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Chapter 4
On the phantom density distribution

The two gravitational models that are the subject of this thesis, Newtonian gravity
and MOND, are both able to give a very accurate and successful explanation of several
dynamical proceses on galactic scales. Nevertheless, this two descriptions of gravitational
phenomena are based on very different assumptions. While the MONDian description is
based only on information obtained from the luminic part of the galaxies, the Newtonian
explanation requires the inclusion of an extra amount of unseen matter to reproduce
the observations. To make a closer comparison between this to different frameworks,
eventually finding differences that could help to discriminate them through observations,
it is usefull to write down the predictions of both theories on the same languaje. A
possible way to do this is to translate the information given by MOND into the dark
matter formalism. This gives rise to the concept of phantom dark matter, which is defined
as the extra amount of matter that is needed in a Newtonian context to reproduce the
effects of a MONDian potential. The first mention to this idea was by Milgrom (1986).
Afterwards, the concept was further discussed for instance in Wu et al. (2008), Milgrom
(2009b), Milgrom (2001) and Bienaymé et al. (2009).

The present chapter will study the properties of phantom dark matter on cosmological
scales and will be divided in two sections. The first one will deal with the basic properties
of the phantom matter distribution on large scales. The calculations will be made starting
from the density fields given by the simulations OCBMond2 and ΛCDM presented in
section 2.2 (see table 2.1 for a description of the parameters involved).

The second part of the chapter will go forward with the study that began in the
previous chapter that is related to the properties of objects like the Bullet Cluster. The
focus will be in this case the decoupling between peacks in the baryonic density and the
strong lensing signal. The posibility of explaining the system as a decoupling between
peacks in the baryonic and phatom densities will be investigated. It will be proved that,
under idealized conditions, it is possible to obtain the effect in the presence of an external
field. The analysis will be repeated afterwards in more realistic conditions by using the
data from the cosmological simulation OCBMond2 presented in section 2.2. The result of
this calculations will be that the probability of observing such a phenomena is too small
to explain the observed distributions. Possible biases that are present in this analysis
will be discussed as well as possible solutions to them.
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4.1 The overall distribution
The original definition of phantom dark matter was proposed in a non-cosmological
context. Given a baryonic density distribution ρb, the phantom dark matter density
distribution ρph is, besides a factor 4πG needed to set the proper units, the residual that
is obtained after substituting a MONDian potential, which is solution of:

∇ ·
[
µ

(
∇φ
a0

)
∇φ
]

= 4πGρb, (4.1)

into the Poisson’s equation:
∇2φ = 4πG(ρb + ρph). (4.2)

The definition must be made in different form in a cosmological context. As discussed
in section 2.1.1, the source of the cosmological field equation does not contain the density
itself, but a perturbation of the density over a predefined background. In this case, to
substitute the solution of the MOND equation

∇ ·
[
µ

(
|∇Φ|
aa0(a)

)
∇Φ
]

= 4πGa2(ρb − ρ0
b), (4.3)

into the Poisson’s equation will give the following expresion:

∇2φ = 4πGa2[(ρb − ρ0
b) + (ρph − ρ0

ph)], (4.4)

where the residual was written now as a perturbation over an unknown uniform back-
ground ρ0

ph. It is not possible to obtain the absolute value of the phantom field ρph,
but only its perturbation. Assuming a one to one correlation between Netwonian and
MONDian descriptions, the value of ρ0

ph should be given by the mean density responsible
for the expansion of the universe. As this correlation is likely to be broken, ρ0

ph will be
kept as a free parameter and it will be fixed to a particular value only when needed to
continue the analysis.

