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1 INTRODUCTION

ABSTRACT

The central dark-matter fraction of galaxies is sensitive to feedback processes during galaxy-
formation. Strong gravitational lensing has been effective in the precise measurement of the
dark-matter fraction inside massive early-type galaxies. Here, we compare the projected dark-
matter fraction of early-type galaxies inferred from the SLACS strong-lens survey, with those
obtained from the EAGLE, Illustris, and IlustrisTNG hydro-dynamical simulations. Previous
comparisons with some simulations revealed a large discrepancy, with considerably higher
inferred dark-matter fractions — by factors ~2-3 — inside half of the effective radius in observed
strong-lens galaxies as compared to simulated galaxies. Here, we report good agreement
between EAGLE and SLACS for the dark-matter fractions inside both half of the effective
radius and the effective radius as a function of the galaxy’s stellar mass, effective radius, and
total mass-density slope. However, for IllustrisTNG and Illustris, the dark-matter fractions
are lower than observed. This work consistently assumes a Chabrier IMF, which suggests
that a different IMF (although not excluded) is not necessary to resolve this mismatch. The
differences in the stellar feedback model between EAGLE and Illustris and IllustrisTNG, are
likely the dominant cause of the difference in their dark-matter fraction, and density slope.

Key words: gravitational lensing: strong — methods: numerical — galaxies: evolution — galaxy
formation — galaxies: elliptical and lenticular, cD — galaxies: structure — cosmology: dark
matter

halo conspiracy’ referring to the total mass distribution following
a nearly isothermal profile while the baryons and dark matter, in-

The study of massive early-type galaxies (ETGs) has been of cen-
tral interest in galaxy evolution and cosmological studies. ETGs
are believed to be the end product of hierarchical galaxy formation
(e.g. Toomre & Toomre 1972; Cole et al. 2000). The determination
of the distribution of baryonic and dark matter within these galax-
ies is a key step in addressing open questions in galaxy formation
and evolution (e.g. Cappellari et al. 2006; Koopmans et al. 2009;
Auger et al. 2010b; Napolitano et al. 2010; Tortora et al. 2012,
2018; Lovell et al. 2018). One of the still not well-understood issues
originating from the gravitational interplay between baryonic and
dark matter during galaxy formation results in the so-called ‘bulge-
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dividually, do not (Treu et al. 2006; Humphrey & Buote 2010;
Cappellari et al. 2006; Thomas et al. 2011; Tortora et al. 2014).
The evidence for this has been reported in strong and weak lensing
(Treu & Koopmans 2004; Gavazzi et al. 2007; Auger et al. 2010b)
and in stellar-dynamics studies (Dutton & Treu 2014; Tortora et al.
2014; Li et al. 2019). However, a particular choice for the stellar
initial mass function (IMF) is often assumed because it is usually
ill-determined. Furthermore, two parameters have often been used
to quantify the distribution of dark matter: the dark-matter fraction
within a given radius (fpy) and the logarithmic slope (y) of the
total density profile. To correctly infer fpy from simulations, one
therefore additionally requires the simulations to yield y ~ 2 — the
isothermal case — for the combination of baryonic and dark matter
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both of which are individually non-isothermal (Auger et al. 2010b;
Tortora et al. 2014).

Until recently, cosmological hydrodynamic simulations have
been unable to simultaneously match both the observed fpy and
v distributions. The isothermal density slopes can be reproduced
in simulations by having no or weak feedback, but this leads to an
overestimated galaxy formation efficiency and an underestimated
dark-matter fraction (Duffy et al. 2010). Conversely, reproducing
the observed dark-matter fraction requires strong feedback, but pre-
dicts total density slopes that are more shallow (smaller y) than
isothermal (Dubois et al. 2013).

For example, Xu et al. (2017) studied elliptical galaxies from
the ILLusTrIs hydrodynamic simulations (Vogelsberger et al. 2014),
finding lower dark-matter fractions and steeper density slopes inside
half of an effective radius than those observed in elliptical galaxies
(Augeretal.2009,2010a). A similar trend is found in [LLusTRISTNG
(see middle panel of figure 9 in Wang et al. 2019.). Remus et al.
(2017) found that the fpy in the MAGNETICUM simulations is lower
than observed!. These mismatches point to either an inadequacy
in the theoretical model or systematic biases in the observational
methods. Having found lower fpy values in IlustrisTNG than in
SLACS, Wang et al. (2019) suggest that a Salpeter IMF, as favored
by strong lensing observations, would result in lower central dark-
matter fractions for observed galaxies and can mitigate the apparent
mismatch of fpy; though we note that [llustrisTNG uses a Chabrier
IMF.

