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1 Introduction

The nature of dark matter (DM) is considered to be one of the great
problems of contemporary physics. Most of our current knowledge of the
fundamental laws of the observable Universe from the smallest accessible
scales to the largest observable distances can be summed up by two stan-
dard models. The Standard Model of particle physics (SM) |1] comprises
3 generations of elementary fermions, the quarks and the leptons, and the
mediators of the fundamental interactions including the Higgs boson. The
standard model of cosmology dubbed ACDM tells us that the majority,
roughy 70%, of the mass-energy density the Universe is carried by the
cosmological constant (A), which is responsible for the accelerating ex-
pansion, while the rest of comprises matter |2]. Only a sixth of the matter
component can be accounted for by the Standard Model particles; the rest,
that is cold dark matter (CDM), is presently observed only through its
gravitational interaction. Decades of dedicated experiments have revealed
little about its nature, besides the fact that, if it interacts with visible
matter, then the interaction must be extremely weak [3,4].

Strong observational evidence for the existence of DM is provided by
the rotation curves of galaxies, the power spectrum of temperature fluc-
tuations of the cosmic microwave background (CMB) and gravitational
lensing experiments. One of the most interesting experimental pieces to
the puzzle of the nature of DM come from astrophysical observations of
a small number of galaxy cluster collisions. They alone strongly favour
the hypothesis that DM is some kind of a substance rather than a modifi-
cation of the gravitational interaction. The best known example of these
rare events is probably the Bullet Cluster. It was formed by a collision
of two clusters with masses roughly ten times different. As the smaller
cluster, the ”bullet”, moved through the larger one at roughly 4700 km/s
the intracluster gas interacted and left behind a prominent bow shock
composed of hot X-ray emitting gas [5-7]. Weak lensing analysis reveals
a dark clump separated from the gas and the larger cluster implying that
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the DM components had passed through each other indicating that all of
DM can not be collisional.

Even the basic properties of DM can vary enormously. For example,
in viable DM models its mass can range by 70 orders of magnitude. On
the low mass end, at 10723V E| there is fuzzy DM, a coherent ultracold
scalar field with a wavelength of the size of a dwarf galaxy. The heaviest
DM particles are primordial black holes that could weigh thousands of
solar masses, although they are current observations indicate that they
can not make up all of DM [8/|9]. In the middle of the spectrum lives
the weakly interacting massive particle (WIMP) which has so far been the
most prominent DM candidate [3,[10,|11]. It has many desirable features:
it is cold, almost non-interacting and appears naturally in supersymmetric
extensions of the SM. The popularity of the WIMP has recently declined,
however, because of the non-observation of supersymmetry in the Large
Hardon Collider (LHC) and the null results of DM direct detection exper-
iments.

The visible sector described by the SM has an incredibly rich phe-
nomenology at any accessible energy scale. In sharp contrast to it, the
DM of ACDM is quite plain as it can be perfectly described by a single
particle species that is cold and non-interacting. This might not be the
case, however. Even, if it has been established that the dark and vis-
ible sectors do practically not interact, it is still possible that the dark
sector has a more interesting internal life. Observation of the Bullet Clus-
ter [6,|12] and simulations of large scale structure formation [13}/14] can
constrain the strength of the of DM self-interaction, yet they still allow
self-interactions with strength comparable to the strong force. These con-
strains are weakened even more if the dark sector contains more than one
particle species.

Although ACDM is in an excellent agreement with many astrophysical
and cosmological observations it seems to be in conflict with several small-
scale astrophysical puzzles such as the missing satellite problem [15}/16],
the core-cusp problem [17}[18] and the too-big-to-fail problem [19,20]. DM
self-interactions are a possible solution to at least some of these prob-
lems [21,/22]. Moreover, the observation of a central clump in the Abell
520 galaxy cluster [23-26] is a direct hint of DM self-interaction. Al-

In this thesis natural units i = ¢ = kg = 1 are used.
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though scenarios in which all of the DM is self interacting do not give
the observed DM distribution of Abell 520 [24], it can be obtained within
models in which only a subcomponent of DM is self-interacting |27} 28].

DM self-interactions can be divided into two broad categories. Short
range interactions are characterised by hard collisions between particles.
These usually imply the existence of a massive mediator whose inverse
mass sets the range of the interaction. Long range interactions are thus
mediated by massless or extremely light bosons. In this thesis various
scenarios are considered where the dark sector contains particles with long
range interactions mediated by a vector boson.

A natural candidate for such a boson is the photon, implying that the
DM particles would be electrically charged. Scenarios containing such hid-
den charged particles are already severely constrained and dark particles
with charges of the order of the elementary charged are ruled out unless
they are very heavy [29-H53]. In the SM the electric charge is quantized
in units of 1/3 of the elementary charg(ﬂ although there is no obvious
theoretical reason for it. It could be a consequence of physics beyond the
SM such as grand unified theories [54], and also the detection of mag-
netic monopoles would demand charge quantization [55]. Nevertheless, as
this is not a requirement of nature, the particles of the dark sector could
carry a tiny electric charge ¢ < 1, dubbed milli—chargeﬂ This milli-charge
could be naturally acquired through radiative corrections in theories with
additional U(1) gauge interactions [56]. At the phenomenological level,
milli-charged particles can be simply introduced by hand. Many con-
straints can be relaxed if the DM particles combine into neutral bound
states [57H60]. Also, it has been argued that astrophysical magnetic fields
could expel charged DM from the galactic disk which allows to evade the
constraints from DM direct detection [48,61].

The dark sector may also contain its own photon, a dark photonlﬂ
Such additional U(1) interactions are, for example, predicted in string
theory [64-71]. There exist scenarios where the dark photon itself (in
this case it is necessarily massive) makes up the DM [72,|73]. In this

2In the rest of the thesis the electric charge will be expressed in units of the elementary
charge e.

3Some authors prefer the term mini-charge.

“Dark photons are also referred to as hidden photons [62] or paraphotons [63] by some
authors.
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thesis we will consider only a massless dark photon mediating DM self-
interactions [27}74}75].

A vector boson mediator implies that DM or a fraction of it can be in
the plasma state [27]. For example, if the dark sector does not possess a
particle—antiparticle asymmetry, then the charged DM particles naturally
form a pair plasma. Because of the collective plasma effects the DM can
be collisional even if the individual hard scattering events are negligible
and thus counterstreaming DM could exhibit shocking behaviour. Studies
of the Bullet Cluster imply that only a fraction of DM can be in such
a state [6,/7]. If this were to be realised in nature its effect could be
observable in collisions of DM haloes and explain the central mass clump
in the Abell 520 cluster [27,28].

The general aim of this thesis was to study the phenomenological as-
pects of models in which the dark sector contains interactions mediated
by a massless U(1) gauge boson. In the first two publications we studied
the phenomenology of millicharged particles and the implications of their
spin [76}[77]. In particular, we constructed a minimal model for spin-1 mil-
licharged particles [76]. In the last two publications the phenomenology
of dark electromagnetism was considered with the emphasis on possible
plasma effects and their implications on galaxy cluster mergers. In par-
ticular, we demonstrated that plasma instabilities alone can render dark
matter collisional [27] and showed by a numerical simulation that, if a
fraction of dark matter is collisional, then it is possible to reproduce the
features observed in the Abell 520 cluster while satisfying the constraints
from the Bulltet Cluster [28].

This thesis is structured as follows: In section [2| we present the theo-
retical background and the relevant experimental constraints for models
containing extra U(1) interactions or milli-charged particles of different
spin. In section [3] we review the CDM paradigm and consider the cosmo-
logical applications of the models discussed in the previous section. These
sections are intended to provide a preface to the publications the thesis
is based on. In section [ the results are summarised in English and in
section || in Estonian. The publications on which this thesis is based on
are presented in the appendix.
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2 Hidden particles with U(1)
interactions

In this section we review the features of particles charged under a U(1)
gauge group with the emphasis on the spin of these particles. This gauge
interaction may correspond to the electromagnetic force or to some un-
known dynamics in the dark sector. We describe the generation of milli-
charge through kinetic and mass mixing.

2.1 Charged scalars, fermions and vectors

The SM is a gauge theory of the non-abelian gauge group U(1) x SU(2) x
SU(3). Gauge theories possess a beautiful and intricate geometric struc-
ture of which we will review only the relevant minimum.

