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ABSTRACT

Aims. It is well known that the presence of baryons affects the dark matter host haloes. Exploring the galaxy assembly history together
with the dark matter haloes properties through time can provide a way to measure these effects.

Methods. We study the properties of four Milky Way mass dark matter haloes from the Aquarius project during their assembly history,
between z = 0 — 4. In this work, we use the SPH run from Scannapieco et al. (2009) and the dark matter only counterpart as case
studies. To asses the robustness of our findings, we compare them with one of the haloes run using a moving-mesh technique and

different sub-grid scheme.

Results. Our results show that the cosmic evolution of the dark matter halo profiles depends on the assembly history of the baryons.
We find that the dark matter profiles do not significantly change with time, hence they become stable, when the fraction of baryons
accumulated in the central regions reaches 80 percent of its present mass within the virial radius. Furthermore, the mass accretion
history shows that the haloes that assembled earlier are those that contain a larger amount of baryonic mass aforetime, which in
turn allows the dark matter halo profiles to reach a stable configuration earlier. For the SPH haloes, we find that the specific angular
momentum of the dark matter particles within the five percent of the virial radius at z = 0, remains approximately constant from the
time at which 60 percent of the stellar mass is gathered. We explore different theoretical and empirical models for the contraction of
the haloes through redshift. A model to better describe the contraction of the haloes through redshift evolution must depend on the

stellar mass content in the inner regions.
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1. Introduction

Within the current standard cosmological model A-CDM, the
dark matter together with the dark energy are the main ingredi-
ents that shape the formation and evolution of cosmic structures.
In this scenario, galaxies assemble and evolve within dark matter
haloes formed via hierarchical growth (White & Rees|1978).

In the past decades, N-body simulations that account only
for the dynamics of the cold dark matter, have been carried out
to investigate the properties of the haloes. Their results show
that dark matter haloes follow a universal radial density profile
(NFW, [Navarro et al! [1997; [Diemand et al. [2005), and tend to
be triaxial in shape, and prolate in the inner regions (Frenk et al
1988;Jing & Suto2002;|Allgood et al!2006; Stadel et al!2009).
However, these simulations do not take into account the effects
of galaxy formation and the presence of baryons on the evolu-
tion of the dark matter haloes. Observational results based on ro-
tational curves from spiral galaxies show that dark matter haloes
might have a central density core (e.g.,!Salucci & Burkert[2000;
Oh et al! 2008; [Donato et all [2009), contrary to the cuspy uni-
versal profiles obtained from simulations that only consider cold
dark matter.

Current cosmological hydrodynamical simulations that ac-
count for the dark matter halo assembly together with galaxy
formation have proven to be useful to investigate the im-
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pact of baryons on different properties of the dark matter
haloes. For instance, baryons can transform the shape of dark
matter haloes into more spherical or axisymmetric configu-
rations (Tissera & Dominguez-Tenreird|1998; [Kazantzidis et al
2004; [Tissera et all [2010; Bryan et al. 2012; Zemp et al! 2012;
Bryanetall 2013; [Ceverinoetal! 2015; [Zhuetal! 2017),
change the distribution of dark matter in the inner re-
gions (Governato et al![2012;[Maccid et al.[2012;/Di Cintio et al.
2014b,a;|Zhu et all2016), and modify their specific angular mo-
mentum (Zavala et al/2016).

It is well established that within galaxy formation models
there are many physical processes that can modify the prop-
erties of dark matter haloes. The inflow of baryons onto the
central galaxy contracts the dark matter mass to the inner re-
gions. This effect has been often modelled assuming adiabatic
contraction models (Blumenthal et al![1986;|Gnedin et al|[2004),
based on that the gravitational potential of the system is spher-
ically symmetric and changes slowly. However, this simpli-
fied model does not reproduce the results obtained from dif-
ferent cosmological hydrodynamical simulations and other em-
pirical models have been considered (e.g., [Abadi et al! [2010;
Pedrosa et all2010;/Chan et al!2015). Additionally, the outflows
produced by stellar feedback can prevent gas cooling by remov-
ing it from the central regions and in turn, expanding the haloes
(Read & Gilmore 2005; Maccio et al! 2012; |Governato et al.
2012; Brook & Di Cintio 20135; [El-Zant et al.2016). Other pro-
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cesses might also modify the dark matter haloes such as the pres-
ence of galactic discs and/or bars (Debattista & Sellwood 1998;
Errani et all 2017), dynamical friction from in-falling clumps
(El-Zant et al! 2001)), and mergers of substructures within or
close to the halo (Dekel et al/2003).

Although there is strong evidence that baryons have an
impact on the dark matter haloes, it is still under debate
how the halo properties evolve with galaxy assembly history.
Furthermore, most of the reports focus only on the properties
at z = 0. Thus, the investigation of the cosmic evolution of the
dark matter haloes together with the galaxy formation can help to
disentangle the influence of baryons onto the dark matter haloes.

There are previous works that recently discuss this aspect.
Chan et al. (2015) explore the dark matter profiles in the mass
range of ~ 10° — 10''M, from the FIRE suite hydrodynami-
cal simulations between z = 0 — 2. Their results suggest that
the inner part of the dark matter density profiles change ac-
cording to the halo mass. Haloes with masses in the range of
10'°—10'"M,, have shallow profiles, while the baryonic contrac-
tion is significant for the haloes with masses above 5 x 10! M,
Furthermore, they show that the inner regions of the dark matter
haloes are governed by stellar mass and dark matter, and cores
form typically close to z ~ 0. Also Zemp et al! (2012), using
hydrodynamical simulations with different prescriptions for the
sub-grid physics of baryons, investigate the properties of haloes
with masses above 10'° My, at z > 2. They find that dark mat-
ter haloes contract in response to baryon dissipation, producing
approximately isothermal profiles in the inner 10% of the virial
radius. Moreover, they find that the specific angular momentum
of dark matter is conserved in time in the region dominated by
baryons, since the stellar content stabilises the gravitational po-
tential. [Tollet et al. (2016 using a sample of dark matter haloes
in the range of 10' — 10'?M, find that the inner dark matter
density profile slope depends on the stellar to halo mass ratio
at all redshifts. This result is in agreement with |Di Cintio et al.
(2014b) which investigate this dependence at z = 0.

While previous reports explore the evolution of dark mat-
ter profiles in a variety of halo masses, in this work we fo-
cus on how the physics of baryons affects the evolution of
Milky Way mass-sized dark matter haloes. This work extends
the analysis performed by [Tissera et al! (2010) at z = 0. We
analyse four haloes from the Aquarius Project (Springel et al.
2008; [Vogelsberger et all 2009) between z=0—4, and compare
the cold dark matter only run with one of the galaxy forma-
tion models implemented in these haloes (the hydrodynamical
model from Scannapieco et al! 2009). Understanding the effect
of baryons on the dark matter density profile, and in particu-
lar in the inner regions of Milky Way mass-sized haloes, is es-
sential for making predictions of indirect dark matter detection
such as the gamma-ray signal from dark matter self-annihilation
(Abazajian et al. [2014; [Schaller et al! [2016b). We acknowledge
the fact that the Aquarius haloes of [Scannapieco et al! (2009)
overproduced stars, resulting in galaxies with large bulges and
small discs. Nevertheless, these haloes can provide information
on the physical processes intervening. To assess if our conclu-
sions might be affected by this aspect, we also analysed a version
of one of the haloes run using AREPO code (Marinacci et al.
2014). We show that the main results remain valid.

This paper is organised as follows. We describe briefly the
numerical simulations and discuss the convergence of the results
in § 21 In § Bl we investigate the evolution of different proper-
ties such as the dark matter density profiles, the mass accretion
history, the halo shape, and the specific angular momentum. We
contrast our findings between the dark matter only run of each

halo and the simulation containing baryons. We summarise our
main results in § 4l

2. Simulation

The haloes of Aquarius project (Springeletal! [2008;
Vogelsberger et all 2009) were run originally with dark
matter particles only (DMO run), but subsequently, different
methods were implemented to model the physics of baryons
(Scannapieco et al. [2009; [Cooper et all 2010; Marinacci et al.
2014). In this work we compare the results from the DMO
with those from the hydrodynamical run of [Scannapieco et al.
(2009, SPH run). Both DMO and SPH simulations were run
from z = 127 to z = 0 using versions of GADGET-3, an update
of GADGET-2 (Springel et all 2001}; [Springel 2005) optimised
for massively parallel simulation of highly in homogeneous
systems. The initial conditions were settled depending on
the mass resolution, and for the SPH runs the mass of dark
matter particles was reduced accordingly to the cosmological
parameters adopted (for further details see, ISpringel et al![2008;
Scannapieco et al.2009). The cosmological parameters adopted
for SPH and DMO runs are Q,, = 0.25, &, = 0.04, Q5 = 0.75,
og = 09, ny = 1, Hy = 100 hkkm s™'Mpc™! with h = 0.73.
These cosmological parameters are the same adopted in the
Millennium Simulation (Springel et al! 2005), which within
the uncertainties, are consistent with the constraints derived
from WMAP 1- and 5-year data analyses (Spergel et al! [2003;
Komatsu et al. [2009). The evolution of the structure at galactic
scales are not significantly affected by small variations in the
cosmological parameters.