Analysis

The analysis was made taking as starting point the baryonic density field given by the
simulation OCBMond2 presented in section 2.2. After calculating the baryon density
perturbation in the same way that when the simulation was run (i.e. using a TSC
smoothing given by eq.1.49), the MONDian potential was computed on a uniform grid
by means of a multigrid solver similar to the one described in section 2.1.3. A time
dependence on a0 with the following form:

a0(a) = aa0(a = 1) (4.5)

was employed in eq.4.3. Note that this is the same form that was used during the
simulation. The multigrid solver is not part of the AMIGA code used in chapter 2, but
part of the code described in section 5.2.2 and was tested against analytic solutions in
the same way that was proposed in section 2.1.4. Once the MONDian potential was
calculated, the Laplacian was taken on the grid using a second order approximation:(
∇2φ

)
i,j,k

= 1
h2 [φi+1,j,k + φi−1,j,k + φi,j+1,k + φi,j−1,k+

φi,j,k+1 + φi,j,k−1 − 6φi,j,k] . (4.6)
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The data obtained from the simulation ΛCDM described also in section 2.2 was used
as a comparison point for the analysis. The density perturbations were calculated in the
uniform grid in the same way as described above.

The preliminary tests for the calculation showed that to use a lexicographic ordering
for the Gauss-Seidel iterations on the MONDian solver gives a smoother behavior of the
Laplacian than the standard black and white coloring or the 8 colors scheme proposed
in section 2.1.3.

Results

Section 2.1.1 stated that, in a cosmological context, it is only possible to obtain solutions
of the Poisson’s equation in the case that the mean value of the source is zero. The
first question to make after calculating the phantom term is about the validity of this
property. In other words, one could ask the following question: is MOND giving a
dark matter density that can be considered as a real density from which it is possible
to obtain periodic solutions of the Poisson’s equation? The result is presented in table
4.1. The second column shows the mean value over the box of the total dynamical mass
(baryon plus phantom) as obtained from the simulation OCBMond2. As a comparison,
the third column of the same table shows the residuals of the solution of the Poisson’s
equation for the density field given by the simulation ΛCDM. In the Newtonian case, the
residual is only a combination of the truncation error resulting from the discretization
of the equation on the grid plus the error of the potential solver. On the other side,
the MONDian values include not only this two numerical effects, but also a possible
incompatibility between the two field equations. Nevertheless, both cases give values of
the same order. The units are in both cases 10−4M�/Mpc3 h2. As a reference value,
one could take into account also that the mean density of a universe with Ω = 0.3 is
ρ0=8.328×1010 M�/Mpc3 h2, which is many orders of magnitude above the residuals
presented here.

grid MOND Newton
8 0.0939486 -0.166314
16 -0.213643 -0.464347
32 -0.577208 0.255422
64 -1.58798 -0.141649
128 1.70968 -1.68134
256 9.59414 -8.24586

Table 4.1: Mean value of the total dynamical mass for the simulations OCBMond2 and
ΛCDM. The values are presented for 6 different grids with 8 to 256 nodes per dimension.
The units in both columns are 10−4M�/Mpc3 h2. Note that there is no 4πG/a factor
involved in the quantities presented here.

Regarding the spatial distribution of the phantom field, Figs.4.1 and 4.2 show contours
for distributions of density perturbations for a slide that contains the center of the most
massive object in the OCBMond2 simulation. The upper-left panel corresponds to the
baryon density perturbation derived from the particles of the OCBMond2 simulation; the
upper-right panel shows the corresponding phantom perturbation. As a comparison, the
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1000 ρb
100 ρb

ρb
0

- .5 ρb

1000 f ρb
100 f ρb

f ρb
0

- f ρb

Figure 4.1
Contour levels of the baryon (up-left) and
phantom (up-right) density perturbations
taken from a slide that corresponds to
the most massive object in the simula-
tion OCBMOND2 at redshift z=1. The
lower panel shows the total density per-
turbation for the same slide of the simu-
lation ΛCDM. The tick lines corresponds
to perturbation equal to zero. The levels
in the baryonic plot are multiples of the
baryon mean density, while in the phan-
tom and total plots corresponds to mul-
tiples of the baryon fraction f = .13/.04
times the baryonic mean density given by
Ωb = .04. The ticks marks on the axis are
every 5 Mpc/h.

1000 ρtot
100 ρtot

ρtot
0

lower panel shows the total density perturbation obtained from the simulation ΛCDM.
Fig.4.1 corresponds to redshift z = 1 while the Fig.4.2 is at redshift z = 0. The grid used
for the calculations has 128 nodes per dimension.

