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ABSTRACT

We study the properties of dark matter haloes in a wide range of modified gravity models,
namely, f{lR), DGP and interacting dark energy models. We study the effects of modified
gravity and dark energy on the internal properties of haloes, such as the spin and the structural
parameters. We find that f{R) gravity enhances the median value of the Bullock spin parameter,
but could not detect such effects for DGP and coupled dark energy. f(R) also yields a lower
median sphericity and oblateness, while coupled dark energy has the opposite effect. However,
these effects are very small. We then study the interaction rate of haloes in different gravity
and find that only strongly coupled dark energy models enhance the interaction rate. We then
quantify the enhancement of the alignment of the spins of interacting halo pairs by modified
gravity. Finally, we study the alignment of the major axes of haloes with the large-scale
structures. The alignment of the spins of interacting pairs of haloes in DGP and coupled
dark energy models show no discrepancy with GR, while f{R) shows a weaker alignment.
Strongly coupled dark energy shows a stronger alignment of the halo shape with the large-
scale structures.

Key words: methods: numerical —galaxies: haloes — galaxies: interactions —dark matter—
large-scale structure of Universe —cosmology: theory.

1 INTRODUCTION

The discovery of the acceleration of the expansion of the Universe
by Riess et al. (1998) and Perlmutter et al. (1998), as well as stud-
ies from the large-scale structures (e.g. Colless 1999) led to the
emergence of the lambda cold dark matter (ACDM) model, where
the Universe is dominated by dark energy (DE), responsible for the
acceleration of the expansion, and a CDM component that drives
structure formation.

However, the nature of dark matter and DE is one of the main
puzzles in modern physics. While there are many plausible candi-
dates for dark matter, DE poses more theoretical challenges. The
simplest choice is DE being due to vacuum energy in the form of
a cosmological constant in Einstein’s field equations. This model
is in perfect agreement with current observations but is plagued by
the fine-tuning problem.

* E-mail: lhuillier @kias.re.kr

The next to simplest option is that DE is dynamical, as in
quintessence models. The DE fields can also have interactions with
the dark matter sector, giving rise to interacting DE models (cou-
pled quintessence; Amendola 2000). In these scenarios, there is no
interaction between DE and baryons, as such the constraints com-
ing from local gravity experiments are not applicable. Nevertheless,
there are several cosmological bounds for these models specially
coming from structure formation (Koivisto 2005; Mota et al. 2007;
Mota, Shaw & Silk 2008; Pettorino 2013; Leithes et al. 2016, see
Copeland, Sami & Tsujikawa 2006 for a review on DE).

Another possibility is that general relativity (GR) does not de-
scribe gravity properly on cosmological scales (Clifton et al. 2012).
To get around the tight constraints coming from high-precision
experiments on Earth and in the Solar system (Will 2006, 2014),
viable modified gravity (MG) models must have some form of
screening mechanism (Khoury 2010) to hide the modifications in
the high-density regimes (relative to the cosmic mean) where these
experiments have been performed.

In the recent years, both analytical and numerical studies
of MG and screening mechanisms have become increasingly
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performed (Koivisto & Mota 2007; Gannouji et al. 2010; Mota,
Sandstad & Zlosnik 2010; Li 2011; Li, Mota & Barrow 2011;
Llinares & Mota 2013a,b; Llinares, Mota & Winther 2014; Winther
et al. 2015). Not just because of it being a possible DE candidate,
but also due to the fact that we are finally in the position where
we can make precision, percent level, tests of GR on cosmological
scales just as we have done in the Solar system in the last century.
By studying alternatives to GR, we can find new ways of testing
gravity on scales we have not tested it before, for instance via the
study of the internal properties of haloes (Hellwing et al. 2013; Shi
et al. 2015), the lensing mass (Zhao, Li & Koyama 2011), haloes
in voids (Li, Zhao & Koyama 2012) or the three-points correlation
function (Sabiu et al. 2016).

Studying halo formation in MG is thus important for two rea-
sons. If gravity is not correctly described by GR, but by a modified
theory, one needs to understand how MG affects galaxy formation.
Moreover, galaxies and galaxy clusters themselves can be used as
a test of gravity.

Future weak lensing surveys, such as Euclid (Laureijs et al. 2011;
Amendola et al. 2013), will provide strong constrains on GR. How-
ever, the intrinsic alignment of galaxies will be a source of sys-
tematics. It is thus important to understand the alignment of galax-
ies in MG. Many groups have studied halo and galaxy alignment
in ACDM (e.g. Hahn et al. 2007; Codis et al. 2012; Libeskind
et al. 2013b) and Lee et al. (2013) studied the spin of dark matter
haloes in MG.

