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ABSTRACT

Here we utilize recent measures of galaxy total dynamical mass and X-ray gas luminosities
(Lx.Gas) for a sample of 29 massive early-type galaxies from the SLUGGS survey to probe
Lx_gas—mass scaling relations. In particular, we investigate scalings with stellar mass, dynam-
ical mass within 5 effective radii (R.) and total virial mass. We also compare these relations
with predictions from A cold dark matter simulations. We find a strong linear relationship
between Lx gas and galaxy dynamical mass within 5R., which is consistent with the recent
cosmological simulations of Choi et al. that incorporate mechanical heating from AGN. We
conclude that the gas surrounding massive early-type galaxies was shock-heated as it fell into
collapsing dark matter haloes so that Lx g,s is primarily driven by the depth of a galaxy’s
potential well. Heating by an AGN plays an important secondary role in determining Lx_ Gas-
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X-rays: galaxies.

1 INTRODUCTION

Massive early-type galaxies (ETGs) reveal haloes of hot gas. This
X-ray emitting diffuse gas varies in luminosity by a factor of ~100—
1000 for a given optical luminosity, or equivalently, stellar mass
(O’Sullivan, Forbes & Ponman 2001; Fabbiano 2006; Boroson,
Kim & Fabbiano 2011). It has been suggested that stellar mass loss
dominates the source of this gas (Sun, Donahue & Voit 2007; Sarzi
et al. 2013). However, in a large X-ray study of ETGs, Goulding
et al. (2016) concluded that the data are not consistent with a simple
stellar mass loss picture.

An additional source of gas is indicated by the cold dark matter
(CDM) paradigm for galaxy formation. Here infalling pristine gas
in massive haloes is shock-heated to X-ray emitting temperatures
as these haloes collapse. The hot gas slowly cools while emitting
X-rays, with the X-ray luminosity directly related to the depth of
the potential well (White & Frenk 1991). In the GIMIC simulations
of Crain et al. (2010), the density of the hot gas is less concentrated
than that of the canonical dark matter density profile. This leads to
much lower X-ray luminosities than predicted by White & Frenk
(1991), which is then closer to the X-ray luminosity as observed
from late-type galaxy haloes. However, for ETGs, AGN heating of
hot gas is also potentially important. Recently, Choi et al. (2015)
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included AGN in cosmological models of massive ETGs. They
found better agreement with the X-ray luminosities of ETGs than
when using models without AGN feedback, although some discrep-
ancies remained. These cosmological simulations all suggest that
the key parameter determining the luminosity of the diffuse X-ray
gas (Lx gas) s the galaxy mass (which determines the depth of the
potential well) with AGN perhaps playing a secondary role in ETGs.

Combining new Chandra data with results from the literature,
Kim & Fabbiano (2013, hereafter KF13) have shown that the dy-
namical (i.e. baryonic plus dark matter) mass may indeed be the
key parameter in determining Lx_ ¢,s surrounding an ETG (see also
Mathews et al. 2006). In particular, they showed that measurements
of Lx as correlated strongly with the dynamical mass within 5K,
(where R, is the effective radius of the galaxy optical light) for a
sample of 14 ETGs. The total mass measurements within SR, came
from the work of Deason et al. (2012) who used a combination of
planetary nebulae (PNe) and globular cluster (GC) kinematics from
the literature, and the assumption of power-law mass and tracer
density profiles.

Here, we use a homogeneous analysis of dynamical masses from
GC kinematics within SR, for 29 ETGs (Alabi et al., in preparation).
This analysis is based on data from the SLUGGS survey (Brodie
etal. 2014) and supplemented by data from the literature. X-ray gas
luminosities mostly come from the compilation of Kim & Fabbiano
(2015, hereafter KF15) and are extracted from radii which vary
from 30 to 240 arcsec (~2-5R..) We investigate the trends of the
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Figure 1. Comparison of total dynamical mass within 5R. from Deason
et al. (2012) with that from Alabi et al. (in preparation) for galaxies used
in this work. Deason et al. masses based on GCs are shown by open red
circles, while those using PNe or a combination of PNe and GCs are shown
by filled blue triangles. The dashed line shows the 1:1 relation. The Alabi
et al. masses tend to be systematically higher than the Deason et al. masses
for lower mass galaxies.

