governato et al. 2010). The mod-
ified DM profile would then be non-NFW and as such our analysis
here which assumes an NFW-like profile would be inadequate.

The low DM fractions could also be due to the preferential tidal
stripping of DM haloes relative to their stars (e.g. Smith et al. 2016)
from gravitational interactions with their neighbours. If this were to
be the case, then one would expect to find signatures of depletion
in the GC population, especially in the galaxy outskirts, since they
are more radially extended than the starlight. However, we find
evidence to the contrary from their GC subpopulations (e.g. Forbes
et al. 2016), where for example, the low DM fraction galaxy NGC
4494 still retains a high fraction of blue GCs relative to its entire
GC system in the galaxy outskirts (the blue GCs usually dominate
the GC system in galaxy outer haloes).

Alternatively, their low DM fractions could mean that their DM
haloes are poorly described by NFW DM profiles. This suggests
the need for an alternate halo description, e.g. using logarithmic
DM haloes (Thomas et al. 2009; Morganti et al. 2013; Alabi+16).
Interestingly, logarithmic DM haloes are characterized by shallow
central DM densities with a maximal stellar contribution (e.g. Gen-
tile et al. 2004; Napolitano et al. 2011), reinforcing our earlier
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Figure 5. DM fraction versus total stellar mass, highlighting different galaxy environments in the left-hand panel, galaxy morphologies in the middle panel
and galaxy central kinematics in the right-hand panel (SR = slow rotators; FR = fast rotators). Centrally dominant galaxies have been marked with black
crosses and they mostly have high DM fractions. As a function of morphology, DM fraction appears to increase with galaxy stellar mass in ellipticals while
lenticulars show a noisy, somewhat decreasing trend with mass and a lower median fpv compared to elliptical galaxies. The decreasing trend with stellar mass
in lenticulars from the middle panel is not seen in the fast rotators in the right-hand panel.

inference. The presence of self-interacting DM in haloes can also
lower the central DM densities (e.g. Rocha et al. 2013; Di Cintio
et al. 2017) by making the core radius larger, but it would be chal-
lenging to separate its effects from those purely driven by feedback
outflows, especially in log(M,/M@)~11 galaxies.

4.2 DM fractions and correlation with galaxy properties

We revisit the issue of correlation between the DM fractions within
5 R. for our enlarged sample and some of their galaxy properties.
We briefly summarize the interesting trends below and show the
trends in Fig. 5. The Spearman rank correlations between the DM
fractions and galaxy properties are all statistically insignificant and
generally weak, mainly due to the large scatter due to the ~10'' M,
galaxies.

First, trends as a function of environment are generally weak.
The only stand-out trend we find as a function of galaxy environ-
ment is that central dominant ETGs mostly have high DM fractions
with low DM fraction ETGs preferentially residing in less-dense
environments. Second, we find that SOs are observed to have lower
median DM fractions compared to ellipticals, and probably show
a hint of an opposite trend in their DM fractions with stellar mass
compared to ellipticals. This is similar to results reported for spirals
in the literature (Persic, Salucci & Ashman 1993; Dutton et al. 2011;
Courteau & Dutton 2015), where the most massive spirals have the
lowest central DM fractions. This trend was also tentatively identi-
fied in the SOs studied in Tortora et al. (2009), although, due to their
spherical modelling technique, they claimed that the trend may not
be real. Interestingly, this trend is lost when our sample is classified
according to their central kinematics, that is, fast or slow rotators
(using results from the ATLAS?P; Cappellari et al. 2013).

If this dichotomy in the large-scale mass distribution between SOs
and ellipticals is real, it implies that SOs are akin to spirals, more than
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ellipticals. Disc-dominated galaxies would then have a global mass
distribution where the DM fraction decreases with stellar mass, at
least within 1 R, (e.g. Courteau & Dutton 2015), and out to large
radii. This agrees with results from Cappellari et al. (2015) where
they found that central fast-rotators and discy lenticular galaxies
have similar mass distributions out to 4 R.. A larger and more
complete sample of ETGs probed to large radii would be needed to
confirm if indeed this dichotomy is real or not, as well as predictions
of the large-scale mass distributions from cosmological simulations
that produce SOs and ellipticals.

