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4
Cosmological Influence on Physical

Characteristics of Clusters†

W study diverse individual properties of galaxy clusters in cosmological N-Body simulations.

These properties include the angular momentum, morphology and density profile. We focus on

the possible effects of dark matter and dark energy on these properties. The simulations span a wide

range of cosmological parameters, representing open, flat and closed Universes. The first aspect we

address is the internal mass distribution of halos, specified in terms of the radial density profile. We

find that the form of the density profile is independent of cosmology. The one major difference between

the density profiles of clusters in different cosmologies is concerns the concentration of halos. Halos

in low Ωm are more concentrated that halos in higher Ωm Universes. We did not detect any influence

of the cosmological constant. A second aspect is that of the shape and morphology of the emerging

cluster halos. We find that clusters in low Ωm Universes are more spherical. In all cosmologies we find

comparable triaxial shape distributions, with a slight preference for a prolate shape. Finally, the third

intrinsic characteristic that we address is the angular momentum of the galaxy clusters. There is no

detectable cosmological influence on the angular momentum of halos, not even on the general angular

momentum distribution. There seems to be some differences in angular momentum of clusters that

underwent a massive merger and ones that merely evolved through quiscent accretion. The steadily

accreting halos have a lower spin parameter than those that underwent major mergers. The imprint of

the background cosmology on this process is that on the epoch at which we observe major mergers,

occurring much earlier in low Ωm.

†Pablo A. Araya-Melo, Rien van de Weygaert & Bernard J.T. Jones, 2008, in preparation.
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4.1 Introduction

The hierarchical clustering process is the accepted mechanishm by which structures form in the Uni-

verse. Small clumps emerge from the primordial density field and subsequently merge to ever bigger

ones. While this process is highly sensitive to the amount of matter present in the Universe, the influ-

ence of the cosmological constant is less clear.

N-body simulations of structure formation are one of the most important tools to study the process

of hierarchical clustering. They can be used to study the physical characteristic of dark matter halos,

within their cosmological context. For our purpose, they serve as an excellent laboratory to study

the influence of various cosmological factors, such as the cosmological density parameter Ωm and

cosmological constant ΩΛ, on the properties of the cluster population. In this chapter we specifically

focus on the following intrinsic properties of clusters:

• Internal mass distribution, specified in terms of its concentration and radial density profile

• Shape and Morphology

• Angular Momentum

We investigate these properties using dissipationless N-body simulations of variants of the CDM model

with different cosmological parameters. We consider thirteen different cosmologies, combinations with

Ωm < 1 and/or ΩΛ , 0, representing a choice of open, flat and closed Universes.

One of the most fundamental intrinsic properties of halos is that of their internal mass distribution.

We are interested in two properties. The extent towards which the mass distribution is concentrated

is quantified by means of a concentration parameter. More information is contained in the radially

averaged density profile. A lot of effort has been devoted in trying to understand and model the

radial density profile of dark matter halos (e.g., Navarro et al. 1997; Moore et al. 1998; Wechsler

et al. 2002; Tasitsiomi et al. 2004). This interest got much emphasize by the finding that halo density

profiles do obey a “universal” form, the socalled NFW profile (Navarro et al. 1997). The fact that

it can be described by the same expression independent of mass and/or cosmological scenario may

provide a hint of a profound physical manifestation of gravitational clustering. Despite numerous

studies, this has not yet been satisfactorily explained. While this universal NFW profile does contain a

concentration parameter, we find it more objective to use a concentration parameter that is independent

of density profile. We therefore introduce an alternative parameter in terms of the ratio of the mean

harmonic radius and the mean separation radius.

A fundamental additional characteristic of any mass distribution is that of its shape and morphol-

ogy. Clusters arose out of a primordial Gaussian density field, from which they evolved around a

density peak. Density peaks in such Gaussian random fields are never spherical (Bardeen et al. 1986).

During the subsequent nonlinear evolution and collapse of such primordial density peaks, any initial

asphericity will be strongly enlarged (e.g. Icke 1973; Lynden-Bell 1964; Eisenstein & Loeb 1995). In

how far the emerging halo retains the memory of this history during its collapse and virialization is not

directly clear but may be inferred from cosmological N-body simulations. These shows that they retain

a strongly flattened triaxial shape (Dubinski & Carlberg 1991; van Haarlem & van de Weygaert 1993).

Part of it is a sensitive function of the virialization process. Dissipative processes involved with the

setttling of baryonic gas in the dark matter potential is perhaps an equally important factor. Also, the

environmental influences are a major factor determining the final shape of a halo. One factor that plays

a role since primoridal times is that of the tidal influences exerted by the surrounding inhomogenous

large scale matter distribution. This is augmented by the resulting weblike cosmic matter distribution

which ties the emerging cluster to its direct surroundings. As first described by van Haarlem & van de

Weygaert (1993), the resulting anisotropic infall of matter through the filamentary extensions have a

deep and immediate impact on the shape of the cluster halo.

The final intrinsic property of halos that we wish to address is that of the angular momentum.

According to the Tidal Torque Theory, the protohalo starts to acquire angular momentum as a con-

sequence of the tidal shear produced by the neighboring large scale matter distribution (Hoyle 1949;
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Peebles 1969; Doroshkevich 1970; Efstathiou & Jones 1979; White 1984; Barnes & Efstathiou 1987;

Catelan & Theuns 1996; Porciani et al. 2002; Bullock et al. 2001; van den Bosch et al. 2002; Bett

et al. 2007). Most of the angular momemtun is gained during the linear phase of collapse. It increases

in proportion to the corresponding cosmic time interval (White 1984): it grows like a2Ḋ, where a is

the expansion factor and D is the linear growth factor. As soon as nonlinear collapse sets in and the

halo decouples itself from the expanding Universe, it becomes increasingly difficult for the tidal field

to impart a substantial increase of angular momentum on the steadily contracting halo (Peebles 1969).