For the sake of clarity, a brief description of the baryonic panels (up-left) will be
given. The main object is situated in the upper right quadrant in the intersection of
two large filaments that cross the box. One of the filaments is horizontal, located in the
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Figure 4.2
Same as figure 4.1, but at redshift z = 0.
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upper side of the image and the other, a vertical one, is situated to the right. The large
region down and left delimited by the filaments is a void. The thick lines represent the
level corresponding to zero in the perturbation, which divides overdense from underdense
regions. As the two upper panels correspond to the same particle distribution, they can
be directly compared. This is not the case for the low panel, since it comes from another
simulation and, while it is true that the main features are reproduced, the exact position



88 chapter 4: On the phantom density distribution

of the objects is different.
The phantom matter distribution follows the baryonic distribution, but the extension

of its overdense regions is much larger that what comes out from the ΛCDM simulation.
This overdense phantom regions get more concentrated at redshift z = 0, but still have a
much larger extension that in the Newtonian case. Note that some of the phantom halos
(for instance the second one from left to right in the upper filament) seems to lack of a
baryonic counterpart; the reason for this is that the baryonic object associated to them
is much more concentrated and situated outside the plane that corresponds to the slide
shown here. The existence of real decoupling between this two fields will be studied in
detail the next section.

It is important to keep in mind that the simulations employed for the analysis include
only collision-less matter. To repeat the simulation OCBMond2 including hydrodynam-
ical and cooling effects will provide objects that will be much more concentrated. The
impact of this on the size of the phantom halos can only be predicted through better
simulations. The realization of phantom density profiles will also help in improving our
understanding of the properties of the phantom halos.

An interesting feature of the phantom density is that it can take negative values in
the context of galactic dynamics. Many configurations in which this occurs were studied
in Milgrom (1986) and Wu et al. (2008). In a cosmological context, since the source
of the field equation involves a pertrubation of the density instead of the density itself,
the existence of negative densities translates into perturbations smaller than the mean
density. Consequently, in order to calculate the places were the phantom density is
negative, the value of the mean phantom density must be determined. The literature
does not provide with a way of calculating this quantity. We chose here to use the value
of the effective mean dark matter density, which can be defined as:

ρ0
ph = fρ0

b , (4.7)

where ρ0
b is the mean baryonic density given by ρ0

b = Ωbρc and f is the observed mean
baryon fraction that can be approximated with f = 0.3/0.04.

The maps of phantom perturbations at redshift z = 1 (Fig.4.1) do not show any
anomaly in this sence. The situation is different at redshift z = 0, where the map
(Fig.4.2) shows that the curves that represent the level −fρb are very close to the curve
corresponding to zero. In the regions that lie outside these curves the phantom perturba-
tions adopts values that, according to the definition of mean phantom density proposed
here, correspond to negative phantom density. In other words, the voids at redshift
z = 0 are filled almost in all their extension by negative phantom density (do not con-
fuse with negative perturbation of the density, which is the characteristic that defines a
void in a standard context). The result is consistent with the analytical lensing results
by Feix et al. (2008), who show the existence of negative values of the surface density
κ around filaments. With the intension to give a more quantitative description of the
phantom field, Fig.4.3 shows the probability distribution over a uniform grid of the dif-
ferent perturbations under study. The upper plots show the distributions of the baryonic
perturbations for three different redshifts corresponding from left to right to z=5, 1 and
0. The MONDian distributions on these plots were obtained in a direct way from the
particles of the simulation OCBMond2, while the Newtonian ones were modeled by di-
viding the total perturbation computed from the particles of the simulation ΛCDM by
the baryon fraction f . The cutoff at negative values corresponds to the mean baryonic
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Figure 4.3: Up: probability distribution of baryon density perturbations for the sim-
ulations OCBMond2 and ΛCDM. Down: probability distributions for the phantom per-
turbations for the same simulations. See text for explanation.

density given by Ωb=0.04 (i.e. ρ0
b=1.1104×1010 M�/Mpc3 h2). Taking into account the

resolution issues discussed in section 2.4, the grid used for this calculation has 16 nodes
per dimension, which corresponds to a resolution of 2 Mpc/h. As discussed before, New-
tonian and MONDian distributions are in good agrement for high values in their domain
and have a different behaviour in the region of the domain that represents the voids.