2.1.1 Gauge theory basics

A gauge transformation of a field v that lives in a representation of a Lie
group G is given by
Y = U, (2.1)

where U is a field valued in the group G. It can be expressed as U =
exp(ief), where 6 = 6T, is an arbitrary space-time dependent function
valued in the Lie algebra of the gauge group, that is, it is a linear combi-
nation of the group generators T, with space-time dependent coefficients.
We assume here that G is compact and simple. The Lie algebra is de-
termined by the commutation relations [Ty, Tp] = i fapele, Where fyp. are
the structure coefficients of the algebra. The parameter e is a coupling
constant. To account for the locality of this transformation it is necessary
to introduce the covariant derivative

D, =0, +ieA,, (2.2)

14



where A, = AjT, is a Lie algebra valued vector field. It acts as a con-
nection on the field space and its transformation rules can be determined
by requiring that the covariant derivative of the field 1 transforms covari-
antly, i.e. D,y — UD,1, as does the field itself. This implies

A, = UAU = (0,0) U (2.3)

The field tensor of the gauge group corresponds to the curvature ieF),, =
[D,, D,] and it transforms covariantly under the adjoint representation.
From it the kinetic term or, in case of non-Abelian gauge groups, the
Yang-Mills term

1
‘CYM = —5 TI‘(F‘MVFMV) (24)

can be constructed for the gauge fields. In the quantum theory it is nec-
essary to add the gauge fixing and ghost terms

Lo = —; Tr(9A)?, (2.5)
Lon = —0"eD,c (2.6)

to deal with the gauge degeneracy. The Faddeev—Popov ghost, ¢ = ¢*T,,
is a fermionic scalar [78]. It does not appear in the physical spectrum.
This choice of gauge fixing terms assumes a covariant gauge and gauge
freedom to be partially preserved in the freedom to choose the gauge fixing
parameter . The Faddeev—Popov ghost decouples in Abelian theories
(fabe = 0) and enters non-Abelian theories only through loops. As we
limit the discussion to tree level processes, it will be not relevant in the
following.

In the following we focus mainly on the U(1) gauge group. The general
gauge transformation of the degrees of freedom v; (the index i can stand
for both internal and external degrees of freedom) carrying a charge ¢; is
given by

Yi — exp(iqi0)is, (2.7)
together with A, — A, — 0,0, where 6 is an arbitrary space-time depen-
dent function. Throughout this section, the gauge field A, will be referred
to as a photon for brevity, although it could as well correspond to a par-
ticle in the hidden sector, e.g. the dark photon or, in case the field is
sufficiently massive, a Z’-boson.
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Given a theory with a global symmetry under some group, this group
can be easily gauged by the minimal substitution, that is, by making the
replacement d,, — D,, in all derivative terms. The minimal substitution,
however, will generally not yield the most general gauge invariant La-
grangian. The reason for this lies in the fact that the partial derivatives
commute whereas the covariant derivatives do not. So, terms contain-
ing the field tensor F},, o< [D, D,], which is gauge invariant for abelian
groups, would be absent from the Lagrangian to be gauged by minimal
substitution. In the following we will separately treat the charged scalar,
spinor and the vector field.

2.1.2 Models of charged particles for different spins

The simplest model of a charged particle is scalar quantum electrodynam-
ics. It describes a fundamental charged scalar ¢ with the Lagrangian

A
Lo = |Del* —me|el* — oI, (2.8)

where m. denotes the mass of the scalar field and A quantifies its self-
interaction which we included for completeness.

It is possible that the mass term carries a opposite sign, m? < 0, in which
case the field value at the minimum of the potential, i.e. the vacuum
expectation value of the scalar, does not lie at the origin but at v =
mey/2/A. Because the vacuum state is not symmetric under the gauge
transformation, the symmetry is spontaneously broken and the photon
acquires a mass. In detail, inserting the vacuum configuration |¢| = v into
the Lagrangian gives Lo = 62v2A“AM+const. implying that the mass
of the photon is v/2ev. This way of generating the mass for a vector boson
is known as the Higgs mechanism [79-81] and it is readily extended to the
case when ¢ in transforms under a non-Abelian gauge group. In the
latter case some of the gauge symmetry, specifically the gauge subgroup
leaving the vacuum state invariant, may be preserved.

Fundamental Dirac fermions 1 with mass m. obey the simple Lagrangian

£1/2 = @(le — M)t (2.9)

As the fermion carries spin, it can have more complicated electromagnetic
interactions, e.g. a magnetic moment. The tree level Lagrangian fixes
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the gyromagnetic ratio to be g = 2. This value is modified by radiative
corrections. The gyromagnetic ratio of the electron is measured with up to
12 decimal places which makes the fine structure constant one of the most
precisely measured quantities. Its perfect agreement with the prediction
of quantum electrodynamics makes it the most accurate physical theory
to date [1].

The Lagrangians , can be obtained by minimal substitution.
However, this is not possible in the case of charged vector particles. In
fact, minimal substitution predicts that the tree level gyromagnetic ratio
of a charged vector boson is g = 1, yet unitarity arguments imply the
value g = 2 [82]. Furthermore, a fundamental result of quantum theory
is that unitary and renormalisable interactions between vectors must be
gauge interactions [83-85]. As will be demonstrated in the next section,
omitting mass terms, the Lagrangian of a fundamental charged (and thus
complex) vector V,, can be expressed as

1 1
Lyipy = —EFWF‘“’ - iVWVT‘“’ — eV, V]

2
S AL AR (2.10)

where V,,, = D, V,, — D,)V}, is the field tensor of the charged vector field V,,
after minimal substitution. The third term thus explicitly demonstrates
that the electromagnetic interactions of V,, are not obtained by the non-
minimal substitution. Notably, the Lagrangian (2.10) contains a single
parameter, the electric charge e, and is, in fact, a disguised SU(2) Yang-
Mills term. To make this explicit we can combine all vectors into another
vector field valued in the Lie algebra of SU(2),

. 1 1

Vi=—=WVu+ VDT + —= (V= VT2 + AT, 2.11
Iz \/g( M ,LL) 1 i \/i( M u) 2 nt3 ( )
where T; denote the generators of SU(2) satisfying T3, T;] = i€;,T). The
Lagrangian (2.10) can now be rewritten as

1 o
Lyipu =5 Tr (V‘“’VW> , (2.12)

where VI = [(0 4 ieV),, (O + ieV),] /ie is the field tensor of the vector
field V,.
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Figure 2.1: The unpolarised cross section for S = 0 (green), S = 1/2
(blue), S =1 (red) in terms of the the velocity. Figure adapted

from .
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Figure 2.2: The polarisation asymmetry A for S = 0 (green), S = 1/2
(blue), S =1 (red) in terms of the velocity. Figure adapted

from .
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To illustrate the effect of the variation of spin of the milli-charged par-
ticles consider their pair production in photon—photon collisions. In that
case the mass for the vector milli-charged particles can now be added
by hand without leading to violation of perturbative unitarity. When
parity is conserved in these processes the polarised cross sections can be
parametrised as

Ty(h)y(ho)sMePycp = 0 (1 + Ahihg), (2.13)

where hi, hy denote the helicities of the photons, o is the unpolarised
cross section and A a polarisation asymmetry. The unpolarised cross are
depicted in Fig. and the corresponding asymmetries in Fig. 2.2l The
asymptotic behaviour of the unpolarised tree level cross sections for pro-
duction of milli-charged particles with spin S are [77]

2

05=0lg_0 = %5, os=0lg_1 = %%’ (2.14)
0321/2|5_>0 = %5, O'S:1/2}5_>1 = U;O TZZ n (772) ,  (2.15)
os=1lg_0 = 191%& os=1lp_1 = Oco. (2.16)
os=1,h=0lg o = %ﬁ, O5=1,h=0l5_y; = UZOTZ? (2.17)

where s is the square of the centre-of-mass energy of the process, § =
/1 —4m¢/s is the velocity of the milli-charged particles and

0o = Sma’et /m? (2.18)

is a dimensional constant corresponding to the high energy asymptotic of
the total cross section for the pair production of charged vectors (S =
1). For example, for the W-bosons oo, ~ 92pb. Note that the high
energy asymptotic for scalars equals the high energy asymptotic for
longitudinal vectors as is expected from the Goldstone theorem [86].
An important difference here is that the asymptotic behaviour of the scalar
and fermion cross-section decreases with increasing centre-of-mass energy
as s~!. In the spin-1 case, however, the cross section tends to a constant
in the UV.
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2.1.3 Charged vector bosons are gauge bosons

The generality of (2.10)) can be demonstrated already at the tree level.
We start by considering the Lagrangian containing all possible terms with
at most mass dimension 4 allowed by gauge symmetry,

Ly =DMV (DPV)al i, +mPV VT
. 2 3
+ igFrMviyH2 \YaLe a’ s L ym viviyreytre @ s (2‘ 19)

and then, step-by-step, reduce it to (2.10)). The coupling constants aé can
be collected into tensors describing all possible contractions between the
indices

v piov = 19u1v1 Guave + A2Gp1 pa Jrive + A39u1veGuipe + QA€ pyvy piows -

The combinations of the vector fields the tensors af“yl uovp are contracted
: : e o _ i _ i
with lead to the .followmg symmetries: ay, 00 = Quovopin = G pivapss
and thus we can impose
a? = a3 =0, a3 =a3=0 (2.20)

without loss of generality. 10 parameters remain: the charge, the mass, 4
parameters in the kinetic term, 2 in the non-minimal EM interaction and
2 in the self-interaction terms. Further reduction is possible by noting
that

Dy VL(DH2 VVQ)T = QM (Vv (DH2 VVz)T) — Vi D pR2ystre
~ igV”FW?VTW = %VW{DM,DM}VTW. (2.21)

The surface term was neglected in the last equation. It follows that a?
can be completely absorbed into a! by making the following redefinitions

n_ 1,2 2 aA_ 1 A_ 1_ 2, 2 1_ 1 2
ap =ajt+ay—az, ay =ay azy =az—ay+az, a; = ag—2a;.