L’Huillier, Park & Kim (2017) studied the effects of interactions
on the small-scale alignment of haloes and their dependences with
the environment, which was possible thanks to the large volume of
the Horizon Run 4 (Kim et al. 2015). The interaction rate of haloes
in the ACDM model was studied in L’Huillier, Park & Kim (2015).

In this paper, we use state-of-the-art N-body simulations of dif-
ferent MG and dark energy models, namely f(R), DGP and coupled
DE, and study the internal properties of dark matter haloes, such as
their structural and spin parameters, and external properties, such
as their interaction rate, small-scale alignment with their interacting
neighbour and large-scale alignment with the cosmic web.

The models are described in Section 2, and Section 3 presents the
simulations we used and the method. Section 4 deals with the inter-
nal properties of haloes (spins and structural parameters), Section 5
studies interacting pairs, and Section 6 is devoted to the alignment
with the large-scale structures.

2 GRAVITY MODELS

The main ingredient in a successful MG model is a screening mech-
anism that hides the modifications of gravity on Earth and in the
Solar system, allowing it to pass the stringent constraints coming
from local gravity experiments. The study of MG models, which
may or may not be particularly interesting in their own right, can
be thought of as a way of studying how the underlying screen-
ing mechanism work. Several different screening mechanisms are
known in the literature (Joyce et al. 2015), and in this paper, we
will consider two models, f{R) gravity and the normal branch DGP
model, that have two different screening mechanisms in play: the
chameleon and Vainhstein mechanism. For the chameleon mecha-
nism (Khoury 2010), screening depends on the local value of the
gravitational potential, while for the Vainshtein mechanism, screen-
ing is a function of the local matter density. Different screening
mechanisms operating on non-linear scales may give rise to unique
features. It is therefore highly desirable to explore observational
consequences that help expose these differences using physical ob-

Haloes in MG and DE 3175

servables in the non-linear regime of structure formation. Below
we will give a brief overview of the two models we consider in
this paper. Both of these models have a background evolution that
is either identical or very close to ACDM, so the differences in
structure formation come solely from the addition of a fifth force
that alters the growth of structures.

2.1 f(R) gravity

In f(R) gravity models (De Felice & Tsujikawa 2010), the Ricci
scalar R is augmented by a general function f{(R) given the action

MZ
S=/¢?gd4x7”[R+f(R>], (1

where g is the determinant of the metric g,, and Mp = 1/ 87 G.
The particular f{R) model studied in this paper is the so-called
Hu-Sawicky model (Hu & Sawicki 2007) that is defined by

ci(=R/m?)"

2
f(R)=—m T4 o Rmy

@)

where n, ¢}, ¢, are dimensionless numbers satisfying % = g—A and
n

m?* = Q,, H}. In the high curvature regime |R| 3> m, we can write

n
f(R)Z—@Ro (&) , 3)
n R

where Ry (fro) is the present value of R (fr = dﬁ;f) ), respectively.
For all the simulations in this paper n = 1, so the models are defined
by a single dimensionless number fro. For the range of |fzo| values
that we consider in this paper, the background evolution is almost
indistinguishable from ACDM.

S(R) gravity can via a conformal transformation be written as a
scalar—tensor theory where f; plays the role of the scalar field (Brax
et al. 2008). The equation determining the evolution of fz is given
by

a’ 3p, a’ fro 80
vsz:—* |:5R+ m:| __* 7R0—R(a)+ 'm
3 M} 3 Sr M3,

C))

where SR = R — R(a) and R(a) is the background value for R. In an
N-body simulation of f(R) gravity, this equation is solved at every
time-step to determine the fifth force %V fr.

The parameter fy controls the range of the scalar interaction and
in the cosmological background today we have

Sro
103

Roughly speaking on large length-scales r 2 A gravity behaves as
GR, while on small scales r < Ao gravity is modified. In addition
to this, we have a screening effect, the chameleon mechanism,
in high-density regions. For objects that have a large Newtonian

3/r
oy |- Thus,

the parameter fzo also acts as a critical potential; objects at the
present time with |®y| > |fro| do not feel any modification of
gravity while objects with |®y| < |fzo| feel a modified Newton’s

constant Gegr = %G.