X-ray gas luminosity for our sample with stellar mass, dynamical
mass within 5R, and with extrapolated virial mass. We compare
these new observations with simulated galaxy haloes from Crain
et al. (2010) and Choi et al. (2015), and discuss whether the hot
gas haloes around ETGs are consistent with an origin, and heating
mechanisms, as described by the ACDM paradigm.

2 DATA

GC kinematics for galaxies from the SLUGGS survey are supple-
mented by literature data for NGC 1316, 1399, 4472 and 4636
to give a total sample of 29 galaxies, to derive dynamical masses
(Alabi et al., in preparation). The SLUGGS (Brodie et al. 2014)
survey targets nearby ETGs with stellar masses around 10! Mg.
The survey has accumulated over 4000 high-precision GC velocities
(see e.g. Pota et al. 2013).

Dynamical masses for the sample galaxies have been derived
from the GC kinematics by Alabi et al. (in preparation). They used
the tracer mass estimator of Watkins, Evans & An (2010) with
the assumption of isotropic orbits for the GCs (mildly radial or
tangential orbits give masses within ~10 per cent of the isotropic
case). Small corrections have been made for flattening, rotation or
substructures within the GC systems. In Fig. 1, we show a com-
parison of the total dynamical mass within 5R. used in this work
with that used by KF13, i.e. from Deason et al. (2012). Although
there is a reasonable match between the two studies, Fig. 1 shows
that Alabi et al. (in preparation) find systematically higher masses
for low-mass galaxies than Deason et al. The masses for most of
these low-mass galaxies were derived using PNe, which Alabi et al.
(2016) showed may underestimate the true galaxy mass compared
to other tracers of mass (i.e. GCs and X-rays). Here we use the
Alabi et al. (in preparation) masses which are derived only from
GCs. Assuming an NFW-like halo, Alabi et al. (in preparation) also
estimated the total virial mass for each galaxy by extrapolating from
the SR, mass.

The diffuse hot gas X-ray luminosities in the 0.3-8 keV band
are taken from the work of KF15. They have carefully removed the
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contribution from discrete sources such as low-mass X-ray binaries
(Fabbiano 2006) to the total X-ray luminosity, leaving the diffuse
gas contribution Ly, g,s. A correction to bolometric would increase
the X-ray luminosities by 0.08 dex on average. Most of the X-ray
data come from Chandra observations. However, for some high-
mass galaxies, the X-ray emission is particularly extended (e.g.
NGC 4374, 4486, 4649, 5846) and in those cases ROSAT data from
O°Sullivan et al. (2001), corrected to the Chandra energy band, are
used. Although the contribution from discrete sources in the ROSAT
data cannot be subtracted as accurately as it can for Chandra data,
their contribution is only about 1 per cent of the diffuse gas lumi-
nosity for these high-mass galaxies (see O’Sullivan et al. 2001). For
further details, see KF15. Here we make a very small correction to
the KF15 Lx gas luminosities for the distances used in the SLUGGS
survey (Brodie et al. 2014). The KF15 compilation did not include
several galaxies that appear in the Alabi et al. (in preparation) study.
Here we also include the X-ray luminosities for NGC 720, NGC
1316 and NGC 3115 from Boroson et al. (2011), and for NGC 5128
from KF13. Su et al. (2014) conducted a detailed XMM and Chan-
dra study of NGC 1400. As well as the X-ray emission centred on
NGC 1400, they detected an enhanced region of X-rays to the NE
of the galaxy that they associated with stripped gas. Here we use
the X-ray luminosity centred on NGC 1400 with a small adjust-
ment to our X-ray band and distance, and assume an uncertainty of
20 per cent. We note that the X-ray luminosity would double if the
enhanced region were also included. Two galaxies in Alabi et al.
(in preparation) but not included here are NGC 2974 (not observed
by Chandra) and NGC 4474 (the Chandra observation was only
5 ks).

