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Cosmological implications of a dark matter self-interaction energy density
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We investigate cosmological constraints on an energy density contribution of elastic dark matter self-
interactions characterized by the mass of the exchange particle mg; and coupling constant ag;. Because of
the expansion behavior in a Robertson-Walker metric we investigate self-interacting dark matter that is
warm in the case of thermal relics. The scaling behavior of dark matter self-interaction energy density
(0s1 = a~°) shows that it can be the dominant contribution (only) in the very early universe. Thus its
impact on primordial nucleosynthesis is used to restrict the interaction strength mg;/, /arg;, which we find
to be at least as strong as the strong interaction. Furthermore we explore dark matter decoupling in a self-
interaction dominated universe, which is done for the self-interacting warm dark matter as well as for
collisionless cold dark matter in a two component scenario. We find that strong dark matter self-
interactions do not contradict superweak inelastic interactions between self-interacting dark matter and
baryonic matter (O'IS\IDM <K Oyeax) and that the natural scale of collisionless cold dark matter decoupling
exceeds the weak scale (a-gDM > Oweax) and depends linearly on the particle mass. Finally structure
formation analysis reveals a linear growing solution during self-interaction domination (6 « a); however,

only noncosmological scales are enhanced.
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I. INTRODUCTION

In the past decades high-precision observations allowed
the development of a standard model of cosmology:
ACDM. Its main statements are that we are living in a
flat universe (20, = 1.0052 + 0.0064), dominated by the
“dark” components: dark energy (Q%; = 0.721 = 0.015)
and nonbaryonic dark matter (Q%,, = 0.233 = 0.013) [1].

The necessity of a dark energy component comes from
the acceleration of the universe expansion, inferred from a
high redshift Hubble diagram of type Ia supernovae as
standard candles [2] and radio galaxies as standard yard-
sticks [3]. A recent and impressive proof for the existence
of dark matter (DM) can be deduced from observations of
colliding galaxy clusters. Optical and near infrared obser-
vations of the galaxies, x-ray emission of the upheated
intergalactic plasma, and gravitational lensing of the
mass distribution show the necessity of a nonvisible DM
component, which dominates the mass budget [4,5]. An
overview of DM physics and particle candidates can e.g. be
found in recent reviews [6-9].

Numerical structure formation simulations in the
ACDM framework (from one of the first and most popular
[10] to the most recent [11,12]) show an impressive agree-
ment with observations and have therefore become a cor-
nerstone of modern cosmology. Nevertheless they also
reveal two shortcomings that are worth being taken seri-
ously. First, simulations predict scale independently a large
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number of substructures in collisionless cold dark matter
(CDM) halos, which exceed on galactic scales clearly the
number of yet observed Milky Way satellites [13,14]. One
explanation is that reionization could prevent formation of
visible baryonic structures in the smallest DM halos (e.g.
[15]). Second, simulations show cusps in the center of
collisionless CDM halo density profiles. But observations
of dwarf spheroidal galaxies—which have a huge mass-to-
light ratio and hence are objects suited to study DM
properties without perturbing baryonic effects, rotation
curves of high spatial resolution and large extension of
low luminosity spiral galaxies, and the universal rotation
curve for spiral galaxies indicate a constant DM halo core
density (e.g. [16—18]). An overview about processes that
might lead from intrinsic cuspy CDM distributions to the
observed cored ones gives e.g. Ref. [19].

An idea to avoid both mismatches of the CDM scenario
is to introduce strong elastic DM self-interactions [20]. A
recent overview concerning collisional DM is given in
Ref. [9]. Here, we want to concentrate on the most impor-
tant facts that are also relevant for this work. The original
self-interaction strength proposed by Ref. [20] is
os1/mpy = 0.45-450 cm?/g (self-interaction cross sec-
tion over DM particle mass). But in Ref. [21] it was
demonstrated that cross sections generating reasonable
dwarf galaxy cores predict too large galaxy cluster cores.
Reference [22] showed that independent of the dependence
on the halo velocity dispersion self-interacting cross sec-
tions cannot solve the satellite problem accurately. The
most reliable constraint on the self-interaction strength
comes again from observations of colliding galaxy clusters
[23,24]. The nonexistence of an offset between the galaxy
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distribution and the gravitational lens mass peak, and the
subcluster mass-to-light ratio allow one to constrain
os/mpy < 0.7 cm?/g. This result nearly completely
rules out the formerly proposed self-interaction strength.
The strongest limit on the collisional character of DM
(og1/mpy < 0.02 cm?/g) can be inferred from the ob-
served ellipticity of DM halos and the property of DM
collisions to make halos spherical [25], but one has to take
into account its model dependence [23,24].

