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ABSTRACT
We investigate the impact of baryonic physics on the subhalo population by analysing the
results of two recent hydrodynamical simulations (EAGLE and Illustris), which have very
similar configuration, but a different model of baryonic physics. We concentrate on haloes
with a mass between 1012.5 and 1014M� h−1 and redshift between 0.2 and 0.5, comparing
with observational results and subhalo detections in early-type galaxy lenses. We compare
the number and the spatial distribution of subhaloes in the fully hydro runs and in their dark-
matter-only (DMO) counterparts, focusing on the differences between the two simulations.
We find that the presence of baryons reduces the number of subhaloes, especially at the low-
mass end (≤1010 M� h−1), by different amounts depending on the model. The variations in
the subhalo mass function are strongly dependent on those in the halo mass function, which
is shifted by the effect of stellar and AGN feedback. Finally, we search for analogues of the
observed lenses (Sloan Lens ACS) in the simulations, selecting them in velocity dispersion and
dynamical properties. We use the selected galaxies to quantify detection expectations based
on the subhalo populations in the different simulations, calculating the detection probability
and the predicted values for the projected dark matter fraction in subhaloes fDM and the slope
of the mass function α. We compare these values with those derived from subhalo detections
in observations and conclude that the DMO and hydro EAGLE runs are both compatible with
observational results, while results from the hydro Illustris run do not lie within the errors.
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1 IN T RO D U C T I O N

Numerical simulations of galaxy formation are now able to pro-
duce realistic galaxy populations, that reproduce observed relations
quite well (Vogelsberger et al. 2014; Schaye et al. 2015). Simu-
lations are fundamental to understand the physical properties that
shape galaxies and their evolution; while the cold-dark-matter-only
(DMO) simulations and the treatment of the dark matter component,
in general, are well established, there is still not a general consensus
on the details of the baryonic physics implementation and differ-
ences on this side can lead to quite different predictions in terms
of feedback processes and the details of galaxy formation. More-
over, non-standard descriptions of the dark matter component, such
as warm dark matter (WDM) models, may also have an important
impact (Lovell et al. 2012, 2014; Li et al. 2016).

In this work, we analyse the main runs of the EAGLE (Schaye
et al. 2015) and Illustris (Vogelsberger et al. 2014) projects to inves-
tigate the effects of different baryonic models on the substructure
population. Strong gravitational lensing allows us to detect directly
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the presence of substructures either via their effect on the relative
flux of multiply imaged quasars (Dalal & Kochanek 2002; Nieren-
berg et al. 2014) or via their effect on the surface brightness of
Einstein rings and lensed arcs (Vegetti & Koopmans 2009; Vegetti
et al. 2010, 2012, 2014; Hezaveh et al. 2016). Numerical simula-
tions can then be used to make predictions for the interpretation of
observational results, and possibly rule out dark matter and galaxy
formation models.

Previous works concerning subhaloes mainly study cold DMO
simulations, whose results are nowadays well established (Giocoli,
Pieri & Tormen 2008; Springel 2010). Also, studies investigating in
detail subhaloes and their evolution/distribution in different environ-
ments and dark matter/hydrodynamical models usually concentrate
on Milky Way haloes, aiming to address the well-known ‘missing
satellites’ and ‘too big to fail’ problems (di Cintio et al. 2011; Di
Cintio et al. 2013; Garrison-Kimmel et al. 2014; Wetzel et al. 2016).
The aim of this work is to investigate the effect of baryonic physics
on the subhalo population concentrating on haloes between 1012.5

and 1014 M� h−1: This corresponds to the halo mass of massive
early-type galaxies (ETGs), which act as gravitational lenses in the
recent cases of subhalo detections (Vegetti et al. 2010, 2012). In
particular, we want to focus on the differences that can arise from
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different models, stressing the importance of an accurate implemen-
tation of baryonic physics.

The paper is structured as follows: We describe the simulations
and our halo selection in Section 2. First, we analyse and model the
subhalo mass function in the different simulations, concentrating
on the difference in the number of subhaloes between the DMO and
the full hydro runs (Sections 3 and 4). We proceed by comparing
the predictions from simulation with the observational results and
what are the probabilities of detecting a substructure given the pre-
dictions from different kind of simulations: In Section 5, we select
analogues of observed systems, and in Section 6, we compare the
detection probability inferred from simulations with a real detection
in an observational sample [Sloan Lens ACS (SLACS) lenses]. In
Section 7, we summarize our results. Finally, in Appendix A, we
point out the differences in the baryonic composition of haloes and
subhaloes between the EAGLE and the Illustris simulations. This
difference is expected to have an important impact on the gravita-
tional lensing effect of the subhaloes and their detectability. We will
investigate this further in a follow-up paper.

2 SI M U L ATI O N S

We choose to analyse the main runs of the EAGLE and Illustris sim-
ulations for many reasons. The simulations have comparable box
sizes, resolutions and starting redshifts; moreover, a DMO counter-
part, created with the same initial conditions, exists in both cases
and thus constitute an ideal sample for comparison. The main papers
from the Illustris (Vogelsberger et al. 2014) and EAGLE (Schaye
et al. 2015) collaborations illustrate in detail the differences between
the models of baryonic physics, in addition to the differences in the
codes – AREPO (Springel 2010) and a modified version of GADGET3
(Springel et al. 2008), respectively – used to run the simulations. It
has been shown that, when looking at the structural properties of
haloes in detail, small but significant differences may arise, caused
by the simulation code (Heitmann et al. 2008) or even by the halo
(Knebe et al. 2011, 2013) and subhalo finders (Onions et al. 2012).
These variations become particularly important when we focus on
individual structures or small-scale detail. Similar versions of SUB-
FIND (Springel et al. 2001b) have been used in both simulations to
identify structures, eliminating part of these potential differences.
Nevertheless, since the baryonic component is treated differently in
the two codes, we still expect some effect on the (sub)halo iden-
tification. We make use of the existing SUBFIND catalogues of the
two simulations, and we concentrate in the mass bin of massive
ETGs. SUBFIND starts the subhalo identification from overdensity
peaks within the main halo (see Muldrew, Pearce & Power 2011
for more details on the algorithm), making it a good candidate for
a comparison with the potential corrections used to find subhaloes
in gravitational lens systems (Vegetti & Koopmans 2009; Vegetti
et al. 2010).