In Table 1, we list the properties of our sample galaxies. These
include the distance-adjusted Lyx, cas, the presence of a core or a
cusp in the central optical light profile, the local environment of the
galaxy, the stellar mass calculated from the K-band luminosity after
the correction described by Scott, Graham & Schombert (2013)
and assuming M/Lx = 1, the dynamical mass within 5R. and an
estimate of the total virial mass.

3 RESULTS AND DISCUSSION

In Fig. 2, we show the X-ray luminosity against stellar mass, dy-
namical mass within 5R, (i.e. on a scale that is comparable to the
X-ray extraction radii used by KF15 and one in which our sam-
ple galaxies are dominated by dark matter) and virial mass. These
measurements and their uncertainties are given in Table 1.

We also show in Fig. 2 model predictions from the cosmological
simulations of Crain et al. (2010) and Choi et al. (2015). Crain et al.
(2010) used the GIMIC hydro simulations to predict the X-ray gas
properties of 458 isolated late-type galaxy haloes. A key finding of
their work is that the gas is in quasi-hydrostatic equilibrium and
that the large scatter in the optical and IR luminosity—Lx relation
is largely due to the variation of stellar mass at a given halo mass.
In contrast, the halo virial mass—Lyx relation is much tighter, since
it directly traces the depth of the potential well. We note that the
observations are in the 0.3-8 keV energy range, while the Crain
et al. simulations predict the 0.5-2 keV range. We expect a small
(<0.1 dex) increase in their predicted X-ray luminosities to account
for the wider band in the observations. Crain et al. did not include
AGN in their simulations.

AGN, and the X-ray cavities that they form, are now known
to have an important effect on the hot gas haloes around ETGs
(McNamara & Nulsen 2007; Diehl et al. 2008). If an AGN im-
parts sufficient mechanical energy to the halo gas, it can result in
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Table 1. Galaxy sample and properties.

Galaxy Dist. Re Core Env. log Lx, Gas log M. log M (<5R.) log Myirial
[NGC] (Mpc) (arcsec) (erg s7h Mgp) Mp) Mgp)
(1) 2 3) 4) ) (©) (7 )] )