The DMO haloes were run with different resolutions as part
of the Aquarius Project.Navarro et al! (2010) analyse the proper-
ties of the DMO haloes, showing that they converge numerically
in all the resolution levels studied, between level 1 to 5. So, it
is possible to reliably use level-2 of the DMO to compare with
the SPH runs at level-5 as also explained in(Tissera et al! (2010).
The haloes that include baryonic processes were run at a lower
resolution approximately 200 times lower than the DMO, named
as level-5. We also analyse the results of a lower resolution run
of level-6 for one of the haloes to evaluate resolution effects. In
general, the convention adopted to label each halo is with a letter
and the resolution level.

From the set of six haloes analysed by [Tissera et al! (2010)
at z = 0, we studied the evolution of four of them selected
to not to have any major event which left distinct features in
the dark matter distribution. This is the case for Aq-B-5 and
Aq-F-5. Therefore the haloes from the hydrodynamical simu-
lation analysed are Aq-A-5, Aq-C-5, Ag-D-5, Ag-E-5. We also
analysed a lower resolution run Aq-E-6 to assess numerical is-
sues. The gravitational softening of SPH runs are in the range
of egspu = 0.5 — 1h7! kpc. The dark matter particles in the
SPH simulation are ~ 1 — 2 x 10°4~'M,, while gas particles
have initially masses of ~ 2 — 5 x 10°42~! M. The main prop-
erties of the dark matter haloes including the number of dark
matter particles within the virial radius are presented in Table Bl
Following the same convention, and according to the resolution,
the DMO haloes are generally named as Aq-A-2, Ag-C-2, Ag-
D-2 and Aq-E-2. The gravitational softening of the DMO runs is
espmo = 0.048 ! kpc, while the mass of dark matter particles
are 0.7 — 1 x 10*4~! Mg. All the results of the DMO haloes pre-
sented are scaled by the cosmic baryon fraction, f,ar = Qp/Qpy.

In order to avoid confusion and make the nomenclature sim-
pler for the reader, in this work we name the haloes of the SPH
run as Aq-A-SPH, Aq-C-SPH, Aq-D-SPH and Aq-E-SPH, while
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those from the DMO run are refereed as Aq-A-DMO, Aq-C-
DMO, Aq-D-DMO and Aq-E-DMO.

We study the evolution of the dark matter haloes in the range
of z ~ 4 to z ~ 0 in both DMO and hydro simulations. In the
following section, we describe briefly the main properties of the
baryonic model implemented in the hydrodynamical simulation.

The hydrodynamical model

The simulations were run by |Scannapieco et all (2009) using a
version of P-GADGET-3 that include a multiphase model for
the gas component with metal-dependent cooling, star formation
and phase-dependent treatments of supernova (SN) feedback and
chemical enrichment (seelScannapieco et al.|20035,12006, for fur-
ther details).

Gas particles are eligible to form stars according to their den-
sity (must be denser than nyy, = 0.04cm™) and if they lie in a
convergent flow. Stellar particles are created stochastically from
those gas particles that fulfil the aforementioned conditions, and
a maximum of two stellar particles are allow to form from
each gas particle (for further details see|Scannapieco et al.[2006,
2009). The chemical model implemented follows the chemical
enrichment by supernovae type II (SNII) and type Ia (SNIa) from
Mosconi et all (2001). The SN feedback model has been proven
to be effective at reproducing the observed phenomenology of
star formation and wind generation in quiescent and starburst
galaxies. Hence, the algorithm implemented in the SPH runs
have shown to be a powerful tool to investigate galaxy forma-
tion within a cosmological context (Scannapieco et al.[2009).

Haloes are identified at their virial radius Rog(z), defined as
the radius which encloses a density equal to ~200 times the crit-
ical density at certain redshift z. The halo mass Mgy ;, is defined
as the mass enclosed within Ryg .. We summarise the main prop-
erties of the haloes in Table[3l

The dark matter haloes from the SPH run were previously
studied in [Tissera et al| (2010) at z = 0. It is already established
that Aquarius haloes have diverse assembly histories which pro-
duce a variety of star formation histories and structures. The
properties of the central galaxies within the Aquarius haloes
are analysed in |Scannapieco et all (2009), finding that most of
them present centrifugally supported discs composed of approx-
imately a fifth of the total stellar mass (with exception of Aq-F-5
which is not studied in the present work). The star formation rate
has shown to be different for each central galaxy, as well as for
spheroidal and disc components. Therefore, we expect that the
different assembly histories will produce different evolution for
the dark matter halo shapes. The present work is an extension
of that of [Tissera et al. (2010) in order to investigate the cosmic
evolution of dark matter haloes and the role that baryons played
on them.

We acknowledge the fact that these Aquarius haloes have
overproduced stars at z = 0 compared with abundance matching
results (e.g.,|Guo et al. 2010; Behroozi et al!2018; Moster et all
2018) as already discussed by lAumer et al! (2013). To assess the
robustness of our analysis with respect to this issue, we also anal-
yse a version of Ag-C performed with the moving mesh code
AREPO (Marinacci et al.2014, Aq-C-M14, run at resolution level-
4). The sub-grid model accounts for star formation, chemical en-
richment, stellar feedback using a kinetic wind scheme, metal-
line cooling, and quasar- and radio- mode feedback from AGN.

This run has produced galaxies with disc-dominated systems
and stellar mass to halo mass ratio in agreement with the results
from abundance matching techniques at z = 0. Additionally, the
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Fig. 1. Stellar mass to halo mass relation for the five haloes stud-
ied: Ag-A-SPH (stars), Aq-C-SPH (triangles up), Aq-D-SPH
(circles), Aq-E-SPH (squares) and Aq-C-M14 (triangles down).
The results for the five haloes are plotted where color code rep-
resents the different redshifts (z = O red, z = 1 green, z = 2
blue, z = 3 purple, and z = 4 orange). We follow the evolu-
tion of the SPH haloes with dotted lines. The grey filled line
connects the different refshifts for Aq-C-M14. We compared
our findings with the results of abundance matching technique
from |Guo et al. (2010), Behroozi et al. (2018), and Moster et al.
(2018) (see labels in the figure).

comparison of Aq-C-SPH with Aq-C-M14 will allow us to as-
sess effects of numerical resolution.

In Fig. [[l we show the cosmic evolution from z = 0 to
z = 4 of the stellar mass to halo mass relation for the five
haloes compared with abundance matching results (Guo et al.
2010; Behroozi et all2018; Moster et al. [2018). At z = 0, three
of the galaxies are in agreement with the results from Guo et al.
(2010, within ~ 1o error): Aq-A-SPH, Aq-D-SPH and Aq-C-
M14. The remaining two haloes contain an excess of stellar mass
although they are within 20" error (Aq-C-SPH and Aq-E-SPH).
At higher redshifts, the all simulated haloes have a higher dis-
crepancy compared with abundance matching techniques, show-
ing they form a higher fraction of stars. As can be seen from
Fig. [l all haloes show a similar increase of the stellar mass to
halo mass with redsthit. Interestingly, Aq-C-M14 that is well
consistent with the abundance matching predictions at z = 0
does not reproduce the cosmic evolution of predicted values.
Hence, there are still unclear aspects regarding the regulation
of the star formation activity as a function of redshift and hence,
on the impact of the baryons on the dark matter distribution. We
will use these set of simulated haloes to analyse the response of
the dark matter to galaxy formation as the they are assembled
baring in mind the caveats. The comparison of haloes with dif-
ferent history of assembly run with the same subgrid physics as
well as the comparison between runs with the same initial condi-
tions and different subgrid physics provide a route to contribute
to understand this problem.

Spatial resolution and convergence considerations

In order to study the inner region of the dark matter haloes, it
is important to analyse the minimum radius above which the
results obtained are robust. This radius is named as the conver-
gence radius. For DMO simulations, Power et al. (2003) find that
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the converge radius Rpgs should not exceed the radius where the
two body relaxation time is shorter than the age of the Universe.
However, there is no a straightforward definition for hydro-
dynamical simulations. Nonetheless, the converge criterion of
Power et all (2003) might be used as reference in hydrodynam-
ical simulations, considering it is a conservative representation
of the convergence radius when baryons are included in simu-
lations (Di_Cintio et al/[2014b/a; |Schaller et al.2015). Adopting
the Rpg3 estimation for SPH runs, we find that the values are
around 1.50-2.50 ~~! kpc at z = 0 which represent roughly one
percent of the virial radius. This value represents approximately
three times the gravitational softening implemented in the SPH
haloes at z = 0. This result is similar at high redshift, finding that
the convergence radius is below to 5 percent of the virial radius
at each redshift. For the dark matter haloes of the DMO runs, the
convergence radius is lower since the resolution is much higher
than that of the SPH runs.