Ao = 7.46 X h™'Mpc. 3)

potential @y, the fifth-force is suppressed by a factor ‘

2.2 DGP model

The DGP (Dvali, Gabadadze & Porrati 2000) model is a so-called
braneworld model where our Universe is confined to a 4D brane
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that is embedded in a 5D space—time. The action is given by

(4)
S = / vV —g(4)d4 Mlzl(4) +/\/ _g(ﬁ)ds

where gu) (g(s)) denotes the metric on the brane (in the bulk)
and R4, (R(s)) denotes the Ricci scalar on the brane (in the bulk).
Since Mpi4y = 1/+/87 G, we only have one free parameter in the
model that is usually expressed as the so-called cross-over scale
M 2
re=1 (rii) .
The modifications of the gravity in the model is determined by
a scalar-field ¢, the brane-bending mode, which described how the
brane we live on curves in the fifth-dimension. In a Friedmann—
Lemaitre-Robertson—Walker background, the gravitational poten-
tial, which determines how particles move in an N-body simulation,
is given by ® = &y + %, where @y is the standard Newtonian
potential. The dynamics of ¢ in the quasi-static approximation is
determined by

M§1(5)7 (6)

2
2 2,2 a-sp
V¢+3ﬂ2[<V¢) (ViV,9)’] = R @)
where
Ba) =1+ 2H(a)r <1+ H(a) ) ®)
¢ 3H2(a)) "

The model we are working with here is the normal branch DGP
model apposed to the original DGP model that had self-accelerating
solutions. The latter one is effectively ruled out (Maartens &
Koyama 2010). In the normal branch DGP model, the accelera-
tion of the Universe is driven by a cosmological constant just as
in ACDM. This model is a useful toy model to study the par-
ticular screening mechanism, the so-called Vainshtein mechanism,
used by DGP to hide the modifications of gravity in local exper-
iments. The modifications of gravity in the vicinity of a massive
object of mass M and radius r. are determined by a scale known as
the Vainshtein radius ry oc r>3M!/3. Test particles far outside the
Vainshtein radius will feel a gravitational force that is enhanced,

Ger = G (14 55 )
shtein radius will just feel the standard Newtonian gravitational
force Gef ~ Gy. This basically means that we have screening in
a region if the average matter density is higher than some critical

while test particles far inside the Vain-

2 . ..
value ot = Kﬁpc where p. = 3H?/87 G is the critical matter
density in the Universe. For p,, > pcit, the fifth force is suppressed

by a factor ~+/pcrit/ pm-

2.3 Interacting DE

In interacting DE models (Wetterich 1995; Amendola 2000), the
acceleration of the Universe is driven by a (quintessence) scalar
field that has interactions with dark matter, leading to energy ex-
change between the two fluids as the Universe expands. Baryons
and radiation are not coupled to the scalar field as such a coupling
is strongly constrained by Solar system tests of gravity requiring
,BlmyonS < 1073, The dynamical equations at the background level
are given by

dv
¢+3H¢+ﬂ \fﬁw)"w ©)
powt + 3H powt = — \f ﬁ<¢>>¢” DM, (10)
oo+ 3H py = 0. (11)

Each model on this form is specified by a potential V(¢) and a
coupling function S(¢). The mass of the scalar field ¢ is O(H) at the
present time that means that the field does not cluster significantly.
The gravitational force on the dark matter particles is therefore
equivalent to a time-dependent Newton’s constant

G =G (1 + gﬂz(a)> , (12)

where f(a) = B(¢(a)) and ¢(a) is the background solution for ¢.
The absence of a coupling to baryons means that there is no need for
a screening mechanism to be consistent with local tests of gravity.
Observations of the CMB places the strongest constraints on the
model that constraints 8 < 0.2 (Casas et al. 2016).

For the models considered here (Baldi 2012), we have

P1¢ ag
B(¢) = oe™ and V() = Ae i , where A = 0.002 18M},, o =
0.08, 1 = 0 and By = 0.05 (the EXP1 model) and 8y = 0.15 (the
EXP3 model). The scalar field is normalized such that ¢(z = 0) =0

3 METHODS

In this section, we describe the simulations and the generation of
the halo catalogues we have used for our analysis.

3.1 The simulations

To study the effects of MG on galaxy haloes, we took advantage of
a wide range of available simulations with different models.

In brief, we used four different sets of simulations, each set using
its own initial conditions and cosmology. For each set of simula-
tions, we use the ACDM run as a reference for the corresponding
MG runs.

The first set of simulations, f512, uses 5123 particles in an
L = 256 h~'Mpc. The reference ACDM cosmology for this set of
simulations is (Qm, 24, &, 0g) = (0.267,0.733,0.719, 0.80). The
f(R) simulations have fzg = 10~* (F4), 107> (F5) and 10~° (F6).
The initial density fluctuations have been normalized by the CMB,
which yields different o at z = 0.