To investigate whether this discrepancy between observations
and simulations is the result of galaxy-formation processes, we use
the publicly available Evolution and Assembly of Galaxies and
their Environment (EAGLE) hydro simulations (Schaye et al. 2015;
Crain et al. 2015) to perform a detailed comparison of the central
dark-matter fractions, evaluated at both one-half effective radius
(Refr/2) and one effective radius (Res) from simulations and strong
gravitational lensing observations of the Sloan Lens ACS Survey
(SLACS; Bolton et al. 2006; Koopmans et al. 2006, 2009; Auger
et al. 2010a,b; Shu et al. 2017). We also make use of the publicly
available Illustris and IllustrisTNG simulations (Vogelsberger et al.
2014; Wang et al. 2019) which have different implementations of
feedback than EAGLE.

This paper is structured as follows. In Section 2, we summarize
the EAGLE, Illustris and IlustrisTNG galaxy formation simulations
and the relevant codes that we use in our analyses. Section 3 de-
scribes the methodology used to calculate the fpp. In Section 4,
we discuss the dark-matter fractions obtained from simulations and
compare them with SLACS galaxies and also with other simu-
lations. The implications of our results for galaxy formation are
discussed and summarized in Section 5. The values of the cosmo-
logical parameters are Qp = 0.693, Q,, = 0.0482519, Qy, = 0.307,
h = Hy/(100 km s~! Mpc~!) = 0.6777 and og = 0.8288. These
are taken from the Planck satellite data release (Planck Collabora-
tion et al. 2014), in accordance with the EAGLE, and IllustrisTNG
simulations. Illustris on the other hand uses slightly different cos-
mological parameters, but previous analyses (Genel et al. 2018;
Pillepich et al. 2018) have shown that these differences between
Tllustris and IustrisTNG have negligible effects on the quantities
explored in this work.

I Remus etal. (2017) compared fom (< Ref) from MAGNETICUM to fHm (<
Ref/2) in SLACS. Although not correct, comparing at the same radius
would not resolve the discrepancy as shown by Wang et al. (2019)

2 THE EAGLE, ILLUSTRIS, AND TNG SIMULATIONS

Here, we make use of the main Reference 100 cMpc of EAGLE, I1-
lustris (107 cMpc) and IllustrisTNG (110 cMpc) models. EAGLE?
is a suite of hydrodynamical simulations of the formation of galaxies
and other astronomical systems in a ACDM universe (Schaye et al.
2015; Crain et al. 2015; McAlpine et al. 2016). The simulations
use a modified SPH (Smoothed Particle Hydrodynamics) version
of GADGET 3 (Springel 2005), with a gravitational softening length
of 2.66 comoving kpc (ckpc), limited to a maximum physical scale
of 0.7 proper kpc (pkpc). The initial particle masses for baryons
and dark matter are my, = 1.8 X 10° Mg and mgm = 9.7 X 10° Mo,
respectively. The prescriptions for stellar and AGN feedback were
calibrated to broadly reproduce the observed present-day galaxy
stellar mass-function, disk sizes, and the relation between black
hole and galaxy masses. The sub-grid physics includes radiative
cooling (Wiersma et al. 2009a), star formation (Schaye & Dalla
Vecchia 2008), stellar mass loss (Wiersma et al. 2009b), thermal en-
ergy feedback from star formation (Dalla Vecchia & Schaye 2012),
black-hole accretion and AGN feedback (Schaye et al. 2015; Rosas-
Guevara et al. 2015). The resulting galaxies are in broad agreement
with observed properties such as the star-formation rate, passive
galaxy fraction, Tully-Fisher relation and colors (Schaye et al. 2015;
Trayford et al. 2015), and rotation curves (Schaller et al. 2015).