Another approach that avoids the satellite and cuspy
halo problems is to provide the DM particles with a finite
thermal streaming velocity, to achieve a cutoff in the power
spectrum and smearing of the innermost, highest density
halo regions [26,27] (see also [16]). This means to intro-
duce warm dark matter (WDM) particles. A lower bound
on the DM particle mass can be determined from the
Lyman-a forest (mwpy = 4 keV [28]) and gravitational
lensing (mwpm = 2.2 keV [29]) of high redshift quasars
(given limits are for thermal relics). Reference [30] showed
that these boundaries can be lowered considerably in a
setup of mixed cold and warm DM, which we also consider
in this work. So we follow Ref. [31] in using 1-10 keV as a
typical mass range for WDM particles in the following.

Other solutions proposed are stronger CDM annihila-
tions ([32], but see also [33]) or a coupling between
quintessence dark energy and CDM (e.g. [34]).

Present attempts to enlarge the phenomenology of DM
physics are e.g. strong DM baryonic matter interactions
[35] or a dark radiation (electromagnetism) between DM
particles [36].

We introduce in this work an energy density contribution
of elastic dark matter self-interactions. Despite the fact that
self-interacting dark matter (SIDM) may not solve the
shortcomings of the collisionless approach, the motivation
for this work is to explore new, interesting cosmological
consequences of an additional energy density contribution
of DM self-interactions within the above mentioned con-
straints. Interestingly enough, an interaction strength of
og;/m ~ 1 cm?/g still corresponds to strong interactions
(T grong ~ 10 fm?) between nucleonlike particles (m ~
1 GeV).

In Sec. IT we introduce our idea of a self-interaction
energy density contribution Qg;. Energy density scaling
according to the Friedmann equations and its equation of
state (pg; = Qgp) imply that the self-interaction contribu-
tion shows the steepest decrease with the scale factor
(051 = a~%) and thus can (only) have a direct impact on
the very early universe. Its proportionality to the SIDM
particle density (Qg;  népy,) leads us to consider warm
self-interacting dark matter (WSIDM) in the case of ther-
mal relics to have the correct scaling behavior (ngppy *
a~3). But this does not rule out a second collisionless CDM
component. After finally defining our parameter set, we use
in Sec. I1I today’s DM energy density (9, to constrain the
parameters characterizing the SIDM particle properties
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and primordial nucleosynthesis limits on an additional
energy density contribution to constrain the self-
interaction strength mg;/,/ag;. We find that it depends
inversely on the SIDM particle mass (mg/ /ag
1/mwpy) but can be at least as strong as for strong inter-
actions (mg;/ /as; ~ 100 MeV).

In Sec. IV we analyze the consequences on DM decou-
pling in a universe dominated by the self-interaction en-
ergy density contribution. The annihilation cross section of
WSIDM o VPM is inverse proportional to the elastic self-
interaction strength (o °M o /ag;/mg;) and rather low
(0 WPM < 7 ,eq) While the natural scale for the annihila-
tion cross section of a collisionless CDM component o’§°M
exceeds the weak scale and depends beside the self-
interaction strength also on the particle mass mcpy. This
casts new light on the “WIMP miracle’ and coincides with
Fermi-LAT and PAMELA data (e.g. [37,38]). We use the
unitary bound and neutrino induced constraints on the DM
annihilation cross section to again limit the self-interaction
strength.

Another consequence of an early self-interaction domi-
nated epoch may concern structure formation. We show in
Sec. V that a relativistic analysis of linear perturbation
theory reveals a linear growing solution & « a of self-
interaction dominated SIWDM and also of collisionless
CDM in a mixed model during self-interaction domination.
However, only noncosmological scales (M =< 1073M,)
can be enhanced and a small observable effect could only
be present with fine-tuned parameters.

Finally we summarize our results in Sec. VI.

II. SELF-INTERACTION ENERGY DENSITY

In the following, we analyze constraints and consequen-
ces of an energy density contribution from dark matter self-
interactions Qg;.

We describe two particle interactions between scalar
bosons or fermions by the exchange of vector mesons.
For a scalar field ¢ (fermionic field /) and a vector field
V,, the Lagrangian reads

L, =D, "Dt — mip*p — i\/}w\/“” + %m%\/ﬂ\/”,
(1a)
Ly=¢(iP—mpy —tv, ver+im2v, ve, (1b)

with V., =d,V, — 9,V,. The boson (fermion) field is
coupled to the vector field by a minimal coupling scheme

D# = GM + igv¢(¢)v , 2)

where g,,4(,) is the ¢(i)-V coupling strength. We treat the
vector field as a classical field. In homogeneous and iso-
tropic matter the spatial components of the vector field
vanish and the equation of motion for the scalar (fermion)
field reads
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[DM DH + mi]¢(x) =0, (3a)
[iD — melp(x) = 0. (3b)

In the mean-field approximation, after expanding into
plane waves, we obtain the dispersion relation