The outline of the chapter is as follows. In section 4.2 we described the different cosmological

models used. The density profile and the concentration is investigated in section 4.3. Shape of dark

matter halos is discussed in section 4.4, while then angular momentum and its dependence on the

background cosmology is investigated in section 4.5. Conclusions are presented in section 4.6.

4.2 The Simulations

The simulations and the method to identify halos are extensively described in chapter 2. Here, we

summarize this description.

We carry out thirteen N-body simulations that follows the dynamics of 2563 particles in a box

of periodic size 200h−1Mpc. The initial conditions are generated with identical phases for Fourier

components of the Gaussian random field. In this way each cosmological model contains the same

morphological structures. For all models we chose the same Hubble parameter, h = 0.7, and the same

normalization of the power spectrum, σ8 = 0.8. The principal differences between the simulations are

the values of the matter density and vacuum energy density parameters, Ωm and ΩΛ. By combining

these parameters, we get models describing the three possible geometries of the Universe: open, flat

and closed. The effect of having the same Hubble parameter and different cosmological constants

translates into having different cosmic times.

The initial conditions are evolved until the present time (z = 0) using the massive parallel tree N-

body code GADGET2 (Springel 2005). The Plummer-equivalent softening was set at ǫpl = 15h−1kpc

in physical units from z= 2 to z= 0, while it was taken to be fixed in comoving units at higher redshifts.

For each cosmological model we wrote the output of 100 snapshots, from a = 0.2 (z = 4) to the present

time, a = 1 (z = 0), equally spaced in log(a).

4.2.1 Halo identification

We use the HOP algorithm (Eisenstein & Hut 1998) to extract the groups present in the simulations.

HOP associates a density to every particle. In a first step, a group is defined as a collection of particles

linked to a local density maximum. To make a distinction between a high density region and its

surroundings, HOP uses a regrouping procedure. This procedure identifies a group as an individual

object on the basis of a specific density value. Important for our study is the fact that for this critical

value we chose the virial density value ∆c following from the spherical collapse model. In order to

have the proper ∆c we numerically compute its value for each of the cosmologies (see appendix 2.A).

Table 4.1 lists the values of the cosmological parameters and the values of the virial density for each

cosmology at z = 0. For the latter we list two values: the virial overdensity ∆vir,b with respect to the

background density ρb of the corresponding cosmology, and the related virial overdensity ∆vir,c with

respect to the critical density.

Note that we only consider groups containing more than 100 particles. Because the particle mass

depends on the cosmological scenario, this implies a different mass cut for the halos in each of our

simulations. As a result, SCDM does not have groups with masses lower than 1013h−1M⊙. We have

to keep in mind this artificial constraint when considering collapse and virialization in hierarchical

scenarios at high redshifts. When structure growth is still continuing vigorously at the current epoch,

the collapsed halos at high redshifts will have been small. Our simulations would not be able to resolve

this.
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Model Ωm ΩΛ Ωk Age mdm mcut ∆vir,b ∆vir,c

SCDM 1.0 0 0 9.31 13.23 1323 177.65 177.65

OCDM01 0.1 0 0.9 12.55 1.32 132 978.83 97.88

OCDM03 0.3 0 0.7 11.30 3.97 397 402.34 120.70

OCDM05 0.5 0 0.5 10.53 6.62 662 278.10 139.05

ΛCDMO1 0.1 0.5 0.4 14.65 1.32 132 838.30 83.83

ΛCDMO2 0.1 0.7 0.2 15.96 1.32 132 778.30 77.83

ΛCDMF1 0.1 0.9 0 17.85 1.32 132 715.12 71.51

ΛCDMO3 0.3 0.5 0.2 12.70 3.97 397 358.21 107.46

ΛCDMF2 0.3 0.7 0 13.47 3.97 397 339.78 101.93

ΛCDMC1 0.3 0.9 -0.2 14.44 3.97 397 320.79 96.237

ΛCDMF3 0.5 0.5 0 11.61 6.62 662 252.38 126.19

ΛCDMC2 0.5 0.7 -0.2 12.17 6.62 662 241.74 120.87

ΛCDMC3 0.5 0.9 -0.4 12.84 6.62 6622 30.85 115.43

Table 4.1 — Cosmological parameters for the runs. The columns give the identification of the runs, the present

matter density parameter, the density parameter associated with the cosmological constant, the age of the Universe

in Gyr since the Big Bang, the mass per particle in units of 1010h−1M⊙, the mass cut of the groups given by HOP

in units of 1010h−1M⊙, the value of the density needed to have virialized objects with respect to the background

density, and the same as before, but now with respect to the critical density.

In this study we define a galaxy cluster halo as a dark matter halo with a mass M> 1014h−1M⊙.

4.2.2 Halo properties

When assesing the angular momentum, shape and concentration for the simulated dark matter halos

we chose the following quantities:

• Mass: defined as the number of particles multiplied by the mass per particle present in each

group:

M = npartmpart , (4.1)

where npart is the number of particles in the halo and mpart is the mass of each particles. The

mass of the particle is different for each cosmology.

• Center of mass: computed as the mean position of all the particles in the halo

xcom,i =

∑npart

j
xi, j

npart

, (4.2)

where the subscript i goes from 1 to 3, denoting the three dimensions (x,y,z).