The second set of simulations, f1024, uses 10243 particles
in an L = 10244 'Mpc box. The reference cosmology is
(Rm, R4, h, 03) = (0.267, 0.733,0.719, 0.80). The associated MG
simulations is f(R) models with fz, = 1073, but has been normal-
ized to the same o3 = 0.80 at z = 0.

The above two sets of simulations were run using the 1sis code
(Llinares et al. 2014), which is based on ramsEs (Teyssier 2002).
The code used was recently compared to other MG codes (Winther
etal. 2015) and for the two models studied here, f{R) and DGP, excel-
lent (sub-per cent) agreement was found in the enhancement of the
matter matter power-spectrum relative to ACDM (both computed
within each code) for scales k < 5-10 Mpc~'. Similar per cent
level agreement was found for the enhancement of the velocity di-
vergence power spectrum, halo abundances and halo profiles for all
redshifts studied z < 2.

The third set of simulation aims to study DGP gravity. The refer-
ence GR cosmology has (25, 24, h) = (0.271, 0.729, 0.703), with
5123 particles in an L = 250 h~'Mpc box, and was also run with
1s1S. The DGP run was run with the crossover scale r. = 1.2/H,.

The fourth set of simulations comes from the publicly avail-
able L-CoDECS project (Baldi et al. 2010; Baldi 2012), a set
of N-body simulations of coupled DE, evolving 2 x 1024° par-
ticles (dark matter and baryons without hydrodynamics) in an

= 1000 /#~'Mpc box with the modified version of GADGET-2
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Table 1. Summary of the simulations used in this work.

Set Name Normal- L N
ization (h~'Mpc)

512 ACDM CMB 256 5123
F4 CMB 256 5123
F5 CMB 256 5123
F6 CMB 256 5123
1024 ACDM 05 =08 1024 10243
F5 o3 =0.8 1024 10243
DGP ACDM CMB 250 5123
DGP1.2 CMB 250 5123
CoDECS ACDM CMB 1000 10243
EXP1 CMB 1000 10243
EXP3 CMB 1000 10243

(Springel 2005) by Baldi et al. (2010). The reference cosmology is
(Qm, 24, ) = (0.2711, 0.7289, 0.703). We used two simulations:
EXP1 and EXP3, which have an exponential scalar self-interaction
potential with 8y = 0.05 and 0.15, respectively. Note that to fairly
compare the CoDECS simulations, which include baryons, with the
N-body ones, we exclude the baryon particles from our the CoODECS
simulations, and correct the mass of the CDM particles accordingly
by Q/Rcpm. The simulation parametres are summarized in Ta-
ble 1.

We note that, since each set of simulations (f512, 1024, DGP
and CoDECS) has different initial conditions and cosmologies, the
results should not be compared between the sets, but within a given
set between each model.

3.2 Halo detection and catalogues

The haloes and subhaloes were respectively detected as in L’Huillier
et al. (2015) using the Ordinary Parallel Friend-of-Friend (oproF)
and physically self-bound (psB) algorithms (Kim & Park 2006).
OPFOF is a memory-efficient parallel implementation of For and psB
is a subhalo finder that finds density peaks in a similar way to SUBFIND
(Springel et al. 2001), and additionally truncates the subhaloes to
the tidal radius. For more details, we refer the reader to Kim & Park
(2006).

For consistency between different gravity models, we defined the
virial radius Ry;; as

43Ry,

where

() = 2@ (14)
P = 806

is the critical density of the Universe.'

psB also calculates the potential energy and the tidal radius of
each subhalo candidate before removing unbound particles. In this
step, we also assume a Newtonian gravity in all cases. We expect
this to slightly underestimate the bound masses in MG, by removing
particles that are actually bound to the halo. This has been shown
to slightly underestimate the mass function (Li & Zhao 2010).

' This definition is different from the one used in L’Huillier et al. (2015),
and does not take into account the dependence of A with redshift, since the
Bryan & Norman (1998) formula is only valid for a flat ACDM cosmology.
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Targets consist of psB sub-haloes with more than 50 particles,
yielding a minimal mass of, respectively, 4.72 x 10'!,3.78 x 10'2,
4.47 x 10" and 3.57 x 10> h~'M¢ in the £512, £1024, DGP and
CoDECS simulations. A target is defined to be interacting with
a neighbour if it is located within twice the virial radius of its
neighbour, and if the neighbour is at least 0.4 the mass of the target.
‘We note that we slightly changed the definition of interactions with
respect to L'Huillier et al. (2015, 2017) in order to increase our
statistics.