>2
@y = VK My + 8ugn)Vo- )

Note that the vector interaction between the scalar (fermi-
onic) particles is repulsive, which ensures the overall
stability of self-interacting boson matter and avoids an
enhancement of the annihilation cross section due to the
formation of bound states. The number density of bosons
(fermions)

n, =Jo=id*dgp — i(dghp")p — 28,4 Vod" b, (52)
ng=Jo =yt (5b)

is just the source term for the vector field that is determined
from the equation

m2Vy = g,4(idp*dgp — i(09p*)p — 28,4 Vod" P)
= 8vopMps (6a)
m2Vo = gy U Yolh = guyny. (6b)

The total energy density of the boson (fermion) matter can
be determined from the energy-momentum tensor

gvd}

1
V2 — pfree +
M Qb 2m?

2

0, = olree + — nb, (7a)

o 1
0r = Py2idg — guy Vo) ¥ + —mﬁVé
g2

= y°id0 — guy Vo) ¥ + 2U 517, (7b)

where the equation of motion for the vector field (6) has
been used. The energy density of free boson matter obeys
for the lowest energy mode k =0, 0™ = 2mlp*p =
myny. The pressure is given by

1
T A

gy(l)
5 = plree  —22 2 nh, (8a)

v

1- ) 1
=3 P[Y0idg — guy Vo) — melp + —m%V&
Lo o giw n2
= §¢’[7 (109 — guy Vo) — mplih + o2 (8b)

The pressure of free boson (fermion) matter fulfills p¢ =
ofre¢ /3 while the particles are relativistic, and for the low-
est energy mode k = 0 the total pressure is just given by
the vector field contribution. The form of the interaction is
equal to the one used for investigating implications of
interactions of fermions and bosons on compact stars in
Refs. [39,40].

For simplicity we denote the particle masses mgpy =
my(f), Msp = m,,, and define the coupling constant ag; =
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gf, S0 /2, so that the energy density contribution from dark
matter self-interactions reads

Os1 = a—‘?némM = Dsp ©))
mgy

with mg;/./ag as the energy scale of the self-interaction.
This scale can also be interpreted as the vacuum expecta-
tion value of the Higgs field of the interaction. For weak
interactions the interaction strength is given by Fermi’s
constant 1/,/Gp or the vacuum expectation of the Higgs
field generating the masses of the W and Z bosons, so that
Myeak/ /@weak ~ 300 GeV. Correspondingly, the strength
of low energy strong interactions, quantum chromodynam-
ics, is controlled by the pion decay constant as 1/f2 in
chiral perturbation theory, with f_ being the vacuum ex-
pectation value of the sigma field. Hence, for strong inter-
actions the typical interaction energy scale is
mstrong/\/m ~ 100 MeV [39].

Note that according to the underlying propagator Eq. (9)
is valid only when mg > 5Tgpy, SO when the vector
meson is nonrelativistic. Otherwise the self-interaction
energy density contribution scales like radiation (Qg *
ngiom/ Téiom = Taipw)- Once mg;/.Jag; is fixed, this can
also be used as a boundary condition on the coupling
constant for given Tgpy. A corresponding discussion is
given in Appendix A. Please also note that the coupling
constant ag; defined here differs from the common defini-
tion by a factor 27, e.g. @, = g2/(4m). The equation of
state (9) of the self-interaction pg; = Qg represents the
stiffest possible equation of state consistent with causality.

The expansion behavior of the universe in a Robertson-
Walker metric is described by the Friedmann equations

de _ ,e+p

10
i p (10)

where a is the scale factor, implying that the self-
interaction energy density contribution shows the steepest
decrease (Fig. 1):

Os1 > a”®. (11)

So, the universe could be in a self-interaction dominated
epoch prior to radiation domination in the very early uni-
verse. Under certain assumptions it might be possible in the
future to constrain the dominating equation of state in the
early universe via gravitational waves [41].

The scaling behavior 0g; « a~® and the proportionality
between self-interaction energy density and SIDM particle
density Qg o nZpy imply that

nspm * a > (12)

This condition is naturally fulfilled after DM decoupling
and in the case of relativistic particles also before that, as
nwpm & T°. But it is incompatible with the exponential
suppression of nonrelativistic particles before they de-
couple [nepym = exp(—mepm/T)]. This is why we discuss
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FIG. 1 (color online). Double-logarithmic plot of the evolution
of different energy density contributions with the scale factor a.
acyp 1s the scale factor at photon decoupling, aggdma‘ at
radiation-matter equality, and a;, at the freeze-out of the
neutron to proton number ratio. Qg is fixed so that self-
interaction—radiation equality is at freeze-out of the neutron to
proton number ratio.

in the following warm self-interacting dark matter and
consider cold dark matter as a second, collisionless
component.