Mlustris® and IustrisSTNG* use the AREPO code (Springel
2010) which employs a tree-particle-mesh algorithm to solve Pois-
son’s equation for gravity and a second-order accurate finite-volume
Godunov scheme on a moving, unstructured Voronoi-mesh for the
equations of ideal magnetohydrodynamics. IllustrisTNG (Nelson
et al. 2019) builds upon the Illustris simulation (Vogelsberger et al.
2014; Xu et al. 2017) and improves upon Illustris by (a) extend-
ing the mass range of the simulated galaxies and halos, and (b)
adopting improved numerical and astrophysical modelling relative
to Illustris (Pillepich et al. 2018). In this work, we use the Illus-
trisTNG simulation box with a side length of 110.7 cMpc having
my = 1.4 x 106 Mg and mgy, = 7.5 X 10° Mg. The Ilustris run
also has a side length of 106.5 cMpc and has ngy, = 6.26 % 10° Mg
and myp, = 1.26 X 10° Mo, resolving gravitational dynamics down to
a physical scale of 0.710 pkpc. [lustrisTNG reproduces the galaxy
stellar mass fraction and, similar to EAGLE, has an overall agree-
ment with observations (Genel et al. 2018; Wang et al. 2019).

The simulations from EAGLE and the entire Illustris family
assume a Chabrier stellar IMF (Chabrier 2003). Thus we can com-
pare the dark-matter fractions for all three simulations on an equal
footing without having to make any adjustments to their properties.

3 ASSUMPTIONS AND DATA EXTRACTION

In this section, we discuss important assumptions pertaining to the
stellar IMF and our analysis methodology.

3.1 The stellar initial mass function

Currently, most observational and theoretical studies of the stellar
mass in galaxies rely on assumptions about the stellar IMF which
in turn determines the stellar mass per unit luminosity. Auger et al.
(2010b) found that differences in the stellar-population properties

2 http://icc.dur.ac.uk/Eagle/
3 https://www.illustris-project.org/
4 https://www.tng-project.org/
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(e.g., age, metallicity, extinction, star-formation history) of very
massive early-type galaxies in the SLACS sample are not sufficient
to account for the broad trends in their inferred total mass-to-light
ratio values as a function of galaxy mass, for a non-varying (i.e.
for a universal) IMF. Thus, Auger et al. (2010b) concluded that the
total mass-to-light ratio in SLACS lens galaxies increases with their
total stellar mass, most likely as a result of an increasing dark-matter
fraction (see also Cappellari et al. 2006; Tortora et al. 2009; Thomas
et al. 2011), although the stellar IMF itself cannot be determined
from these data. Hence, the analyses of SLACS lens galaxies were
done for both a Chabrier (2003), and a Salpeter (1955) IMF. In this
paper we assume a Chabrier IMF for SLACS and compare with the
results from EAGLE, Illustris, and IllustrisSTNG where this IMF is
also assumed. We refer the interested readers to Barber et al. (2018)
for EAGLE simulations with variable IMFs.

3.2 Stellar and dark-matter masses, and effective radii

We select galaxies from the simulations based on their stellar mass
and produce dark matter, stellar, and gas surface mass density maps,
using the SEAGLE pipeline (Mukherjee et al. 2018, 2019, hereafter
M18 and M19 respectively), which incorporates the GLAMER (Met-
calf & Petkova 2014; Petkova et al. 2014) ray-tracing code and the
parametric lens-modeling code LENSED (Tessore et al. 2016; Bel-
lagamba et al. 2017). We infer all quantities in this paper directly
from these mass maps, by-passing the lens simulations and mod-
eling steps, which we have shown in M18 and M19 to yield very
similar results. We set a high total galaxy stellar-mass threshold of
> 101!M ¢, taken from the simulation catalogues, and excise outliers
based on extreme values of their effective radius (see M 18, and ta-
ble 2 of M19). As in M18 and M 19, we assume that the lens redshift
is fixed at z=0.271 for all mock lenses, typical for median SLACS
lens redshifts. We expect evolutionary effects to be small compared
to the large differences and scatter that are observed between these
quantities (discussed further in M18 and M 19, and below).