The kinetic term now reads

VHL(—9"102a!} + M2 G ) VT2, (2.22)

K1V p2V2
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from which we obtain the inverse propagator in momentum space

o B ek otz [RBYNT:
i(D 1)#1#2 = (_§ 'K +m2) > )

2 T (a5 k* +m?) <9u1u2 T
where we defined —¢7! = afl + af} + af. In the propagator is

~Guipiz T Ky Ky /10 L /m?
k2 —m2 k2 — ng ’

Dy = (2.23)

where we fixed the overall normalisation by requiring a}l = —1 to obtain
a pole at k> = m?. The last term in the propagator implies a transversal
degree of freedom with mass ém?2. Its propagator has a wrong sign, making
it a ghost. An identical term appears commonly through gauge fixing and
is eliminated from the physical spectrum by the Faddeev—Popov ghost in
non-Abelian gauge theories [78]. The field V), is, however, not a gauge
field nor have we introduced a Faddeev—Popov ghost, which leads us to
the conclusion that this transversal degree of freedom is physical. To avoid
the instability accompanying degrees of freedom with a negative kinetic
energy it is necessary to impose T 0E|

The propagator fixes two out of three possible parameters. The third
does not contribute to the propagator as it gives a surface term, but it can
still enter through the interactions. Thus, at the classical level, the general
ghost free-Lagrangian of a charged vector field V,, can be expressed as

1 _
Ly =— §|VW|T +m? V2 —iq((g = )F* + kF*)V, V]

VPR + VP (224
where we reparametrised the Lagrangian 5 of independent physical param-
eters: the mass m, the gyromagnetic ratio g = a4 and its electric equiv-
alent kK = —2aj and two self-interaction terms A\ = a3 + a3, A2 = —aj.
V= DFVY — DHVY denotes the charged vector field tensor after mini-
mal substitution, F* = et P? Fs /2 is the dual of F*V. The non-minimal

terms contribute to the magnetic and give rise to the electric dipole (u,

!Note that this choice, as it corresponds to £ — oo, is reminiscent of the unitary gauge.
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fi) and quadrupole (Q, Q) moments [87[89]

q ~ q
5,779 p=_k (2.25)
—_7(] - ) :—7q
Q= 2m2(g 1), Q mzlﬁ',. (2.26)

The Feynman rules corresponding to ([2.24]) are as follows: The VV A

vertex is

iq((p+ + (1= 9)k) g™ — (p- + (1 — g)k)"'g”'+

+ (p— —p+) 9" + Kkopuov) (2.27a)

the VV AA vertex is
_iq2(gguvgp1pz — ghPrgiPr _ grPLghP2) (2.27b)

and the V* vertex is
—i(2A1 g2 g2+ Ao (gh T M 4 gt ghe ™). (2.27¢)

The Lorentz index p corresponds to incoming positive charge or outgoing
negative charge, the Lorentz index v corresponds to outgoing positive
charge or incoming negative charge and the Lorentz index p is attached
to the photon. The momenta p_, k are attached to incoming positive and
negative charges and the photon, respectively.

The Lagrangian assumed gauge invariance and the absence of
ghosts of the classical theory. The requirement of perturbative unitarity
additionally fixes the non-minimal terms and the self-interaction of the
vector field V,,. As can be shown by direct calculation, the unitarity of
the tree level vy — V'V scattering sets the gyromagnetic ratio to g = 2,
k = 0, while the unitarity of VV — V'V scattering imposes A\ = Ay = €.
Violation of these identities causes the mentioned cross-sections to grow as
the square of the centre-of-mass energy in the UV. Fixing the parameters
yields the Lagrangian and thus the symmetry is enlarged from U(1)
to SU(2)!

The explicit mass term will still violate unitarity in V'V scattering al-
beit more softly. However, if the masses are generated via spontaneous
breaking of this enlarged symmetry the theory will be unitary and renor-
malisable [90]. The need for introducing scalars is a consequence of the
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general result dictating that unitary and renormalisable interactions be-
tween vectors must be gauge interactions [83-85].

The minimal scenario for vectors with an U(1) charge is thus reminis-
cent of the Georgi-Glashow model of electroweak interactions [91] where
one breaks SU(2) — U(1) with an triplet scalar. However, as any com-
pact non-abelian gauge-group contains a SU(2) subgroup, the symmetry
breaking pattern for G — U(1) may be more complicated. At the leading
order, as long as we are interested in the interactions between V and the
photons only, it is not necessary to specify the origin of the mass of V
because it can cause unitarity violation only in the self-interaction of V.

2.2 Milli-charge through mixing

In case the dark sector contains its own U’ (1) gauge boson B;, it is possible
to mix BL and the SM photon B,,. Through this process the particles of the
dark sector initially charged only under U’(1) can obtain a small electric
charge, dubbed milli-charge. There are two possible ways different U (1)
gauge bosons B, and BL can mix: kinetic and mass mixing.

Reconciliation of milli-charged particles with the SM needs to account
for the electroweak interactions. In extensions containing a new neutral
gauge boson, which we will denote as Z’, the new boson will mix with
both the photon and the Z boson. Notably, milli-charged vector particles
imply the existence of an additional dark SU(2) gauge interaction so the
SM needs to be embedded at least in a SU(3).x SU(2), x SU(2)p xU(1)y
theory.

2.2.1 Kinetic mixing
Kinetic mixing happens if the kinetic term is non-diagonal,

1
1 (B" By, + B"B,,, —2xB"" B,,) (2.28)
where x is a constant and B, and B, are the field tensors of B, and
BL, respectively. A fundamental kinetic mixing term is allowed by gauge
symmetries, unitarity and renormalisability and, even if it set to zero a tree
level, it arises naturally through radiative corrections if the theory contains
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heavy fermions charged under both gauge groups [56]. The kinetic term
(2.28]) can be canonically normalised by defining the new states

Al =B, ~xB.,  A,=\1-x’B,. (2.29)

The vectors A, and AL represent the propagating eigenstate of the photon
and the dark photon, respectively.

To see how the dark sector particles could obtain a milli-charge, notice
that a field carrying a dark charge ¢p but not an electric charge is, by
definition, acted upon by the covariant derivative D, = 0, + iQDBL- In
terms of the redefined fields this becomes D, = 8#+z'qDA:L—|—iq eA,,
where

g=-L__X (2.30)

Vi@
is the electric charge of a particle with a non-vanishing dark charge qp.
On the other hand, electrically charged particles will not acquire a dark
charge, because the photon field is just rescaled (the rescaling will enter
the fine structure constant, though). This asymmetry is a result of the
non-orthonormality of the transformation .

2.2.2 Mass mixing

The field redefinition that diagonalises the kinetic term is not unique.
As A, and AL are canonically normalised, any orthogonal transformation
would give a new set of canonically normalised fields. This freedom was
implicitly used above to choose a basis in which electrically charged par-
ticles do not obtain a dark charge. This would not be possible if the
fields are massive, because the mass eigenstates fix a preferred basis for
propagation and the SM electromagnetic interaction would then comprise
two different forces distinguishable by their range. Moreover, if the vector
fields masses are non-degenerate, then a non-diagonal mass term will mix
the fields even if their kinetic term is diagonal. This captures the essence
of the second way of generating mixtures of gauge bosons.

The Stiickelberg extension of the SM

The minimal model for mass mixing is the Stiickelberg extension of the
SM [92,93]. It appends a dark U(1)p gauge group to the electroweak
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U(1l)y x SU(2)r and breaks it to the electromagnetic U(1)gas by the SM
Higgs ¢ and an additional dark scalar singlet ¢p carrying both the hy-
percharge and a dark U(1)p charge. The covariant derivative (neglecting
SU(3) interactions) reads

Dy =8, —igiB,Y — igaW,ir; — igp B, Qp (2.31)

where 7; are the generators of SU(2)r, Y denotes the hypercharge, and
Q) p denotes the dark charge. g1, g2 and gp are the coupling constants of
the SM and the dark sector, respectively.

The charge corresponding to the residual symmetry U(1)gy, i.e. the
electric charge, is given by a generalised Gell-Mann—Nishijima formula

Q=I1+Y +Qp, (2.32)

where € = =Yy, /Qp,4,, is the milli-charge, Y;,, @p,4, are the hyper-
charge and the dark charge of ¢p, respectively. The charge is expressed
in units of the elementary charge

e=(g2(1+&%) +gy%) 712 (2.33)

where we defined the quantity £ = egp /g1 that quantifies the strength of
mixing of the dark and visible neutral bosons. Any particle with a dark
charge (Qp will therefore also carry an electric charge eQp. This is due
to mass mixing. Decoupling from the SM corresponds to £ = 0, € = 0.
In the following we assume that the deviation form the SM is small, i.e.
€,& < 1, which we will refer to as the weak coupling limit. The smallness
of € implies that the hypercharge of ¢p must also be small.