• Angular momentum: defined as

J =

N
∑

i=0

miri×vi , (4.3)

where ri and vi are the position and velocity of the ith particle with respect to the center of mass

of the group.

It is often useful to define the spin parameter, a dimensionless quantity which relates the angular

momentum and the energy of a group (Peebles 1971),

λ =
J
√
|E|

GM5/2
; (4.4)
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where J is the angular momentum of the group (see eqn. 6.4), E is the total energy, M its

mass and G is the gravitational constant. Note that its dependence on the total energy of the

system is rather weak. The spin parameter is essentially the ratio of the angular momentum of

an object to that required for rotational support. A value of λ = 0.05, for example, implies very

little systematic rotation and negligible rotational support. Typical values for individual halos in

simulations are between 0.2 and 0.11 (see, e.g., Bullock et al. 2001; Vitvitska et al. 2002; Peirani

et al. 2004; Bett et al. 2007).

• Shape: To calculate the shape of a halo, we calculate the inertia tensor using all particles inside

the region of interest:

Ii j =
∑

xix j , (4.5)

Our coordinate system will be chosen with respect to the center of mass of the halos. Diagonal-

izing the matrix, we obtain the eigenvalues a1 > a2 > a3. The eigenvalues of the inertia tensor

are a quantitative measure of the degree of symmetry of the distribution of particles. The axis

ratios follow from the ratio of the eigenvalues

b

a
=

√

a2

a1
,

c

a
=

√

a3

a1
, (4.6)

with a > b > c the axes of the object. The sphericity s of an object is defined as the ratio between

the smallest axis of the mass clump and its largest axis,

s =
c

a
. (4.7)

4.3 Radial mass distribution

Fig. 4.1 shows the evolution of a single cluster in the SCDM model. Every dark matter halo in in the

cold dark matter scenario grows in a similar way: small clumps emerge from the primordial density

field and accrete and merge with surrounding mass concentrations, gaining mass and growing in size.

The first measure of the mass distribution around a cluster peak is its radial density distribution. In this

section we investigate this aspect of the cluster halos.

Figure 4.1 — Evolution of a single cluster halo in the SCDM model. Plotted are the particles belonging to the

cluster halo at the specified redshift.
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An important aspect of the halo’s mass distribution is its radial density profile. A practical problem

in inferring this from HOP halos is their often irregular shape. In that situation the center of mass can

can fall in an empty region. This results in irregularities of the calculated radial profile. To avoid this,

we do not determine the radial profile around the center of mass of the HOP halo. Instead, we shift the

halo’s central position towards the most massive concentration of particles. This is accomplished by

means of an iterative procedure.

Fig. 4.2 shows the density profile of the SCDM cluster depicted in Fig. 4.1. The evolution and

growth of the cluster can be clearly recognized in the density profile. The central density, with respect

to the critical density, increases continuously. Meanwhile, the cluster also grows in extent as the radial

profile reaches out to increasingly larger distances. The density profiles of the peers of the depicted

SCDM halo in the other cosmologies do in general agree in shape, be it with the relevant differences

in growth of the density and size of the halos.

Overall, we have the impression that the different density profiles are rather (self-) similar, the only

difference being the concentration parameter c (see also Huss et al. (1999)).

Figure 4.2 — Evolution of the radial density profile for the SCDM dark matter halo shown in Fig. 4.1. The den-

sity profile ρ/ρc, with ρc the critical density of the corresponding cosmology, is shown at 6 subsequent redshifts.

4.3.1 Concentration parameter: definition

The standard lore is to describe the density profile in terms of the fit to the NFW (Navarro et al.

1997) fitting formula. In assessing the concentration of the halos in our sample, we want to remain

independent of such profile prescription. By defining a model independent measure of concentration

we seek to base our conclusions on an objective measure. Moreover, the NFW profile determination

may be affected by several artifacts. Examples are the binning size, the merit function, the weights

assigned to the data points and the used range of radii (Tasitsiomi et al. 2004). The often irregular

distribution of the particles within the sample halos makes the results highly sensitive to these artifacts.

We define a concentration parameter c as the ratio between mean harmonic radius rh and the mean

separation radius rmsep of the halo,

c =
rmsep

rh

, (4.8)
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in which rh and rmsep are defined as

rmsep =
1

N

∑

i, j

|ri j| ,
1

rh

=
1

N

∑

i, j

1

|ri j|
, , (4.9)

where ri j is the separation vector between the ith and the jth particle and N is the number of particle

pairs within the halo containing n particles,

N =

(

n

2

)

=
n(n−1)

2
, (4.10)

According to this definition, a higher degree of concentration goes along with a higher concentration

parameter c! A high value of c means a halo is more concentrated than one with a lower value of c.

We find that this definition of concentration parameter is unbiased, since it depends only on the

position of the particles within the halo. rmsep will give more weight to the outer particles, while rH

gives more weight to the inner ones. A particular virtue of the mean harmonic radius is that it is a

good measure of the effective radius of the gravitational potential of the halo. Both radius have the

advantage that they are independent of the definition of cluster center. Note that as halos become more

concentrated, the mean harmonic radius will become smaller. The same will happen with the mean

separation distance, but this decrease will be slower.

4.3.2 Individual halos

Figure 4.3 — Evolution of the concentration parameter for two different clusters in four different cosmologies.

Left: a halo that underwent a major merger. Right: a calmly evolving and accreting halo.

Fig. 4.3 shows the evolution of two different clusters in four cosmological models. We identify

one halo in one cosmology (the SCDM in this case) and then we see to which halo corresponds in the

other models. The halo in the lefthand frame has undergone a major merger, while the one in the right

hand frame did evolve quiescently by gradual accretion.