We describe the DM as a free Boltzmann gas and addi-
tionally take into account a nonzero DM chemical poten-
tial. Fermionic DM with a nonvanishing chemical potential
according to Fermi-Dirac statistics is analyzed in detail in
Ref. [42]. Altogether our model contains six parameters.
Besides the particle mass mwpy, the degeneracy factor

45 | | | | | | | | |
N — mg fal? = TkeV
: -- mg /oy’ = 100MeV
— myg /o = 300GeV ||

Psom (eV4)

10°

a(cy)

FIG. 2 (color online). Evolution of the SIDM energy density
Osipm = Os1 + Owpm With the expansion of the universe for
different self-interaction strengths. WDM particle parameters are
mwpym = 1 keV, gwpm = 2, pwom/Twom = 0, giec® = 1107,
F%,DM = 1. a;,, is the scale factor at the freeze-out of the
neutron to proton number ratio and acyp at photon decoupling.
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gwpms, and the relativistic chemical potential
mwom/ Twoum, the number of degrees of freedom of parti-

cles in thermal equilibrium at WSIDM decoupling g4

(which fixes today’s WDM temperature) characterizes the
SIDM particle properties. Today’s relative amount of
WSIDM is given by Fpy = Q%pm/ Q% and finally
mg;/\/as; determines the WDM self-interaction strength.

The evolution of the total SIDM energy density Ogipmy =
Os1 T Owpm 18 shown in Fig. 2. Even very strong DM self-
interactions can only have a direct impact on the very early
universe. The cosmic microwave background radiation
(CMB) is unaffected by the additional DM self-interaction
energy density contribution considered. Primordial nucleo-
synthesis is the major cornerstone to constrain the self-
interaction strength. Besides the scaling Qgppv * a©
while the self-interaction contribution dominates over the
particle contribution, one sees that Pgpy & @~ * once the
relativistic particle contribution dominates and Qgpy *
a3 when the WDM particles have become nonrelativistic.

III. CONSTRAINTS

A. Today’s dark matter density Q)

The parameters describing the DM particle properties
are not all independent of each other, and today’s relative
DM energy density Q9,, can be used to extract allowed
combinations. At the present-day temperature the WDM
particles are nonrelativistic, so that their energy density is
given by 0%py = MwpmPwpy- According to particle
number conservation after decoupling and entropy conser-
vation of the particles in thermal equilibrium, today’s
WDM particle density depends on the one at decoupling as

310 73
n() — 11 0 anec (1 3)
WDM — _Wdec 73 "WDM-*
theq Wdec

Since we describe the WDM as a free Boltzmann gas, its
number density until decoupling is given by
nypw(T) = SWOM 73 exp<—”“ WDM). (14)
T T
Thus Eq. (13) leads to the following constraint on the
WSIDM particle parameters:

gwpMMwpM (MWDM) 37, H3O%y
€X = m
ghes Faom “ P\ Typy )~ 8 x30"P 7 73
s
~ 1.80 eV X ,
VX oma 1Y

with Ty = (2.725 £ 0.002) K [43]
0.1143 = 0.0034 [1].

Allowed ranges of the parameters describing the
WSIDM particle properties are shown in Fig. 3 where the
degrees of freedom in thermal equilibrium at WSIDM
decoupling is plotted against the WDM particle mass
over the relative amount of WDM. For the largest possible

and QY h3 =
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FIG. 3 (color online). Allowed combinations of the parameters
describing the WSIDM particle properties according to Eq. (15),
so resulting in today’s correct DM energy density Q%,, = 0.233.

number of degrees of freedom in thermal equilibrium at
WSIDM decoupling in the particle physics standard model,

namely gt‘ﬁ’gzc = 106.75, the WDM particle mass is re-

stricted to gwpm™wpm = 193 eV. To achieve WDM
masses of 1-10 keV, additional degrees of freedom at
WDM decoupling are required. All in all this mass range
demands at least 10°~10* degrees of freedom in thermal
equilibrium at WSIDM decoupling. This is common to all
WDM models and not specific to the one discussed here.
Additional degrees of freedom appear e.g. in supersym-
metric theories or in theories with extra dimensions or in
string gas cosmology models (see e.g. [44,45]).