The neutral gauge boson mass matrix generated by spontaneous sym-
metry breaking reads in the basis ET = (B, B, W3) [76,92]

2 2 2 .2 2 ¢2 2
M~* = —mzéf SWmZO—i—mZéﬁ —mz cwsw |, (2.34)
2 2 2
0 —My, CW SW my, Cyy

where ¢y, sy denote the cosine and sine of the Weinberg angle 0y, re-
spectively. The mass matrix has a zero eigenvalue corresponding to the
photon and two non-vanishing eigenvalues corresponding to the tree level
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Z and Z' bosons masses, respectively. At leading order in £ the masses
read

2 .2

m=- S
my =m3, + £2my, — 2+ 0(¢Y), (2.35)
’ Omy, — My
0
2 2 2.2 m%, sty 4
Zo zZ}

where the subindex 0 denotes the corresponding fields in the decoupling
limit. In the weak coupling limit, the mass eigenstates are naturally ex-
pressed through two consecutive rotations. Exact decoupling corresponds
to the eigenstates

z} 1 0 0 V3
A(] =10 Cw SwW B s (2.37)
ZO 0 —Sw Cw W3

and the eigenstates in a coupled theory are obtained by the rotation

Z/ Ci1Cy —81C2 —89 Z(/)
A = S1 C1 0 AO s (2.38)
Z c182 —sS182 (2 2o

where c1 2 and s1 2 are the cosines and sines of the additional mixing angles
01 and 65 that in the weak coupling limit are given by

2

mZ/ SW
91 ~ _§CW7 92 ~ —gﬁ (239)
mZ(,) — mZO

The expansion coefficient in Eq. implies that in addition to £ < 1
it is necessary to assume that the neutral boson masses are degenerate,
mz # my,, and that the Z’ should not be significantly heavier than the Z.
The leading order expressions for the masses and the mass eigenstates can
be obtained easily via diagrammatic methods by treating the £ dependent
terms in (2.35)) as interaction terms corresponding to two-legged vertices.
Although the original Stiickelberg extension [92] does not involve kinetic
mixing nor any other particles and thus no candidates for milli-charged
particles, it is relatively straightforward to include these [94}95].
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Milli-charged vector bosons

As shown in Sec. milli-charged scalars and fermions (spin 1/2) can
be constructed by minimal substitution. Inclusion of milli-charged vec-
tor particles, however, necessitates an extension of the underlying gauge
group. Minimally, instead of appending a dark U(1)p to the SM gauge
group we must include a SU(2)p [76]. The covariant derivative (neglecting
strong interactions) now reads

Dy =0, —ig1B,Y —igaWiri —igpV,iTp, (2.40)

where 7p; are the generators of SU(2)p. Analogously to the SM, after
the symmetry braking the dark sector can be described by one neutral V3
and two complex vector fields Vi = (1 +1iV5)/v/2.

The SU(2)p x U(1)y is broken to U(1)gp by the dark scalar ¢p. The
two groups will mix only if the scalar carries a hypercharge. In that
case, the fact that the group is not completely broken implies that the
vacuum state of ¢p is an eigenstate of an SU(2)p generator, which we
can choose to be 7p 3 without loss of generality. The residual U(1)gn
will be automatic for a ¢p in the fundamental or adjoint representation of
SU(2)p, but needs to be additionally assumed for larger representations.

The tree-level masses in the decoupling limit are given by

my = 292 my, = W (2.41)
2 cw
my

my = vpgp|Ip3olr, Mgy =~ (2.42)

where vp = |pp| denotes the vacuum expectation value of the dark scalar.
We defined the parameter

r= \/ (Ipo(Ipo +1) = Iby0)/(2T3y,), (2.43)

where Ip3o denotes the dark isospin, i.e. eigenvalue of the 7ps3, of ¢p.
The minimal choice, a dark scalar doublet ¢p, gives r = 1 and therefore
mgz = my. The mass matrix of the neutral gauge bosons is identical
to the mass matrix of the Stiickelberg Z' model. However, the
(milli)charge appears now in discrete units. The generalised Gell-Mann—
Nishijima formula Eq. reads

Q:Ig—l-Y—i-eIDg, (244)
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The dark isospin of the vector fields V. is Ips = +1, so they will carry a
milli-charge +e.
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3 Can dark matter be charged?

The nature of DM beyond its gravitational interactions is one of the out-
standing problems of contemporary physics. In the standard cosmological
model DM is assumed to be cold and inert.

3.1 Experimental status of cold dark matter

The existence of DM was first suggested in 1933 by Fritz Zwicky’s study of
the Coma Cluster [96]. He analysed the velocity dispersion of the galaxies
within the cluster and came to the conclusion that the mass of the cluster
should be much larger than implied by the luminous matter. He coined
the term ”dunkle Materie” to denote the non-luminous component. Later
in the same decade it was noticed that the stars of the outer parts of the
galactic disk of the Andromeda galaxy moved faster than expected [97].
This was confirmed several decades later [98,/99]. It was observed that the
velocities of the stars were roughly constant at large distances from the
centre of the galaxy while the distribution of luminous matter implied that
the velocities should decrease with the distance. The rotation curves of
spiral galaxies became the first widely accepted evidence for the existence
of DM.

Mass estimates of galaxy clusters indicate that they only contain ap-
proximately one sixth of baryonic matter. As they are the largest gravi-
tationally bound objects of the universe it is expected that this fraction
should roughly represent the average in the entire visible Universe. The
total mass of the cluster can be estimated in several ways. If light from
more distant sources passes the cluster its path will be bent depending
on the strength of gravitational field of the cluster. This effect causes the
phenomenon of gravitational lensing [100,|101] and can provide useful in-
formation about not only the total mass but also about the substructure
of the cluster. Dynamical estimates of the cluster mass are obtained e.g.
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Figure 3.1: An image of the Bullet Cluster combining the stars, the X-ray
luminous gas [104] (in red) and the DM distribution inferred
from weak lensing [105] (in blue).

from the velocity dispersion of galaxies [96] or the temperature profile of
X-ray emitting gas if it is in hydrostatic equilibrium [102].

A remarkable piece of evidence for DM comes from astrophysical ob-
servations of galaxy cluster collisions. The best known example of these
rare events is probably galaxy cluster 1E 0657-56, known as the Bullet
Cluster. It was discovered in 1995 [103] and first observed by the Chan-
dra X-ray observatory. The substructure of the the Bullet Cluster, show
in Fig. reveals that it was formed by the collision of two clusters
with masses roughly ten times different. The smaller cluster, the ”bul-
let”, moved through the larger one at roughly 4700 km/s. While the
stars moved almost freely, the intracluster gas interacted and left behind
a prominent bow shock composed of hot X-ray emitting gas [5-7]. Com-
parison of the weak lensing analysis reveals a dark clump on top of the
stars that is separated from the gas and the larger cluster implying that
the dark matter component had passed through similarly to the stars.
This observation supports the hypothesis that DM is a collisionless gas of
particles.
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The measurements of the CMB anisotropy and the large scale structure
of the Universe provide perhaps the most compelling evidence for a non-
baryonic matter component. The most precise determination of the DM
abundance is inferred from the observation of the angular power spectrum
of CMB anisotropies by the Planck satellite. In the ACDM model the
energy density of the baryonic matter and CDM is respectively [106]

Oph? = 0.02226(23),  Q.h? = 0.1186(20). (3.1)

The ratio of these quantities is consistent with the estimate from galaxy
clusters. The energy density is expressed in terms of the density param-
eter Q; = pi/perit, where periy = 3M}%1H§ is the critical density, Mp; =
(87G)~1/2 is the reduced Planck mass and Hy = h x 100kms~! Mpc~! is
the Hubble constant. The value of the Hubble constant inferred from the
Planck satellite data is h = 0.6727(66) [106] which, assuming the ACDM
model, is in 30 tension with the estimate from Type la supernovae which
implies h = 0.738(24) [107H111].

Despite the successes of the ACDM model, cosmological N-body simu-
lations fail to predict some of the observed features at small scales, that
is, at scales smaller than the size of typical galaxies (for a review see
Refs. [22l[112)).

Numerical simulations show that hierarchical structure formation in
ACDM produces self-similar DM haloes well described by the Navarro—
Frenk—White profile [113]

Po

) = A (32)
where pg is a density scale and rg is the scale radius. These haloes have
sharply peaked central densities, yet the observed galactic rotation curves
indicate that the central region is less massive than for the cuspy profiles
found in the simulations. So density profiles with a constant density core
are favoured. This discrepancy is dubbed the core-cusp problem [17,|18].
An additional issue is the simplicity of the NFW profile — its shape is
determined by a single parameter implying that there is a high degree of
correlation between other possible characteristics of the halo shape. This

is at odds with the diversity of the observed rotation curves [114].
The CDM haloes produced in N-body simulations have a rich substruc-
ture. The number of subhaloes predicted by simulations mostly exceeds
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the number of observed Milky Way satellites by at least one order of mag-
nitude |15,16]. This is called the missing-satellites problem. However, the
small number of observed low-mass satellites could be explained by some
not so well understood baryonic effect that, for example, causes them to
be much fainter. The heaviest and most luminous Milky Way subhaloes
are subject to the too-big-to-fail problem — these subhaloes seem to be
several times lighter than the CDM based simulations predict [19,20].