Noticeable differences between these halos can only be observed in the SCDM cosmology. In that

situation we find that the halo’s concentration is substantially stronger for the merger halo than the

accretion-only halo: over nearly the whole expansion range the concentration parameter c is lower in

the first one than in the latter. The merger halo does appear to become more concentrated in time.

With the exception of the early epochs, presumably beset by resolution issues, we cannot find major

differences in halo concentration in the other cosmologies. In contrast to the SCDM merger halo, we

cannot detect a real change in halo concentration for the merger halos in the ΛCDMO2, ΛCDMF2 and

ΛCDMC2 cosmologies. However, the quiescently accreting halos all seem to attain a higher level of

concentration, be it moderate, in all four depicted cosmologies.
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4.3.3 Mass dependence

Figure 4.4 — Concentration parameter c as a function of mass M for all halos in the four simulations of halo

formation in SCDM (top left frame), ΛCDMO2 (top right frame), ΛCDMF2 (bottom left frame) and ΛCDMC2

(bottom right frame) cosmologies. The plots are scatter plots, with each point representing a halo in the simulation.

The density of the points in the scatter plot can be inferred from the superimposed density grey scale plot.

In an attempt to get an impression of more global and generic behaviour of the halo concentration

in the various cosmologies we investigate its dependence on the mass of the halos.

Fig. 4.4 shows the concentration parameter as a function of mass for the four indicated cosmolo-

gies. The plots are scatter plots, with each point representing a halo in the simulation. The density of

the points in the scatter plot can be inferred from the superimposed density grey scale plot.

In all four cosmologies we find the largest range of halo concentration amongst the low mass

halos. There appears to be a trend that the range of halo concentration decreases as the mass of the

halos becomes larger, although the average concentration is almost independent of mass. Comparing

the average concentration as a function of mass in Fig. 4.4 we do not find any mass dependence in the

SCDM halos, but a quite systematic and rather strong dependence in the ΛCDMO2 cosmology: high

mass halos are more concentrated than the low mass ones. The ΛCDMF2 and ΛCDMC2 cosmologies

display similar trends, although much less prominent.

Comparing the halo concentrations in the different cosmologies we find that the halos in the open

model are less concentrated than in the higher Ωm models. In fact, Fig. 4.4 shows a systematic trend

going from SCDM to ΛCDMC2 to ΛCDMF2 and finally to ΛCDMO2 in finding less concentrated

halos. This seems to contradict the results of Huss et al. (1999). On the other hand, it seems to tie in

with the recent work of Macciò et al. (2007), who claims that there is an environmental effect akin to

the assembly bias results of Gao & White (2007) and Sheth & Tormen (2004). It certainly must be

related to the fact that halos in low Ωm Universes and Universes with a higher Λ have formed earlier

and do not show much evolution anymore at the present epoch.
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Figure 4.5 — Concentration parameter c as a function of mass M for all halos in the four simulations of halo

formation in SCDM (top left frame), ΛCDMO2 (top right frame), ΛCDMF2 (bottom left frame) and ΛCDMC2

(bottom right frame) cosmologies.

4.3.4 Evolution of the concentration parameter

The fact that in SCDM halos over the entire mass range retain an active evolutionary lifestyle and keep

on growing in mass apparently leads to a substantially higher concentration (see Fig. 4.5).

In order to investigate this issue we have studied the evolution of the average concentration param-

eter of the halo population. Fig. 4.6 shows the evolution of the concentration parameter for the four

indicated Universes. The development of c is shown for the entire halo sample (right hand panel) and

for the most massive cluster mass halos (left hand panel).

The differences between the three ΛCDM Universes on the one hand and the SCDM on the other

are quite strong. The concentration parameter in the three ΛCDM cosmologies is not only of com-

parable strength but also remains so over the entire expansion history of the Universe. After a ∼ 0.3,

the halos gradually but weakly evolve towards a higher concentration, probably reflecting both steady

accretion and virialization. The effect may be some what stronger for the clusters than for the full

sample of halos.

The difference with the SCDM halos is striking. While the SCDM halos seem to start out as

less concentrated mass clumps, after a ∼ 0.3 they increase in concentration much stronger than in the

Figure 4.6 — Evolution of the concentration parameter c as a function of the expansion factor for the cosmolo-

gies depicted. Left panel: evolution of c for the sample of cluster halos. Right panel: evolution of c for the entire

sample of dark matter halos.
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other cosmologies. The continous growth of the SCDM halos apparently implies a continous increase

towards a more concentrated mass configuration. This may explain why at the present epoch we do

find them to be much more concentrated over the entire mass range (see Fig.4.4).

We also investigated whether there were differences in concentration evolution between halos that

form by steady accretion only or ones that at least once underwent a major merger. In none of the

cosmologies we did find any significant difference between these two samples. This suggests that the

way in which halos absorb mass does not influence the final configuration. However, this should be

investigated in more detail in future work.

4.4 Morphology in different cosmologies: dependence on mass,

redshift and formation

Figure 4.7 — Five different halos of different masses at z= 0 in theΛCDMF2 model. There is a mass dependence

on the shape of the halo.

Fig. 4.7 shows examples of various halos in the ΛCDMF2 cosmology. Going from left to right, we

see an example of a massive cluster mass halo and subsequently a set of lighter halos. The axis ratio.

To investigate the shapes and morphology of the clusters as a function of their evolutionary stage and

the cosmological background we have determined the shapes of the identified simulation halos along

the lines described in section 4.2.2.