4.3 When did the haloes of ETGs form?

We summarize the inferred halo assembly epochs for our galaxy
sample in Fig. 6, showing how they vary with galaxy total stellar
mass and size. Lower mass galaxies are associated with haloes that
assembled earlier; zgorm ~ 4, while the more massive galaxies have
haloes that assembled later, at zg;, ~ 2. Likewise, more compact
galaxies are associated with haloes that assembled earlier, and vice
versa. These results are consistent with hierarchical growth of struc-
tures such that smaller objects virialize early in gas-rich events, with
today’s massive galaxies undergoing a more extended halo build-
up. The Spearman rank correlation between zg,m, and stellar mass
is ~— 0.5 and only marginally significant; however, if we remove
the galaxies with very low DM fractions, that is, NGC 2974, NGC
3607 and NGC 4494, the correlation becomes statistically signifi-
cant, that is, p-val <0.005. The correlation between zs, and size,
on the other hand, is stronger (~— 0.7) and statistically significant
(p-val <0.005) regardless of whether we exclude the three galaxies
with low DM fractions or not.

In Fig. 7, we compare z¢o;,, With that of the central stellar pop-
ulations (obtained from the luminosity-weighted ages within their
central 1 R.; McDermid et al. 2015) for our galaxies. We adopt the
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Figure 6. Halo assembly epoch as a function of total stellar mass (left-hand
panel) and galaxy size (right-hand panel). The three galaxies with unrealistic
halo assembly epochs are shown at zform ~ 0.1. Lower mass and/or smaller
galaxies reside in haloes that assembled earlier than their more massive
and larger counterparts, in agreement with the hierarchical structure growth.
However, at any stellar mass or galaxy size, there exists a large spread in
the inferred halo formation epoch. Also note the correlation between the
average DM density from Fig. 4 and the halo assembly epoch, such that
galaxies with high DM densities assemble their haloes early.
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Figure 7. Summary plot showing the mean halo assembly epoch for our
galaxy sample, in low (log(M« /M) < 11, circles and solid lines) and high
(log(M4/M@) > 11, diamonds and dash—dotted lines) stellar mass bins.
Filled symbols correspond to halo assembly epochs while open symbols
show the mean formation epoch that corresponds the luminosity-weighted
ages of the central stars in our sample. Panel a shows the mean assembly
epoch according to galaxy morphology (E=elliptical, SO=lenticular). Note
that we have excluded all galaxies with ambiguous morphological classifica-
tion from this analysis. Panel » shows mean assembly epoch as a function of
galaxy environment (F=field, G=group, C=cluster) and panel ¢ shows the
mean assembly epoch as a function of central galaxy kinematics (FR=fast
central rotator, SR=slow central rotator). The error bars are the standard
deviations about the mean. While there are large spreads about the mean,
massive ellipticals have haloes that assemble relatively late compared to
lenticulars or low-mass ellipticals. We also find that massive ellipticals in
the field have haloes that assemble very late in agreement with predictions
from the semi-analytic galaxy formation models of De Lucia & Blaizot
(2007).
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cosmological parameters of a flat universe from the Planck Collab-
oration XVI (2014), that is, Hy = 67.8 kms~! Mpc~!, Qy = 0.307
and use the ASTROPY.COSMOLOGY package to convert the ages to for-
mation epochs. This exercise enables us to infer the nature of the late
mass assembly in our sample of ETGs, that is, dissipational or non—
dissipational, assuming that late gas-rich merger events are always
accompanied by central star formation. For some of our galaxies,
the stellar age from the literature is comparable to, or more than,
the age of the universe (~13.8 Gyr). In such cases, we adopt a fixed
upper limit of >13.3 Gyr (zgurs > 10).