It is too early to tell whether these conflicts are solved by modifying
the ACDM model or by improving our knowledge of galaxy formation.
The small-scale problems generally seem to require suppression of the
small scale power spectrum. A possible solution is, for example, provided
by fuzzy dark matter, an extremely light scalar field that can not form
clumps smaller than its de Broglie wavelength which can be of the size of
a dwarf galaxy [115]. A less exotic resolution to the small-scale problems
is offered by DM self-interactions [21},22].

Cluster collisions provide an invaluable testing ground for DM self-inter-
actions (for a review see Ref. [22]). The Bullet Cluster is consistent with
the collisionless DM paradigm and implies an upper bound for the DM
self-interaction cross section of o/m < 0.7cm?/g. On the other hand, the
explanation of the Abell 3827 and Abell 520 clusters by an interacting
DM scenario requires o/m > 1.5cm?/g [116] and o/m > lcm?/g [24]
117], respectively. The Bullet Cluster constraint is, however, obtained
by assuming that all DM is self-interacting and can thus be relaxed in
scenarios where only a subcomponent of DM is interacting. This situation
has been studied in the context of the Abell 520 cluster [27.28].

3.2 Thermal history of (dark) matter

The early universe is filled with a heat bath of relativistic particles. All
particles of the SM are expected to be in thermal equilibrium at tem-
peratures above 1 MeV. Kinetic equilibrium is reached through elastic
scattering, and chemical equilibrium is established by processes that can
create and destroy particles, such as annihilation or pair creation. De-
pending on the strength of the relevant interactions, the dark sector may
or may not reach equilibrium with itself or with the SM.

CMB observations indicate that the early Universe was homogeneous,
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isotropic and spatially flat to a very high degree [2]. The corresponding
spacetime geometry is thus well modelled by a Friedmann—-Robertson—
Walker spacetime with the metric tensor

Juv = diag(_17 a25ij)> (3'3)

where a denotes the scale factor. The expansion history, that is, the
evolution of the Hubble parameter, H = a/a, follows from the Friedmann
equation

1
H? = EIEA Z pi (3.4)
%

where Mp) = (87rG)*1/ 2 is the reduced Planck mass and p; is the energy
density of the i-th component. It is customary to introduce the density
parameters €; = p;/p., where p. = 3MP2,1H 2 is the critical density. In the
following €2; will denote the present density parameters.

3.2.1 Effective numbers of degrees of freedom

The phase space density of a particle species in thermal equilibrium follows
a Bose—Einstein or a Fermi—Dirac distribution,

_ gi
f(p) - @(E(p)_ﬂ)/T + 77’ (35)

depending on wether the particle is a fermion (n = +1) or a boson (n =
—1). Here u denotes the chemical potential, T" is the temperature, p the
three-momentum and g; stands for the internal degrees of freedom of the
species. Maxwell-Boltzmann statistics (n = 0) is a good approximation
when T < p or T' < m, since in this case the contribution of 1 can be
ignored. The energy density is given by
3
p= [ Gt ) E) (36)

and other thermodynamic observables, such as pressure, entropy density
and number density, can be evaluated analogously. For ultrarelativistic
species (T' > m)

o — { (7/8)(7%/30) ¢;T*, 1= +1 (Fermi),

(m%/30) g;T* n=—1 (Bose). (3.7)
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Based on the analogy with the above formula one defines the effective
number of (bosonic) relativistic degrees of freedom g.(7T') at temperature

T by
2

p(T) = 55 9.(T) T*. (3.8)

In a radiation dominated Universe the number of degrees of relativistic
freedom is estimated by

g(T)~ > g <§>4+; S g <§>4 (3.9)

i€bosons i€fermions

where the sums run over relativistic species and T; denotes the temper-
ature of the species i. The temperature T' is usually taken to match the
temperature of the photons. At temperatures T' > m; = 173 GeV all de-
grees of freedom of the SM contribute giving g, = 106.75. The number of
bosonic degrees of freedom comprises gluons (8 x 2 = 16), photons (2), W
and Z bosons (3 x 3 = 9) and Higgs (1), and the fermionic one consists
of quarks (3 x 3 x 4 = 36), charged leptons (3 x 4 = 12), and neutrinos
(3 x 2 =16). The SM degrees of freedom are in thermal equilibrium until
the decoupling of neutrinos at T' =~ 1 MeV and thus before T; = T for all
particles of the SM. The dark sector can contain particles thermally decou-
pled from the SM which will thus generally have a temperature different
from the photons.

The evolution of temperature can be derived by using the fact that the
entropy in a comoving volume is conserved for adiabatic processes. The
entropy density s will thus scale as a=3. In a thermal bath of relativistic
particles the total entropy density can be expressed as

272
s(T) =~ 9+(T) 77, (3.10)

where g.5(T") is also called the number of relativistic degrees of freedom.
It can approximated by |118]

ges(T) = Y %(?)34-; > gi(?>3. (3.11)

i€bosons i€ fermions
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If T; =T, then g,s = g«. Conservation of comoving entropy now implies
that
T x a_lg;sl/B. (3.12)

This holds for species that are kinetically coupled. Note that H oc T?
T /T implying t oc T—2.

A decoupled relativistic particle will retain the shape of its thermal dis-
tribution and thus it makes sense to talk about it’s temperature even if the
particle is inert. The evolution of the temperature of this particle can be
estimated by noting that the momentum scales as a~'. Plugging this scal-
ing into the phase space distribution which for thermal ultra-relativistic
particles depends on the temperature only through the ratio |p|/T, we
see that the temperature must scale as T o< a~!. The distribution of a
decoupled non-relativistic particle depends on the temperature through
the combination |p|?/7, and therefore T oc a 2.

Assuming only the SM particle content, at T' > 1MeV all the SM degrees
of freedom are in thermal equilibrium and thus g. sm = g«s,sm. However,
the neutrinos decouple shortly after. So, when electrons and positrons
dump their entropy to the thermal bath when the temperature drops below
T =~ 0.5MeV only the temperature of photons grows. The entropy of the
neutrinos and of the rest of the visible sector are conserved separately

implying

s,y (T'y)TEj

oo (TVT3 = const. , (3.13)

t

where gg« ~, gs«,, are the effective relativistic degrees of freedom coupled
to photons and neutrinos, respectively. The increase of the temperature of
the photons follows from the fact that the number of relativistic degrees of
freedom coupled to photons, gs«, drops from 5.5 to 2 after the electrons
and positrons freeze out, so T'/T,, = (11/4)1/3. It follows that g.s sa(T0) =
3.94, so the present SM entropy density is sop ~ 2900 cm ™3, where we used
the present CMB temperature Ty = 2.7260 £ 0.0013K [119].

Big bang nucleosynthesis (BBN) takes place at temperature about 7" ~
1MeV, comparable to the temperature of neutrino decoupling [118]. The
relic abundance of nuclei is very sensitive to the expansion of the universe
and thus also to the abundance of dark radiation at that time. Therefore,
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the observed ratio of light nuclei implies an upper bound on the number
of hidden degrees of freedom lighter than 1MeV that are thermalised with
the visible sector [120]. The CMB is also sensitive to the radiation content
of the Universe at recombination. The energy density of dark radiation in
the late early Universe is commonly parametrised by the effective number
of neutrinos Neg that can be defined by

7 4\

at temperatures below neutrino decoupling. In the SM Neg gm = 3.046,
because the neutrinos do not completely decouple before electrons and
positrons annihilate and thus they are slightly heated [121]. This predic-
tion is in very good agreemFent with the value Neg = 3.15 4+ 0.23 inferred
from CMB observations by the Planck sattellite [2]. However, an Neg
slightly larger than the SM prediction might be favored [122] as it could
relieve the tension between the low and high redshifts measurements of og
and the Hubble constant Hy [108-111].

The temperature of the dark and visible sectors may be different. To
quantify this difference we define the ratio

(T) = % (3.15)

Entropy conservation implies that the ratios at different temperatures, T
and T, are related by

_ gs*,'y<T) gs*,D(T*g(T*)) 1/
(= (En et my) B 6w

If the two sectors were in kinetic equilibrium at some high temperature
then it is convenient to choose T} at the temperature where the two sectors
decouple, in that case ((Tyx) = 1. From we find that the effective
number of neutrinos at 7" < 1MeV is

11 (N
Neff = Neff,SM + 7 Z <(T) g*,D(T)- (317)

The measured value Neg = 3.15+0.23 corresponds to C4/3g*7D <0.15atlo
confidence level. The existence of a massless dark photon, g, p(TcmB) > 2,
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is therefore allowed at the 20 confidence level if ((Tomp) < 0.21, that is,
when the dark photons are more than four times colder than the visible
sector.