On the basis of the eigenvalues of the inertia tensor of every dark matter halo in our halo samples

we calculated the average halo axis ratios 〈b/a〉 and 〈c/a〉. These are tabulated in Table 4.2 for the

present epoch a = 1. One immediate observation is that the average triaxial shape of the halos tends

towards a prolate shape. Also, the impression is that this is true independent of the cosmology: 〈b/a〉
and 〈c/a〉 are remarkably similar in each of our simulations.

The numbers that we find in Table 4.2 are also similar to the ones found in others studies, although

they do differ in some details. The axis ratios found in this study are quite similar to the ones found

by Dubinski & Carlberg (1991). They found that in a SCDM Universe halos have mean axis ratios of

〈b/a〉=0.71 and 〈c/a〉=0.50, prodding them to remark that halos are triaxial and very flat. van Haarlem

& van de Weygaert (1993) seem to have found much more elongated halos than ours, while Kasun &

Evrard (2005) found more roundish halos. van Haarlem & van de Weygaert (1993) quotes values of

〈b/a〉=0.58 and 〈c/a〉=0.48 in a set of simulations in SCDM and scale-free Universes, while Kasun &

Evrard (2005) obtains values of (b/a,c/a) = (0.76,0.64) for halos more massive than 3× 1014h−1M⊙
in a ΛCDM model and a τCDM model. Perhaps the largest differences are with the values quoted by

Katz (1991), who found b/a values ranging from 0.84 to 0.93 and c/a values of 0.43 to 0.71. This may

perhaps be related to the fact that they limited themselves to purely isolated halos. These halos could

not interact with their surroundings, and were therefore strongly constrained with respect to accretion,

let alone merging, with the surrounding mass distribution.

The question is whether the apparent universal average shape that we find is independent of the

mass of the halo or of the cosmic epoch.
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4.4.1 Mass dependence

Fig. 4.8 shows the sphericity s = c/a of halos as a function of mass in the four cosmological models:

SCDM, ΛCDMO2, ΛCDMF2 and ΛCDMC2. Each of the lines in the graph depict the average halo

sphericity in a given mass bin. Low mass limits are due to the fact that the smallest group in each

cosmology has 100 particles. We see a clear variation in sphericity between the halos in different

cosmologies.

Figure 4.8 — Sphericity s = c/a of halos as a function of mass for four cosmological models.

In every cosmology, low-mass halos appear to be more spherical than their massive peers. Inter-

estingly, in the primordial density field the higher peaks are more spherical than the low mass ones

(Bardeen et al. 1986). It is therefore clearly an effect of the subsequent nonlinear evolution. The more

massive halos have been involved with much more mass accretion than the low mass halos and this

apparently remains to have a strong effect on their shape (van Haarlem & van de Weygaert 1993). In

addition, there must be a substantial environmental component in this shape distribution. Low den-

sity regions, such as voids and walls, merely contain low mass halos, while the high mass clumps are

mainly concentrated in filaments and even more so in compact dense clusters. Interactions between

the halos is considerably more frequent and strong in those high density regions, apparently resulting

in more aspherical shaped halos (see Aragón-Calvo (2007)).

The variation in shape between halos of different mass is most outstanding in the SCDM cosmol-

ogy. This must tie in with the continuing evolution of the matter distribution in this cosmology. This

is supported by the same systematic trend in the ΛCDMC2 and the ΛCDMF2 cosmologies, be it at a

more moderate level.

Model 〈b/a〉 〈c/a〉 Model 〈b/a〉 〈c/a〉
SCDM 0.70 ± 0.16 0.55 ± 0.14 ΛCDMO3 0.70 ± 0.15 0.55 ± 0.13

OCDM01 0.73 ± 0.15 0.57 ± 0.13 ΛCDMF2 0.70 ± 0.15 0.55 ± 0.13

OCDM03 0.71 ± 0.15 0.56 ± 0.13 ΛCDMC1 0.70 ± 0.15 0.54 ± 0.13

OCDM05 0.70 ± 0.16 0.55 ± 0.14 ΛCDMF3 0.70 ± 0.15 0.55 ± 0.13

ΛCDMO1 0.72 ± 0.15 0.57 ± 0.13 ΛCDMC2 0.70 ± 0.15 0.54 ± 0.13

ΛCDMO2 0.72 ± 0.15 0.56 ± 0.13 ΛCDMC3 0.69 ± 0.15 0.54 ± 0.13

ΛCDMF1 0.71 ± 0.14 0.55 ± 0.13

Table 4.2 — Mean values of the axis ratios of every group found in each cosmological model at z = 0.
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Figure 4.9 — Evolution of the shapes of objects present in four cosmological models. Color contours shows the

1-sigma level at every redshift.

4.4.2 Shape Evolution

To appreciate the evolutionary trends in the shape distribution of halos, we have plotted the halos in

a scatter diagram of axis ratio c/a versus b/a (see Fig. 4.9). In this diagram we have indicated where

one can find prolate, oblate and spherical halos. Instead of plotting the individual halo shapes, we have

plotted the contour of the 32% percentile around the average shape of the halos in a simulation. In

each of the panels we plotted these contours for a sequence of timesteps, with the lightest contour level

corresponding to z = 3 and the darkest one to the present epoch z = 0.

In all cosmologies we see a distint and similar trend of the shape distribution. Although the halos

tend to retain a rather prolate shape, we also see them shifting towards a more spherical shape. This

must be a reflection of the continuing virialization and relaxation of the halos in our simulations, in

this respect it is perhaps indicative that the change in shape is far less strong in SCDM than in e.g.

ΛCDMO2.