Due to the strong correlation of zg, with stellar mass, we make
our comparisons after binning our galaxies by their stellar masses.
Bearing in mind our modest sample size, we consider two stellar
mass bins, that is, log(M,. /M) < 11 and log(M,./M¢) > 11 and
make the comparison with respect to galaxy morphology, environ-
ment and central kinematics. From Fig. 7, massive ellipticals have
haloes that assembled late, that is, zgm < 2, compared to massive
lenticulars, whose haloes assembled earlier (Zso;, ~ 4). The halo
assembly epoch of low-mass ellipticals is not significantly different
from that of lenticulars, in that their haloes also assembled early
(zZtorm ~ 3). The late halo assembly in the field for the most mas-
sive galaxies is mainly driven by the galaxies with very low DM
fractions. This is in line with results from semi-analytic models
(e.g. De Lucia & Blaizot 2007) of galaxy formation where galax-
ies in low-density environments are expected to be associated with
haloes that assembled later than those in cluster environments (see
also Corsini et al. 2017, where they arrived at a similar conclusion
based on their low-density environment dynamical study). How-
ever, we only find this agreement in our most massive field galaxies,
that is, log(M,/Mc) > 11. If on the other hand, we disregard the
stellar mass binning, halo assembly epoch then has no correlation
with galaxy environment (see Appendix A3 for a version of Fig. 7
but without stellar mass binning). Haloes associated with more
massive slow or fast rotating galaxies also have late assembly epochs
compared to their low-mass counterparts. There is however a strong
trend in the central stellar age as a function of galaxy morphology,
environment and central kinematics in both stellar mass bins, where
the central stars are usually in place at earlier times relative to the
halo in bulge-dominated systems. The only exception to this is in
low-mass, slow rotators that form their central stars relatively late,
that is, Zform ~ 2. Our results therefore suggests a dichotomy be-
tween the late mass evolution of the bulge-dominated ellipticals and
the discy lenticulars.

This dichotomy, together with our earlier results, where at any
stellar mass, more massive and centrally dominant ETGs have
higher DM fractions and lower average DM densities within 5 R.,
form a consistent picture when considered in the context of the
two-phase galaxy formation paradigm for massive ETGs (e.g. Naab
et al. 2009; Oser et al. 2010; Forbes et al. 2016). Dry mergers, after
the early dissipational phase, increase the inner DM fractions in
massive ETGs since they do not bring a significant amount baryons
to the galaxy centres but rather lead to a net outward transfer of an-
gular momentum via dynamical friction. They also reduce the inner
average DM densities since they make the galaxies larger. These
findings therefore rule out wet-major merger or gas-rich accretion
events as the predominant channel for the late mass build-up of
massive ETGs.

5 CONCLUSIONS

We have measured the DM fraction and average DM density within 5
R. in a sample of 32 ETGs using their GC kinematics. We compared
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our DM fractions with predictions from cosmological simulations.
We also used our measured dynamical parameters to infer the epochs
of assembly of our ETG haloes, assuming DM haloes are well
described by NFW profiles. We briefly summarize our results here.

(1) ETGs have a wide range of DM fractions within 5 R, ranging
from 0.1 to 0.9, typically increasing with galaxy stellar mass, and
largely independent of the galaxy’s environment. We find that a high
DM fraction is consistent with a late (z < 2) mass assembly that is
dominated by dissipationless mergers.

(i) We find that ETGs with low DM fractions within 5 R, are
typically those with log(M,/Mx)~11 and diffuse DM haloes. We
associate their low DM fractions with a mass assembly likely dom-
inated by halo expansion.

(iii) By comparing our results with predictions from a suite of
cosmological simulations, we are able to show that modifications
of the mass distribution due to physical processes during mass
assembly are important in understanding the distribution of DM
fraction in present-day ETGs.

(iv) ETGs reside in haloes that assembled, on average, Zo;m ~ 2—
3. The ~L* ETGs have haloes that assembled earlier (z ~ 4) than
their more massive counterparts that assembled later (z ~ 2). We
find that massive galaxies, that s, log (M./M@)>11, in the field en-
vironment have haloes that form late, in agreement with predictions
from semi-analytic galaxy formation models.

(v) SOs and ellipticals reside in DM haloes with similar struc-
tural properties and assembly epochs. However, we find hints that
there may be a dichotomy in their mass distributions at large radii,
with SOs showing signs of a decreasing DM fraction with increas-
ing galaxy stellar mass, unlike ellipticals. We attribute this to a
fundamental difference in their dominant late-phase mass assembly
channel.
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APPENDIX A