Due to the resolution limits, the smallest subhaloes have a mass
�108M� h−1 (with at least 10 particles). We include these sub-
haloes for statistical purposes, but we caution that reliable mea-
surements require a minimum of 100 particles per subhalo (Onions
et al. 2012). The cases where particle numbers drop below 100
particles will be marked by a grey region when necessary. Given
the good agreement between the two DMO runs, in this work, we
show results only from EAGLE for the DMO case. We use different
halo mass definitions throughout this work: (i) M200 is defined as
the mass of a sphere centred on the halo and enclosing 200 times
the critical density ρc (2.77 ×1011M� h−1 Mpc−3) and we chose
it as the main halo mass definition since it is more easily compa-

rable to observational results – thus we will refer to this where no
other definition is specified; (ii) Mfof is the mass of the group in
the halo catalogue identified by the FOF algorithm, which has no
predefined shape and is usually larger than M200: This method uses
a linking length (conventionally set to b = 0.2) to establish which
particles belong to the halo; and (iii) Mvir is defined as the mass
within the sphere enclosing the virial overdensity, which is calcu-
lated from the spherical collapse model (Bryan & Norman 1998)
and depends on the cosmological model (Sheth & Tormen 1999;
Despali et al. 2016). The last two definitions will be used, respec-
tively, in Fig. 1 – as a general definition to include all haloes and
subhaloes in the catalogues – and Fig. 6 – for a comparison with
the virial masses calculated from the observational data.

We now list the main features of the two simulations.

2.1 Eagle

In this work, we analyse the main run of the EAGLE project, cre-
ated as part of a Virgo Consortium project called the Evolution and
Assembly of Galaxies and their Environment (Schaye et al. 2015;
Crain et al. 2015; McAlpine et al. 2016) using a modified ver-
sion of GADGET3. (Springel et al. 2008). The EAGLE project con-
sists of simulations of �CDM cosmological volumes with suffi-
cient size and resolution to model the formation and evolution of
galaxies with a wide range of masses, and also includes a coun-
terpart set of DMO simulations of these volumes. The galaxy for-
mation simulations include the correct proportion of baryons and
model gas hydrodynamics, and radiative cooling and state-of-the-
art subgrid models are used to follow star formation and feed-
back processes by both stars and AGN. The parameters of the
subgrid model have been tuned to match some observational re-
sults, as the z � 0 galaxy stellar mass function and the observed
relation between stellar and black hole mass (Schaye et al. 2015).
The main run and its DMO counterpart follow 15043 dark mat-
ter and (in the first case) 15043 gas particles in a box size of
100 Mpc, from redshift z = 127 to the present time. The cosmolog-
ical parameters were set to the best-fitting values provided by the
Planck Collaboration I (2014) and are: �m = 0.307, �� = 0.693,
�b = 0.04825, h = 0.677 and σ 8 = 0.8288. With this model, the
dark matter particle mass is 1.15 × 107 M� in the DMO run and
9.70 × 106 M� in the full one, while the initial gas particle mass
is 1.81 × 106 M�.

The galaxy formation model employs only one type of stellar
feedback, which captures the collective effects of processes such
as stellar winds, radiation pressure on dust grains, and supernovae,
and also only one type of AGN feedback (as opposed to e.g. both a
‘radio’ and ‘quasar’ mode). Thus, as detailed below, it differs from
the feedback implementation of the Illustris.

2.2 Illustris

The Illustris Project is a series of hydrodynamical simulations of
cosmological volumes that follow the evolution of dark matter,
cosmic gas, stars and super massive black holes from a starting
redshift of z = 127 to the present time. In this work, we used the
main run Illustris-1 (and the DMO run Illustris-1-Dark), which has
a box size of 106.5 Mpc and follows 18203 dark matter particles
and 18203 (initial) gas cells. The simulations were run using the
recent moving-mesh AREPO code (Springel 2010). The adopted cos-
mological model has �m = 0.2726, �� = 0.7274, �b = 0.0456,
h = 0.704 and σ 8 = 0.809, consistent with the WMAP-9 measure-
ments (Bennett et al. 2013). In this case, the dark matter particle
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Figure 1. Halo and (global) subhalo mass function in the Illustris and EAGLE simulations – top and bottom panels, respectively; the results from the DMO
and the full hydrodynamical runs are shown, respectively, by solid and dashed lines, different colours stand for different redshifts (z = 0, 0.2, 0.5, 1). The lower
panel shows the fraction of haloes or subhaloes found in the hydro run, with respect to the DMO one. The ratio of the halo mass functions reflect those already
found in Vogelsberger et al. (2014) and Schaller et al. (2015).

mass is 7.5 × 106 M� in the DMO run and 6.3 × 106 M� in the
full one, while the initial gas particle mass is 1.3 × 106 M�. The
galaxy formation model includes gas cooling (primordial and metal
line cooling), a sub-resolution ISM model, stochastic star forma-
tion, stellar evolution, gas recycling, chemical enrichment, kinetic
stellar feedback driven by SNe, procedures for supermassive black
hole seeding, super massive black hole accretion and merging, and

related AGN feedback (radio-mode, quasar-mode, and radiative)
and some free parameters constrained based on the star formation
efficiency in smaller scale simulations (Vogelsberger et al. 2014).
This implementation leads to a generally stronger AGN feedback
with respect to the one in EAGLE. We made use of the data prod-
ucts and the scripts provided in the Illustris data release (Nelson
et al. 2015).
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3 TH E S U B H A L O MA S S FU N C T I O N

The subhalo (and also the halo) mass function has been extensively
studied in previous works (Giocoli et al. 2008; Springel 2010),
which made use of DMO simulations. It is well established that the
presence of baryons modifies the halo structure (Schaller et al. 2015)
and may also influence the subhalo population, in terms of their
number, spatial and mass distribution. A direct comparison be-
tween DMO and hydrodynamical simulations with this purpose can
be done by means of zoom-in resimulations (Zhu et al. 2016; Fiac-
coni et al. 2016) or full cosmological runs (e.g. Sawala et al. 2013).
The first approach allows us to reach very high resolutions and thus
small subhalo masses, but the results are intrinsically limited in the
number of parent haloes and thus do not give statistical predictions
on the subhalo mass function, while in the second case there are
stronger limitation in resolution; on the other hand, using full cos-
mological runs guarantees to take into account large scale effect
such as the total abundance of haloes. We use the main EAGLE and
Illustris runs where the lowest subhalo mass is around 108 M� h−1;
given their very similar overall configuration, they allow us to di-
rectly test how different baryonic physics implementations influence
the subhalo mass function.