We also assesed whether there are any significant differences between halos that underwent a major
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Model Mergers Accretion

〈b/a〉 〈c/a〉 〈b/a〉 〈c/a〉
SCDM 0.64 ± 0.18 0.49 ± 0.15 0.72 ± 0.15 0.56 ± 0.13

ΛCDMO2 0.66 ± 0.16 0.50 ± 0.14 0.73 ± 0.14 0.57 ± 0.12

ΛCDMF2 0.65 ± 0.17 0.50 ± 0.14 0.71 ± 0.14 0.56 ± 0.13

ΛCDMC2 0.64 ± 0.17 0.49 ± 0.14 0.71 ± 0.15 0.55 ± 0.13

Table 4.3 — Axis ratios of the complete sample of dark matter halos in the four indicated cosmologies at z = 0.

merger or ones that had a more quiescent life. In Table 4.3 we listed the average axis ratios b/a and

c/a of an accretion sample and a merging sample in four cosmologies. With the exception of perhaps

some minor trend of accreting halos being somewhat more spherical, we can not find any major effect.

This result is apparently related to similar finding by Allgood et al. (2006).

4.5 Angular Momentum

An interesting though often discarded aspect of the structure and kinematics of galaxy clusters is

their rotation. Nonetheless, their mass distribution will surely be affected by the angular momentum

imparted on them by the surrounding large scale structure. Angular momentum has been extensively

studied in the context of angular momentum growth of dark halos and the origin of rotation of galaxies.

According to the Tidal Torque Theory (TTT), collapsing bodies in the Universe acquire angular

momentum as a result of the tidal torque imparted on them by the surrounding inhomogeneous mat-

ter distribution. The original idea by Hoyle (1949) got worked out by Peebles (1969); Doroshkevich

(1970); White (1984). Its success within the cosmological context has been demonstrated by numerous

N-body simulations, starting with the first seminal papers by Efstathiou & Jones (1979); Jones & Efs-

tathiou (1979); Barnes & Efstathiou (1987). With the availability of simulations of far larger dynamic

range, necessary to probe the large scale tidal field over a sufficiently large spatial range, our insight

into the origin of galaxy rotation has grown impressively so that a reasonable accurate picture of both

dark matter angular momentum and gaseous galaxy rotation has been formed (e.g. Warren et al. 1992;

Catelan & Theuns 1996; Lemson & Kauffmann 1999; Porciani et al. 2002; Bullock et al. 2001; van

den Bosch et al. 2002; Bett et al. 2007; Aragón-Calvo 2007). Most of the angular momentum is gained

during the linear phase of collapse, proportional to the time (White 1984).

It is thought that when the collapse becomes nonlinear and when the halo decouples from the

cosmic expansion, the growth of the angular momentum gets suppressed. During the nonlinear hi-

erarchical buildup of a halo, we may identify several important aspects in the growth of its angular

momentum. Even by its own, its angular momentum will grow as a result of the tidal torque exerted by

the surrounding mass distribution. After turnaround, while the halo shrinks in size, the magnitude of

the tidal torque will decrease accordingly. Meanwhile, the halo will interact with neighboring clumps

and will accrete and absorb matter and clumps from its immediate surroundings. Given that the an-

gular momentum is dependent on the relative orientation of the halo spin with respect to the angular

momentum vector of the accreted matter, merger and accretion greatly affects the angular momentum

history of dark matter halos. As a result, its angular momentum will increase because it will absorb the

specific angular momentum of the accreted halos and the orbital angular momentum related to their

motion around the common mass center.

Here we will study in how far cluster halos do follow the same behavior as the smaller galaxy sized

halos with respect to the angular momentum that they acquire. This will surely involve differences.

The generating mass fluctuations, in the case of clusters this will be fluctuations on scales up to a few

hundreds Mpc, will probably be less prominent than the ones that make the galaxies spin. For most

part this concerns the question of the initial power spectrum for the cosmological scenario at hand.
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Figure 4.10 — Evolution of the total angular momentum, J, as a function of the expansion factor for two

different set of clusters. Left panel: clusters formed via merger. Right panel: clusters formed via accretion.

Angular momentum in arbitrary units.

Figure 4.11 — Evolution of the spin parameter λ (upper panels) and the mass history (bottom panels) as a

function of the expansion factor for two sets of clusters. Left panels: clusters formed via merger. Right panels:

clusters formed via accretion.
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Although our results will provide insight into this issue, we also should note that our simulations will

not be able to probe over all relevant scales. Our simulations boxes are simply not large enough.

Before addressing the generic behaviour, we first study the angular momentum growth of a few

particular cluster halos.

4.5.1 Angular momentum in single halos

We identified two halos on the basis of the SCDM simulations. We extracted them and their equivalents

from each of the simulations. One of the halos is a massive one that underwent a massive merger, the

other one is a less massive halo that only evolved through a quiescently accreting lifestyle. Note that

we define a “merger” as a halo that absorbed an infalling clump with a mass of at least 30% of its

own mass. Once selected in the SCDM simulation, we also identified their equivalents in the other

simulated cosmologies.

Fig. 4.10 shows the evolution of the total angular momentum J as a function of the expansion

factor. We find that the evolution of the angular momentum is erratic and correlates strongly with the

growth in mass of the halo (see bottom panels). On the basis of individual halos it is hard to find any

systematic differences in angular momentum growth between accreting and merging halos.

Taking account of the growing mass and potential well of the growing halo, we may obtain a more

direct view of the growth of the specific angular momentum by assessing the evolution of the spin λ

(see Eqn. 4.4). The same figure shows the evolution of the spin parameter for the same halos, along

with the evolution of their mass accretion history.