After extracting the particles of an individual galaxy, we project
each galaxy along its three simulation coordinate axes, producing
associated projected mass maps (M18). The effective radius, un-
like in the observations, is not derived from the simulated galaxy
brightness distribution via model fitting (e.g. with a Sérsic profile),
but directly inferred from the simulated stellar mass profiles as the
radius enclosing one-half of the total projected stellar mass. Simi-
larly, the stellar and total masses are derived directly from the mass
maps. We use the projected half stellar mass radius as a proxy for
the stellar-light effective radius (i.e., Ref) for each projected mass
map. We finally calculate the central projected dark matter fractions
within half of the effective radius, fpm(< 0.5Rqg) for all the EA-
GLE early-type galaxies, following the definition in Tortora et al.
(2009) and Auger et al. (2010b):

My (BRefr)
Mr(BRefr)
where My (BR.s) is the projected stellar mass within SR and
Mt (BRs) is the total projected mass within BR.. Because SLACS
(Auger et al. 2010b) does not list dark-matter fractions within Reg,
we use the following equation to obtain it
1/2 M.,
2 MRy’

/PomM=1- with 8§ =0.5or 1.0, (1)

Som(< Rep) =1 - (2)

where MR /> is the total projected mass within Ref/2, and M. is
the total projected stellar mass. The total mass within R is then

twice that within R /2, assuming an isothermal model on average.
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The intrinsic scatter on the assumed mass-density slope is typically
less than 10% (Koopmans et al. 2009) and this simple extrapolation
is assumed to be sufficiently accurate.

For IlustrisTNG, we use a combination of their publicly avail-
able database’ and Wang et al. (2019). We obtain the effective radii
and dark-matter fractions from the public database (slight differ-
ences in fig. 1 is due to manual extraction of data from Wang et
al. 2019). For slopes and dark-matter fractions within Reg/2, we
make use of results presented in Wang et al. (2019). We note that
Xu et al. (2017) also present the dark-matter fraction at R.g/2 and
Reg (see their Figure 11) and the M;—R. relation from the Illustris
simulations. For both Illustris and IllustrisSTNG, we use the data for
redshift z = 0.3, close to the redshift of z = 0.271 used in this work.
No additional adjustments for cosmology is required because the
cosmological parameters and IMF are almost identical for the three
simulations used here.

4 RESULTS

In this section, we present the results obtained from our comparisons
between observed and simulated galaxies, focusing particularly on
dark-matter fractions within one half and one effective radius.

4.1 Dark-matter fractions inside R.g/2

The mass distribution within half of the effective radius (Rqg/2)
was chosen for SLACS galaxies (Koopmans et al. 2006; Auger
et al. 2010a,b; Barnabe et al. 2011) because it is close to the av-
erage Einstein radius and therefore leads to smaller errors when
interpolating or extrapolating the mass models from the Einstein
radius to this reference radius than is the case for Reg(see figure 7
in Auger et al. 2010b). Moreover, the mass-density profile is sensi-
tive to the scale over which it is modelled and might not represent
the profile near the Einstein radius (e.g. Xu et al. 2017). Despite
this, only one recent study of hydrodynamic simulations examined
Jom(< 0.5R.g) (Xu et al. 2017, see figure 11 therein).

4.1.1 Comparing SLACS, EAGLE and Illustris(TNG)

Figure 1 shows the trends of fpym(< 0.5Ref) (top row) and
oM (< Reg) (bottom row) against two different observables (Mx
and Reg) in the left and right column, respectively, for galaxies
from EAGLE at z;=0.271, Illustris and IllustrisTNG (both at z;=0.3)
and SLACS. We find that the fppy(< 0.5R.g) values for SLACS
and EAGLE Ref-100 are comparable, having values in the range
0.5 — 0.7, whereas there is a clear mismatch with Illustris and II-
lustisTNG (top left panel in Figure 1).