The lower panels of the same figure show the distributions of the total dynamical mass
(i.e. the Laplacian of the potential) for the same redshifts as before. In the Newtonian
case, the perturbations were calculated in a directly from the particles. Thus, this distri-
butions are no more that the ones that were shown above but without the baryon fraction
in between. The MONDian perturbations were calculated solving the MOND equation
on the same grid. The distributions show now a remarkable different behavior that was
already anticipated in the analysis of the maps. As phantom distributions do not have
the constrain to give positive densities, their domain is extended over much lower val-
ues. This property of the phantom field has direct dynamical consecuences, driving the
evolution on large scales with respect to the Newtonian evolution and helping to remove
matter from voids in a more effective manner.

Taking into account this results, one could expect that the problems found in section
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Figure 4.4: Correlation between baryonic and phantom density for the simulation
OCBMond2 at redshift z=1 (left) and z=0 (right). The calculation of the fields was
made in four different grids corresponding to 16 to 256 nodes per dimension. The lines
are power law fits with slope 2/3 and free normalization.

2.4 when calculating the density probability distributions that were related to lack of
resolution can be solved in the Newtonian case using the potential solver as smoother.
This possibility was tested with negative results. Indeed, in the Newtonian case, the
phantom density is no more that the residual of the potential solver, that one expects
always to be very small.

The existence of negative phantom densities in a MONDian context constitutes a
large difference with respect to the Newtonian expectations and gives a tool to distin-
guish the two theories using observations. Nevertheless, it is difficult to observe the
negative densities that were found in the voids. A better situation for lensing observers
will be to find regions with negative phantom density residing in the overdense baryonic
regions in the surroundings of galaxies. In order to determine if such situations exist in
the simulation data, a simple analysis was made comparing the sign if baryon and phan-
tom densities. No clear trend was found with the resolution employed; the correlation
between both densities increases in a monotonic way in all its domain. Fig.4.4 shows the
correlation only for positive perturbations at two different redshifts: z=1 (left) and z=0
(right). The grids used for the calculation have from 16 to 256 nodes per dimension. An
increase of the resolution amplifies the noise, but do not produce overall changes in the
distributions. A power law with a slope of approximately 2/3 was found to be a good
representations of the data. The fitted normalization has a redshift dependence, which
could be related to the fact that a time dependence in a0 was used during the simulation
and the calculation of the phantom term.

Higher resolution studies should be made in order to find if the negative behavior
of the phantom field in galaxies predicted by Milgrom (1986) exist in the more realistic
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situation described by a cosmological simulation.
A final cautionary note: the calculation of the phantom density is based on the

calculation of the forces (the phantom field is essentially the trace of the tidal field) and
hence its result is sensitive to the issues involved in the calculation of the forces. Chapter
5 will shown that, at least at high redshift, the value of the forces is box size dependent.
Thus, the results presented in this section must be confirmed in the future using larger
simulations.

4.2 Decoupling between phantom and baryonic
density peaks

Combined studies of X-ray observations and gravitational lensing analysis show that it
is possible to decouple peaks in the luminous matter from those that are present in the
lensing signal. The first object that was found in which this phenomenom is present is the
Bullet Cluster (Tucker et al. 1995, 1998; Clowe et al. 2004), which is a collision between
two clusters of galaxies; the distance between luminous and lensing peaks is of the order
of 100 kpc. Other examples are given for instance in Jee & et.al (2005b), Jee & et.al
(2005a), Jee & et.al (2007) and Bradač et al. (2008). A compilation of this systems was
presented in Shan et al. (2010), were data from 38 objects extracted from the literature
was compared. They found at least 13 objects with a separation between baryonic and
DM component greater than 50 kpc and 3 clusters showing a separation greater than
200 kpc.