Therefore, in order to study the evolution of the dark matter
profiles and the changes in the inner region, we consider the con-
vergence radius of [Power et al! (2003) (i.e., ~ 1 percent) as the
minimum radius where we can analyse the SPH haloes. In this
work, we adopt different limits according to the halo properties
we want to study and considering the convergence radius ob-
tained for these simulations. For instance, we fit the dark matter
halo profiles between three times the gravitational softening and
the virial radius at each redshift in order to fulfil this condition.
It is also important to be careful with the number of particles
on each radius bin for the dark matter profile. We describe the
adopted criterion for SPH and DMO haloes in § B.11

Considering the convergence radius, and in order to make a
robust analysis, we define the inner region of the haloes as the
region within 5 percent of Ryq.

3. Results
3.1. Dark matter density profiles atz = 0

We analyse the dark matter profiles of the SPH runs at z = 0. For
this, we implement two different models, the one proposed by
Di Cintio et al| (2014a), and the Einasto profile (Einasta [1965)
also shown in|Tissera et al! (2010).

The profile proposed by [Di Cintio et al! (2014a, DC14), is
based on a double power-law model with three parameters («,
B, v) fitted depending on the star formation efficiency of the
galaxy (i.e., the relation between stellar mass and dark matter
halo mass). The model also includes p, the scale density, and 7,
the scale radius, which depend on the concentration parameter
of the DMO halo (seeDi Cintio et al.2014a, for further details).
Hence, the functional form of [Di Cintio et al! (2014a) profile is:

p(r) = P (1)

r\” P\ e
)T+ ()]

In DC14, the parameters that depend on the star formation
efficiency are modelled by two functions. The outer slope 3 is
fitted with a quadratic function, while the inner slope y and the
transition parameter « are fitted by power-law functions (see
Di Cintio et all 2014a, eq. 3). Since «, B, and vy parameters are
constrained trough the star formation efficiency, the DC14 pro-
file is left with 2 free-parameters, alike the NFW one. In order
to get the free parameters of the functional form, DC14 select a
sample of ten galaxies with different stellar masses and five dif-

ferent initial conditions, with efficiencies in the range of —4.1 <
log(M../Map9) < —1.3. This profile turns towards NFW profile

Table 1. Parameters obtained from fitting DC14 profile fitl and
fitll (see the text for details). The halo masses obtained from fit
11, M?&M’H, are in units of 1012 4! M. We also include the )(2
test of the model for each halo.

Aq-A-SPH Agq-C-SPH  Aq-D-SPH  Aq-E-SPH

Fit1

@ 0.40 0.30 0.53 0.24
B 2.98 3.01 2.94 3.03
0% 1.28 1.33 1.22 1.35
CpDM 10.59 21.72 5.86 9.61
¥ 0.008 0.017 0.004 0.015
FitII

a 0.32 0.31 0.49 0.22
B 3.00 3.01 2.95 3.04
y 1.32 1.32 1.24 1.36
CDM 19.13 15.39 6.09 12.57
Y 1.0 1.20 1.05 0.78
¥’ 0.007 0.020 0.002 0.013

for star formation efficiencies around log(M../Mqg) = —1.5 and

above, since outflows are not efficient enough to pull out the
mass from the inner regions, getting values similar to a NFW
profile in this case (¢ = 1,8 =3 andy = 1).

The star formation efficiency of the central galaxies from the
SPH haloes are log(M../Maq0) = -1.22 (Aq-A-SPH), -1.18 (Ag-
C-SPH), -1.28 (Ag-D-SPH) and -1.11 (Aq-E-SPH). If we com-
pare the efficiencies from the SPH run with the range studied
by DC14, we find that the Aquarius haloes are slightly in ex-
cess the range studied by around ~ 0.1 — 0.2 dex. Hence, we
implement the expressions from DC14 for @, 8, and vy, and leave
the concentration and halo mass as free parameters to be deter-
mined through fitting procedures (see also Katz et al. 2017). We
fit Eq.[Ilto each halo between three times the gravitational soft-
ening to the virial radius adopting: the concentration as the free
parameter (DC14 fitl); and also adopting the concentration and
halo mass as free parameters (DC14 fitll). We present the param-
eters from DC14 fitl and fitIl in Table[I] and the profiles obtained
in Fig. 2l For each SPH halo we compute the root-mean-square
deviation (rms), presented in the lower panel of each halo.

The concentration parameters from DCI14 (see Table [
can be directly compared to [Ludlow et al! (2014), since the
scale radius r; has been converted into r_, using Eq. 2 in
Di Cintio et al! (2014a). We find that the concentration param-
eters obtained present values in agreement with those from
Ludlow et al. (2014).

We find that both fitl and fitll provide good agreement in the
inner regions of the haloes, which is represented by a steep inner
slope of y ~ 1.2 — 1.4 (see Table[I) indicating contracted haloes
at the centre.

However the model seems to show some discrepancies in the
outskirts of the SPH haloes. These discrepancies might be due to
different aspects, such as the merger history of some Aquarius
haloes. Indeed, the outer slope of some of the Aquarius haloes
might be still affected at z = 0 by some of the late mergers,
as a result of their outer slope being steeper than the canonical
slope of -3 usually found in DM haloes. This is in particular the
case of Aq-E-SPH which presents a peculiar dark matter den-
sity profile (see also|Navarro et al![2010, for a discussion regard-
ing Aq-E-DMO). Another aspect is that the dark matter haloes
implemented in DC14 are mainly in the range of 1.3 x 10'°-
9.9 x 10" h~! My, while Aquarius are more massive haloes,
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Fig. 2. Comparison of the spherically averaged dark matter profiles from the SPH run at z ~ O with the fits of Einasto profile
(green dotted lines) and |Di Cintio et al! (2014a) (DC14) profile. In the case of DC14, we adopt two methods: the first assumes the
concentration parameter DMO as a free parameter (named as DC14 fitl, blue dashed lines); and the second method considers both
the concentration parameter and the halo mass as free parameters (named as DC14 fitIl, dashed purple line). Grey dashed line in the
profiles Aq-C-SPH and Ag-E-SPHS represent three times the gravitational softening for these haloes. We also include the rms for

each fit in the lower panels.

although this should not be an issue when the outskirts of dark
matter halos is studied.

We also fit the dark matter profiles with Einasto profile func-
tion at z = 0 between three times the gravitational softening and
the virial radius (also shown in [Tissera et al. 2010, but fitted in
a different range). This profile describes the dark matter density
using three free parameters a, r_, and p_,, where the second and
third parameters are the isothermal radius and density, when the
logarithmic slope is -2. The Einasto profile functional form is:

-2 r \a
o) =paexp| (=) - 1)) )

In Fig. 2] we show the result obtained for the SPH haloes
at z = 0, and the values obtained for the parameters are pre-
sented in Table Bl We find that Einasto provides a good fit
for all the analysed haloes in agreement with previous results
(Tissera et all[2010). From the comparison of the y? values, we

find that Einasto profile reproduces slightly better the SPH dark
matter haloes profiles than DC14. This result is also expected
since the Einasto contains an extra free parameter.

In Table [2l we show the comparison of the halo mass of each
SPH halo with the masses inferred from the fits of Einasto and
DC14 fitll at z = 0. We find that the masses computed are in
good agreement with the simulated haloes, with deviations be-
tween one to ten percent the original halo mass.

3.2. Evolution of dark matter density profiles with redshift

In this section, we follow the evolution of the dark matter halo
profiles and compare the results obtained from DMO and SPH
runs. We show that the evolution is different between DMO and
SPH haloes, suggesting that these differences lie on the impact
that baryons have onto the SPH dark matter haloes. Furthermore,
the different SPH haloes studied also show particular trends.
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Fig. 3. Dark matter density profiles at redshift z = 0, 1,2, 3 and 4 for SPH (filled lines) and DMO (dashed lines) simulations. For
SPH haloes, thin lines show the bins that contain less than 2000 particles. The radius range presented is in agreement with the

convergence criteria of [Power et all (2003).
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Fig. 4. Same than Fig. Bl for the halo Aq-C-M14.

We do not implement the model from DC14 at higher red-
shifts into the SPH haloes since the parameters that depend on
the star formation efficiency were adjusted to reproduce the halo

Table 2. Dark matter halo mass at z = 0. We compare the mass

of the SPH runs (M$") with those inferred from fitting Einasto

200

profile (ME, ) and [Di Cintio et all (20144) fitll (Mb'*"). See
Sec.[3.1] for further details.