Generally, the action of baryons on the overall DM distribution
in haloes and subhaloes is threefold: (i) Reionization affects the
formation and evolution of low-mass haloes, making them almost
completely dark (with no star formation) for M < 109 M� h−1;
(ii) the DM concentration in the inner region is increased due to gas
cooling and adiabatic contraction, both in the haloes and in the most
massive subhaloes which host stars; and (iii) stellar and AGN feed-
back cause differences in halo mass, both at the low- and high-mass
ends (Cui et al. 2012; Sawala et al. 2013; Vogelsberger et al. 2014;
Velliscig et al. 2014; Schaller et al. 2015; Sawala et al. 2015), gen-
erally making haloes ‘lighter’ in the hydro runs and thus shifting the
halo mass function; finally, different feedback models may affect
how matter is stripped from subhaloes. For example, stronger tidal
forces in the hydro runs may remove mass more efficiently from
subhaloes during their infall (Zhu et al. 2016). Earlier works (Sawala
et al. 2013; Schaller et al. 2015; Vogelsberger et al. 2014) showed
that the abundances of both haloes and subhaloes are reduced in
hydrodynamic simulations compared to the DMO counterparts, as
a consequence of a reduction in mass. Nevertheless, the amount
of this reduction depends on the baryonic physics model, and thus
in the following sections, we will explore in detail the differences
between the EAGLE and the Illustris runs.

3.1 Halo versus subhalo mass function

First of all, we want to investigate how the differences in the subhalo
population can be related to those in the halo mass function: A
different number of haloes available for accretion at redshift zj

would induce a different subhalo mass function at redshift zk < zj.
Fig. 1 shows the halo (top panels) and subhalo (bottom panels) mass
function for both simulations, at four redshifts between 0 and 1. In
the upper panel, we plot the halo mass function using all the haloes
in the FOF catalogues and, thus, in this case we choose Mfof as
halo mass; results from the DMO and full hydrodynamical run are
represented, respectively, with solid and dashed lines. In the small
lower panels, we highlight the difference between the two cases: by
looking at the fractional difference of halo counts between the hydro
and the DMO run, we notice some similarities and some differences
between the two simulations. We observe the predicted reduction of
the number of objects from the DMO to the hydrodynamical runs,

but while in the EAGLE case, this lack of structures is maintained
at all masses (even the AGN feedback cannot expel enough baryons
to reduce the halo mass at the high-mass end, so that the ratio tends
to 1, as in Schaller et al. 2015), in the Illustris, the reduction is not
constant and there are more intermediate mass haloes in the hydro
run than in the DMO one. This behaviour can be explained as the
combined effect of stellar and AGN feedback: They both are less
efficient around 1011M� h−1, leaving these masses unaltered and so
increasing their abundance due to the contribution of higher masses
that are shifted to these lower values. This is consistent with what
is shown in Vogelsberger et al. (2014); indeed Cui et al. (2012) and
Cui et al. (2014) suggest that neglecting the AGN feedback can lead
to an increase of the halo mass function at the massive end.

The second panel of Fig. 1 shows the global subhalo mass func-
tion, in the same units of the halo mass function. The colour scheme
is the same; the dot–dashed black curve in the lower panels shows
the fractional change of the halo mass function at z = 0.2 from the
previous panel, for a more straightforward comparison. We notice a
clear relation between the two mass functions: A considerable part
of the difference in the subhalo counts between the hydro and DMO
run can be attributed to the underlying difference in the halo mass
function. Having less small structures that can be accreted by larger
haloes at any redshift leads to a different number of subhaloes – also
enhanced by the fact that not all the small haloes at zi < z will be
accreted. Nevertheless, the residuals do not correspond exactly, and
the additional differences can be attributed to the action of baryonic
physics, as cooling, adiabatic contraction and tidal forces inside the
halo.

3.2 Mass bins

We select the dark matter haloes with a mass M200 = [1012.5,
1014]M� h−1 consistent with the mass range of massive ellipti-
cal galaxies with which we will compare further on in this work.
In this mass range, the baryonic effect on the halo mass function is
similar for the two simulations, leading to a � 10 per cent reduction
in the number of haloes. The minimum subhalo mass that we show
in our plots is M � 2 × 108 M� h−1, which corresponds to npart �
20–30 depending on the run. Previous works showed that the sub-
halo identification may not be reliable with less than 100 particles
(Onions et al. 2012), which would correspond to M > 109 M� h−1.
Here, we keep the small subhaloes in the plots, but we remind that
the results for this mass bin must be interpreted with caution. We
use only subhaloes with more than 100 particles to fit the mass
function.

Fig. 2 shows the subhalo mass function in three bins of halo
mass, for the two simulations and both the dark-mater-only and
hydro run. We fit our measurements with the model from Giocoli
et al. (2010a):

1

M

dn(z)

d ln m
= (1 + z)1/2AMmα exp

[
−β

( m

M

)3
]

, (1)

where the parameters α, β and AM are respectively the slope (as-
sumed negative), the exponential cut-off and the normalization of
the curve. We fit the subhalo mass function corresponding to differ-
ent halo masses and redshifts (as in Fig. 2) and then take the average
value of the best-fitting slope. Consistently with previous works, for
the DMO case, we recover the standard value of α = −0.9; since
the values in Giocoli et al. (2010a) are for virial haloes, the other
parameters of our best fit differ. For the runs with baryons, we find a
best-fitting slope that is less steep than the DMO case (see Table 1).
Note that the fitting functions are shifted vertically by the redshift
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Figure 2. Subhalo mass function for three bins in halo mass in our sample
(m/M = m(subhalo)/M200). The colour scheme is the same as in Fig. 1.
Main panels: circles and triangles show our measurements for the dark and
hydro simulations, fitted by the curves coming from equation (1) (again
solid and dashed lines). Inset panels: fraction of haloes or subhaloes found
in the hydro run, with respect to the DMO one – with Poissonian errors.
While the points stand for the fractions calculated from the data, the solid
black line shows the ratio between the standard fitting functions: as they
scale only with redshift for a given mass bin, this is the same for all the
three considered redshifts. The dot–dashed line shows the same, but in this
case the hydro mass function is modelled separately for low and high mass
subhaloes and thus has two different slopes (see Table 1). The grey region
corresponds to subhaloes with less than 100 particles.

Table 1. Column 2: best-fitting slope of the subhalo mass function from
equation (1). Columns 3–4: best-fitting slopes obtained modelling the sub-
halo mass function separately at the low and high-mass end.