In order to elucidate the role that MOND plays in this observations, it is important to
understand which are the observables involved, especially those related with the lensing
part of the comparison. In the standard case, the peaks in the lensing signal are calculated
through a quantity called convegence, which is defined as:

κ = 1
c2
DlDls

Ds

∫
∇2φdz. (4.8)

The factor in front of the integral takes into account the geometry of the lens over the
line of sight and depends on the distances between the observer, the lens and the source.
The field φ is the gravitational potential and the integral is made in the direction of
line of sight (e.g Schneider et al. 1992) . As φ is the solution of the Poisson’s equation,
the definition establish a strong correlation between the physical density ρ and κ. In
consequence, a decoupling between peacks in luminic matter and κ is interpreted as an
unmistakable signal of the existence of dark matter. Indeed, that is the way in which
the observations are presented in the above mentioned papers. The explanation for the
decoupling under this interpretation alludes always to a collision: as the dark matter
halos of the clusters are not affected by pressure effects, they follow different trajectories
that the gas components, which are dominated by gas physics.

The situation is different for MOND. For instance, in the particular case of TeVeS, the
lensing quantities are calculated in a similar way as in general relativity (e.g. Tian et al.
2009; Zhao et al. 2006), but with the difference that the solution of the MOND equation
substitutes the Newtonian potential in the definitions. As the differential operator that
defines the potential has now a different form that the operator in the definition of
κ, an additional freedom arises. This new freedom could be in fact responsible for the
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appearance of extra peacks in the lensing lignal and can be misinterpreted as the presence
of additional matter components. In adition to this, MOND is a non-linear theory and
involves a long range force which makes systems much more sensitive to the environment.
Thus, a decoupling between the peaks in luminous matter and in the lensing signal could
be possible to produce in a MONDian universe populated only with baryons. The aim
of this section is to test this conjeture in a quantitative way.

In first place, the effect will be proved in idealized conditions analyzing isolated sys-
tems embebed in an external field. Afterwards, the analysis will be repeated using more
realistic matter distributions extracted from the cosmological simulation OCBMond2
presented in section 2.2.

It is important to stress the fact that, while the section will investigate a possible
explanation for the lensing behavior of the Bullet Cluster, this explanation is not based
on the kinematics of the system. The fact that the Bullet is a collision is unavoidable.
The focus will be put here in the properties of the solutions of the MOND equation and
how the peaks between the two component (real and dynamical mass) can be decoupled,
without further reference to the kinematics of the systems.

4.2.1 Proving the effect in idealized conditions:
a non-cosmological framework

When the MOND equation is written for a spherically symmetric system, it reduces to
an algebraic equation that can provide the MONDian potential once the Newtonian one
has being calculated. In such a system, MOND does not offers a mechanism to produce
additional peacks in the phantom field. The most straightforward way to break the
symmetry, which already gives the desired effect, is to embed the system in an external
field.

In a non-cosmological context, the MOND equation for a system embedded in an
external field is:

−∇ ·
[
µ

(
|g|
a0

)
g
]

= 4πGρb (4.9)

g = gext −∇φint, (4.10)

where ρb is the baryonic matter, gext is the external field, and φint the internal potential
of the system. The phantom field associated to the system will be defined by taking into
account only the internal potential:

∇2φint = −4πG(ρb + ρph), (4.11)

where ρph is the phantom dark matter density.
In order to prove the feasibility of a decoupling between ρb and ρph, the phantom term

was calculated for different systems and configurations of the external field. Fig.4.2.1
shows contours of dynamical mass (baryons plus phantom dark matter) for one of the
configurations investigated. The particular system in the figure is a Plummer sphere:

ρ(r) =
(

3M
4πb3

)(
1 + r2

b2

)−5/2

(4.12)
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Figure 4.5: Isodensity con-
tours of the dynamical mass, i.e.
baryons + phantom dark matter
density, on the x − z plane for a
galaxy embedded within an ex-
ternal field along the x-axis.

embedded in a uniform external field that points in the x direction with an intensity
gext = a0.1

In the place where the internal and external field are of the same order of magnitude
(i.e. at x ≈ 15 kpc) there are two effects: first, the dynamical mass is negative in regions
perpendicular to the direction of external field (also mentioned by Milgrom (1986) and
Wu et al. (2008) and that was found also in the first section of this chapter); second, there
is an additional peak on the x-axis, right where the external and internal fields cancel
each other. Experiments made with the external field generated in a self consistent
way by another galaxy lead also to the existence of extra peaks in the dynamical mass
distribution. The strength of the peaks vary according to the configuration of the system
with ranges from as low as four orders of magnitude smaller to as large as 1 %.