B. Primordial nucleosynthesis

An additional energy density contribution at big bang

nucleosynthesis (BBN) is parametrized as additional neu-
trino families AN,

end" = 5N + (3 + AN,)@PN + ¢,

rad

(16)

assuming that it scales like radiation (@,,q « a~*). In our
model this is true for the energy density contribution of the
WDM particles Qwpy but the self-interaction energy den-
sity drops faster (0g; « a~®). Hence, we use limits on AN,
to constrain Qwpy only (052N, = AN, 0BBN), resulting in

the following constraint on the WDM particle parameters:

gwpm exp(FM _ Tart AN 17
Wdec*/? 7360 X 10,7543 7 17

theq

Together with Eq. (15) this can be transformed into a lower
bound on the WDM particle mass:

135 10.75%3 ) H2QY,, gWde "

mMwpm
- m
P18 AN,

0 =-—
Fypm — 74 3%

(18)
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QO 12 gidee "
~22.6eV X DM 020 19
V01143 T AN, (19)

Reference [46] obtains as a limit for the additional energy
density during BBN (20 uncertainty)

AN, = 0.3. (20)

The resulting constraints on the WSIDM particle parame-
ters are shown together with those from today’s DM energy
density in Fig. 4. While the lower right corner is excluded
by today’s DM energy density, the lower left one is ruled
out by the allowed energy density (which scales like ra-
diation) during BBN. Smaller WDM particle masses re-
quire a higher temperature and thus a lower number of
degrees of freedom in thermal equilibrium at decoupling to
have the correct energy density today. In the grey shaded
region at the left the increased WDM temperature would
result in a too large energy density during BBN.

To constrain the DM self-interaction strength via BBN
we have to focus on the earliest stage of BBN, which is the
freeze-out of the neutron to proton number ratio. This
occurs at temperatures of 7;, ~ 800 keV.

A larger energy density results in a higher expansion rate
of the universe (H = @'/?). This implies that the equality
between expansion rate and reaction rate of reactions that
keep the neutrons and protons in equilibrium is achieved
earlier, i.e. at a higher temperature, and hence the neutron
concentration at freeze-out is enhanced. The time when the
deuterium bottleneck opens is not affected by an additional
energy density of DM self-interactions (as Qg * a”%).
Hence, the period between freeze-out of the relative neu-
tron concentration [X,, = n,,/(n, + n,)] and the beginning
of nucleosynthesis reactions is slightly extended (Ar =
1wBBN — lfo ). During this time span free neutrons decay.
Nevertheless, also the neutron concentration when the
deuterium bottleneck opens is increased [X0BBN =
Xto exp(—At/7,)]. Nearly all neutrons available for the
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FIG. 4 (color online). Allowed combinations of the WSIDM
particle parameters according to Eqs. (15) and (19).
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nucleosynthesis processes are incorporated into “He. For
this reason, the primordial *He mass fraction (Yp ~
2XPBBN) i5 the ideal probe to constrain the self-interaction
energy density contribution and thus the self-interaction
strength. The detailed calculation is given in Appendix B.
We assume for simplicity that the freeze-out of the neutron
to proton number ratio occurs in a radiation dominated
universe, so that the DM self-interaction energy density
contribution does not exceed the radiation contribution:
o = o +oly = (1 +afplely, 0= <1,
2D

where x> = ko /ol According to the definition of the
DM self-interaction energy density, Eq. (21) translates into
the following constraint on the DM self-interaction

strength:

Mgy _\/%X 10.75 T;o, gwpm MwDM
- f.0.1/2 ngec X

Vst xkod 8dr Stheg Twpm
200 0
_ o 3430 X 10.75 2 Tio. H5O2m Fwpm
SI 8772 X 3 10 Pl ¢, 1/2 T3 m
11 8efr 0 WDM

QODMh% T;, /879 keV F&,DM
0.1143 (xg;/0.279)'/% mwpym
(22)

~ 1.70 X 10° eV? X

For the second equality we have used the relation between
the parameters describing the WSIDM particle properties
according to Eq. (15).

A robust upper limit on the primordial “He abundance
inferred from observations is (20 uncertainty, from
Ref. [47])

Yp <0.255. (23)

This implies a constraint on the DM self-interaction energy
density contribution at the freeze-out of the neutron to
proton number ratio (see Appendix B) as

ko < 0.279. (24)

The resulting constraint on the DM self-interaction
strength according to Eq. (22) is shown in Fig. 5. The
grey shaded region is ruled out by the allowed additional
energy density contribution of DM self-interactions at the
freeze-out of the neutron to proton number ratio. The limit
on the self-interaction strength scales inverse proportional
to the SIDM particle mass. Even an additional energy
density contribution of DM self-interactions of the strength
of the strong interaction (myyong/ Vsirong ~ 100 MeV) is
consistent with the primordial element abundances.