In order to define the large-scale density, we calculated the density
field pyo smoothed over the 20 nearest neighbours of each target
halo (L"Huillier et al. 2015, 2017), and defined as

20

p =Y _ M;W(ri. h), where (15)
i=1
RS IONEES A
Wby = —=912-(5)", 1<r<2 (16)
0, r>2

h

is the cubic spline kernel used in smoothed particle hydrodynamics
(e.g. Monaghan & Lattanzio 1985), r; is the distance to the ith
neighbour and 7 is the smoothing length, defined as the distance to
the 21st neighbour. The large-scale overdensity is thus defined as

1+6 = @, a7

On
where py, is the mean halo density.

4 SPIN AND SHAPE OF SUBHALOES IN MG

In this section, we present our results from a systematic analysis of
the shape and spin parameters of psB subhaloes in simulations of
the MG and coupled DE theories.

4.1 Shapes

The internal distribution of matter can be described by the inertia
tensor

Iij = Z-xa,ixo(.j» (18)

where x,; is the ith coordinate of particle «.

The sphericity s and oblateness g are defined as g = Z ands = ¢
where a® > b*> > ¢? are the eigenvalues of 1. We note that, in order
to limit resolution effects, we only considered subhaloes resolved
with more than 100 particles.

The first and second rows of Fig. 1, respectively, show the dis-
tribution of the oblateness g and sphericity s of psB subhaloes in
the 512 (first column), 1024 (second column), DGP (third col-
umn) and CoDECS (fourth column) sets of simulations. The solid
lines show the distributions at z = 0 and the dashed lines at z = 1.
The error bars show the Poisson error in each bin and the ACDM
reference simulation in each set is shown in black.

In the first and second rows, f(R) simulations seem to have a
slightly lower sphericity and oblateness, especially at z = 1. In the
case of f(R) gravity, the difference between the distributions is larger
at z =1 than z = 0. In the DGP simulation, we find no difference on
the distribution of the shape parameters compared to ACDM. In in-
teracting DE models, the (weakly coupled) EXP1 model is indistin-
guishable from GR, while the (more strongly coupled) EXP3 model
has a slightly larger median sphericity and oblateness. However, the

Downl oaded from https://academ c. oup. com nmras/articl e-abstract/ 468/ 3/3174/ 3077200 MNRAS 468’ 3174-3183 (2017)

by University of Gslo Library. Library of Medicine and Heal th Sci ences user
on 25 January 2018



3178 B.

3.5
3.0
2.5
2.0
1.5
1.0
0.5

oo I I I ] ] ] T— ] ] I ] ]
0.0 0.2 0.4 0.6 0.80.00.2040.6080.00.2040.6080.00.2040.60.8

3.5
3.0
2.5
2.0
1.5
1.0
0.5

PDF

Sphericity s Sphericity s Sphericity s Sphericity s
20+ A + T . .
) ! ‘
15+ 7/ - + .
[/
10+ - + .
5F \ - Q + .
N S s
o ! I ! |\ - ! k ! I
0.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10

L’Huillier et al.

f512 CoDECS
[ AcDM 1 — ACDM |
C—— F4 T T — EXP1 1
L F5 —— EXP3
[
i v p

Oblateness ¢

Oblateness ¢

Oblateness ¢ Oblateness ¢

0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

Spin parameter \

Spin parameter \

Spin parameter \ Spin parameter \

Figure 1. Distribution of the oblateness (top), sphericity (middle) and spin (bottom) parameters in the four sets of simulations. The solid lines show the results
at z = 0 and the dashed ones at z = 1. The ACDM results are in black. (R) yields a lower sphericity, oblateness, and a larger Bullock spin parameter. There is
no sign for departure from GR in DGP. Coupled DE with large coupling (EXP3) yields larger oblateness and sphericity than GR, but show no deviation for the

spin parameters.

shift is very small. For instance, in the case of CODECS, the median

and 68 per cent percentile of the oblateness g are 0.75617 ) 5259
0.7406 1091 for EXP3 and ACDM at z = 0.

4.2 Spin parameter

+0.0589 and

To describe the rotation of haloes, we calculated the spin parameters
of each psB subhalo, defined as (Bullock et al. 2001)

o
V2MRV’

where

V2 = GM
R

19)

(20)
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and J is the sum of the angular momenta of each particle in the
halo.