Having proved that the effect of phantom dark matter decoupling is possible in con-
trolled experiments, one can go forward and study density distributions given by cos-
mological simulations in which the external field in generated for each object in a self
consistent way by the environment. The likelihood of observing such a phenomenon will
be quantified in the next section.

4.2.2 Approaching reality: a cosmological framework
The analysis will continue based on the data provided by the simulation OCBMond2
presented in section 2.2. The calculation of the phantom density was made following
the definitions given in the section 4.1. The MONDian potential was calculated using
the refinement structure of the code AMIGA, reaching a resolution of 1.95 kph/h in the
deepest refinement level which has 16384 nodes per dimension. The value of the mean

1The credit for this particular calculation has to be given to Xufen Wu, who took part in the paper
in which the complete section was published. More details about this particular calculation can be found
in Knebe et al. (2009).
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Figure 4.6: Cumulative dis-
tribution N(< D) of the offset
D between matter density and
phantom density. The offset has
been normalized to the respec-
tive smoothing scale of the re-
finement patch it is based upon.

phantom density was fixed for the calculation to Ωph = .26. The analysis consisted in
the identification of the peaks in the baryon and phantom fields and the estimation of
the probability distribution of distances between them.

The position of the baryon and phantom peaks was estimated using the halo finder
AHF (Knollmann & Knebe 2009), which employs the refinement structure of the code
AMIGA in the following way: in first place, the baryonic density is estimated from the
particles on the domain grid, which covers the complete box. This grid is then recursively
refined in regions of high density according to a given criteria of 4, 8 or 16 particles per
cell. After the complete refinement procedure is finished, one obtains a hierarchy of
nested refinement patches, whose boundaries follow closely isodensity contours. The
baryon peaks were estimated as the center of mass of each patch. In the phantom case,
the estimation is made using the same refinement patches as before, but weighting the
center of mass with the phantom density.

It is clear that in the case of an extreme decoupling as the one present in the Bullet
Cluster, the approximation used to calculate the phantom peacks breaks down. The
reason for this is that there will be no baryonic patch associated with the maxima in the
phantom field. Consequently, the computed displacements will be a lower limit for the
real displacements.

Figure 4.2.1 shows the cumulative distribution of displacements between peaks on
baryonic and phantom densities normalized to the smoothing length of the grid used in
the calculation. The normalization is motivated by the fact that displacements smaller
than this quantity are below the resolution limit and hence are not credible. Table 4.2
shows the smoothing scale εL for the grid levels that were used for the calculation.

While most of the patches have offsets smaller than the resolution limit, there are
around 1% of the patches with larger displacements, which should be considered as real.
It is important to note that the same matter peak enters multiple times (at most six) in
Fig.4.2.1. This is due to the fact that the peaks where calculated using all the refinement
levels and all of them where taken into account. However, as the interest is not in the
change of the offset for a given peak when altering the smoothing scale, they can be
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L εL (kpc/h)
16382 1.95
8192 3.91
4096 7.81
2048 15.63
1024 31.25
512 62.50

Table 4.2: Smoothing scales in kpc/h corresponding to the refinements patches used
to calculate the separation between baryonic and phantom peacks in the cosmological
simulation.

treated independently.
Fig.4.2.2 presents the cumulative distribution for un-normalized displacements. Only

displacements larger than the smoothing length where used in this case and hence only the
three coarser grids are employed (i.e.those with 512, 1024 and 2048 nodes per dimension).
All the other grids show displacements smaller than the smoothing length. The figure
shows that credible displacements lie in the range between 15 and 80 kpc/h. The fraction
of patches used here with respect to the total is 0.6%. Thanking into account that the
calculation is made using a box that contains galaxies instead of clusters, one finds
that the displacements are in fact important in comparison with the size of the objects
associated to them.

To close the section a cautionary note must be given about the results. The present
study has to be taken as an order zero exercise with the following drawbacks:

• The determination of phantom centers was made using a refinement criteria based
on the baryonic matter, not on the dynamical mass. Test were made adjusting the
refinement criterion parameters and subsequently modifying the size of isolated
patches; no systematics were detected. More appropriated criteria (e.g. based on
the value of the derivatives of the potential) will probably include more extreme
separations and increase the probabilities.