A similar bound can be obtained from BBN [74] as the ratios of light
nuclei imply Neg = 3.24 + 1.2 at 20 confidence level [123]. Although the
resulting constraint is weaker, it applies to light degrees of freedom with
masses up to 1MeV.

3.2.2 The Boltzmann equation

Consider the production of DM from a thermal bath of SM particles. We
will mainly focus the discussion to the scenario where DM is produced
through a DM DM <« N x SM interaction, that is, DM pair production
from and annihilation to the visible sector. Other common channels, which
are not considered here, are DM decay/inverse decay and coannihilation.

The distribution of any particle species evolves according to the Boltz-
mann equation [118]

L[f] = C[/f], (3.18)

where C the collision operator accounting for particle interactions and
L denotes the Liouville operator describing the motion of free-streaming
particles along geodesics.

Integration of the Boltzmann equation (3.18)) over the phase space yields
an equation for the evolution of the number density n of a species of
particles, which is also called the Boltzmann equation,

O+ 3Hn = —(o vumg) (n® — niq) , (3.19)

where ¢ is the annihilation cross-section for DM annihilation, vy, is the
Mgller velocityﬂ and neq is the equilibrium number density. The cross
section o corresponds to annihilation of the DM particles, DM DM — SM
SM. The inverse process, SM SM — DM DM, is given by the nzeq term.
This can be shown by direct computation of the thermal average for this
process. A simpler way to see it, however, is to use the principle of detailed
balance that dictates that the left hand side of Eq. must be zero at

n = n¢y. By using Eq. (3.19)) we ignore Bose enhancement and/or Dirac

Lomel = Bs/(2E1E2). If mi = ma = m, then 8 = /1 —4m?2/s is the velocity in the

c.m. frame. Moreover, in the c.m. frame vy = 23 = Vrel.
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suppression. They are negligible at low temperatures, 7' < m, and may
introduce at most an O(1) correction at higher temperatures.

If the particles are free, (ovpy) = 0, the comoving number density is
conserved and thus n oc a~3. Eliminating this scaling behaviour simplifies
the equations and, to this purpose, it is customary to normalise the number
density with the entropy by defining the quantity

Y =n/s. (3.20)

So, Y = const. implies that the comoving particle density is conserved
because also s o< a~3. The current energy density of the species is p =

msoYpy, where sg ~ 2900cm ™3 is the present entropy density. Therefore

Oh? = 2.8 x 108%1@, (3.21)

where h is the Hubble parameter in units of 100km s~ 'Mpc~!. This quan-

tity should be compared with the present CDM abundance Q.h? = 0.12.
The Boltzmann equation can be simplified further by using the

dimensionless inverse temperature, x = m/T, as the time variable, SOE|

av _
de

8772 Jxs 1dIn Gxs _9
A= \/ggi/z (1 T3 dnz > mMpi{o vnigl) 7 (3.23)

In the numerical calculations we have omitted the derivative term in the
round brackets.

“A(Y2-Y2), (3.22)

where

2From the identity dn /dt = aHdn/da and entropy conservation s x a~3, which implies
ds/da = —3s/a, we obtain

-1
dn/s i dﬁg:_gH2<dS) dy

Ta T Y da do dz dz
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Equilibrium density
The number density corresponds to the following integral over the phase

space W
n—/( mE (p) (3.24)

where, depending on the type of particle, in equilibrium f(p) is either a
Bose-Einstein or Fermi-Dirac distribution (3.5)). Therefore

45 o 2 — 1yd
yeqzneq:gms/ Vy© — lydy (3.25)

s Gus 4t ey +n

where ¢ is the number of degrees of freedom of the particle under consider-
ation. If T" < m, or equivalently x > 1, we can use a Maxwell-Boltzmann
distribution for which

Yog 7 0.145-0 3322 (3.26)

Gxs
The equilibrium density at higher temperatures can be approximated

by truncating the series

45 g 22 n"t
47r4g*8

(3.27)

~
eq ~

At low temperatures, when = > 1, the higher terms in the sum are sup-
pressed and only the first term, corresponding to the Maxwell-Boltzmann
distribution, contributes. For = > 3 eq. is already a decent approx-
imation.

For high temperatures, x < 1, the equilibrium density acquires a factor
¢(3) =~ 1.2 for bosons and ((3) 3/4 ~ 0.9 for fermions and the limiting case
reads

45¢(3) g
214 gus

Yo~ Y (3.28)

where y = 1 for bosons and 3/4 for fermions, respectively. In the limit
x < 1 the series (3.27)) converges relatively slowly — as slowly as the series
representation of the zeta function.
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Thermal average of the cross section

Assuming a Maxwell-Boltzmann distribution, the thermal average of the
cross section is [124]

(ooa) = o | Y o(am?y) iy - DE e Ry, (3:20)

Ks(x)?
where s = 4m?y is the squared centre-of-mass energy of the collision.
Close to the threshold s = 4m? the cross-section can be expanded in
B=V1-y2
o=> o (3.30)
i>0

Here we consider all terms that grow at most as 7! when 8 — 0. Uni-
tarity forbids terms that grow faster than 42 [125]. Non-resonant Som-
merfeld enhancement can boost the low temperature cross section by a
factor of 371 [126] possibly saturating the unitarity bound. The resonant
Sommerfeld enhancement allows for even faster growing boost rates |127]
before the unitarity bound is reached. However, we neglect these non-
perturbative effects as become relevant at too low temperatures to have a
significant effect on the relic abundance [127].

The low temperature (x > 1) expansion of the thermal average (3.29))
reads

3
<O’ UM¢1> = 200 + <20'0 + 30’1) z !

93 9 15 _ _
+ <1600 i + 202) 72+ O(x73). (3.31)

At high temperatures, r < 1, we can expand the cross section as
Am2\"
pu— O —_— . 2
o Z o < . > , (3.32)
>0

where we neglected possible logarithmic terms. Terms growing polyno-
mially with s are forbidden by unitarity [128]/129]. The thermal average
(3.29) can then be expanded as

1
(o vMgl) = 00 + 501332 =+ 0(352)- (3.33)
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Note that by using (3.29) we implicitly assumed Maxwell-Boltzmann
statistics at high temperatures, which induces an O(1) error in the ap-

proximation (3.33)).

3.2.3 Freeze-out

The most prominent DM production mechanism is likely the thermal
freeze-out. Notably, if interactions between the SM and DM particles have
cross-sections of the size typical to the weak interaction, the observed DM
relic abundance is produced by freeze-out. This coincidence is known as
the WIMP miracle and it has been used as a motivation for the DM can-
didates such as the neutralino predicted in supersymmetric extensions of
the SM [10].

The freeze-out can be qualitatively understood as follows. The geomet-
ric expansion of space-time cools the primordial heat bath. If the temper-
ature of the heat bath drops below the mass of a particle, its equilibrium
number density will drop exponentially with the temperature. As
the universe cools further, at some point the number density fails to follow
the rapid decline of its equilibrium value. This point is quantified by the
freeze-out temperature zg, that can be roughly determined by comparing
the annihilation rate (o vyg)n with the expansion rate H. At that time
N R Neq still holds and so the exponential dependence on the temperature
implies that the freeze-out temperature depends only logarithmically on
the interaction cross section. At x > xg, the pair production of DM parti-
cles has stopped but its inverse process, the annihilation of DM particles,
continues. It also stops after a while because the number density becomes
more and more diluted. The evolution of the abundance with the temper-
ature is depicted in Fig. [3:2] The stronger the interaction, the longer the
annihilation lasts. As a consequence the resulting DM abundance will be
inversely proportional to the interaction cross section.

To sketch the approximate solution of the Boltzmann equation

we first recast (3.22) as
Yy = —yIn(Yeg) — Nee(y® — 1), (3.34)

where y = Y/Y,,. Using this formulation it is easier to see the departure
from equilibrium, y = 1, by noting that the second term forces equilibrium
whereas the first tries to move the system out of equilibrium. Deviations
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from y = 1 are possible if In(Ye,;)" > AYe,. The point at which y leaves
the equilibrium can be characterised by (Y,,')’ = Ad, where § = O(10).
A good choice is § &~ 8. This condition defines the freeze-out temperature
Tfo. At temperatures r > xg, the equilibrium density can be ignored and
the Boltzmann equation is well approximated by

dy
— ~ —AYZ (3.35)

dx

Integrating this equation yields

Y(z) = <Y_1(-Tfo) + /w da )\> _1. (3.36)

Tfo

The initial abundance Y (zg,) can be usually neglected. The density pa-
rameter of the frozen out particles is then

154 x 10710 gX2(2e) ([ . _ !
Qn? ~ Gov? g; ((xff )) (/ dzz=2(c UM¢1>> . (3.37)
*S o Tfo

3.2.4 Freeze-in and other means of thermal particle production

Freeze-in may take place if the interaction between visible and dark sec-
tors is so weak that chemical equilibrium between these sectors is never
reached [130]. Particles of the visible sector may still decay or annihilate
into the dark sector and thus populate it. In the simplest scenario DM
comprises a single heavy and inert particle species; as the temperature
drops below the mass of the DM particles the annihilation of visible par-
ticles into the dark sector stops and their abundance can become the DM
we see today, see Fig. In order to avoid overproduction of DM, the
freeze-in must take place long before chemical equilibrium is reached.