In the third row of Fig. 1, we show the spin distribution of the
spin parameters. We only consider haloes resolved with more than
100 particles. In f{R) gravity, the fifth force tends to speed up halo
rotation in agreement with Lee et al. (2013). On the other hand, DGP
and coupled DE seem to have no effect on the spin distribution.

However, the effect of MG on the distribution of the structural
parameters is overall very small. For instance, the median, 16th,
and 84th percentiles associated with the spin parameter at z = 0
in the £1024 set is 0.0425%0012 and 0.046770013 for the ACDM
and F5 models, respectively, making the effect of MG on the spin
distribution difficult to detect observationally.

Fig. 2 shows the mass dependence of the spin distribution at z =0
in two mass bins, namely /;; < 14.30 (top) and /,; > 14.30 (bottom),
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Figure 2. Spin distribution at z = 0 for [y < 14.30 (top) and /; > 14.30
(bottom), where Iy, = loglohM/MQ.

where Iy =log 0hM /M. In the CoDECS simulations, as expected,
the coupled DE models show no difference with ACDM at any mass
bins. However, in the lower mass bin, the spin distribution of F5 is
shifted towards larger spins with respect to that of ACDM, while
no difference can be seen in the higher mass bin. Again, this can
be understood as an effect of screening of the fifth force at high
masses. We note that Carlesi et al. (2014) studied interacting DE
models in higher resolution simulations, and found that interacting
DE affects the spin at lower halo masses.

5 EFFECTS OF MG ON HALO INTERACTIONS

In this section, we study the rate of close interactions (<2Ry;;) and
their effects on the alignment of the spins of the interacting pair.

5.1 Interaction rate

The interaction rate depends on the mass function and the subhalo
mass function, which in turn depend on the gravity model. Fig. 3a
shows the interaction rates in different gravity models as a function
of mass for each set of simulations. The interaction rate is defined
as the fraction of targets undergoing an interaction with respect to
the total number of targets in the considered bin. We divided the
simulation volume in eight equal cubes, and calculated the mean
and standard deviation of the interaction rate in each bin of mass
and density. For the sake of readability, we only plot the error-bars
for GR, since the other gravity models yield similar uncertainties.

The decreasing shape of the interaction rate as a function of
mass is a consequence of our definition: more massive haloes are
less likely to be interacting with a more massive halo (L'Huillier
et al. 2015). The 512 and DGP simulations have large statistical
fluctuations, due to their small volumes, making it difficult to draw
any conclusion. The other sets of simulations, 1024 and CoDECS,
have larger box sizes, and thus better statistics. In coupled DE
simulations, the interaction rate between EXP1 and GR are con-
sistent within the error-bars, while EXP3 has a higher interaction
rate in the whole range. F5 yields a very similar interaction rate
to GR.

Fig. 3b shows the interaction rate as a function of the large-
scale density 1 + §,¢ for each set of simulation. Again, the results
from small-box simulations (f512 and DGP) are consistent within
their large error-bars. The tighter error-bars in £1024 show that the
interaction rate dependence on the large-scale density J, is not
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Figure 3. Interaction rate as a function of mass (a) and density (b) for our
different MG and DE models.

affected by f(R) gravity. In the coupled DE, however, while EXP1
agrees with GR, at all redshift and density, the interaction fraction
in EXP3 is systematically higher than in GR for 2 >~ 1 4 §,p =~
100 at z =1 and 1 >~ 1 + &9 >~ 20 at z = 0. The excess of
interactions is larger at z = 1 than at z = 0. However, in this regime,
the interaction fraction is very low (<0.1), which makes it difficult
to test observationally.

5.2 Effects of MG on the alignments of interacting pairs

In this section, we study the effects of MG on the alignment of
the spins of interacting targets at z = 0. In L’Huillier et al. (2017),
we showed that interacting haloes show a strong alignment, and the
strength of the signal increases with mass, and only weakly depends
on density.

5.2.1 Characterization of the alignment signal

Following Brainerd (2005), Yang et al. (2006) and L’Huillier et al.
(2017) in order to quantify the alignment of an angle 6 between any
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Figure 4. Normalized pair count of cos ¢, where ¢ = (J1, JN) as a function of the pair separation d/d;, where d; = 1 h~'Mpc, at z = 0. The pair separation
increases from the top to bottom row. In the second column, F5 shows a weaker alignment than GR for 0.4 < d/d; < 0.8.

two vectors (u, v), we proceed as follow. For a given bin of cos 6,
we count the number of pairs in this bin N(6). We then randomly
shuffle the pairs 100 times, and calculate the mean and standard
deviation (N(0)) and o4. We then define the normalized pair count
as

N@®)

) = . 21
f©) NGO e2))

The error is then given by o4 /(N(6)). Random configurations have
f(6) = 1, while alignment have f(cos @ >~ £1) >> 1, and anti-aligned
(orthogonal) configurations have ficos 9 ~ 0) > 1.