• The size of the box (32 Mpc/h) has two effects over the result. In first place,
the modes representatives of clusters are not included and hence the population
provided by the box includes galaxies, but not clusters of galaxies, which are the
objects in which the decoupling is observed. The second effect is that, even in the
case that the box could contain clusters, there will be too few of them. In other
words, the sample is incomplete.

• The refinement criteria that was employed for the calculation of the potential is
based on the number of particles per cell and hence it follows the details on the
source of the equation, not its solution. As a result of this, peacks in the phantom
field that lie outside the refinement patches will be hidden under the lack of res-
olution when the calculation of the potential is made and not taken into account
during the calculation of the probability distributions.

• Strong lensing studies with MOND made in some of the regions with largest sep-
aration between phantom and baryon center were unable to reproduce observed
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Figure 4.7: Cumulative distri-
bution of the unnormalized dis-
placements for isolated patches
with an offset greater than the
smoothing length normalized to
the total number of patches.
Only patches on grids L ≤ 2048
fulfill this criterion. The contri-
bution of these grids to the distri-
bution are marked by the respec-
tive L values given in the plot.

results. This shows that the estimation of the density peaks as center of mass
of the refinements does not always corresponds to real density peaks. A direct
calculation of the density maxima must be implemented to avoid this problem.

Future studies on this subject should be intended to relax the approximations made
during the analysis presented here. Despite the calculation is very aproximate, it shows
that the effect is present on simulations. Better simulations will give in the future a
much better understanding of the way phantom dark matter is distributed and should
give testeable predictions that will help in discrimitatiing which theory is closer to reality.

One must have in mind, that examples like the Bullet Cluster have a decoupling
between X-ray component and dark matter, but not a decoupling between stellar com-
ponent and dark matter, i.e. the center of the clusters and dark matter components are
the same. In this section, a different situation was discussed in which there is dynamical
mass in places that are not related with any type of emission from galaxies or intracluster
gas.

4.3 Conclusions
This chapter presented, for first time, the distribution of phantom dark matter in the
context of realistic density fields given by cosmological simulations. The first section of
the chapter pointed out that in a cosmological context, it is not possible to calculate
the absolute value of the phantom field, but only its perturbation with respect to an
unknown background.

The phantom dark matter field was calculated from the baryonic density distribution
provided by the simulations OCBMond2 presented in section 2.2. The data was compared
against the dark matter distribution given by the simulation ΛCDM presented in the same
section. The maps constructed with this data show two prominent features. In first place,
the overdense regions in the phantom field are much more extended that the dark matter
halos. In second place, it was found, as predicted by many authors working under isolated
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conditions, that the phantom dark matter does not have the constrain of beeing positive.
Indeed, the voids at redshift z=0 are almost completly filled with phantom dark matter
whose perturbation drops below the effective mean dark matter density (computed as
the mean baryonic density times the baryon fraction). The probability distributions
calculated over the box for the same data show to be much broader from the phantom
perturbation that for the dark matter one.

When searching for spatial positions with high baryonic density and negative phantom
density, a correlation was found between this two fields, which is given by a power law
with slope 2/3. The normalization in this correlation was found to be a function of
redshift.

In the context of like the Bullet Cluster (i.e. collisions of clusters that present a
decoupling between baryonic and dark matter components), a possible explanation based
on the concept of phantom dark matter was tested. It was shown that the presence of an
external field can modify the MONDian potential of a spherical galaxy in such a way that
additional peaks appear in the distribution of dynamical mass. However, the strength
of these extra peaks is much smaller that the galaxy itself and may be too low to be
observed.

The analysis was refined using the baryonic density distribution given by the sim-
ulation OCBMond2. The position of baryonic and phantom dark matter peaks was
estimated for each object found in the simulation and the probability distribution of its
displacements was calculated. The outcome of the analysis is that the offsets are to small
to be compliant with the observed ones, at least in the present incarnation of phantom
dark matter and the simulation used.

The section was closed with a discussion about possible bias induced by the metodol-
ogy employed for the analysis. The results give support to the idea that neutrino-like
non-collisional matter might be responsible for the observed offsets of lensing and X-ray
peaks.
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