If we associate with the vector meson exchange interac-
tion a cross section given by

oy =~ 531 (25)
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FIG. 5 (color online). Constraint on the DM self-interaction
strength according to Eqgs. (22) and (24) by the permitted energy
density at freeze-out of the neutron to proton number ratio as
kickoff of the primordial nucleosynthesis.

where s = 4E3;\,; in the center of momentum frame, with
Esiom ~ Tspm (~ mspm) as the relativistic (nonrelativ-
istic) single-particle energy, Fig. 6 shows the ‘‘late uni-
verse” constraints on the dark matter collisional cross
section as discussed in Sec. I, comparable with the con-
straint on the DM self-interaction strength from the halo
structure of Ref. [48]. Note that the constraints on
og1/mgipy are valid only if all DM is self-interacting
(Fyypm = 1), whereas our constraint on the DM self-
interaction strength via primordial nucleosynthesis has a
trivial dependence on the relative amount of SIWDM

(ms1/Jast * Fypym)-
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FIG. 6 (color online). Constraint on the DM self-interaction
strength depending on the SIDM particle mass for two different
relative amounts of SIWDM according to Egs. (22) and (24),
together with the proposed ranges [20,24,25] of the DM colli-
sional cross section, for the case that all DM is self-interacting
(Fypy = D) according to Eq. (25).
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IV. DARK MATTER DECOUPLING

Chemical decoupling occurs when the expansion rate of
the universe exceeds the dark matter annihilation rate

[y = npu{oav), (26)

where (o, v) is the thermally averaged product of the total
DM annihilation cross section and the relative velocity of
the annihilating DM particles. The expansion rate of the
universe is determined by the dominant energy density
contribution (H o @'/2). In the standard model DM decou-
pling takes place in a radiation dominated universe. In an
epoch prior to radiation domination when the WDM self-
interaction energy density contribution dominates (Fig. 1),
DM decoupling can occur during this self-interaction
dominated era.

A. Self-interacting warm dark matter

In the case of thermal WDM relics the DM particles are
relativistic at decoupling and their annihilation rate is
therefore I'YPM = nypyoWPM. In a universe that is domi-
nated by the WDM self-interaction energy density contri-
bution, also the expansion rate is proportional to the
SIWDM nparticle density [Qs; * napyv, Eq. (9)], so that
for 'y = H the WSIDM annihilation cross section is
independent on the particle parameters but determined by

the elastic self-interaction strength:
oWDM (8_77)1/2,"4 ag]
A 3 Pl mg;
100 MeV
7 — O weak-
msi/\/asi

This dependence of the WSIDM annihilation cross section
on the elastic self-interaction strength is shown in Fig. 7.

~7.45%x 1077 X 27)
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FIG. 7 (color online). Constraint on the WSIDM annihilation
cross section depending on the elastic self-interaction strength,
in the case of WSIDM decoupling in a self-interaction domi-
nated universe, according to Eq. (27).
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The annihilation cross section is given here in units of the
cross section for weak interactions, which is defined as
T3
- ~ -12 )
Uweak:3—f12~3-18>< 10 GCV
piHto

~ 1.24 X 107% cm?. (28)

One notes that the WSIDM annihilation cross section is
rather small for reasonable (elastic) interaction strengths
(WM < 7 ear). Hence, WSIDM decoupling in a self-
interaction dominated universe reproduces naturally and
consistently the “superweak” inelastic coupling between
the WSIDM and baryonic matter, required in Sec. III A to
obtain typical WDM particle masses of 1-10 keV. Our
analysis of SIDM decoupling in a self-interaction domi-
nated universe complies with the qualitative statement of
Ref. [49] “that the elastic scattering cross section cannot
be arbitrarily small given a nonvanishing inelastic cross
section.”

B. Collisionless cold dark matter

For a CDM species the thermally averaged product of
the total DM annihilation cross section and the relative
velocity between the annihilating DM particles is given
according to Maxwell-Boltzmann statistics by

4 (T \I1
(opav) = a’CDM—( ) )
A A T \mepy

(29)

Hence, the conditional equation for the decoupling of
collisionless CDM in a universe dominated by the self-
interaction energy density contribution of SIWDM reads

a_gDM<mCDM>_1/2 :\/g T N st
Tegee 34mp; n&EE mg;

The WDM particle density is that of a decoupled, relativ-
istic free Boltzmann gas. If one inserts for the CDM

particle density the particle density of a nonrelativistic
particle species, one arrives at

(30)

3/2 200 Cdec
Mcpm exp(— mCDM) _ B mp Hi OBy 8ineg

10 3 CDM
Tcgec Tgec 4X3 N To (2N

VAL

gcpomMwpMm Mgt

FO
If one takes for the CDM particle density the decoupling

particle density according to its today’s relic density
[Eqg. (13) for the CDM component], one gets

oM S\Fmg H3 QR (mCDM)l/Z Fypm  Mcoum
T weak 3 P TS TCdec 1-F QJVDM Mwpm
o
x VSt (32)
mgy

While in a radiation dominated universe the CDM annihi-
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lation cross section depends logarithmically on the CDM
particle mass, we find that oSPM is proportional to mcpy
when CDM decoupling occurs in a self-interaction domi-
nated universe. Furthermore, a larger elastic self-
interaction strength implies a higher expansion rate, so
that the annihilation cross section has to be larger, in order
that the CDM fits its particle density today. One can solve
Eqgs. (31) and (32) iteratively for a chosen parameter set of
DM particle parameters. The correlation between the an-
nihilation cross section of collisionless CDM and the self-
interaction strength of elastic WDM self-interactions is
shown in Fig. 8.