5.2.2 Results

Fig. 4 shows the normalized pair count f{¢p), where ¢ = (J1, JN),
and T and Ndenote the target and neighbour halo, respectively, in
the different simulation sets. We divided each sample into three
bins of separation 0 < d < 0.4 h~'Mpc (top), 0.4 < d < 0.8 h»~'Mpc
(middle) and 0.8 < d < 3 A~ 'Mpc (bottom).

In the lower panels, for d > 0.8 h~'Mpc, the alignment is consis-
tent with arandom alignment for each model, showing no difference
between MG, DE and GR. The alignment becomes stronger as the
pair separation decreases, as expected from stronger tidal forces,
and from previous studies on the spin correlation function (e.g.
Singh, Mandelbaum & More 2015).

In the 512 and DGP simulations, the small statistics coming
from the small box size do not allow us to see any deviation from
GR. For 1024 (second column), at 0.4 < d < 0.8 h~'Mpc, the
alignment signal in F5 is weaker than in GR (larger excess of pairs
with cos ¢ ~ 1 and lower for cos ¢ ~ —1). For d < 0.4 h~'Mpc, the
alignments become consistent again, showing almost no deviation
from GR. This can be understood as the action of the fifth force in
the F5 model at intermediate separations (0.4 < d < 0.8 7~ 'Mpc),
yielding a weaker alignment. For small separations, the fifth force is
screened and the alignment signal becomes consistent with ACDM.
No such behaviour is seen in CoDECS, where the alignment signal
is consistent with ACDM for all separations. This is consistent with

Downl oaded W%A§s4ﬁlsﬁ?céégrﬁf.3c}u%.3c(t%QMr)as/ article-abstract/468/3/ 3174/ 3077200

by University of Gslo Library. Library of Medicine and Heal th Sci ences user
on 25 January 2018

Fig. 1, where no effect of DE on the spin distribution could be
detected.

6 ALIGNMENT WITH THE LARGE-SCALE
STRUCTURE

In the previous section, we considered the small-scale alignment
of pairs of interacting haloes. In this section, we are interested in
the alignment of the spin of dark matter haloes and the large-scale
structures, or large-scale alignment.

Alignment of the shapes and spins of haloes with the large-
scale structures have been studied deeply in the literature (e.g.
Hahn et al. 2007; Zhang et al. 2009; Codis et al. 2012; Libe-
skind et al. 2013a; Trowland, Lewis & Bland-Hawthorn 2013;
Zhang et al. 2013; Forero-Romero, Contreras & Padilla 2014; Zhang
et al. 2015).

There are several ways to characterize the cosmic web. We used
the tidal tensor (Hahn et al. 2007; Forero-Romero et al. 2009) and
defined the large-scale structure as follows. The matter density field
8(x) is calculated using a count-in-cell assignment scheme. The
smooth density field §z was then obtained by smoothing the matter
density with a Gaussian kernel of radius Rg = 4 = 'Mpc. We then
calculated the tidal tensor T, defined as

%9

ij =
! ax,-axj’

(22)

where ¢ is the gravitational potential, solution to the Poisson equa-
tion (assuming GR)

V2 = k. (23)

We then calculated the eigenvalues of 7', A} < A, < A3, and defined
voids, walls, filaments and knots pixels with, respectively, 0, 1,2 and
3 eigenvalues larger than Ayyesh. We set Agpgesn = 0.4, which visually
provided the best cosmic web. A discussion about the choice of
Airesh May be found in Forero-Romero et al. (2009) and Alonso,
Eardley & Peacock (2015). This calculation was made using the
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Figure 5. Alignment of the major axis with the large-scale structures. Shown is the normalized pair count f(6;), where 6; = (ar, ¢;) is the angle between the

major axis of the target and the direction of the wall (63) or filament (01).

pENsTOOLS code?. Each pixel thus has an unambiguously defined
environment (void, wall, filament, knot). For each halo, we define
the environment as that of the pixel where its centre is located.

Fig. 5 shows the normalized pair count f{6;) (equation 21), where
0; = (ar, &) is the angle between the major axis of the halo and the
direction of the LSS (&5 is the direction normal to the walls and &
the direction of the filaments). Since knots and voids do not have a
well-defined direction, we exclude them from this analysis.