200

Name o
X102 M, x10% 1My x102h"'M,,
Aq-A-SPH .10 0.99 1.00
Aq-C-SPH 118 1.07 1.20
Agq-D-SPH 1.09 1.01 1.05
Aq-E-SPH 0.77 0.69 0.78

population at z = 0. Only the evolution of the inner slope has
been modelled in the past (Chan et al/[2015; [Tollet et al. 2016).
Different reports have shown that the star formation efficiency
depend on redshift according to different processes such as star
formation and merger history of the haloes (e.g., Behroozi et al.
2013). Hence, an alternative model that accounts for the evolu-
tion of the star formation efficiency with redshift would be es-
sential to develop in the future.

We use the Einasto profile to model the dark matter haloes
at z =0, 1,2, 3 and 4, to quantify the differences as a function of
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redshift. We fit the free parameters between three times the grav-
itational softening and the virial radius at each redshift, Rypo .. In
Fig.Blwe present the dark matter density profiles for both DMO
and SPH runs at redshift z = 0, 1,2,3 and 4. We compute the
dark matter density profiles of DMO haloes between three times
the gravitational softening to Ry ., using 100 bins. For the SPH
haloes the resolution is lower, hence we use 22 bins in order to
have more than 2000 particles in each radial bin. When the bin
does not fulfil this condition the line of the profile is shown with
a thin line.

All the DMO haloes show that the amplitude of the density
profile increases as redshift decrease in the inner region below
ten percent of the Rygp ;, turning from a NFW profile at high red-
shift (o(r) o< 7~ 1) to isothermal profile (o(r) < 7~2). We find that
the DMO profiles present similar characteristics in the outskirts.
For the SPH runs, the DM halo profiles do not show the same
evolution. In particular, haloes Aq-A-SPH and Aq-C-SPH ap-
pear to be roughly stable and do not show critical evolution with
redshift in the inner parts. More precisely, Aq-A-SPH present
some slight variations while Aq-C-SPH is more stable in time.
This is not the case for Aq-D-SPH and Aq-E-SPH which show
an increase in the inner region, similar to what we find in the
DMO haloes. We note that the inner region of Aq-E-SPHat z > 3
contain less than 2000 particles per bin. Hence the analysis of
Ag-E-SPH must be taken with caution above z ~ 3.

The comparison of the inner radii of SPH and their coun-
terparts DMO show that SPH haloes are more concentrated
as found in other several works (e.g., [Tisseraetall 2010;
Schaller et al.[20164; Zhu et al.[2016). Furthermore, we find that
the SPH dark matter profiles in the inner region below ten per-
cent of Ry, and between z = 0 — 2, are described by isothermal
profiles. This trend is more clear for Aq-A-SPH, Aq-C-SPH, and
Aq-E-SPH.

It is also interesting to point out that both, Aq-A-SPH and
Ag-C-SPH, end up being more concentrated in the inner regions
at z = 0. In Table 3] we present the concentration parameters
for the redshifts studied, defined as cspy = Rogo/r-» Where r_;
is obtained from fitting Einasto profile. At z = 0 we find that
the concentration parameter is higher for Aq-A-SPH and Ag-
C-SPH compared with Aq-D-SPH and Aq-E-SPH. This differ-
ence might be due to different halo assembly histories together
with baryon accretion in the haloes. The concentration parameter
shows to be dependent on the redshift and halo mass as expected
(Ludlow et ali[2014), showing a tendency to decrease as redshift
increase.

In Fig. [ we present the dark matter density profile of Aqg-
C-M14 between z = 0 — 4. Aq-C-M14 show a mild evolution in
the inner region, and a stable density profile between z = 0 — 1,
in contrast with Aq-C-SPH which presents a stable profile in
almost all the redshift range studied. The differences found be-
tween these two runs can be explained mainly due to the differ-
ences of sub-grid physics. Also the impact of the moving-mesh
technique might improve the mixing between cold and hot gas
(see e.g.,ISchaller et al.2015).

In the following sections we discuss the principal differences
we find in the evolution of the dark matter haloes and the effect
that galaxy formation has on them through cosmic time.

3.3. The evolution of mass distribution

In order to gain insight into the influence of the assembly history
on the halo properties, we compare the mass accretion history
(MAH) of dark matter haloes within the virial radius in Fig.
We include the model proposed by [Fakhouri et al! (2010) as a

0.2 T T T T T T T

0.0

-0.2

log(M (r < Ryg,.)/ M (r < Rag,0))

-0.4 _
—Aqg-C

-0.6 Ag-D
—Aqg-E

—0.8} _Aq-C'M14
—— Fakhouri et al. 2010

i 0!5 1?0 1!5 2!0 2?5 3.0 3.5 4.0

zZ

Fig.5. The mass accretion history of the haloes, computed as
the mass of dark matter enclosed within r < Rygo; at redshift z,
normalized by the mass at z = 0, as a function of redshift for
SPH (filled lines, Aq-A-SPH red, Aq-C-SPH brown, Aq-D-SPH
green, and Ag-E-SPH blue) and DMO (dashed lines) counter-
parts. We also include the results from Agq-C-M14 (grey solid
line). We compare our results with Eq. 2 from [Fakhouri et al.
(2010) (black line). Grey horizontal line is used as reference to
estimate the formation time of the haloes, as the redshift at which
the mass of the halo reach half of their mass at z = 0.

T T T T T T
Ag-A-SPH Aq-C-SPH Aq-D-SPH
Ag-E-SPH Aq-C-M14 |

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

log(M (r < R?OU,z)/ M(r < Rzoo,o))

Fig. 6. Mass accretion history of stars (dashed lines), and gas
(dotted lines) enclosed within 7 < Ry ;, normalized by the bary-
onic mass at z = 0 as a function of redshift for the five haloes
(Aq-A-SPH red, Aq-C-SPH brown, Aq-D-SPH green, Aq-E-
SPH blue and Aq-C-M14 grey). We also plot the contribution
of both together (i.e., baryons, filled lines). The grey horizontal
line is shown to give a reference of the redshift at which each
halo reach the 80 percent of the present baryonic mass.

reference (see eq. 2 in the aforementioned work), who investi-
gate the MAH from Millennium and Millennium-II simulations.
Our results show that the mass is accreted earlier in the SPH
haloes.

We define the formation time of each dark matter halo
as the redshift at which for the first time the halo reach half
of its present mass (see the grey horizontal line in Fig. [3).
Our findings show that SPH haloes are assembled earlier than
their DMO counterparts. This difference may be due to the im-
pact of baryons. The SPH haloes got more concentrated earlier
and in turn accrete more mass earlier than the DMO haloes.
Interestingly, haloes Aq-A-SPH and Aq-C-SPH assemble be-
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Table 3. Properties of the dark matter haloes from the SPH run at z = 0, 1,2, 3 and 4: virial radius Ry, virial mass My ., and

NDM

number of dark matter particles within the virial radius N7

We present the parameters obtained from Einasto profile «, log(o_»),

and the concentration parameter defined as cspy = Roo,;/r-2. We also show the )(2 of the fits.

Name a log(p-2) r_ X CsPH Raoo,; Mago,. N2
Mg R2/kpc®  h7! kpe h'kpc  102h7" Mg

Aq-A-SPH

z=0 0.09 7.39 5.87 0.003 28.86 169.42 1.10 527620
z=1 0.06 8.13 2.53 0.003 43.25 109.43 0.79 372467
z=2 0.08 7.95 3.16 0.002 2220  70.15 0.55 267611
z=3 0.12 7.88 3.32 0.007 13.47 44.74 0.36 164520
z=4 0.15 7.99 2.88 0.005 11.39 32.81 0.25 114884
Aq-C-SPH

z=0 0.13 7.21 7.73 0.002 2240 173.19 1.18 680301
z=1 0.10 7.54 5.29 0.001 2147 113.59 0.91 512148
z=2 0.07 7.96 3.14 0.001 23.28 73.10 0.66 365642
z=3 0.06 8.35 1.94 0.001 24.24 47.03 0.42 229907
z=4 0.08 8.01 2.81 0.002 12.96 36.42 0.33 181789
Aq-D-SPH

z=0 0.11 6.91 9.62 0.001 17.74 170.63 1.09 602250
z=1 0.08 7.13 7.19 0.001 15.82 113.70 0.82 437386
z=2 0.05 7.48 4.62 0.007 14.65 67.69 0.45 265752
z=3 0.07 7.14 6.14 0.021 6.70 41.12 0.24 142447
z=4 0.18 6.88 7.32 0.022 3.73 27.29 0.13 72326
AqE-SPH

z=0 0.10 7.04 7.39 0.003 20.29 149.94 0.77 538991
z=1 0.07 7.55 4.02 0.007 23.63 95.00 0.53 359610
z=2 0.01 6.58 10.57 0.022  6.08 64.24 0.40 275840
z=3 0.11 6.92 6.83 0.008 5.36 36.64 0.18 122193
z=4 0.05 7.93 1.87 0.007 12.53 23.44 0.09 59092!