720 26.9 35 1 F 40.68F 11.35 11.56 (0.20) 12.97 (0.44)
821 23.4 40 3 F 38.40 10.97 11.63 (0.19) 12.95 (0.30)
1023 11.1 48 3 G 38.79 10.98 11.21 (0.14) 12.54 (0.28)
1316 20.8 69 2 C 40.701 11.81 12.06 (0.14) 13.72 (0.44)
1399 20.9 56 1 c? 41.73 11.51 12.15(0.11) 13.62 (0.42)
1400 26.8 28 1 G 39.67% 11.12 11.37 (0.23) 12.71 (0.35)
1407 26.8 63 1 G4 41.14 11.60 12.06 (0.10) 13.58 (0.44)
2768 21.8 63 2 G 39.88 11.28 11.85 (0.13) 13.23 (0.39)
3115 9.4 35 3 F 38.38% 10.97 11.31 (0.14) 12.63 (0.28)
3377 10.9 36 3 G 38.00 10.44 10.78 (0.16) 12.13 (0.21)
3607 22.2 39 1 G 40.20 11.29 11.40 (0.27) 12.78 (0.45)
3608 22.3 30 1 G 39.62 10.82 11.53 (0.33) 12.84 (0.38)
4278 15.6 32 1 G 39.39 10.88 11.45 (0.13) 12.76 (0.23)
4365 23.1 53 1 G4 39.66 11.48 12.08 (0.10) 13.54 (0.42)
4374 18.5 53 1 C 40.82 11.46 12.15 (0.24) 13.60 (0.46)
4459 16.0 36 3 C 39.39 10.93 11.27 (0.33) 12.59 (0.41)
4472 16.7 95 1 C 41.36 11.74 12.37 (0.10) 13.95 (0.46)
4473 15.2 27 1 C 39.09 10.87 11.16 (0.19) 12.47 (0.27)
4486 16.7 81 1 cd 42.93 11.53 12.38 (0.07) 13.87 (0.43)
4494 16.6 49 3 G 39.11 11.02 11.18 (0.14) 12.51 (0.27)
4526 16.4 45 - C 39.45 11.23 11.54 (0.18) 12.90 (0.39)
4564 15.9 20 3 C 38.59 10.58 11.01 (0.23) 12.35(0.27)
4636 14.3 89 1 G4 41.50 11.13 11.81 (0.08) 13.16 (0.33)
4649 16.5 66 1 C 41.22 11.55 12.05 (0.08) 13.55 (0.43)
4697 12.5 62 3 G 39.36 11.03 11.52 (0.14) 12.85 (0.27)
5128 3.8 305 - G4 40.20* 10.94 11.68 (0.07) 13.02 (0.23)
5846 24.2 59 1 G? 41.70 11.40 12.09 (0.13) 13.52 (0.39)
5866 14.9 36 - G 39.40 10.97 11.10 (0.40) 12.42 (0.47)
7457 12.9 36 3 F 38.08 10.28 11.05 (0.21) 12.42 (0.24)

Notes. Columns are (1) galaxy name; (2) distance; (3) effective radius; (4) 1 = core, 2 = intermediate, 3 = cusp central light profile from
Krajnovi¢ et al. (2013) and Lauer et al. (2007); (5) Environment: F = field, G = group, C = cluster, 4 — central dominant galaxy; (6)
log X-ray gas luminosity in the 0.3-8 keV band from KF15 [except T = Boroson et al. (2011), * = KF13, § = Su et al. (2014)]; (7) log
total stellar mass from the K-band luminosity (an uncertainty of £0.2 dex allows for reasonable variations in initial mass function, age and
metallicity); (8) log dynamical mass within 5R. and uncertainty; (9) estimated total virial mass and uncertainty (data for columns 7-9 come
from Alabi et al., in preparation).

an outflow which reduces the overall gas density (n.) leading to a
significant reduction in the X-ray luminosity (as Lx Gas X ng). The
Choi et al. (2015) simulations incorporate AGN mechanical heating
from a wind for a subsample of 20 ETGs from the cosmological
zoom simulations of Oser et al. (2010). Compared to their simu-
lations without AGN, and AGN with pure thermal heating, AGN
with mechanical heating produce X-ray luminosities that are 100—
1000 times lower for a given galaxy. The simulated galaxies are
well matched in stellar mass to that of the SLUGGS sample, and
they predict Lx_ cas in the same X-ray energy band as the observed
data.

In both the Choi et al. and Crain et al. cosmological simulations,
the hot gas is initially heated to the virial temperature by shocks as it
collapses in the forming dark matter haloes. In the case of the Choi
et al. simulation, feedback from AGN provides additional heating
(which reduces the overall X-ray luminosity since the gas becomes
more diffuse due to an outflow).

The left-hand panel of Fig. 2 shows the total stellar mass versus
X-ray luminosity (we note that using the stellar mass within SR,
would give similar results as it is ~90 per cent, or 0.05 dex, of
the total stellar mass for a typical galaxy). The model predictions
of Crain et al. (2010) for late-type galaxies show a large range in
X-ray luminosity for a given stellar mass. The observations for
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our ETGs reveal a factor of 100—1000x range in Lx g, at a given
stellar mass and are generally located on the right-hand edge of the
Crain et al. distribution. On the other hand, the observations are
well matched by the predictions from Choi et al. (2015), albeit over
the limited mass range of their simulations. We suggest that Crain
et al. overpredicted the X-ray luminosities appropriate for ETGs at
a given stellar mass due to the absence of AGN in their model. We
return to this point below.