The value of mg;//ag; is bounded below by constraints
from primordial nucleosynthesis according to Eqgs. (22)
and (24). The upper limit of mg;/,/as; comes from requir-
ing a self-interaction dominated universe at CDM decou-
pling (@§¢ > 0C%e). This condition implies rather strong
elastic WDM self-interactions, which result in large colli-
sionless CDM annihilation cross sections, exceeding con-
siderably the cross section of the weak scale. This is in
contrast to what is called “WIMP miracle” in the standard
model, the fact that a CDM particle with a mass around
100 GeV fits to today’s DM relic density with an inelastic
cross section of the weak scale. The nonobserved decay of
a Z boson into two DM particles rules out CDM masses of
mepy = my/2 = 45.6 GeV. The linear dependence of the
CDM annihilation cross section on the CDM particle mass
can also be recognized in Fig. 8. The ratio of CDM particle
mass and temperature at CDM decoupling becomes
slightly larger in a self-interaction dominated universe
compared to CDM decoupling in a radiation dominated
universe, depending on the CDM particle mass. We find
values of mcpy/Tegee between 25 and 35 for the parameter
sets given in Table 1.
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FIG. 8 (color online). Collisionless CDM annihilation cross
section in dependence of the elastic WDM self-interaction
strength according to Egs. (31) and (32) for DM particle pa-
rameter sets given in Table 1.
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TABLE I. DM parameter sets shown in Figs. 8—10. Compared
to the reference set 1, we increase the CDM degeneracy factor
gcpwm in set 2, the WSIDM particle mass mypy in set 3, and the
relative amount of WSIDM F$,,, in set 4 and decrease the
CDM particle mass mcpy in sets 5 and 6.

Set mepm gcoM mMwpM Fom
1 10 TeV 2 1 keV 0.1
2 10 TeV 3 1 keV 0.1
3 10 TeV 2 10 keV 0.1
4 10 TeV 2 1 keV 0.9
5 100 GeV 2 1 keV 0.1
6 10 GeV 2 1 keV 0.1

If CDM decoupling occurs in a radiation dominated
universe, the natural scale of the velocity weighted mean
annihilation Cross section is (opv) ~3 X
10726 em®s™! /(1 — Fypy) [33,50]. For the decoupling
of collisionless CDM in a universe dominated by the DM
self-interaction energy density contribution this becomes

(oav) = (S_W)I/Qm—l Fypm  Mcpm /@si
3 Pl 1 - F?VDM Mwpm  Ms1

571 mCDM/IO TeV

~ 277 X 1073 cm?
om mWDM/l keV

I MeV  Fip,
mg1/ Jasi 1 — Fypy

Hence, the degeneracy in the CDM particle mass is re-
moved and the natural scale of the CDM annihilation cross
section depends also on the CDM particle mass. All in all
the natural scale of CDM decoupling can be increased by
some orders of magnitude when CDM decoupling occurs
in a self-interaction dominated universe, depending on the
elastic WDM self-interaction strength (see Fig. 10).
Interestingly enough, such boosted CDM annihilation
cross sections are able to explain the high energy cosmic-
ray electron-plus-positron spectrum measured by Fermi-
LAT and the excess in the PAMELA data on the positron
fraction (e.g. [37,38]; see Fig. 11). A general upper limit on
the DM annihilation cross section is set by the unitarity
bound. For s-wave dominated annihilation this is [49,51]

dar

5 .
comV

(33)

(oav) =

(34)

Together with the natural scale of the CDM annihilation
cross section, the unitary bound sets an upper limit on the
CDM particle mass of thermal relics. For CDM decoupling
in a radiation dominated universe this is mcpy =
100 TeV(1 — Fypy) /. If collisionless CDM decoupling
occurs in a self-interacting dominated universe, the unitar-
ity bound leads with the corresponding natural scale
[Eq. (33)] to the following limit of the thermal relic
CDM particle mass:
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372\1/6 1/6
Mcpm = (%) mél/3<mCDM)

TCdec
1 — F9 1/3 1/3
< () Tl ()L es)
Fypm VA

~2.86 X 10'2 eV X (mWDM i/ “51)1/3

1 keV 1 MeV
(e (1 P o
TCdec FWDM

The resulting upper limit on the thermal relic CDM particle
mass for CDM decoupling in a self-interaction dominated
universe is shown in Fig. 9.

The maximum thermal relic CDM particle mass for
CDM decoupling in a self-interaction dominated universe
depends on the elastic WDM self-interaction strength and
on the DM particle parameters. The limit on mcpy; is well
in the TeV range.