The major axis is well aligned with the direction of the filaments,
and in the plane of the wall (orthogonal to the normal direction of the
wall), confirming previous findings (e.g. Zhang et al. 2009). EXP3
shows the strongest deviation to GR, with weakly but systematically
weaker alignment signal than GR. EXP1 on the other hand shows
no deviation at all.

In the £1024 simulations, F5 seems to show a stronger alignment
than GR, although the significance is weak. A similar trend can be
seen in F256 and DGP, where f(R) models seem to show stronger
alignment than GR, while DGP seem to show weaker alignment
than GR. However, in f512 and DGP, the large error-bars do not
allow strong conclusions.

7 SUMMARY AND DISCUSSION

Using cosmological N-body simulations with different gravity mod-
els, namely ACDM, f(R), DGP and coupled DE, we studied the ef-
fect of gravity and DE on internal properties of subhaloes, namely
structural and spin parameters. We also studied the effects of MG
on the halo interaction rate.

We then studied the alignment of the spins of interacting pairs,
following L’ Huillier et al. (2017). Finally, we performed for the first
time a systematic study of the alignment of haloes with the large-
scale structures (filaments and walls) in MG, as well as of the
distribution of the spin parameters in voids and knots. Our findings
are summarized below:

(i) flR) models yield a larger Bullock spin parameter in agreement
with Lee etal. (2013) and alower oblateness and sphericity. Atz =0,
the difference in the structural parameters (g and s) is smaller than
atz=1.

2 The code is available at https:/github.com/damonge/DensTools.

(i) EXP3 yields larger oblateness and sphericity, while the spin
parameter is unaffected. EXP1 is essentially indistinguishable from
GR.

(iii) The interaction rate is largely unaffected by MG. Strongly
coupled DE models however show an enhancement of the interac-
tion rate at all masses.

(iv) The alignment of the spins of interacting pairs of haloes
decreases with the pair separation for each model. In F5, the a
alignment is similar to GR for d < 0.4 h~'Mpc, and becomes weaker
for 0.4 < d < 0.8 h~'Mpc, due to the effect of the fifth force. Coupled
DE does not affect the spin alignment of pairs.

(v) The (anti-)alignment of the major axis of haloes with the
direction of the filaments (walls) is weaker for the EXP3 model
than in GR. Simulations with L ~ 250 h~'Mpc do not show any
departure from GR.

(vi) Large volumes (L ~ 1h~'Gpc) are needed to distinguish
between gravity models.

The fact that very large volumes are needed to detect any deviation
from GR shows the weakness of the signal. For instance, in the
case of the alignment with the LSS, the large-scale alignment is
largely unaffected by MG. Therefore, one can argue that treatments
of intrinsic alignment based on GR should not induce bias in the
analysis.

The strength of our study is to apply the same method to several
sets of simulations with different gravity models, box size and res-
olutions. This is the first study devoted to the study of the small-
and large-scale alignment in MG and DE models.
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APPENDIX A: PEEBLES VERSUS BULLOCK
SPINS

In this section, we show how the definition of the spin parameter is
affected by MG. Peebles (1969) defined the spin parameter as
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Figure Al. PDF of the Peebles (top) and Bullock (bottom) spin parameters
for f1024 GR (black) and F5 (magenta) at z = 0, and for psB (solid), AHF
(dashed) and rocksTAR (dash—dotted) lines.
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where £ = W + K is the total (kinetic plus potential)
energy.’

Fig. A1 compares the distributions of the Peebles and Bullock’s
parameters in MG. In the Peebles definition, the energy is calculated
assuming GR, which underestimates the actual energy of the halo,
yielding a lower value of the spin parameter in MG.

We also show the effect of the halo-finder on the spin computa-
tion. For that purpose, we used aHF (Gill, Knebe & Gibson 2004;
Knollmann & Knebe 2009) to detect spherically overdense haloes.
Moreover, the difference in the Peebles parameter between psB and
AHAHFF/ROCKSTAR can be understood by the following consideration.
psB assumes a Plummer gravitational potential while calculating the
potential energy, which is used for the unbinding step as well as
the computation of the spin parameter. AHF and ROCKSTAR, however,

3 Note that in case of MG, we calculated E assuming GR.
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assume a Newtonian potential. Regarding the difference in the Bul-
lock spin, psB defines the radius of a subhalo as a function of the
mass only, via equation (13), while AHF and ROCKSTAR define it as
the distance to the furthest particle. Regardless of the differences,
the trend is consistent between both definitions of the spin parame-
ter: f(R) gravity yields a larger Bullock spin and has little effect on
the Peebles spin.
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