In the middle panel, we show the dynamical mass within 5R.
versus X-ray luminosity. Over this radial range, the galaxies are
dark matter dominated (Alabi et al. 2016). A similar trend was seen
by KF13 from the X-ray emission of 14 ETGs. To determine the
best fit, we have applied a bisector linear regression with errors
determined from bootstrap resampling. This fit is shown in the
middle panel of Fig. 2. This fit is consistent with that found by
KF13 (who used masses from Deason et al. 2012), but shifted to
slightly higher masses for low-mass galaxies as indicated in Fig. 1.
The best fit has a scatter of 0.5 dex about the relation:

log Lx Gas = 3.13(£0.32) log Mass (<5R.) +3.64(£3.67).

We also show the simulated galaxies of Choi et al. (2015) in
the middle panel, and although they only cover a limited range,
they are well matched to the observations (Crain et al. did not
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Figure 2. Diffuse gas X-ray luminosity (0.3-8 keV) versus galaxy mass. ETGs are colour-coded by their central optical light profile (blue = core, gold =
intermediate, green = cusp, red = unknown). Model galaxies from Choi et al. (2015) are shown as stars. Left-hand panel shows the total stellar mass, derived
from the K-band luminosity, with an assumed 0.2 dex uncertainty. The dashed lines show the approximate boundary for the galaxy models of Crain et al.
(2010) in the 0.5-2 keV X-ray band. Middle panel shows the dynamical mass within a fixed radius of 5R.. The intermediate profile galaxies NGC 2768 and
NGC 1316 are highlighted. The solid line shows a weighted linear fit to the observations. Right-hand panel shows the estimated total virial mass. The solid
and dotted curves show the approximate relation and scatter for the galaxy models of Crain et al. (2010) in the 0.5-2 keV X-ray band. Both core and cuspy

galaxies follow a similar trend of X-ray luminosity with galaxy mass.

predict the mass within 5R.). The Choi et al. simulations support
the interpretation that the data are well represented by a single linear
relation. We note that Choi et al. compared their predictions with
the best-fitting relation of KF13 (which used masses from Deason
et al. 2013) in their fig. 4 and showed that their Lx g,s values
are systematically too low for a given mass. When using velocity
dispersion as a mass proxy, the agreement was very good. With our
larger data set and the use of (systematically higher) masses from
Alabi et al. (in preparation), their predictions now agree very well
with the observations of Lx g,s and mass within 5R..

In the right-hand panel of Fig. 2, we show the total virial mass
versus X-ray luminosity. The virial mass of the observed ETGs has
been estimated from the dynamical mass measured at SR. and ex-
trapolated to the virial radius assuming a Navarro, Frenk & White
(1997) dark matter profile (see Alabi et al., in preparation for de-
tails). Because the ratio of virial mass to dynamical mass within
5R. varies (due to a non-linear stellar mass-to-halo mass relation),
we expect Lx gas to reveal a non-linear relation with virial mass.
A non-linear relation can be seen in the observations shown in the
right-hand panel of Fig. 2.

We also show the 20 model galaxies from Choi et al. (2015) and
the Crain et al. (2010) predicted trend, and approximate scatter,
for their 458 model galaxies. Crain et al. showed that the scatter

in the X-ray luminosity relation using the virial mass compared to
the stellar mass is much reduced, and argued that the virial mass
is the primary driver of the X-ray luminosity from galaxy haloes.
Compared to our sample of ETGs, the Crain et al. model predictions
appear to provide an upper envelope; their Lx_gas values need to be
reduced by at least an order of magnitude to match the observations
of ETGs. Choi et al. compared their predicted Lx cas values with
virial masses for galaxies and groups from Mathews et al. (2006).
Once again, the Choi et al. (2015) simulations predicted Lx Gas
values that are too low at a given mass (their fig. 4). However, with
our updated measurements, their predictions now reveal a good
match to the observations of Lx g,s and virial mass.