Subhalo mass function slope
sim α α(log(M) < 9.5) α(log(M) > 9.5)

DMO −0.90 ± 0.03 – –
EAGLE −0.85 ± 0.04 −0.91 ± 0.03 −0.82 ± 0.06
Illustris −0.76 ± 0.02 −0.87 ± 0.03 −0.72 ± 0.09

dependence, and thus the residuals between them shift horizontally
in the residual panels, fitting the points well within the error bars.
As can be understood from the lower panels of Figs 1 and 2, the
presence of baryons modifies the shape of the subhalo mass func-
tion. In order to provide a simple description and be able to compare
with observational results (Vegetti et al. 2014), we fit equation (1)
both to the DMO and the hydro runs. However, it should be noted
that for the latter a single power-law model may not be as accurate
for the entire subhalo mass range as for the DMO case. For this
reason, we also calculate the best-fitting slope separately for two
subhalo mass intervals and the best-fitting values are listed in the
third and fourth columns of Table 1. We see that the mass function
is steeper for the low-mass subhaloes (when log(M) < 9.5, which
corresponds to the plateau in the residual panels of Fig. 2) and has
a slope similar to the DMO case, consistently with what found in
Sawala et al. (2017). The dot–dashed line in the lower panels of
Fig. 2 shows the ratio between the DMO subhalo mass function and
the hydro one, which combines the two slopes.

Different colours stand for different redshifts, and the solid black
line shows the ratio between the fitting functions. To test whether
the residuals depend on the halo mass definition, we re-calculated
them also for the whole FOF halo. They behave consistently with
those within r200, showing that the lack of small subhaloes in the
simulations does not depend only on the distance from the centre,
supporting the point that the variation in the halo mass function may
dominate over a faster disruption rate inside the halo.

Looking at the error bars, we notice that the difference in fractions
between the two simulations is significant only at the low-mass end
where the number of objects is high enough and therefore the error
bars are smaller. We will explore the low-mass end of the subhalo
mass function with higher resolution simulations in a follow-up
paper: In order to distinguish between the effect of baryons and
those from different models of dark matter (such as WDM), we
need a good statistic at 106 − 107 M�.

4 SU B H A L O C O U N T S

In this section, we present and model the distribution of subhaloes as
a function of radius, both in terms of their three dimensional number
density and in projection. As we adopted M200 as halo mass, we use
r200 accordingly.

It has been shown in previous works (e.g. Springel et al. 2008)
that the number of subhaloes as a function of radius can be well fit
by an Einasto profile:

ρ(r) = ρs exp

{
− 2

α

[(
r

rs

)α

− 1

]}
. (2)

In Fig. 3, we show the radial distribution of subhaloes: for each
simulation, the distribution of subhaloes can be modelled by the
same curve, when the number is normalized by the mean number
density of subhaloes in that specific mass bin within r200. Solid
lines show the best-fitting Einasto profile to the z = 0.2 points,

MNRAS 469, 1997–2010 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/469/2/1997/3778004 by biblioteca biom
edica centrale universita di bologna user on 18 July 2023



2002 G. Despali and S. Vegetti

Figure 3. Number of subhaloes as a function of radius. As in Springel et al.
(2008), the radial distribution of subhaloes can be well fitted by an Einasto
profile. Different point types indicate three bins of subhalo masses – 108

(circles), 109 (squares) and 1010M� h−1 (triangles): All these subhaloes lie
on the same curve, when the number is normalized by the mean number
density of subhaloes of that specific mass bin within r200. Solid lines show
the best-fitting Einasto profile to the z = 0.2 points, while the same fit for
z = 0.5 (for which we do not show the points) are given by the dashed lines.
Other mass bins give similar results, and we provide the parameters of the
Einasto fits in Table 2.

Table 2. Best-fitting parameters of the Einasto fit to the number
density of subhaloes as a function of radius. For each redshift-mass-
simulation combination, we give the best-fitting values of (ρ, rs) of
the fit; we find that in all cases α = 1.1 works well. Some of the
fitting functions are shown in Fig. 3, together with the points.

number density of subhaloes
sim 1013 1013.5 1014

z = 0.2
DMO (1.79, 309) (2.12, 436) (1.12, 881)
EAGLE (1.62, 330) (1.92, 447) (1.04, 895)
Illustris (0.732, 438) (1.04, 488) (1.11, 760)

z = 0.5
DMO (2.74, 291) (3.23, 388) (1.17, 381)
EAGLE (2.4, 306) (4.38, 360) (1.61, 514)
Illustris (0.732, 438) (2.02, 733) (2.02, 677)

while the same fit for z = 0.5 (for which we do not show the
points) are given by the dashed lines. In all cases, we find that our
points are well fitted by an Einasto profiles with α = 1.1, while
the values of normalization ρs and scale radius rs vary with halo
mass and redshift. In Table 2, we provide the best-fitting values
for each combination of redshift, mass bin and simulation. At fixed
redshift, increasing the halo mass corresponds to a horizontal shift
in the profiles (i.e. an increased number density of subhaloes at
large distances); at fixed mass, increasing z leads to an increase
in the normalization (i.e. an overall increased number density of
subhaloes). We also note that for high halo masses, the three profiles
have more similar shapes, indicating that the effect of baryons is
less important in this mass range.

Fig. 4 shows the average subhalo counts in units of (kpc h−1)−3,
(kpc h−1)−2 and arcsec−2 as a function of distance from the centre in
three and two dimensions, for haloes of mass M200 � 1013M� h−1

at redshifts 0.2 and 0.5; the subhalo counts are averaged over all
the haloes in the selected mass bin and over three projections per
system for the two dimensional measurements. We compare the
DMO results, the EAGLE (blue open triangles) and the Illustris
(red open squares) hydrodynamical simulations. We consider three
logarithmic bins in subhalo mass (in M� h−1: (8.2–9), (9–10) and
(10–11). The left-hand panels show the average three dimensional
subhalo counts within r200, expressed as number of subhaloes per
(kpc h−1)−3. The general trend is very similar for all the simulations,
but we note again a different effect of the two models of baryonic
physics: In the Illustris simulation, the lack of subhaloes is again
more evident than in EAGLE, reflecting what could be inferred
from the subhalo mass functions. In projection (right-hand panel),
the distributions flatten and the relative behaviour of the three cases
is the same, similarly to what found in Xu et al. (2015) – this time,
we plot only the subhalo counts within 0.3 × r200, because only the
central parts of the halo are relevant for lensing. Projecting all the
substructures inside the FOF group gives a slightly different results
in the higher subhalo mass bin; this is explained by the fact that
bigger subhaloes are found in the outer region of haloes and the
FOF group is more extended than r200.