Along with the angular momentum J, we observe a similar erratic development of the spin param-

eter λ. Its correlation with the mass growth of the halo, and in particular the events involving mass

jumps, stands out even more clear than when looking at J. For example, when we see the “merging”

SCDM halo absorbing a substantial mass clump at a ∼ 0.3, we immediately see a peak in λ. This is

even more outstanding upon its merger with a massive neighbour at a ∼ 0.9. Also, the accreting halo

has some marked events in its λ history. When the SCDM halo absorbs a clump at a ∼ 0.5, we see this

reflected in a rise of λ. Also note that after some time the effect of the infalling clump subsides as λ

returns to a more equilibrium value of around λ ∼ 0.05: there is no systematic increase of λ. Note that

this is true for these individual halos. We find a somewhat different trend for the generic population of

halos (see section 4.5.2).

4.5.2 Generic angular momentum growth

Despite the erratic variations of the angular momentum when individual halos are considered, we ob-

serve a steady and systematic increase when considering the average for the whole halo population.

This can be seen in Fig. 4.12, which shows the median angular momentum J as a function of ex-

pansion time. The median was determined from the distribution function of J, which we discuss in

section 4.5.5. We also look at the time evolution in two different ways: as a function of cosmic time t

(top panels) and as a function of cosmic expansion factor a.

One immediate observation is that the absolute value of the angular momentum J is related to

the cosmic matter density. Halos in a cosmology with a lower value of Ωm consistently have a lower

angular momentum J. This relates to the fact that the mass of the clusters are less massive in low Ωm.

Apart from the dependence of J’s amplitude on Ωm we see that the growth of J is more or less the

same for each of the cosmological models.

Turning to the generic evolution of the spin parameter λ, see Fig. 4.13, we find that in all cosmolo-

gies it shows the same decreasing trend. The spin parameter slowly but gradually goes from around

λ ∼ 0.06 at a ∼ 0.2 to λ ∼ 0.04 at the current epoch. The only difference is the situation for ΛCDMO2.

Given that low number of clusters in its simulations we still recognize the erratic evolution of λ of the

individual halos.

Knowing that λ is affected strongly at each major infall, we do suspect a systematic difference

between the evolution of λ of accreting halos and of merging halos. This indeed can be seen in the
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Figure 4.12 — Evolution of the median of the logarithmic of the angular momentum J as function of time (in

units of H0, top panel) and as a function of the expansion factor for clusters halos.

Figure 4.13 — Evolution of the spin parameter as a function of the expansion factor of the cluster size halos for

the SCDM (top left panel), ΛCDMO2 (top right panel), ΛCDMF2 (bottom left panel) and the ΛCDMC2 (bottom

right panel) cosmologies. Shown is the evolution when considering halos that grew by merger (dashed lines), that

grew by accretion (dotted lines) and when considering both samples together (solid line).
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same figure. There is an upward trend of λ for merging halos after a ∼ 0.5 at least for the SCDM,

ΛCDMO2, ΛCDMF2 and ΛCDMC2 cosmologies. We will shortly touch unpon this issue in section

4.5.4.

4.5.3 Angular momentum and cosmological constant

For the purpose of distinguishing possible influences of the cosmological constant, in Fig. 4.14 we

consider the growth of the angular momentum J in four different cosmologies of which all have the

sameΩm = 0.3 but a different valueΩΛ of the cosmological constant: OCDM03, ΛCDMO3 ΛCDMF2

and ΛCDMC1.

When comparing the J growth as a function of time (top panels in Fig. 4.14, we see that it is the

same for all four models: we can not detect any dynamical influence of Λ. Note that the amplitude

of the halo angular momenta in the different cosmologies is different because of the differences in

large scale power between these cosmological scenarios (see chapter 2). Also note the contrast to the

situation in which we compare cosmologies with different Ωm. In the top panel of Fig. 4.15 we see that

there is also a horizontal shift of the angular momentum growth curves: in a higher Ωm Universe the

more rapid growth of structure goes along with stronger tidal torques, thus affecting an earlier growth

of angular momentum.

Figure 4.14 — Evolution of the median of the logarithmic of the angular momentum as function of time (in

units of H0, top panel) and as a function of the expansion factor for clusters formed via merger (upper curves) and

via accretion (lower curves).

4.5.4 Angular momentum, merging and accretion

Fig. 4.15 is the same as Fig. 4.12, depicting the growth of angular momentum J as a function of

cosmic time t (upper panel), and cosmic expansion factor a (lower panel). However, in this case we

have distinguished the growth for samples of halos that formed by quiescent accretion and samples of
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Figure 4.15 — Evolution of the median of the logarithmic of the angular momentum J as function of time (in

units of H0, top panel) and as a function of the expansion factor for clusters formed via merger (upper curves) and

via accretion (lower curves).

merging halos. This distinction is somewhat artificial, in that we brand a halo as a merger when at least

once in its lifetime it experienced the infall of a massive clump with at least 30% of its mass.

While at early times there is no difference between the merging and accreting halo populations,

there is a marked and clear deviation between the angular momentum growth of both populations as

time progresses. The merging halos on average acquire a larger share of angular momentum, undoubt-

edly related to the gain in angular momentum as they absorb the specific and orbital angular momentum

of the infalling clumps. This seems to be true in most cosmologies, with the possible exception of the

open ΛCDMO2 cosmology. For low mass halos this was also found by Peirani et al. (2004).

Perhaps the most interesting and qualitative difference concerns the evolution of the spin parameter

λ. As we observed before, we see that merging halos do not share in the trend of the overall halo

population to have a decreasing λ. Instead, in the SCDM, ΛCDMF2 and ΛCDMC2 cosmology we

find that after a ∼ 0.5, λ increases systematically for the mergers. This is clearly related to the jumps

of the spin parameter λ of individual halos following the infall of massive clumps (see Fig. 4.13).