We note that several of the galaxies in our sample show ‘hot cores’
(i.e. central gas temperatures that are hotter than the surrounding
gas) when spatially resolved temperature profiles are available, e.g.
NGC 1316 (KF13), NGC 3115 (Wong et al. 2011), NGC 4278
(Pellegrini et al. 2012) and NGC 4649 (Paggi et al. 2014). These
hot cores are thought to be due to recent heating by the AGN and/or
associated radio jets (e.g. Paggi et al. 2014). The influence of AGN
may extend down to our lowest stellar masses of 10'° Mg (Cheung
et al. 2016).

KF13 found that the most X-ray luminous (log Lx g.s > 40)
galaxies (i.e. seven galaxies after excluding NGC 4374 which
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deviated significantly from their trend) revealed significantly less
scatter than the six low X-ray luminosity galaxies. With our sample
of 29 galaxies, and a new 5R. dynamical mass for NGC 4374, we
find it lies well within the distribution of the X-ray luminous galax-
ies. We note that the ~3 Gyr old merger remnant galaxy NGC 1316
(Fornax A) also lies within the scatter of the general trend.

Using a sample of 61 galaxies, KF15 were able to explore the
Lx_cas—Tx relation subdivided by the shape of their central optical
profile, i.e. core or cusp like. They found that core galaxies, which
tend to be X-ray luminous, have a very tight relation. In contrast,
low X-ray luminosity cusp galaxies revealed no clear correlation
between Lx g, and Tx. In Fig. 2, we have colour-coded our sam-
ple by their central optical profile (see Table 1). The galaxies are
classified as core, cusp, intermediate or unknown surface brightness
profile from Krajnovi¢ et al. (2013) or Lauer et al. (2007). We note
that there is some disagreement in the literature about the central
profile in some galaxies, e.g. Dullo & Graham (2013) suggested
that NGC 4473 does not contain a central core but rather a disc.

In all three panels, the sample divides clearly between core (high
X-ray luminosity) and cusp (low X-ray luminosity) galaxies, with
five additional galaxies (three unknown and two intermediate pro-
files). The sample divides more clearly in terms of Lx_g,s than mass
(see also Pellegrini 2005). We note that the central profile shape
correlates very strongly with central rotation, i.e. core galaxies ~
slow rotators, and cusp galaxies ~ fast rotators (Krajnovi¢ et al.
2013).

Focusing on the middle panel, the 17 core galaxies reveal a some-
what tighter relation than the 9 cuspy galaxies. We find a p-value for
the Spearman rank correlation test of 0.0007 for the core galaxies,
whereas the cusp galaxies have a value of 0.26 indicating almost no
relation. A bisector fit to only the cuspy galaxies also suggests no
statistically significant relation. This supports the findings of KF15
and suggests that supernova (SN) heating may play an increased
role in cuspy (low-mass) ETGs (David et al. 2006). So although
the X-ray luminosities of both core (high X-ray luminosity) and
cuspy (low X-ray luminosity) ETGs are primarily determined by
total mass, and hence the depth of the potential well, other factors
may play a role for the lower mass galaxies.

4 CONCLUSIONS

Using new dynamical masses, we find a strong linear relationship
between the diffuse gas X-ray luminosity for a sample of 29 nearby
massive ETGs and their total dynamical mass within 5R.. This result
supports the earlier analysis by KF13 based on 14 galaxies. We also
show that the cosmological simulations of Choi et al. (2015), which
incorporate AGN mechanical heating, now agree with observations
of the X-ray luminosity and mass within SR.. This good agreement
with model galaxies in a cosmological framework supports the idea
that the diffuse X-ray luminosity is primarily driven by the depth
of a galaxy’s potential well, with a significant contribution from
AGN mechanical heating. SN heating may contribute in lower mass
galaxies.
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