5 A COMPARISON W I TH O BSERVATI ONS

5.1 The SLACS survey

The SLACS Survey is an efficient Hubble Space Telescope Snap-
shot imaging survey for galaxy-scale strong gravitational lenses
(Bolton et al. 2006). The SLACS survey was optimized to detect
bright early-type lens galaxies with faint lensed sources in order to
increase the sample of known gravitational lenses suitable for de-
tailed lensing, photometric and dynamical modelling. SLACS has
identified nearly 100 lenses and lens candidates, which have a stel-
lar mass ranging from 1010.5 to 1011.8 M� (Auger et al. 2009) and
estimated total masses of the order of 1013 M� (Auger et al. 2010a),
at redshift z � 0.2 – spanning approximately 0.06 ≤ zlens ≤ 0.5 for
the lenses and 0.2 ≤ zlens ≤ 1.3 for the source. They can be consid-
ered representative of the population of massive ETGs with stellar
masses M∗ ≥ 1011 M� (Auger et al. 2009).

In this paper, we make use of the results from Auger et al.
(2009, 2010a,b), in order to select SLACS-like candidates in the
EAGLE and Illustris hydro simulations.

5.2 Considerations on the IMF

Even though it could seem more straightforward, selecting the sim-
ulated galaxies in terms of the total stellar mass may present some
problems concerning the chosen IMF: The SLACS total stellar
masses have been calculated by Auger et al. (2009), using both the
Chabrier and the Salpeter IMF and the latter has been shown to
be the preferred model. Auger et al. (2010a) ruled out a Chabrier
mass function when calculating the total halo mass (this is also sup-
ported by the findings of Grillo et al. 2009). On the other hand, both
the EAGLE and Illustris simulations have been run with a Chabrier
IMF and rescaling the mass with the usual relation MSa = MCh/0.55
would not yield to a meaningful comparison: Changing the IMF in
the simulation code would require modification in the baryon and
subgrid models, leading to more complicated differences than a sim-
ple rescaling. For this reason, following Xu et al. (2016), we avoid
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Impact of baryonic physics on subhaloes 2003

Figure 4. Subhalo counts at redshift z = 0.2 and 0.5. Each horizontal panel corresponds to a subhalo mass bin (in M� h−1). Left-hand panel: Average 3D
number of subhaloes, in units of physical (kpc h−1)3. Right-hand panel: projected number of subhaloes (averaged over three projections per halo), in units of
physical (kpc h−1)2 or arcsec2. In all the panels, we divide the subhaloes in three mass bins, to show how the abundance scales approximately one order of
magnitudes for each decade in mass. Results for the DMO, EAGLE and Illustris hydro runs are represented, respectively, by black circles, blue triangles and
red squared; the dotted lines are linear best-fitting relations to the points.

a selection by total stellar mass and prefer to use dynamical mea-
surements and velocity dispersion instead. This presents another
advantage: As can be seen in Fig. 7, the stellar mass of the central
galaxy is on average different in the two simulations for a halo of a
given total mass and so using it as a main selection criterion could
enhance the difference in total mass between the two samples.

5.3 Selection of SLACS analogues

In order to select analogues of the SLACS lenses from the consid-
ered simulations, we start by excluding all haloes that are clearly
unrelaxed: We exclude those for which the distance between the
halo centre of mass and the position of the minimum of the poten-
tial is more than 5 per cent of the virial radius, as they may include
multiple components and are not suitable for our selection (Neto
et al. 2007; Ludlow et al. 2012).The top panel of Fig. 5 shows all
galaxies selected only by halo mass M200 = 1012 − 1014 M� h−1

and relaxation; unlike in previous sections, here, we also include
haloes with masses lower than 1012.5 M� h−1, in order to reproduce
the virial mass range of the SLACS lenses, the SLACS lenses are
represented by the black circles (open for Chabrier and filled for
Salpeter IMF), while the simulated galaxies are represented in red
(open squares) and blue (open triangles), for the Illustris and EA-
GLE simulations, respectively. These come from three snapshots of
the simulations – the closest to the z range of the SLACS and the
closest to each other. As has been found in Auger et al. (2010b), the
SLACS lenses are well fit by a linear relation in the M∗–re space,
represented by the dashed and solid black lines for the two IMFs.

We then apply a dynamical selection, identifying the galaxies that
are most probably ellipticals, or at least bulge dominated. This kind
of information comes from dynamical measures already present in
the EAGLE and Illustris catalogues, which allow us to distinguish
the disc and bulge components and give very similar informations
and results.
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2004 G. Despali and S. Vegetti

Figure 5. Top panel: Total stellar mass versus effective radius, for the
SLACS lenses (black filled circles for a Salpeter IMF and open circles for
a Chabrier IMF) and the galaxies in the EAGLE (blue open triangles) and
Illustris (red open squares) simulations. The black solid (dashed) line shows
the best fit to the SLACS data for a Salpeter (Chabrier) IMF by Auger
et al. (2010b). Here, we show all the galaxies that lie in the M200 = 1012–
1014M� h−1 mass bin. Bottom panel: same for the galaxies selected through
dynamical properties and velocity dispersion (σ v=160–400 km s−1).

For the EAGLE run, we define galaxies with a counter-rotating
stellar fraction inside 20 kpc of at least 25 per cent to be elliptical.
For Illustris, the selection is based on the specific angular momen-
tum (Teklu et al. 2015; Snyder et al. 2015) through the parameter
ε = Jz/J(E), where Jz is the specific angular momentum and J(E) is
the maximum local angular momentum of the stellar particles. This
quantity has been calculated for each stellar particle and we know

the following:

(i) the fraction of stars with ε > 0.7, which is a common definition
of the disc stars – those with significant (positive) rotational support

(ii) the fraction of stars with ε < 0, multiplied by two, which in
turn commonly defines the bulge.

Following Teklu et al. (2015), the galaxy is disc dominated if the
first quantity is greater than 0.4 and bulge dominated if the second
one is larger than 0.6. Our selection combines these two criteria, with
the second one being much more restrictive than the first. Despite
the fact that the quantities calculated for the two simulations are
different, the resulting selection is similar: Both criteria allowing us
to estimate the mass of the disc/bulge of the galaxy and to rule out
systems that clearly have a disc work well.

Among the galaxies identified by the dynamical selection, we
then choose galaxies that have a velocity dispersion similar to that
of the SLACS lenses (160–400 km s−1). This is calculated within
half of the effective radius re, which traces half of the light. For the
simulated galaxies, we calculate a projected half-mass radius, using
the central galaxies corresponding to our selected haloes, averaging
over the three projections along the axes. This quantity should be
a good counterpart of the effective radius, and we use it also to
recalculate the velocity dispersion.