When we plot fpy (< 0.5R.¢) against Reg, instead of against
stellar mass, we find a tighter correlation for both EAGLE Ref-100
and IustrisTNG (top right panel of Figure 1). A tighter correlation
between fpy (< 0.5R.) and Reg, rather than with M, was earlier
reported for SLACS (Auger et al. 2010b). A correlation is expected
in part because a larger R.g encloses a larger portion of a galaxy’s
dark-matter halo (e.g. Tortora et al. 2012, 2018; Xu et al. 2017;
Remus et al. 2017). While EAGLE is in good agreement with the
data, Illustris and IustrisTNG predict dark-matter fractions within
half of an effective radius that are appreciably lower than for SLACS,
or the effective radius needs to be much larger for a given fpum

5 https://www.tng-project.org/data/
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Figure 1. Top row: Comparison between the EAGLE-Reference 100 cMpc simulation at z=0.271 (red dots), Illustris (blue line) and IllustrisTNG (orange dots)
at z=0.3 and SLACS (black dots) for trends in fpom (< 0.5R.g) with stellar mass, M (top left panel), and with effective radius (Reg) (top right panel). Bottom
row: Idem for fphm (< Ref). Both comparisons assume a constant stellar M/L ratio and a Chabrier IMF.

value. The central DM fraction values fpy(< 0.5R.g) found in
the Illustris and IllustrisTNG simulations thus differ sharply from
SLACS, at fixed stellar mass (top panels in Figure 1). In agreement
with our results, Xu et al. (2017) calculated fpm(< 0.5R.g) and
JoMm(< Reg) for Ilustris (Vogelsberger et al. 2014) at z;=0.3, and
found values of fpm(< 0.5R.q) lower by a factor of 2-3 than
SLACS.

However, the ratio of the projected dark-matter mass over the
projected total mass can appear to be in good agreement even if
both the projected stellar mass and the projected dark mass are
incorrect. Thus, in Figure 2 we also compare the sum of stellar and
dark matter mass inside Reg/2 and R.g to the total stellar mass.
Also in this case, we find that EAGLE agrees well with SLACS,
whereas Illustris and TNG galaxies do not.

To further characterize EAGLE early-type galaxies and un-
derstand the discrepancies with other simulations, we plot their
size—mass relation in the Figure 3. We find that the EAGLE Ref-

100 cMpc simulation yields early-type galaxies with slightly larger
effective radii compared to SLACS, about 0.1-0.2 dex at simi-
lar stellar masses. In M 19, we discussed possible systematics that
could explain this small difference. We also compare Ref-100 with
non-lensing galaxies of Shen et al. (2003) and Baldry et al. (2012)
and find good agreement. For IllustrisTNG, the sizes are about 0.3
dex larger than for SLACS and about 0.2 dex larger than the ob-
servations of Shen et al. (2003). The stellar mass-size relation of
simulated EAGLE Ref-100 galaxies is slightly steeper than that for
Illustris galaxies but more shallow than IllustrisTNG galaxies (see
also figure 2 in Genel et al. 2018). Thus we see that the difference
in the size of a typical ETG between EAGLE, Illustris and Illustris-
TNG is a few kpcs. On the other hand, the difference in dark matter
fraction is almost a factor of two, which cannot be compensated
with just the difference in their mass-size relation. Hence, these
moderate mass-size relation differences are not the explanation for
the lower dark-matter fractions in Illustris and IllustrisTNG.

MNRAS 000, 1-7 (2020)
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Figure 3. Comparison between the EAGLE-Reference 100 cMpc simulation
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z=0.3, and SLACS (black line) and other non lensing studies for trends in
effective radius (Reg) with stellar mass (M, ). The shaded region is 20 of
each distribution. The overall distribution of EAGLE galaxies are shown as
blue shaded region.

Finally, in Figure 4, we show the correlation between the to-
tal mass density slope (y) and fpy(< 0.5R.g) in EAGLE, Illus-
trisTNG and SLACS. Although EAGLE Ref-100 and SLACS over-
lap, IllustrisTNG predicts a steep decrease in dark-matter fraction
with vy that is not observed in SLACS.

In a recent study, Remus et al. (2017) measured fpy (< Refr)
from the MAGNETICUM PATHFINDER simulations (Hirschmann et al.
2014) and concluded that the dark-matter fractions are similar to
observations of SLACS inside R.g/2. However, comparing fpy at

MNRAS 000, 1-7 (2020)
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these two different scales can lead to ~ 30 — 40% differences (Xu
et al. 2017; Lovell et al. 2018). Remus et al. (2017) also did not
reveal any clear correlation between stellar mass and central dark-
matter fractions. This contrasts sharply with the clear correlation
between those quantities in both the EAGLE Ref-100 simulation
and SLACS (see top panel of Figure 1).