In case of freeze-in only DM pair production is relevant. Therefore, the
Boltzmann equation can approximated by

dY
A~ )Y 3.38
dx eq’ ( )
and therefore .
Y(2) = / dz Y2, (3.39)
Trh
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Figure 3.2: An illustrative example of freeze-out and freeze-in of charged
fermions from a heat bath of photons. The fermion abundance,
expressed by the comoving number density Y = n/s, was
found by numerically solving the Boltzmann equation
using the tree level cross section of a QED like theory with a
fine structure constant a and fermion mass m. Upper panel:
The evolution of Y with temperature = m/T. The purple
lines correspond to freeze-in and the green lines to freeze-out.
In both cases, the lighter the lines the weaker the interactions.
The dashed grey line shows the equilibrium abundance. Lower

panel: the final abundance as a function of the parameters of
the theory.

43



where z,;, = Ty, /m corresponds to the reheating temperature. Note that,
although the parameter X is proportional to the annihilation cross section,
the term >\Ye2q corresponds to pair production because of detailed balance.
As Y., falls off exponentially for z > 1 the particle production takes
place mainly when the particles are relativistic. A good approximation of
the present DM abundance is obtained by setting the upper limit of the
integral to zg = 1.4. As A o« 272 most of the abundance will be
created at high energies if the cross-section is constant in the UV and a
strong dependence on the reheating temperature is expected. However,
Eq. indicates that in the case of the more usual asymptotic s~
behaviour of the high energy cross section (see e.g. Egs. ), the
thermal average scales as 22 and the relic abundance will be essentially
independent of the reheating temperature as long as z,;, > 1. In all, the
density parameter resulting from freeze-in reads

Qh? =17 x 1025Lm2 /wo dz 272 (0 vaig) (3.40)
GxsGx z

rh

In more involved scenarios the dark sector may contain several particle
species whose interactions may influence the final DM abundance [131].
For example, a self-interacting dark sector could produce subsequent pe-
riods of freeze-in and freeze-out. A dark sector interacting feebly with the
visible sector can be populated through freeze-in after which it takes on
a life of its own. It can be in thermal equilibrium with itself, but it will
not thermalise with the visible sector. The lightest stable particle of the
dark sector is thus the most likely DM candidate and its abundance can
be set by its freeze-out that takes place entirely within the dark sector.
This mechanism is known as the dark freeze-out [132H139).

As an alteration of the above scenario, the dark freeze-out may take
place before the yield from freeze-in is finalised. Because the dark sector
has a lower energy density than the visible one, it will also be colder if it is
in thermal equilibrium. This makes it possible that DM pair production is
kinetically viable in the visible sector but has frozen out in the dark sector.
This scenario is dubbed reannihilation because the density of the frozen
out particles can become large enough to reinstate their annihilation 132,
133,,/140%/141].
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3.3 Milli-charged particles and dark matter

The existence of milli-charged particles is already severely constrained.
The constraints can be broadly divided into categories based on whether
the milli-charged particles are a constituent of DM or not.

Laboratory constraints for milli-charged particles lighter than the elec-
tron arise from the invisible decay of orthopositronium [34,40], Lamb
shift [46], vacuum dichroism [42}43]|142], light-shining-through-the-wall
experiments measuring photon to dark photon oscillations [44}50,/64] or
Schwinger pair production of the milli-charge particles [41]. Constraints
for heavier milli-charged particles result from various accelerator experi-
ments [30432,39,41.49].

Pair production of light milli-charged particles in the hot and dense
medium of the interior of stars can carry away energy as they escape. Ob-
servational results for the evolution of red-giants, white dwarfs, horizontal-
branch stars [32}33,/35,36}/51] yield the strongest limit ¢ < 2 x 107 in
the mass range m < 10keV. This bound could be, however, relaxed if
there are one or more dark photons [143]. The allowed energy loss of
the Supernova 1987A [31,136] implies ¢ < 2 x 107 in the mass range
m < 10 MeV. If photons propagate through astrophysical magnetic fields
they can pair-produce light milli-charged particles which can result in the
dimming of light from distant supernovae [45] or the distortion of the CMB
spectrum [144].

Any process involving a photon or a Z-boson in the s-channel will create
milli-charged particles if the centre of mass energy is large enough. Milli-
charged particles will thus be produced in the early Universe whenever the
temperature exceeds the mass of the particle. Because of the conservation
of charge, the lightest particle with a given milli-charge will be stable and
thus contribute to the DM abundance. For example, if the milli-charged
particles have masses m¢ < 1MeV and reach thermal equilibrium with
the SM, they are excluded purely by their contribution to the effective
number of relativistic degrees of freedom. The constraint in the respective
mass range is roughly ¢ < 2 x 107 [36] and, if the milli-charge results
from kinetic mixing with a dark photon, a comparable bound applies to
an even wider mass range m,. < 1GeV [511[145].

Depending on the electric charge and mass of the milli-charged particle,
it might never reach thermal equilibrium with the SM. If the particle inter-
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acts extremely weakly with the SM, their abundance is likely determined
by other interactions it might have. For example, in scenarios with a dark
U(1) that kinetically mixes with the SM hypercharge, the abundance of
milli-charged particles can be set within a dark freeze-out or reannihila-
tion scenario or, even if it thermalises with the SM, the freeze-out can still
take place e.g. through its interaction with the dark photon. In all, within
a model-independent approach, the abundance of milli-charged particles
should in general be treated independently from their charge and mass.
Milli-charged DM will distort the CMB power spectrum if they are
tightly coupled to electrons and protons during recombination. Therefore,
they may constitute only a small fraction of the DM abundance [3§],

Qncph? < 0.001, (3.41)

whenever the tight coupling condition [37]

Me

2 —11 GeV
2 >5x10 (3.42)
(T+ B2+ (1+ Bo) 17

is satisfied. Here m,. and m, denote the mass of an electron or a proton,
respectively. For masses m. > 1MeV this condition is always violated
if € < 1075, A similar constraint on sub-eV from milli-charged particles
based on distortion of CMB was found in Ref. [47].

Astrophysical magnetic fields could expel milli-charged DM in the mass
range 100e < m/TeV < 10%¢ from the galactic disc [48,/61]. This effect
can significantly soften the bounds from DM direct detection experiments.
Magnetic fields can also distort the density profiles of galaxy cluster haloes
consisting of milli-charged DM [53].

3.4 Dark electromagnetism and dark plasma

If there is an unbroken U(1) gauge group in the dark sector, it is plau-
sible that it mediates self-interactions of all or a fraction of DM [74}75].
In this section we assume that the mixing of the photon and the dark
photon is negligible, and we focus on the phenomenology of the dark elec-
tromagnetic interaction of DM. Notably, the additional pressure from this
self-interaction could help to resolve small-scale problems such as the core-
cusp problem or the missing-satellites problem.
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A massless dark photon inevitably increases Neg. Neg may also be
affected by dark particles lighter than 20MeV since they freeze out after
neutrino decoupling [146]. These contributions to Neg can, however, be
significantly suppressed if the dark sector is much cooler than the visible
one. The DM self-interactions may also alter the CMB spectrum [147].

We will focus on scenarios where the DM particles carrying the dark
charge do not form bound states e.g. as in models of asymmetric DM
that may form dark atoms [148-150]. If DM is composed of particle—
antiparticle pairs carrying a dark charge it will form a plasma for a wide
range of masses and couplings [27].

Counter-streaming plasmas experience plasma instabilities. To estimate
the timescale of shock formation consider the properties of a DM halo in
which a fraction comprises charged particle-antiparticle pairs forming a
plasma. There are various basic scales of the dark plasma. The Debye

length,
[T
Ap = 4
D 47TO[DTL7 (3 3)

is the distance at which the electrostatic potential of a charge is screened.
Here ap denotes the fine structure constant of dark electromagnetism, n
is the density of dark charge carriers and 7' is their temperature. The
number of charges within a sphere of radius of a Debye length,

4
A= ?W)\%n (3.44)

is dubbed the plasma parameter. A large plasma parameter indicates a
weakly coupled plasma dominated by collective effects. The characteristic
time scale of these effects is given by the inverse of the plasma frequency

1 mp mp
= = A E— 3.45
“p drapn  P\T (3.45)

The formation time of a shock depends on the type of the dominant in-
stability. The astrophysical dark plasma is a cold pair plasma. In a situa-
tion where two of such plasmas with a comparable density counter-stream,
the fastest growing instability mode is the two-stream mode for which the
instability growth rate is of the order of the plasma frequency [151]. A
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Figure 3.3:

Simulation of Abell 520 cluster with 25% of DM acting as a col-
lisional fluid (artificial viscosity n = 0.7). The non-interacting
DM is displayed in blue and the dark plasma in red. The
field of view is 2.35 Mpc x 1.76 Mpc. The corresponding
video is available at http://coe.kbfi.ee/pmwiki/pmwiki.
php/Results/Results. Picture taken from Ref.
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conservative estimate of the time it takes to form a shock front is

_1 -3
1 3, -1 _ m ap 2 PDP yl
T 0w 7sx (GeV) (10—2> 1072 GeV/cm?  (346)

where ppp is the density of the dark plasma component. For a wide range
of model parameters, this timescale is much smaller than typical timescales
in astrophysics. It is thus expected that the shocks are a prevalent phe-
nomenon in the dynamics of the dark plasma component. Especially, the
shocking behaviour is present even if the particles are much heavier and/or
the dark fine structure constant much smaller than their counterparts in
the visible astrophysical plasmas. The latter allows to suppress radiative
cooling that could, for example, lead to the collapse of the dark plasma
haloes into dark disks.