References. (1) We note that Aq-D-SPH and Ag-E-SPH contain more than 100000 particles above z = 3.

fore, between z ~ 2 — 2.3, than the haloes Aq-D-SPH and Ag-
E-SPH which assemble at z < 2. A similar trend for the mass
assembly histories can also be seen in the DMO haloes, thus
Ag-A-DMO and Aq-C-DMO assemble before than Aq-D-DMO
and Ag-E-DMO (see also [Wang et al|2011)). We also find that
the halo Aq-C-M14 assemble later than Aq-C-SPH, as a con-
sequence of the regulation of the star formation activity (see
ahead in this section). The MAH of Aq-C-M14 compared with
its DMO counterpart show only slight differences in time.

To get further insight into this process, in Fig. |6l we anal-
yse the mass accretion history of baryons from the SPH runs
for the stellar and gas components. At z 0 these galax-
ies have baryonic mass relative to halo mass in the range of
log(Myar0/Mago0) ~ —0.9 to —1.1. At z > 2.0, the halos Ag-
A-SPH and Aq-C-SPH present a larger fraction of stellar mass
compared to Aq-D-SPH and Aq-E-SPH, while at lower redshifts
(z £ 2.0) the trend flattens. This is more clear for the total bary-
onic content, revealing that it remains roughly constant between
z ~ 0 — 2. Combining this result with those from Fig.[3l we find
that there is a remarkable connection between the baryonic mass
content and the stability of the inner dark matter halo profile in
time.

~

For instance, we find that at z 2 the ~80% of the
present baryonic mass is assembled for Aq-A-SPH and Aq-C-
SPH which in turn are the ones that assemble earlier and get
a steady dark matter density profile at this stage. These haloes
reach a stellar mass which represent ~ 60% of the total baryonic
mass at present. The haloes Aq-D-SPH and Aq-E-SPH reach the
80% of the present baryonic mass and ~ 50—60% of stellar mass
with respect to the present baryonic mass at z < 2. Moreover,
all the haloes show that log(Myar, /Maooo) ~ —1.22 — —1.15
at the redshift 7’ they reach the 80% of the present baryonic

mass. This redshift is also related to the time at which these
haloes reach a stable dark matter density profile in the inner re-
gions. Our findings suggest that the baryons and in particular
the stellar mass in these haloes, play a key role in the evolu-
tion of the dark matter haloes. When the galaxy reaches a stel-
lar mass compatible with ~ 60% of the total baryonic mass at
z = 0, the halo get a more stable and concentrated dark matter
density profile. These findings are in agreement with previous
results showing that stellar mass is the main ingredient that af-
fects the dark matter distribution within the haloes (Duffy et al.
2010; [Pedrosa et all[2010; [Tissera et al. 2010; Zemp et al. 2012;
Di Cintio et al![2014b; ICeverino et al. [2015; IDutton et al. [2016;
Tollet et al|2016).

The halo Aq-C-M14 shows a similar dependence with re-
spect to the baryonic mass content and the evolution of the
dark matter density profile. We find that at z ~ 1.5, ~80% of
the present baryonic mass is assembled, and the halo presents
a steady dark matter density profile between z 0- 1
Furthermore, at z > 1.0 Aq-C-M14 shows a larger fraction of
gas than stars. This result is expected considering that the cen-
tral galaxy is more disc-dominated than the central galaxies in
the SPH haloes. We note that at z ~ 1.5 Aq-C-M14 reach ~ 60%
gas mass of the total baryonic mass at present. This result is con-
nected with our findings for the SPH haloes and the stellar mass
component of the galaxies. Baryons appear to be fundamental
for the evolution of the dark matter density profile for haloes
with log(Mbar,O/MZOO,O) ~ —0.9to —1.1 at z=0.

Another important ingredient that affects the mass distribu-
tion and evolution of the dark matter haloes is the merger his-
tory. [Scannapieco et al. (2009) investigate the merger history of
the SPH haloes between z = 0 — 3 (see Fig. 9 of the afore-
mentioned work) and identify those satellites that enter either
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to the virial radius or the central 27 kpc. Their results show that
any of the SPH haloes studied in this work experience major
mergers, and only intermediate or minor mergers occur in all the
haloeql. In particular, Aq-D-SPH experiences a larger amount of
minor mergers in time, while from visual inspection we find that
Ag-E-SPH experiences intermediate mergers between z ~ 3—
4. Furthermore, all the haloes endure minor and/or intermediate
mergers within the 27 kpc between z = 0—3. Hence, our findings
suggest that the differences in the formation times and distribu-
tion of the dark matter haloes might also be affected by their
different merger histories.

We also compare our findings with the stellar disc com-
ponents of the central galaxies in each SPH halo presented
in |Scannapieco et al! (2009), in order to discuss other factors
that might explain the evolution in the dark matter halo pro-
files. However, we do not find a dependency on this prop-
erty. According to the definition adopted by IScannapieco et al.
(2009), all the haloes present a stellar disc component which is
more prominent for Aq-C-SPH, Aq-D-SPH and Aq-E-SPH. We
note that the halo Aq-C-M14 has a much more prominent disc
component than Aq-C-SPH (Marinacci et al![2014).

In Fig.[[lwe present the cumulative mass distribution of the
different components (stars, gas, dark matter and all) as a func-
tion of distance at z = 0, 1, 2, 3 and 4 for the SPH haloes and Ag-
C-M14. The galactocentric distance is normalized by the virial
radius at each redshift Rygo, to compare the mass distribution in
time. We also include the cumulative mass from DMO haloes.
We find that dark matter concentrates and increases in the in-
ner region of the haloes as redshift decrease for SPH and DMO
haloes, as we stated previously in Fig. 3l Furthermore, the dark
matter mass in the inner region is higher for the SPH haloes than
for their DMO counterparts. This difference is also present in
Aq-C-M14.

For the SPH runs, we find that each halo present different
trends for the stellar and gas distribution, but in agreement with
our findings from Fig.|6l We find that all the SPH haloes and also
Ag-C-M14, have higher stellar mass content within 5%Rygo;
compared to the gas content.

As we stated previously, the evolution of the stellar content
within the inner parts of the halo might play a role in the dark
matter density profiles. Furthermore, Aq-A-SPH and Aq-C-SPH
show that the stellar mass in the inner part of the haloes (within
5%Ry00,;) 1s higher than the dark matter mass in the same re-
gion, while Aq-D-SPH and Ag-E-SPH present opposite relation.
This finding reinforces our assumption on the role that the stellar
component has in the inner regions of the haloes. Hence, Aq-A-
SPH and Aq-C-SPH assembled earlier and concentrate a signif-
icant amount of stellar mass in the inner regions which in turn
determines the inner profile of the dark matter haloes, in agree-
ment with previous results (Duffy et al/2010;[Zemp et all2012).

The cumulative distribution of gas in Fig. [7ldo not show a
definite trend for the SPH haloes. Three of them have more gas
in the inner region at z = 2 and moving outwards at low red-
shift. These variations in the gas mass can be explained due to
the contribution of star formation events together with outflows
produced by supernovae feedback. Also the gas accreted during
merger processes affecting each halo can be relevant.

! [Scannapieco et al! (2009) define as intermediate mergers when the
mass ratio is Mgy /Meen = 0.1 — 0.3, and minor mergers Mgy /Mcen =
0.02 — 0.1, where M, and M., are the stellar masses of the satellite
and the central galaxy.

3.4. Dark matter haloes shape

N-body simulations have shown that within a CDM scenario,
dark matter haloes are typically triaxial (e.g., [Frenk et al/[1988;
Jing & Sutd 2002; |Allgood et al! 2006), with prolate shapes in
the inner regions and more oblate in the outskirts. Their orig-
inal morphology would be due to the haloes assemble along
a preferred direction dominated by the cosmic-web environ-
ment (Avila-Reese et al.[20035; Patiri et al/2006; Vera-Ciro et al.
2011)). However, as baryons condense within the inner re-
gions of the dark matter haloes, they dominate the poten-
tial at the centre and may affect the DM-haloes shape mak-
ing them more oblate systems (Tissera & Dominguez-Tenreiro
1998; IKazantzidis et al. 2004; [Tissera et al. 2010; Butsky et al.
2016).

We investigate the shape evolution of the dark matter haloes
from the SPH and DMO runs, employing the same methodol-
ogy than in [Tissera et al! (2010), based on the one proposed in
Dubinski & Carlberg (1991). Hence, we compute the eigenval-
ues of the tensor of inertia and obtain the semi-axes of the triax-
ial ellipsoids (a>b>c). The triaxiality of the dark matter haloes

k)

is defined as T= Zi:cl' We adopt the following definition: the
shape is oblate if 0 < T < 1/3, prolate if 2/3 < T < 1, and tri-
axial if 1/3 < T < 2/3. The morphology and the evolution with
redshift of the DMO haloes of Aquarius project is also studied
by [Vera-Ciro et al. (2011)) and [Zhu et al! (2017) using different
methodologies.