4.5.5 The spin distribution

Several authors have pointed out that the distribution of the spin parameter follows a lognormal distri-

bution (Vitvitska et al. 2002; Knebe et al. 2002; Peirani et al. 2004)

p(λ)dλ =
1
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− ln2 (λ/λ0)

2σ2
λ















dλ

λ
, (4.11)

with a median value of λ ∼ 0.05. Note that the λ0 parameter of the lognormal distribution is not equal

to the mean of λ.
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Figure 4.16 — The distribution of the spin parameter and its corresponding lognormal distribution for the SCDM

(top left frame), ΛCDMO2 (top right frame),ΛCDMF2 and the ΛCDMC2 cosmologies.

In Fig. 4.16 we have plotted the spin parameter distribution of the cluster halos in our SCDM,

ΛCDMO2, ΛCDMF2 and ΛCDMC2 cosmologies. Superimposed are the fits following the lognormal

distribution in Eqn. 4.11. Clearly, in all cases it provides a more than satisfactory description. This

ties in with a similar claim by Peirani et al. (2004) that the lognormal distribution is independent of

cosmology. Moreover, we see that we can hardly find any cluster with a spin parameter λ > 0.2.

On the basis of the fits of the lognormal distribution to the λ distribution of the halos in our simu-

lations, we have inferred the values of the parameters λ0 and σλ. The inferred parameters for cluster

halos are shown in Table 4.4. We also calculated the fitted parameters for the entire sample of dark

matter halos, but we did not find any significant differences.

The table does not show any systematics dependence of λ0 and σλ on cosmological parameters,

and certainly not on the cosmological constant.
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Model λ0 σλ Model λ0 σλ

SCDM 0.035 0.815 ΛCDMF1 0.033 0.977

OCDM01 0.019 0.617 ΛCDMF2 0.027 0.770

OCDM03 0.027 0.792 ΛCDMF3 0.031 0.789

OCDM05 0.030 0.804 ΛCDMC1 0.029 0.852

ΛCDMO1 0.029 0.611 ΛCDMC2 0.032 0.791

ΛCDMO2 0.029 0.509 ΛCDMC3 0.031 0.760

ΛCDMO3 0.026 0.712

Table 4.4 — Inferred parameters of the lognormal distribution for λ.

4.6 Conclusions

We have studied individual properties of dark matter cluster halos in thirteen cosmological models.

These individual properties are: the angular momentum, morphology and density profiles. The cos-

mological models that we studied included a set of open, flat and closed Universes with a reange of

matter density parameter Ωm and cosmological constant ΩΛ.

The cluster halo sample are obtained from a set of N-Body simulations in each of the cosmologies.

These simulations concerns 2563 particles in a box of 200h−1Mpc side. We set up the initial conditions

in such a way that the phases of the Fourier components of the primordial density field are the same in

all simulations. In this way, the same objects can be identifed in each of the different simulations.

We ran the simulation from expansion factor a= 0.2 to the present epoch a= 1 using the GADGET2

code. We used HOP to identify and extract the cluster halos. Of each of these cluster halos we

calculated several properties: angular momentum, shape and concentration. We studied this properties

as a function of the underlying cosmology.

The main conclusions from our study are:

• The average halo density profile has the same appearence in each of the simulated cosmologies.

The differences concern the amplitude and extent of the halo.

• We find a significant dependence of the halo concentration on the cosmology. The halos in the

SCDM cosmology are much more concentrated than in e.g. the low Ωm ΛCDMO2 cosmology.

• There is a difference in dependence of halo concentration on mass in the different cosmologies.

Halos in the SCDM cosmology are equally strongly concentrated over the whole mass range,

while in lower Ωm Universes we find a stronger concentration of the massive halos than of the

low mass halos.

• We do not find any indication for a dependence of halo concentration on cosmological constant

Λ.

• We find that accretion and/or merging process do not strongly influence the cluster halo concen-

tration.

• Dark matter halos have a triaxial shape tending towards prolate. The axis ratios are typically

between 0.55 and 0.75.

• There is no marked difference of average halo shape at the current epoch between the different

cosmologies.

• The sphericity of halos as a function of mass does reveal interesting differences between the

different cosmologies. In particular, high mass halos in high Ωm Universes tend to be less spher-

ical. This probably is related to their more active lifestyle involving numerous recent infalling

clumps.
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• In all cosmologies, halos evolve towards an increasingly spherical configuration. There is some

difference of this trend between the different cosmologies.

• The angular momentum of halos increases erratically but steadily, and is intimately related to

the increasing mass of the halos.

• The spin parameter, on the other hand, has a radically different behaviour. It reacts immediately

and strongly upon the infall of a massive clump into the halo. Subsequently, it subsides and

almost returns to its original value as the halo returns to a state of equilibrium and virialization.

• On average, the spin parameter of the halo population decreases from λ ∼ 0.06 at a = 0.5 to

λ ∼ 0.04 at the present epoch. This is seen in nearly all cosmologies.

• The evolution of the spin parameter is different for cluster halos that grew by violent mergers

and for clusters that grew by steady accretion. This evolution is strongly correlated with the

mass accretion history of halos. This is reflected in a substantial dependence on Ωm, but not on

ΩΛ.

• The difference between merging and accreted halos also comes forward from the evolution of

the average spin parameter λ. Halos that underwent at least one massive merger show a gradual

and steady increase of λ, and thus differ systematically from the average behaviour.

• The lognormal distribution of the spin parameter appears to be universal, and does not show

major differences between different cosmological models.
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