4.2 Dark-matter fractions inside R g

To test whether these discrepancies persist at larger radii, where
finite resolution effects in the simulations are fractionally smaller,
we examine the dark-matter fraction inside R.g (see section 3.2).
In the bottom row of Figure 1, we show the trends in fpy (< Refr)
with stellar mass (bottom left panel) and effective radius (bottom
right panel) for EAGLE Ref-100, Illustris, IlustrisTNG and SLACS.
Whereas, EAGLE Ref-100 again has an overall good agreement with
SLACS, Mlustris and IustrisTNG have considerably lower dark-
matter fractions. For increasing values of R.g and M, though, the
differences decrease. Even though the difference in dark-matter frac-
tion between [lustrisTNG and SLACS has improved from R.g/2 to
R, it is still lower than both SLACS and EAGLE by a factor ~1.5.

5 DISCUSSIONS AND CONCLUSIONS

We have investigated the central projected dark-matter mass
fraction inside a half and full effective radius of simulated galaxies
with stellar masses exceeding 101 Mg, (a) comparing the results
to the mass-selected (strong-lens) galaxies from the SLACS survey,
under the assumption of a universal Chabrier stellar IMF, and (b)
investigating trends in the dark-matter fraction with galaxy mass,
size and mass-density slope for the EAGLE Ref-model, Illustris
and IllustrisTNG simulations. Our main conclusions are:

(1) The dark-matter fractions inside Re.gf/2 and R.g found in
EAGLE simulations are in good agreement with those inferred
from observed SLACS galaxies. As one progresses to more massive
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Figure 4. Comparison between the EAGLE Ref-100 (red dots), IllustrisTNG
(orange line) and SLACS (black dots) for trends in fpm (< 0.5Reg) with
. Illustris has lower DM fraction than IllustisTNG, thus its trend is not
included here.

and larger galaxies, the dark-matter fraction increases. This trend is
also similar to that seen for strong-lensing observations in SLACS.
EAGLE also reproduces the observed relation between dark-matter
fraction and the slope of the total density profile.

(i) IMustris and IllustrisTNG galaxies have lower dark-matter
fractions than SLACS observations and EAGLE inside both R.g/2,
and R.g. We attribute this difference to differences in the subgrid
feedback models, which appears to lead to an over accumulation
of baryons in the inner central regions of galaxies in Illustris and
IustrisTNG.

The large differences in the dark-matter fractions between the
Tustris and MustrisTNG simulations and SLACS observations de-
crease, although do not disappear, when compared within one effec-
tive radius (see Remus et al. 2017; Lovell et al. 2018). The difference
between the dark-matter fractions at R and Reg/2 is too large to be
attributed purely to observational and numerical resolution effects.
The significant differences between EAGLE and Illustris(TNG) sim-
ulations suggest that different, or additional, mechanisms control-
ling star formation processes and the (re)distribution of dark matter
or stars play an important role in massive early-type galaxies. The
assumption of a universal (Chabrier) stellar IMF may be incorrect
(van Dokkum et al. 2017; Smith et al. 2015), in fact, relaxing this
assumption can lead to changes in the inferred dark-matter fraction
with effective radius and galaxy mass (e.g., (Tortora et al. 2013) and
reference therein). Moreover, low-mass stars might be more preva-
lent at smaller radii, mimicking dark matter concentrated in the
galaxy centers in the observations (e.g., Barber et al. 2018). How-
ever, our work suggests that we do not need to invoke a different IMF
to resolve the mismatch in dark-matter fraction between simulations
and observations. However, analyzing if this can affect in some way
the results of the paper is not possible. In fact, if from one side
many works have analyzed SLACS galaxies within a non-universal
IMF scenario, simulations would require a self-consistent imple-
mentation of a variable IMF or an IMF different from the standard

one. And this is not accounted for in all the analyzed simulations,
preventing us from a detailed comparison.

We will investigate the impact of different types of feedback
mechanisms and a non-universal IMF on the dark-matter fraction in
EAGLE galaxies in a forthcoming publication.
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