A1l Extreme velocity anisotropy, total mass estimates and DM
fractions

We investigate if the results we have obtained assuming mild
velocity anisotropies are robust against extreme anisotropies, by
adopting a more extreme velocity anisotropy, that is, 8 = —1.0.
This is motivated by results from some dynamical studies (e.g.
Pota et al. 2015; Zhang et al. 2015) and cosmological simulations
(e.g. Rottgers et al. 2014) where such anisotropies were obtained.
There are also indications from cosmological simulations (Bryan
et al. 2013; Rottgers et al. 2014; Wu et al. 2014) that the stellar ve-
locity anisotropy out to 5 R, correlates with the fraction of stars that
formed in situ. The nature of the reported correlation is such that in
galaxies with low in situ stellar fractions, that is, galaxies where the
late mass assembly is dominated by dry mergers, mostly the slow
rotators, the anisotropy is mildly radial (8 > 0.2-0.4). Galaxies
with high in situ stellar fractions, on the other hand, show strongly
tangential up to isotropic anisotropies, thatis, —1.0 < 8 < 0.2. This
anisotropy range is similar to what we now explore; however, GCs
may not have the same velocity anisotropy as stars. From the few
massive galaxies with published GC anisotropy profiles, it is diffi-
cult to pick out a clear pattern (e.g. Pota et al. 2013; Zhu et al. 2016);
see also Pota et al. 2015; Zhang et al. 2015, where GCs are reported
to be have strongly tangential anisotropies at large radii. More so,
in the lower M, galaxies, GC kinematics data are mostly too sparse
to extract any anisotropy information; although from the PNe data
associated with these galaxies, the trend is one where the PNe are
isotropic near the galaxy centre and radially biased around 5 R..
Again, PNe and GCs may not have similar anisotropies.

The top panel in Fig. Al shows the fractional changes in M, as
a function of M, while the bottom panel shows the corresponding
changes in fpy versus M,, for different anisotropy assumptions.
Note that assuming a more strongly tangential anisotropy results in
an increase in Mo and fpy only in the most mass-massive galaxies
and the opposite effects in the lower M, galaxies in our sample.
If we assume a correlation between 8 and M, that maximizes My
within 5 R., the fractional change in M, is <0.2 dex, and this
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Figure Al. Top panel: fractional change in total mass within 5 R, for differ-
ent velocity anisotropy assumptions. Bottom panel: corresponding change
in DM fraction within 5 R, for different velocity anisotropy assumptions.
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Figure A2. Top panel: variation of r¢/R. with stellar mass in our simple

galaxy model (SGM1). The ratio of the scale radius of the DM halo to galaxy
size reaches a minimum around log(M,/M@) ~ 11.
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Figure A3. Summary plot showing the mean halo assembly epoch for our
galaxy sample (black circles) without binning by stellar mass. The plot also
shows the mean formation epoch that corresponds the luminosity-weighted
ages of the central stars in our sample (red diamonds). Panel a shows
the mean assembly epoch according to galaxy morphology (E=elliptical,
SO=lenticular), with the dashed lines joining the mean epochs when galaxies
with ambiguous classifications are added to either morphologies. Panel b
shows mean assembly epoch as a function of galaxy environment (F=field,
G=group, C=cluster) and panel ¢ shows the mean assembly epoch as a
function of central galaxy kinematics (FR=fast central rotator, SR=slow
central rotator). Comparing the panels with those in Fig. 7 highlights the
need to account for the strong dependence of halo assembly epoch with
galaxy stellar mass. The trend we earlier observed in the field, where haloes
of massive galaxies assemble at later epochs is not obvious.

results in a <0.1 change in fpy. Around log(M,. /M) ~ 11, where
we measure our the lowest fpv, we now observe the least change in
M. While it is interesting to understand the nature and systematics
of GC velocity anisotropy, our analysis suggest that its effect on
the total mass estimates and DM fractions within large radii is
minimal.

A2 Variation of r;/R. with stellar mass

This plot is in reference to how stellar mass varies with the ra-
tio of the scale radius of the DM halo and galaxy size from our
SGM1. The minimum in ry/R. observed at log(M,/Mp) ~ 11 im-
plies that at this stellar mass, galaxies with may already be struc-
turally different.

A3 Halo assembly epoch as a function of galaxy properties,
without binning by stellar mass

Here, we show a version of Fig. 7, without binning our galaxies
by stellar mass. We have also included galaxies with ambiguous
morphological classification. Note that the late halo assembly epoch
for galaxies in the field is not obvious without the correction we have
applied to account for the strong dependence of zjor, On galaxy
stellar mass.
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