The bottom panel of Fig. 5 illustrates the result of our selection
in the re − M∗ space, showing the sample selected using dynami-
cal properties and velocity dispersion, proving that we are able to
choose in simulations objects very similar to the SLACS lenses. The
main restrictions are given by the dynamical criteria: This reinforces
the statement that the SLACS lenses are representative of the whole
ETGs population at these redshifts. In both cases, we identify as
SLACS analogues ∼18 per cent of the initial sample, proving that
the two dynamical selections give similar results.

5.4 Properties of the dynamically selected sample

We investigate other similarities of the observed galaxies with the
sample from simulations. Auger et al. (2010a) provide a relation to
estimate the virial mass, based on a model that relates the virial and
stellar masses (Moster et al. 2010), for various combinations of IMF
(Chabrier, Salpeter and a Free model) and halo profile [Navarro–
Frenk–White (NFW) and two profiles from Blumenthal et al. 1986
and Gnedin et al. 2004 that take into account cooling and adiabatic
contraction]. These models define virial mass as the mass inside
the radius enclosing the virial overdensity, as calculated from the
spherical collapse model (Bryan & Norman 1998). It is defined
in the same way as in the simulations; we use the virial mass for
the SLACS lenses calculated for a Salpeter IMF and profile from
Gnedin et al. (2004). In Fig. 6, we show the stellar and virial mass
distributions of SLACS and of the selected sample of galaxies, find-
ing a good agreement. Here, we note that the virial mass of the two
simulations peak at slightly different values, while stellar masses
show a better agreement, bringing us back to the fact that Illustris
has a higher stellar mass at fixed halo mass (Fig. 7 – more details
about the different composition of central haloes and subhaloes are
presented in Appendix A). Nevertheless, it is possible to identify a
good sample of analogues in both cases. In the bottom panel, we
show the agreement between the data and the sample selected from
simulations for what regards magnitudes, finding a good agreement.
As discussed in Xu et al. (2016), who selected lens analogues in
a similar way in the Illustris simulation, simulated ETGs selected
through velocity dispersion lie well on the Fundamental Plane.
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Figure 6. Top panel: distribution of stellar mass and virial mass for the
SLACS galaxies and the samples selected from the simulations; here, we
plot the number of objects found in each case: we have more simulated
than observed galaxies, but the ranges of stellar and virial masses recovered
by the selection procedure are in good agreement. Bottom panel: relation
between B and V magnitudes for the SLACS lenses and the galaxies selected
from simulations.

6 C O M PA R I S O N W I T H A R E A L D E T E C T I O N

In this section, we quantify the probability of detecting substruc-
tures in SLACS-like lenses. Among the whole SLACS sample,
11 objects have been selected on a signal-to-noise basis and have
been modelled searching for the presence of substructures (Veg-
etti et al. 2014). These are massive early-type lens galaxies, with
an average velocity dispersion of ∼270 km s and average Einstein
radius 〈Rein〉 ∼ 4.2 kpc. In this sample, only one lens has shown
evidence of one substructure with a mass of 3.51 × 109 M�(Vegetti
et al. 2010). At the same time non-detections still carry important

Figure 7. Stellar mass of the central galaxy versus the total mass of the
halo.

information and can be used to constrain the subhalo mass function.
Our aim is to compare this rate of detections with a prediction from
simulations: For this reason, we will calculate the probability of
detecting a substructure, with any mass larger than 109 M� in a
random sample of 11 haloes, chosen among the one we selected as
SLACS analogues. We will then use the projected fraction of dark
matter in subhaloes fDM calculated from the analogues, in order to
compare our estimates with that inferred from observations.

6.1 Detection probability

In order to determine the probability of one detection in a sample
of 11 lenses, we extract 11 random haloes from our selection and
project their substructures on the image of each lens. We repeat the
procedure 600 times for each case (pure dark matter, EAGLE or
Illustris hydro), to ensure a good statistic. We find that a substruc-
ture – with any mass larger than 109 M� h−1 – is present in the
sample of 11 lenses and in the area around the Einstein rings where
it could affect the lensing signal in around 41 per cent, 37 per cent
and 18 per cent of the cases, respectively, for DMO, EAGLE and
Illustris. Among these, probabilities are higher for low mass sub-
structures, since – as seen in Fig. 4 – the scaling between density
and mass is of one order of magnitude for each decade in mass.

As detailed in Vegetti et al. (2014), counting how many substruc-
tures lie in the right region is not enough, because the possibility of
detecting a substructure via its gravitational effect is not indepen-
dent of its location: The effect of the substructure would be more
evident for structured sources and in a location where a perturbation
of the surface brightness could be stronger. In order to verify how
many substructures can actually be detected, we make use of the
sensitivity function maps created by Vegetti et al. (2014): These
provide the minimum mass that could be detected for each pixel in
the imaging of each of the 11 lenses. After projecting and counting
the simulated subhaloes, we associate them with a pixelized grid
with the same spacing of the sensitivity function, and we compare
the mass of the substructure with the sensitivity of the particular
pixel it fells in: If the lowest detectable mass in that pixel is lower

MNRAS 469, 1997–2010 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/469/2/1997/3778004 by biblioteca biom
edica centrale universita di bologna user on 18 July 2023



2006 G. Despali and S. Vegetti

Figure 8. Average number of detected subhaloes per sample of 11 objects,
as a function of subhalo mass (M�h−1). The grey region indicates again
where subhaloes have less than 100 particles.

Table 3. Probability of detecting one substructure of a certain
mass in a sample of 11 SLACS-like lenses, taking into account
the effect of the sensitivity function. Fig. 8 shows a more detailed
distribution of the percentage of detections. All these values are
extracted from 600 random samples from each simulation.

percentage of detections using sensitivity functions
range (M� h−1) DMO EAGLE Illustris

M > 109 20 19 10
109 < M < 1010 18.5 17 8

M > 1010 1.5 2 2

than the subhalo mass, then we consider it a detection, otherwise
it is listed as non-detection. This leaves us with an overall proba-
bility of detecting one substructure with mass M > 109 M� in one
lens and nothing else in the others of 20 per cent, 19 per cent and
10 per cent in the three cases, meaning that nearly 50 per cent of
subhaloes are projected on to a pixel that is not sensitive enough to
detect them. Fig. 8 shows the average number of detected subhaloes
with a mass larger than 109M� h−1 per sample of 11 objects, as
a function of subhalo mass; probabilities in wider mass bins are
summarized in Table 3. These results are compatible with the pro-
jected number counts of Fig. 4, which are then further reduced by
considering the sensitivity function. We point out that the sensitivity
functions have been calculated using a 10σ detection as threshold:
Using weaker constraints may lead to higher detection probabil-
ities from simulations. It should be noted that these conclusions
are based exclusively on projected subhalo counts, and we did not
simulate the actual lensing effect of the subhaloes, which we plan
to explore in a follow-up paper. Not only the number of subhaloes
is different in different simulations, but also their structure, profile
and concentration may change, leading to a different gravitational
lensing effect. Understanding these differences and the contribution
of the structures along the line of sight may allow us to go beyond
our results and effectively rule out some hydrodynamical models.