We analyse the evolution of the triaxiality within the virial
radius at each redshift Rygp, and within 5%Ryg ., in order to
investigate the inner and global shape of the haloes. We show
our results at z = 0,1,2,3 and 4 for the SPH haloes and their
DMO counterparts.

On the left panel of Fig. [8, we present the triaxiality within
Rogo;. In agreement with [Vera-Ciro et all (2011)), the shape of
DMO haloes show to be prolate at high redshifts and more
triaxial at low redshifts. We find that Aq-E-DMO presents a
much remarkable change with redshift, compared with the rest
of DMO haloes, reaching more oblate shape at z = 0. The dif-
ferences between the DMO shapes and their evolution is dis-
cussed in [Vera-Ciro et al! (2011)) who claims that at high red-
shift the haloes are mainly influenced by the mass assembly
and environment, with accretion of matter through filaments. At
low redshift, the accretion is isotropic and the haloes evolve to
oblate configuration. The mass accretion in Aq-E-DMO is more
isotropic during cosmic time, which would be the reason this
halo presents a more oblate shape than the others.

For the SPH haloes, we find that Aq-C-SPH, Aq-D-SPH and
Aq-E-SPH are prolate at high redshift, becoming more oblate at
low redshifts. This trend is slightly stronger than in the DMO
counterparts for Aq-C-SPH and Aq-D-SPH. Ag-E-SPH is more
triaxial than Aq-E-DMO, showing that baryons might modify
the global shape in a way opposite than expected. Aq-A-SPH
tend to be in general more prolate than the others.

From the comparison between Aq-C-SPH and Aq-C-M14,
we find that the later is more prolate in the redshift range studied.
It is interesting to note that the two haloes that contain the most
prominent stellar disc (Aq-A-SPH and Aq-C-M14) have also a
more prolate shape in time. Interestingly as the central galaxy is
confined to the very central region of the halo, their effect into
the global shape of the halo should be negligible.

On the right panel of Fig. [§] we show the triaxiality in the
inner regions of the haloes, within 5%Ry( .. We find that the
SPH haloes are more oblate, including also Aq-C-M14, while
the DMO counterparts are more prolate in all the redshifts stud-
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Fig.7. Cumulative mass distribution as a function of distance to the centre, and normalized by the virial radius of each redshift,
Rogo,, for the four haloes studied in the hydro run (filled lines). We also show the results from Aq-C-M14 (dotted lines in Aq-C
panel). Grey dashed lines represent three times the gravitational softening in Aq-C-SPH and Aq-E-SPH at z = 0, while in Aq-A-SPH
and Aq-D-SPH this value is below the range we show in this figure.

ied. This result is expected and in agreement with previous
findings (Tissera et al. [2010; [Zemp et all 2012; |Ceverino et al.
2013; Butsky et al! 2016), due to the impact of baryons in the
central regions. As stellar mass condense in inner parts of the
SPH haloes, the shape of the dark matter haloes tend to be
more rounder and oblate. Previous works have investigated how
the orbital properties of dark matter haloes change due to the
baryon contraction in the central regions (Debattista et al/[2008;
Zhu et all2017). In particular, Zhu et al! (2017) use the halo Ag-
C to explore this aspect, finding different behaviour for the dark
matter particle orbits when baryons are included. The presence
of baryons in the inner regions as galaxy collapse to the centre,
modify the dark matter trajectory from box orbits into tube or
rounder orbits turning the inner shape of the halo more oblate.

We also compare our findings considering the differences
and similarities of the dark matter halo profiles. Our results show
that Aq-A-SPH and Aq-C-SPH present only partial similarities.
These haloes show that the triaxiality reduces between z = 4
and z = 1 becoming more oblate, while at z = 0 the trend re-
verts for Aq-A-SPH turning to triaxial. We find that Aq-C-M 14
is more oblate in all the redshift range studied. Although Aq-C-
M14 contains a much more prominent disc than Aq-C-SPH, this
does not seem to affect the inner shape.
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3.5. Angular momentum of dark matter

The evolution of specific angular momentum of the dark matter
haloes is also influenced by the baryon collapse in the central
galaxy (Pedrosa et alll2010). We define the specific angular mo-

Zm‘—;’:v’, where r; is the radial distance of the
particle i to the centre of mass of the halo, v; is their peculiar
velocity and m; is the mass of the particle i.

The specific angular momentum can be measured through
Lagrangian-selection or FEulerian-selection. In Lagrangian-
selection, we identify the particles within a selected region at
z = 0 and track them back in time. For the Eulerian-selection, we
select a region in space or radial bin of the halo and explore how
the specific angular momentum evolves as a function of time. In
order to contrast the differences in the inner region of the haloes,
we explore the specific angular momentum using a Lagrangian-
selection that track the dark matter particles within 5%Rjp0 o (at
z = 0) in time, and using an Eulerian-selection within 5%Ry .
(at redshift z).

We present our findings for the dark matter particles from the
SPH and DMO runs in Fig. 0] using the Lagrangian-selection
(top panel) and Eulerian-selection (bottom panel). For all the
DMO haloes, the Lagrangian-selection shows that the specific

mentum as j =
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angular momentum decreases as redshift decrease, reducing it
around ~ 85 — 95 % between z = 0 — 4. This trend indicates that
the dark matter halo particles loss angular momentum in the in-
ner regions, as haloes concentrate in agreement with our findings
from the dark matter halo profiles. In the case of the SPH haloes,
we find two different behaviours in the Lagrangian-selection.
The specific angular momentum of Aq-A-SPH and Aq-C-SPH
is approximately constant, while for Aq-D-SPH and Aq-E-SPH
decreases with redshift. The differences can be explained since
Aqg-A-SPH and Aq-C-SPH assemble earlier and the stellar mass
within the inner regions is large enough to stabilize the halo. To
get more insight about this trend, we also compute the percent-
age of particles from the Lagrangian-selection that are within
5%Ra00,0 as a function of redshift. We find that for Aq-A-SPH
and Aq-C-SPH around ~ 70 — 80% of the dark matter particles
tracked in the Lagrangian-selection are already within 5%Rg,0
at higher redshifts. This explains why the specific angular mo-
mentum of these haloes is preserved in time. For the halo Aq-D-
SPH we find that the percentage of particles within the 5%R00,0
increase as redshift decrease, as halo concentrates to the inner
region of the halo. The halo Aq-E-SPH show also a similar trend
than Ag-D-SPH between z ~ 1.5 — 4 mainly due to the impact
of an intermediate merger that occur between z = 3 — 4. For this
halo, at redshifts z < 1.5 we find that the specific angular mo-
mentum is preserved, and the number of dark matter particles
from the Lagrangian-selection that are within the 5%Rjp is
roughly ~ 70%. These results are in agreement with the evolu-
tion of dark matter halo profiles and the cumulative mass dis-
tribution presented in Fig. Bl and Fig. [7l respectively. In gen-
eral terms for the Lagrangian-selection, we find that the DMO
haloes present a higher specific angular momentum than their
SPH counterparts. These differences might be explained since
the SPH haloes assembled earlier than the DMO haloes, as a con-
sequence of their interaction with the baryonic matter in the cen-
tral region of the SPH haloes (Pedrosa et al!2010). We also show
the specific angular momentum for the halo Aq-C-M14. For the
Lagrangian-selection, our results present slight variations but a
roughly constant specific angular momentum.

Recently, Zavala et all (2016) investigate the evolution of the
specific angular momentum and their connection with the mor-
phology of the galaxies, following a Lagrangian-selection of par-
ticles within 10% the virial radius at z = 0. Their results indicate
that after turnaround (z ~ 4), the inner dark matter haloes lose

90% of its specific angular momentum. This reduction might be
due to the transference of angular momentum to the outskirts of
the halo during its assembly history, dominated by substructures
merging onto the halo (see also, [Frenk et al||1985; [Zavala et al.
2008). These results are in agreement with our findings for Ag-
D-SPH and Aq-E-SPH which in turn are the haloes that have a
much more significant merger history.

The Eulerian-selection shows that the specific angular mo-
mentum slightly increases as redshift decreases for Aq-A-SPH,
Ag-C-SPH and Aq-D-SPH, while the halo Aq-E-SPH show a
more significant change possibly due to the intermediate merg-
ers it experiences between z ~ 3 — 4. The halo Aq-C-M14 show
a similar trend than the Lagrangian-selection method. For the
DMO counterparts, we do not find a clear trend for the spe-
cific angular momentum. Hence, the results from the Eulerian-
selection method are much difficult to interpret since different
number of dark matter particles are mapped as a function of red-
shift.