The plasma instabilities can thermalise the dark plasma component even
if direct collisions between the dark plasma particles are rare |[152]. Un-
der the assumption of local thermal equilibrium, this component can be
modelled as a collisional fluid. The Bullet Cluster indicates that no more
than a third of the mass of the smaller cluster could have been lost. So,
all of DM can not exist as a collisional plasma.

In Ref. [28] we tested some of the astrophysical implications of the
hypothesis that a subcomponent of DM is collisional by simulating the
Abell 520 and the Bullet cluster under idealised conditions. A run of a
simulation of the Abell 520 cluster is shown in Fig. [3.3]in a setup where
25% of DM comprises the dark plasma. We used the GADGET-2 code |153]
that is based on smoothed-particle hydrodynamics.
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4 Summary

Dark matter with long range vector-mediated interactions

Despite the remarkable success of the two standard models of contem-
porary physics, the ACDM and the Standard Model of particle physics,
the nature of dark matter remains an open problem. In this thesis we
considered scenarios in which all or a part of dark matter may have long
range interactions mediated by a vector boson.

The models can be divided into two broad categories. In the first case
the mediator is the visible photon and thus the hidden sector contains
milli-charged particles. In the second case the mediator is a dark photon
giving rise to dark electromagnetism, so it is possible for dark matter to be
in a plasma state. The plasma instabilities can make such a dark matter
collisional even if the hard collisions of the dark particles are negligible on
astrophysical scales. These two categories are not mutually exclusive.

In the first publication [76] we studied milli-charged particles with spin-
1. Before, only spin-0 and spin-1/2 milli-charged particles were considered
in the literature. We proposed a minimal model of fundamental vector
milli-charged particles that is unitary and renormalizable. Unitarity im-
plies that the milli-charged vector is a non-abelian gauge boson with a
mass generated by spontaneous symmetry breaking. In the minimal set-
up an additional dark SU(2)p gauge group has to be appended to the
Ul)y x SU(2)L x SU(3). gauge group of the SM together with an hid-
den scalar charged under SU(2)p. To generate a milli-charge for the dark
vector bosons, the dark scalar needs to carry a small hypercharge. The
milli-charged vector bosons are stable due to their small electric charge and
thus provide a possible DM candidate that may be created by freeze-in.
We considered phenomenological implications of this scenario.

The production of milli-charged particles with different spins in photon-
photon collisions was considered in the second publication [77]. We showed
how the polarisation asymmetries can be a used to measure the spin of the
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produced milli-charged particles and discussed a dedicated photon-photon
collision experiment.

In the third publication [27] we showed that, if a component of dark
matter is charged under a unbroken dark U(1) gauge group, collective
plasma effects need to be taken into account to describe its dynamics.
For a wide range of model parameters, the plasma effects can thermalise
this dark matter component and cause it to behave as a collisional fluid.
Similarly to visible astrophysical plasmas, this remains true if the contri-
bution from hard binary collisions between the dark plasma particles are
practically negligible.

We proposed a minimal model of dark plasma: it comprises a massless
dark photon and a massive dark fermion charged under it. The relic
abundance of the dark fermion is produced by thermal freeze-out.

Astrophysical observations rule out the possibility that all dark matter
behaves as a collisional fluid. On the other hand, self-interacting dark
matter has been proposed as a solution to the small-scale problems of the
ACDM model, e.g. to the core-cusp problem. It might also explain the
central clump observed in the Abell 520 galaxy cluster by gravitational
lensing. To test this hypothesis we simulated the Bullet Custer and the
Abell 520 cluster in a fourth publication [28] using GADGET-2. We found
that the observed features of both the Bullet and Abell 520 cluster can be
qualitatively reproduced if a subcomponent of dark matter behaves as a
collisional fluid.
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5 Kokkuvote

Elektromagnetisimi tiilipi vastastikmojuga tumeaine

Hoolimata kaasaegse fiiiisika kahe olulisima standardmudeli, elementaar-
osakeste fiitisika standardmudeli ja ACDM-mudeli, mérkimisvaarsest edust
on tumeaine olemus endiselt lahtine probleem. Kaesolevas vaitekirjas
késitleti tumeaine mudeleid, milles tumeaine osaleb elektromagnetismi
tiilipi loputu mojuraadiusega vastastikmojus.

Seda tiitipi mudelid voib jagada kahte laia kategooriasse. Esiteks voib
vastasmoju vahendajaks olla standardmudeli footon, mis tdhendab, et
tumeda sektori osakesed voivad kanda vaikest elektrilaengut ehk milli-
laengut. Teisel juhul saame rddkida tumedast footonist, mis vahendab
tumedat elektromagnetilist interaktsiooni, milles ndhtav aine ei osale. Tu-
medat laengut kandvatest osakestest koosnev tumeaine saab olla plasma
olekus. Plasmale omased ebastabiilsused suudavad sellise tumeaine ter-
maliseerida ka olukorras, kus osakestevahelised porked on vaga harvad.
Need kaks kategooriat ei valista teineteist.

Esimeses publikatsioonis [76] uurisime millilactud osakesi spinniga 1.
Eelnevalt oli kirjanduses kasitletud vaid millilaetud osakesi spinnidega 0 ja
1/2. Konstrueerisime millilaetud vektorbosonite minimaalse mudeli, mis
on unitaarse ja renormeeritav. Unitaarsusest jareldub, et laetud vektor-
bosonid on moéne mitte-Abeli kalibratsiooniriithma kalibratsioonibosonid,
mille mass on tekitatud sponataanse siimmeetria rikkumise teel. Liht-
saimas mudelis lisandub standardmudeli kalibratsioonirithmale U(1)y X
SU(2)r x SU(3). tumeda sektori SU(2)p kalibratsiooniriihm koos tumeda
skalaarvaljaga, mis on viimase all laetud. Millilaengu genereerimiseks peab
see skalaar kandma ka vaikest hiiperlaengut. Elektrilaengu jadvuse tottu
on vaikese elektrilaenguga vektorbosonid stabiilsed. Jarelikult on tao-
line osake voimalik tumeaine kandidaat, mis voib varajases universumis
tekkida sissekiilmumise teel. Uurisime selle mudeli fenomenoloogiat.

Teises publikatsioonis [77] késitlesime erineva spinniga millilaetud osa-

52



keste paariteket footonite porgetes. Naitasime, kuidas kasutada polarisat-
siooni astimmeetriat tekkivate millilaetud osakeste spinni mootmiseks ja
pakkusime vélja footonite porgetel pohineva eksperimendi.

Kolmandas artiklis [27] néitasime, et kui moni tumeaine komponent
on laetud rikkumata U (1) kalibratsioonirithma all, siis tuleb selle kompo-
nendi diinaamika kirjeldamisel arvestada kollektiivsete plasma efektidega.
Looklainete tekkimine selliste plasmade porgetel on voimalik viga laias
tumeaine osakeste masside ja laengute vahemikus. Sarnaselt ndhtavate
astrofiiiisikaliste plasmadega suudavad need 166klained tumeaine termali-
seerida, isegi kui osakestevahelisi porkeid praktiliselt ei toimu.

Pakkusime vilja tumeda plasma minimaalse mudeli: see sisaldab massi-
tut tumedat footonit ja fermioni, mis viimasega vastastikmojustub. Tume-
aine moodustamiseks vajalik kogus tumedaid fermione tekitatakse valja-
kiilmumise teel.

Astronoomilistest ja kosmoloogilistest vaatlustest jareldub, et tumeaine
ei saa iseendaga liiga tugevalt interakteeruda. Teisest kiiljest voib tumeaine
omavastastikmoju lahendada ACDM-mudeli véaikese skaala probleemid.
Samuti voib see seletada galaktikaparvest Abell 520 gravitatsioonilddtse
efekti abil leitud keskmist massikontsentratsiooni, mis, juhul kui osa tume-
ainest iseendaga interakteerub, vois sinna maha jaada galaktikaparvede
porkel. Viimase hiipoteesi testimiseks viisime neljandas publikatsioonis [28]
labi galaktikaparvede Abell 520 ja 1E 0657-558 simulatsiooni, kasutades
tarkvara GADGET-2. Leidsime, et molema galaktikaparve isedrasused on
kvalitatiivselt reprodutseeritavad, kui osa tumeainest iseendaga interak-
teerub.
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