Figure 9. Examples of the projection of subhaloes on the sensitivity func-
tion (lens galaxy SDSSJ0946+1006). The colour scale indicates the mini-
mum subhalo mass that can be detected in each pixel in the region around the
Einstein radius (in M�). The black point shows an example of detection:
the detected mass is 1.6 × 109 M� – very similar to the real detection in
this region. The white square represents a non-detection: the subhalo mass
is 2.2 × 108 M�, thus too low to be detected in that region. Finally, the
white circle in the right-hand panel shows a case in which the subhalo falls
in the central part of the halo but not in the region around the Einstein radius
(it had a mass of 9 × 108 M�).

Fig. 9 shows three examples of substructures projected on the
sensitivity function of the lens galaxy SDSSJ0946+1006, where
there has been a real detection (Vegetti et al. 2010). The black
point shows an example of detection: In the left-hand panel, the
detected mass is 1.6 × 109 M� – very similar to the real detec-
tion in this region, while in the right-hand panel is 7 × 108 M�.
The white circle represents a non-detection case, where the mass
of the substructure is lower than the minimum detectable mass,
while the white square point shows a substructure that does not fall
in the right region.

6.2 Projected DM fraction fDM

We now use our selection to calculate the mass fraction in subhaloes:
We calculate the total projected dark matter mass in the area of the
sensitivity functions by projecting the dark matter particles. For each
of the selected haloes, we considered three independent projections
for each of the 11 sensitivity functions. The resulting projected dark
matter masses are generally consistent with those calculated for
this sample of 11 SLACS lenses and on average of the order of
2.5 × 1010M� h−1. We then calculate the expected number density
of subhaloes dn/(kpc h−1)2, as in Fig. 4 for subhaloes with masses
between 108 and 5 × 109M� h−1; since this scales approximately
of one order of magnitude for each decade in mass, we extrapolate
the expected number of lower mass subhaloes between 106 and
108M� h−1 that we do not resolve in the simulations. We then use
the total projected dark matter mass and the number density of
subhaloes in the sensitivity function areas, obtained multiplying the
mean value for the total area. The mean densities in substructures in
the range of 4 × 106–4 × 109M� h−1 and the resulting mean mass
fraction in substructures on the areas of the sensitivity functions
are listed in Table 4. For the DMO case, we are consistent with
a value of fDM compatible with Vegetti et al. (2014) – and thus
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Table 4. Average projected mass density in subhaloes on the
areas of the sensitivity function, for the simulated analogues of
SLACS lenses.

subhalo mass fraction
sim 〈ρsub〉( M�h kpc−2) fDM

DMO 5.826 × 106 0.0044± 0.0018
EAGLE 3.858 × 106 0.0025±0.0012
Illustris 1.541 × 106 0.0012±0.0004

consistent with the predictions from Xu et al. (2015). The mass
fraction in substructure in the range of 106–109M� h−1 is then
lower for the simulations with baryons and especially for the Illustris
simulation. These values, combined with the best-fitting slope of
the subhalo mass function α can be used to fully constrain the
subhalo mass function and can be compared with those inferred
from observations. Vegetti et al. (2014) found a mean substructure
projected mass fraction of fDM = 0.0076+0.0208

−0.0052 for a uniform prior
on α and fDM = 0.0064+0.0080

−0.0042 for a Gaussian prior with mean 1.9
and standard deviation 0.1. Thus, the values of fDM, α from the
DMO and from the EAGLE hydro runs are compatible with their
findings within the errors, both for the mass fraction fDM and the
slope α. The results from the Illustris hydro run instead do not lie
within the errors. If we use the double power-law fit to the subhalo
mass function (from Table 1), we obtain slightly higher values of
fDM for the hydro runs; even in this case, the combination of fDM, α

obtained from EAGLE is compatible with the observational results
within the errors, while that obtained from Illustris is not, leaving
our conclusions unchanged. We prefer the results obtained with a
single power-law mass function for this comparison, in order to be
consistent with the model used in the lensing analysis. We compare
with this prediction and not with those of Vegetti et al. (2010, 2012),
since the first included only one lens and the second is based on
a lens which is not part of the SLACS sample and has therefore a
different selection criterion and a different mass and redshift.

7 SU M M A RY

We have analysed the results of the two most recent simulations
(EAGLE and Illustris), aiming to characterize the subhalo popu-
lation in simulations with different baryonic physics models. We
concentrate on haloes mass between 1012.5 and 1014M� h−1 and
redshift between 0.2 and 0.5, since we want to compare with obser-
vations of ETGs at these redshifts. Here, we summarize our main
results:

(i) The presence of baryons modifies the abundance and struc-
ture of haloes, through processes such as adiabatic contractions,
cooling, stellar and AGN feedback. As a consequence, the subhalo
population is affected (i) by the different abundance of haloes in the
field that can be accreted by larger haloes, and (ii) by a different dy-
namic and survival of substructure inside the main halo. Depending
on the adopted physical model, the depletion in the low-mass end
of the subhalo mass function changes: In the EAGLE hydro run,
we find � 20 per cent fewer subhaloes with a mass between 108

and 1010 M�, while for the Illustris simulation, this percentage can
be as high as 40 per cent. A different effect is present also at higher
subhalo masses (1011–1012 M�), where Illustris shows an excess of
subhaloes in the hydro run, which is not present in EAGLE (Fig. 1);
this kind of differences need to be investigated more since they may
be similar to those caused by WDM models (Lovell et al. 2014; Li
et al. 2016) at the low-mass end.

(ii) We model the subhalo mass function for different halo
masses, using a relation from Giocoli et al. (2008); for the DMO
case, we find a slope α = −0.9, consistent with previous studies,
while we find shallower slopes for the hydro runs, with α = −0.85
for the EAGLE hydro run and α = −0.76 for the Illustris one
(Fig. 2).