In Fig. [10l we show the specific angular momentum for the
baryons following the two same methods implemented for dark
matter particles. From the Lagrangian-selection, we find that the
baryons within Aq-D-SPH and Aq-E-SPH lose ~ 70% of their
specific angular momentum between z = 0—4, while Aq-A-SPH
and Aq-C-SPH do not present significant variations.|Zavala et al.
(2016) discuss the differences of the specific angular momentum
of baryons according to the morphology of the galaxy, finding
that bulge-dominated galaxies loss in average 80% of its angular
momentum, while disc-dominated galaxies loss 50%. According
to the definition adopted by |Zavala et all (2016), the four central
galaxies in the SPH haloes are bulge-dominated (galaxies with
B./T. > 0.5 are bulge-dominated, where B, is total stellar mass
in the bulge, and 7. is the total stellar mass; otherwise, the galax-
ies are disc-dominated). The results obtained from Aq-D-SPH
and Ag-E-SPH are in agreement with these findings considering
the errors, while Aq-A-SPH and Aq-C-SPH do not follow this
trend. The Eulerian-selection present a slight increase of the spe-
cific angular momentum for Aq-D-SPH and Aq-E-SPH, show-
ing that baryons collapse to the centre in agreement with the
results from Lagrangian-selection. The haloes Aq-A-SPH and
Aqg-C-SPH show slight variations, and similar results between
Eulerian and Lagrangian selection.
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Fig.9. Specific angular momentum of dark matter particles
for the haloes studied. Top panel: we compute it through
Lagrangian-selection within the 5%Rjp at z = 0. Therefore,
we follow the same particles and compute the specific angu-
lar momentum for each redshift. We present our results for the
SPH haloes (filled lines) and their DMO counterparts (dashed
lines). We also include the halo Aq-C-M14 (solid grey line).
Bottom panel: we compute it through Eulerian-selection within
the 5%Ry00., as a function of redshift for the SPH haloes (filled
lines) and their DMO counterparts (dashed lines). We also in-
clude the halo Aq-C-M14 (solid grey line).

3.6. The role of outflows and inflows

Mixed processes behind the galaxy formation and evolution
such as gas inflow and outflows can impact the inner re-
gion of the dark matter haloes (Pedrosaetall 2009, [2010;
Governato et al.2012; [Pontzen & Governato[2014); [Dutton et all
2016; Tollet et al/ 2016; [Zhu et al. |2016). Furthermore, differ-
ent reports show that their impact depends on the mass of the
dark matter haloes and the star formation rate of the galax-
ies within them. For instance, dwarf galaxies present cores
due to starbursts and subsequent supernovae feedback may
harshly impact in the inner regions producing an irreversible ef-
fect (Pontzen & Governato 2014). On the other hand, many re-
ports suggest that there is no core in Milky-Way type haloes,
mainly due to the fact that the outflows may not be strong
enough to modify the potential wells of such dark matter haloes.
Nonetheless, high-resolution simulations are needed to study
this feature in detail (Maccio et al![2012; Mollitor et al!2015).
In this section we discuss the impact of baryons on the
dark matter haloes, by analysing two aspects: the galactic out-
flows produced by supernovae feedback, and the baryonic con-
traction within the SPH haloes. The cosmic star formation rate
of the SPH runs implemented in this work are analysed in
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Fig. 11. Mean temperature of the gas particles promoted to the
hot phase as a function of redshift (for details regarding this
criteria see [Scannapieco et al![2006). Dotted lines represent the
mean temperature in each redshift, while filled lines belong to
the mean temperature considering only those gas particles with
temperature above T > 10° K.

Scannapieco et al. (2009) (see Fig. 5).|Scannapieco et al. (2009)
show that Aq-A-SPH and Aq-C-SPH have a peak of star for-
mation before z ~ 3 while Aq-D-SPH and Ag-E-SPH show
this peak at a later time. The star-forming bursts produce an in-
crease of the SNe feedback sources which in turn modify the
temperature of the surrounding gas and produce outflows. The
sub-grid multiphase model implemented in the SPH runs con-
siders two different phases for the gas particles named cold and
hot. According to the SNe energy that a cold gas particle receives
and accumulates, it can be promoted to a hot gas phase particle
where the energy received is converted into internal energy that
at the same time, can produce mass-loaded galactic winds (see,
Scannapieco et ali[2005,2006, for further details). Therefore, the
promoted gas particles can give us information about the galactic
outflows and at the same time, the star-forming evolution of the
galaxy. In Fig.[[1l we show the temperature of the promoted gas
particles dumped to the hot phase, for the central galaxies within
the SPH haloes, as a function of redshift. We present our results
from the four haloes for the full sample of promoted particles
(dotted lines), and for the promoted gas particles with tempera-
tures above T> 10° K (filled lines). In agreement with the results
from |Scannapieco et al! (2009), we find that the promoted gas
particles from the galaxies in Aq-A-SPH and Aq-C-SPH have a
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Fig. 12. Mass enclosed within the five percent of the virial radius (5%Ryn ;) at redshifts z = 0, 1, 2, 3 and 4. We show the results
obtained from each halo (red points and lines) and those inferred from the AC implementations of Blumenthal et al! (1986) (blue
points), and|Gnedin et al. (2004) (pink points), and empirical models of/Abadi et al! (2010) (orange points) and [Pedrosa et al. (2010)
(green points). We also present the rms obtained from the comparison between the models and the SPH haloes.
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Fig. 13. Same than Fig.[[2]for Aq-C-M14.

main burst between z ~ 3.0 — 3.5, as consequence of the prior
star formation in these haloes. The haloes Aq-D-SPH and Aq-
E-SPH show an increase of the mean temperature at lower red-
shifts, around z ~ 1.5 which is not significantly important com-
pared with the star-forming bursts in Aq-A-SPH and Aq-C-SPH.

These findings are in agreement with the different stellar mass
evolution found in Figlland Fig.[7l

To investigate the contraction of the dark matter haloes due
to galaxy assembly, we implement the fiducial adiabatic con-
traction (AC) model developed by [Blumenthal et all (1986), the
alternative proposed by |Gnedin et all (2004) and two empiri-
cal models presented in |Abadi et al! (2010), and [Pedrosa et al.
(2010). The adiabatic contraction (AC) model is based on the
fact that the condensation of baryons during galaxy assembly
affects the mass profile of the dark matter halo. The AC as-
sume that the system changes its gravitational potential slowly
which in turn can be approximated as adiabatic. In the fiducial
model, the gravitational potential is symmetric, the orbits are cir-
cular and the angular momentum of the particles is conserved.
Hence, the fiducial AC from [Blumenthal et al.| (1986) assumes
that the quantity M(r)r is conserved. |Gnedin et al. (2004) pro-
pose a modified AC model based on conservation of the quan-
tity M(7)r, where M(7) is the mass enclosed within the orbit-
averaged radius. Other alternative (empirical) models are those
proposed by |Abadi et al! (2010) and [Pedrosa et all (2010), fol-
lowing empirical formulas to reproduce the results from differ-
ent cosmological simulations at z = 0. In Fig. [12| we implement
the aforementioned AC models to the Aquarius haloes at red-
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shifts z = 0, 1, 2, 3 and 4, by computing the dark matter mass in
the inner region, within 5 percent the virial radius at each redshift
(5%R200,;)- We find that between z = 2—4, the haloes Aq-A-SPH
and Aq-C-SPH show a smaller contraction than Aq-D-SPH and
Ag-E-SPH. This effect might be due to the outflows produced in
Ag-A-SPH and Ag-C-SPH as we show in Fig.[T1l

In Fig.[12] we find that the model proposed by |Gnedin et al.
(2004)) is the one that best match the dark matter mass in the in-
ner regions of the SPH haloes in all the redshift range studied.
The fiducial model from [Blumenthal et al/ (198€) shows an ex-
cess of the dark matter mass in the inner regions, suggesting that
this model overpredicts the effect of the baryons. The models
proposed by |Abadi et al! (2010) and [Pedrosa et al/ (2010) have
a good agreement at z = 0 but deviates and underpredicts the
dark matter mass within the inner regions as redshift increases.
Hence, our findings suggest that the model from |Gnedin et al.
(2004) is the one that best reproduces the impact of baryons in
the inner regions of the SPH Aquarius haloes between z = 0 — 4.

Recently, [Dutton et al! (2016) investigate a sample of 100
haloes at z = 0 between My = 10'°-10'2 M, finding that
the halo response is correlated with the star formation efficiency
and the compactness of the stellar system (see alsoPedrosa et al.
2009, 2010). In particular, their results suggest that galaxies
with high star formation efficiencies (esp = (M../M>00)/(Q/Qm)
> 0.5), which is the case of our SPH sample, follow a contrac-
tion that is well described by |Gnedin et al. (2004). This result is
in agreement with our findings.