(iii) The projected number density of subhaloes is quite flat as
a function of radius, as shown already by Xu et al. (2015) for a
different mass range; the abundance of subhaloes that can be found
in projection in the central regions of the halo decreases by about
one order of magnitude for each decade in subhalo mass.

We conclude that baryonic physics has an important impact on
the halo structure and on the subhalo population; this needs to be
taken into account when we compare predictions from simulations
to observational results. The reduction in the number of small sub-
haloes is a clear consequence of the presence of baryons and of
stellar and AGN feedback. However, in order to distinguish this
effect from others, such as that of WDM models (Lovell et al. 2014;
Li et al. 2016), we need to reach lower subhalo masses. We plan to
investigate these differences with zoom-in high-resolution simula-
tions in a follow-up paper.

The second part of this work focuses on the comparison with
observational results, and in particular with the SLACS lenses. We
searched for analogues in the simulations, considering ETGs which
match the properties of the SLACS galaxies. We found a good
number of these analogues at redshift between 0.2 and 0.5, select-
ing the galaxies by dynamical properties and velocity dispersion;
we then verify that the selected galaxies lie in the right region
of the M∗–re plane and that the distribution of total stellar mass
and virial mass is consistent with the observed ones. We use the
selected galaxies to estimate subhalo detection probabilities with
different physical models. For this, we extract random samples of
11 SLACS-like haloes from the simulations and project their sub-
structure on the sensitivity functions of the real lenses, in order to
estimate how many subhaloes could be detected. We conclude the
following:

(i) Only 1 detection with a mass M109 M� in a sample of 11
lenses is not a certain event, and it has a probability of 20 per cent
(DMO), 19 per cent (EAGLE) or 10 per cent (Illustris).

(ii) Many more observed lenses of ETG mass are needed to en-
sure a good number of detections and thus being able to fully
constrain the subhalo mass function.

(iii) The dark matter fraction in subhaloes within the areas of the
sensitivity functions, for the three models is fDM(DMO, EAGLE,
Illustris) = (0.0044,0.0025,0.0012). The values of (fDM, α) from
the DMO and from the EAGLE hydro runs are both compatible
with the findings of Vegetti et al. (2014) within the errors, while
those from the Illustris are significantly lower.

This clearly shows that substructure lensing not only allows us
to distinguish between different dark matter models, but also al-
lows us to distinguish between feedback and galaxy formation
models, provided that the contribution from the line-of-sight struc-
tures is well understood. This last aspect will be the main focus
of a follow-up paper. Another scenario that needs to be addressed
is that of different WDM models, since it also causes a lack of
low mass substructures; we plan to extend our findings to this
and to the combination between WDM and baryons in a future
work, using higher resolution simulations in order to reach lower
masses.
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A P P E N D I X A : ST RU C T U R E O F S U B H A L O E S

We look at the structure of subhaloes and host haloes in the full
hydrodynamical runs for the lens analogues. SUBFIND identifies the
main ‘smooth’ component of the FOF halo as the first and most
massive subhalo, followed in the catalogue by all the smaller struc-
tures. In Fig. A1, we distinguish the main halo and its subhaloes
and study their baryonic content: We plot the average percentage
of mass built up by stars and gas, respectively, in orange and green.
The right-hand panel shows the composition of the central subhalo
(i.e. the main halo) for the two simulations, at redshifts 0.2 and 1.
The results from the two simulations present significant differences:
In the EAGLE run, the main halo contains much more gas than in
the Illustris and at the same time less gas is bound to the subhaloes.
Moreover, we note again a higher stellar mass in Illustris galaxies,
as in Fig. 7. As shown in Schaye et al. (2015), the star formation is
higher in the Illustris simulations for all masses and the feedback
model induces a stronger AGN feedback, which expels almost all
the gas from the halo with the purpose of quenching star formation –
and is one of the known problems of the Illustris recipe. The effect of
different feedback models on the baryon and gas fractions has been
studied in Velliscig et al. (2014), who found an important depletion
in the presence of an AGN. A selection of the simulated galaxies
using observational constraints (as stellar mass, effective radius or
magnitude) may thus be affected by the different composition of
the central halo.
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Figure A1. Left-hand panel: subhalo composition. In all panels, the orange and green lines show, respectively, the mass fraction in star and gas of the
subhaloes. Subhaloes are binned according to the mass of the parent halo; each column shows the results for one of the three bins (12.5 ≤ lg(M200) ≤ 13,
13 ≤ lg(M200) ≤ 13.5 and 13.5 ≤ lg(M200) ≤ 14). Subhaloes are also divided according to their distance from the centre of that halo: Solid lines show those
that lie within 30 per cent of the radius r200, while dotted lines show those that are found within 0.3 × r200 and r200. Even though low mass subhaloes are
mainly completely dark, we want to stress that the baryonic content is not well resolved for masses lower than 109M� h−1. Right-hand panel: composition of
the central halo (first subhalo or smooth component of the halo).

The left-hand panels show the same for the subhaloes, binned by
halo mass (different columns) and distance from the centre: The sub-
haloes that lie in the very centre of the halo – closer than 0.3 × r200 –
are represented by solid lines, while the others – between 0.3 × r200

and r200 – by dotted lines. First of all, we find – as in previous
works – that the smallest subhaloes (108 − 109 M� h−1) are almost
completely dark and do not form stars. Moreover, subhaloes that lie
near the centre lost the majority of their gas, so that stars build up

to 40 per cent of the total mass, while more distant satellites show
fewer signs of stripping.

Fig. A2 shows the mean radial density profiles of the central
haloes. The mean density profile of the central is very similar in
the two cases (Fig. A2): Stars and gas behave differently, but their
contributions sum up to give a comparable total density profile.

We plan to analyse subhalo profiles and concentration in detail
in a follow-up paper, using ray-tracing to model their influence on
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Figure A2. Mean density profile of the central halo (without subhaloes).
We chose 10 haloes from each of the two hydro runs: they have M200

� 1013M� h−1 and very similar dynamical properties; the central galaxy
has been identified as a massive elliptical. We show the profile of each
component (dark matter – black, stars – orange, gas – green) and the total
density profile in black dashed lines. The blue curve shows the profile of the
counterparts of these haloes in the DMO run. As from Fig. A1, the central
halo from EAGLE contains more gas, while the one from Illustris has a
bit more stars; nevertheless, the total and the dark matter profiles are very
similar between the two simulations.

the lensing signal. Differences due to the baryonic physics imple-
mentation may arise and analysing possible systematic differences
is important, as subhalo concentration plays a role in the possibility
to observe them through gravitational lensing.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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