The halo Aq-C-M14 shows a better agreement with the em-
pirical models of |Abadi et al! (2010) and [Pedrosa et al! (2010)
for all the redshift range studied. We also compare the mass
distribution of the four AC models implemented, between
3%R200.,—R200,; finding similar results than those obtained for
the inner regions (see Appendix [A).

4. Summary and conclusions

We have investigated the impact of baryons onto four Milky
Way-type dark matter haloes from the Aquarius project, between
z = 0 — 4. In order to disentangle the effect of baryons, we com-
pare the SPH runs of |[Scannapieco et al! (2009) with the corre-
sponding DMO runs. The SPH run includes star formation, a
multiphase model for the gas component with metal-dependent
cooling, and phase-dependent treatments of SNe feedback and
chemical enrichment. We note here, that some of the SPH haloes
have a higher stellar mass to halo mass content than the val-
ues typically reported by abundance matching techniques (see
Fig.[I). Hence the galaxies within these haloes are likely repre-
senting a particular subset of real galaxies. Hence, in order to
check the effect of sub-grid physics and numerical artefacts, we
also analyse a version of Aq-C run by (Marinacci et all2014) us-
ing the ARepo code. This version properly reproduce the results
reported by abundance matching techniques at z = 0.

As expected, we find that the evolution of the dark mat-
ter haloes is affected by the presence of baryons. For the SPH
haloes, we fit the dark matter halo profiles at z = 0 with the
model proposed by [Di Cintio et al! (20144d) which accounts for
the impact of baryons considering that three of the parameters
of the functional form depend on the star formation efficiency.
Since the star formation efficiencies of the SPH haloes are higher
than the ranges analysed by Di Cintio et all (2014a), we relax the
constrains that the model has on the concentration and the halo
mass. We propose two methods to implement this profile, first
by fitting the concentration, and second by fitting the concen-
tration and the halo mass. Our results show that the model pro-
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posed by IDi Cintio et al. (2014a) present good agreement in the
inner parts, but overpredicts the density in the outskirts of some
Aquarius haloes (see Fig.[2). This might be due to the impact of
recent mergers in the outer regions of the haloes.

We also fit the SPH haloes at z = 0,1, 2,3 and 4 using the
Einasto profile. Our results show that all the SPH haloes are
slightly better fitted by the Einasto model than [Di Cintio et al.
(2014a). However it is important to bear in mind that Einasto
contains an extra free parameter. Regardless, both the DC14 and
the Einasto models provide a very good agreement on recover-
ing the correct halo mass, with 1-10 percent differences between
the true mass and the fit mass.

We find differences in the evolution on the dark matter halo
profiles for the SPH haloes. Two of the haloes present weak evo-
lution in the range studied (Aq-A-SPH and Aq-C-SPH), while
the other two show a significant evolution with redshift between
z ~ 1 — 4 (Ag-D-SPH and Aq-E-SPH, see Fig.[3). The halo run
with a different code and subgrid scheme (Aq-C-M14) shows
similar evolution than Aq-C-SPH.

The mass accretion history (MAH) of the dark matter haloes
shows that SPH haloes assemble earlier than their DMO coun-
terparts. This can be explained since baryons make the haloes
more concentrated and in turn more massive. From the MAH of
dark matter and baryons in the SPH haloes, we find that there
is a connection between the mass assembly and the evolution of
the dark matter profiles. Hence, the SPH haloes reach stable dark
matter profiles in time when they attain the 80% of their present
baryonic mass. The SPH haloes also show that ~ 60% of the
baryonic mass at present is composed by stars at this stage (see
Fig. B and [6). This amount of baryonic mass is achieved earlier
for the SPH haloes that show slight evolution of the dark matter
density profiles. This is also evidenced in the cumulative stel-
lar mass distribution which is different between these two set of
haloes. Hence, our findings suggest that the stellar mass content
is a key ingredient that shapes and makes the internal region of
the haloes more stable. Furthermore, our results confirm that the
stellar mass content depends on the halo assembly history. For
the halo Aq-C-M14 we also find a close connection between the
MAH, the amount of baryons, and the evolution of the dark mat-
ter density profiles. This halo reaches a stable dark matter profile
at the time it attains the 80% of the present baryonic mass. This
is in agreement with the findings for the SPH runs although the
time at which this fraction is attained vary with the systems, for
different assembly histories and different subgrid physics. The
main difference with respect to the SPH haloes is that Ag-C-
M14 is composed mainly by gas at high redshift, reaching 60%
gas mass of the present baryonic mass at z ~ 1.5. This is the ex-
pected behaviour because of the more efficient feedback which
contribute to the regulation of the star formation activity, delay-
ing it towards lower redshifts. Nonetheless at high redshift most
of the current models overpredicts the amount of stellar mass
within the haloes. This aspect should be tackled in the future
(Aumer et all2013; |Artale et al. 2015 |Grand et al![2017, see).

The global shape of the dark matter haloes show that both
DMO and SPH counterparts are more prolate at high redshift
and turn to triaxial/oblate at low redshift. The inner shape of
the haloes present a clear different behaviour, finding that SPH
haloes are more oblate than their DMO counterparts. This trend
is also present in Aq-C-M14. This result is expected due to the
impact of baryons in the inner region (see Fig. ).

We also investigate the specific angular momentum in the
inner region of these haloes within five percent the virial radius
through Lagrangian and Eulerian selection. In particular, for the
Lagrangian-selection, the DMO haloes loss ~ 85 — 95% of its
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angular momentum between z = 4 to z = 0. This result indicates
that dark matter halo particles loss angular momentum and con-
centrate in the central region of the haloes, in agreement with our
findings for the halo profiles. The SPH haloes that reach stable
dark matter profiles earlier show that the specific angular mo-
mentum is conserved in time in the Lagrangian-selection. The
haloes that show a contraction of the dark matter profile present
a loss of the specific angular momentum in time. However, this
loss is lower than what we find for their DMO counterparts.
The specific angular momentum for baryons from Lagrangian-
selection show similar trends than those obtained from the dark
matter particles, showing that the specific angular momentum
is roughly conserved when the SPH haloes present stable dark
matter density profiles. The halo Aq-C-M14 show also that the
specific angular momentum in the inner region is roughly con-
stant, with a slight drop at low redshift.

To quantify the impact of baryons onto the contraction of
the dark matter haloes, we implement four adiabatic contrac-
tion models. The fiducial one from|Blumenthal et al! (198€) and
the empirical models from [Gnedin et al/ (2004), [Pedrosa et al
(2010) and|Abadi et all (2010). Our findings show that the model
proposed by |Gnedin et all (2004) is the best representation of
the inner mass (5%Ryp;) content of the SPH haloes between
z = 0 — 4. However, this is not the case for Aq-C-M14 which
is in better agreement with [Pedrosa et al. (2010) and|Abadi et al.
(2010) in all the redshift range studied. This is due to the differ-
ent evolution of the stellar mass content in the Aq-C-M14 com-
pared with the SPH haloes, since the star formation activity is
more strongly regulated and delayed to lower redshifts.

We have shown that the baryonic mass content within the
central region of the dark matter haloes is a key ingredient in de-
termining the stability and concentration of the haloes. We find
that how these baryons are put together is also an important as-
pect. In the future, a statistical sample should be used to quantify
in detail these differences.
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Appendix A: Adiabatic contraction

In Fig.[A]l we present the mass distribution of the SPH haloes
between 3%R200.—Ro00, compared with four halo contraction
models (Blumenthal et al! (1986) blue lines,|Gnedin et all (2004)
pink lines, and empirical models of |Abadi et al! (2010) orange
lines, and [Pedrosa et al. (2010) green lines) at z = 0, 1, 2, 3, and
4. The distances are normalized by the virial radius at each red-
shift, Rypo.. We also include the residuals between the models
and the mass distribution obtained from the SPH haloes. Vertical
grey indicates the 5%Ryqo . which is the distance adopted in this
work to explore the inner regions of the halo. As we state in
Sec. at z = 0 the models proposed by|Abadi et al! (2010) and
Pedrosa et all (2010) are in good agreement with the mass distri-
bution of the SPH haloes. However, the model from|Gnedin et al.
(2004) is the best reproducing the mass distribution in all the red-
shift range studied.
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tions atz = 0, 1, 2, 3, and 4 (from top to bottom for each halo). The AC models are Blumenthal et al! (1986) (blue lines), i
(2004) (pink lines). We also compare with the empirical models from [Abadi et al! (2010) (orange lines) and [Pedrosa et al! (2010
(green lines). Vertical grey line indicates the 5% virial radius at each redshift. We also include the residuals between the mass
distribution of the SPH haloes with each AC model.

Fig. A.1. Mass distribution obtained from the four SPH Aquarius haloes, compared with four different halo contraction imglementa—
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