Another way to constrain the annihilation of DM is via
the appearance of thereby produced particles. Neutrinos
proved to be the most useful final state, since they provide a
stringent but conservative upper limit on the DM annihi-
lation cross section independent of branching ratios
[33,52]. Assuming s-wave dominated CDM annihilation
processes we can directly transfer the DM annihilation
cross-section limits from today’s neutrino signal to the
early universe CDM decoupling. Since our model contains
three ingredients, namely, warm dark matter, nonvanishing
elastic dark matter self-interactions, and larger cold dark
matter annihilation cross sections, which tend to lead to
less cuspy halo profiles, we use the Milky Way Halo
Average neutrino constraint of Ref. [52] to compare with
the predicted CDM annihilation cross sections when colli-

vl vl vl v vl vl
= i
14 2 L
107315 ) g
10— 4 r
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10"” 4 _ o 3
10" e
100 10 1e® 10t 10t 1t 100 10t 10”10

mg /oy’ (eV)

FIG. 9 (color online). Upper limit on the thermal relic CDM
particle mass from the unitarity bound depending on the elastic
SIWDM self-interaction strength for collisionless CDM decou-
pling in a self-interaction dominated universe for DM parameter
sets given in Table I, according to Eq. (35).
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FIG. 10 (color online). Thermally averaged product of the total
collisionless CDM annihilation cross section and the relative
velocity between the annihilating CDM particles in dependence
of the elastic WDM self-interaction strength for the DM particle
parameter sets given in Table I, according to Eq. (33). Also
shown are as upper limits the unitarity bound (ub) and neutrino
bound (vb) for the chosen CDM particle masses.

sionless CDM decoupling occurs in a self-interaction
dominated universe. Figure 10 shows the velocity weighted
mean CDM annihilation cross section for decoupling in a
self-interaction dominated universe according to Eq. (33)
together with the unitarity bound and neutrino bound for
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FIG. 11 (color online). Thermally averaged product of the total
collisionless CDM annihilation cross section and the relative
velocity between the annihilating CDM particles in dependence
of the CDM particle mass for the DM particle parameter sets
given in Table II, according to Eq. (33). Also shown are as upper
limits the Halo Average neutrino bound of Ref. [52] (¢vb) and the
unitarity bound according to Eq. (34) (ub), as well as the 20
contours for fits to Fermi (Fermi x) and PAMELA (PAM p) data
assuming annihilation only to u* u~ of Ref. [38] and the best-fit
lines to the PAMELA data for annihilations to ete™ (PAM e)
and WTW~ (PAM W) of Ref. [53].
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TABLE II. DM parameter sets shown in Fig. 11. Compared to
the reference set A, we increase the CDM degeneracy factor
gcpm 1n set B, the WSIDM particle mass mypy in set C, the
relative amount of WSIDM F3,p,,, in set D and the elastic WDM
self-interaction strength in set E and decrease it in set F.

Set mg/ \Jars1 gcpMm MwpMm Fpm
A 1 MeV 2 1 keV 0.1
B 1 MeV 3 1 keV 0.1
C 1 MeV 2 10 keV 0.1
D 1 MeV 2 1 keV 0.9
E 1 keV 2 1 keV 0.1
F 100 MeV 2 1 keV 0.1

given CDM particle mass. One realizes that the combina-
tion of superstrong WDM self-interaction strengths to-
gether with very heavy CDM particle masses are ruled
out. With regard to the neutrino bound of the DM annihi-
lation cross section one should consider that it assumes that
all the DM is collisionless CDM, which is not the case in
our model with a much more weakly annihilating WDM
component, so that it sets very strong limits on the self-
interaction strengths.

Finally Fig. 11 displays the velocity weighted mean
CDM annihilation cross section for decoupling in a self-
interaction dominated universe according to Eq. (33) in the
common presentation as a function of the collisionless
CDM particle mass, together with the Halo Average neu-
trino constraint of Ref. [52], the unitary bound according to
Eq. (34), the 20 contours for fits to Fermi and PAMELA
data assuming annihilation only to ™ u~ of Ref. [38], and
the best-fit lines to the PAMELA data for annihilations to
ete” and WT W™, respectively, of Ref. [53].

V. STRUCTURE FORMATION

Now we want to study the impact of a self-interaction-
dominated epoch in the early universe on the evolution of
ideal fluid cosmological perturbations. We use uniform
expansion gauge (UEG) that is free of unphysical gauge
modes and has the two gauge invariant variables & and i,
which can be identified with the density contrast and a
quantity related to the fluid velocity in the subhorizon limit
(kp}1 > H), respectively [54,55].

The system of general relativistic evolution equations in
UEG reads

3(w; — %) kK~  3(1+w)
8 =——256, + - : 7
i a i ag_[ lpz a, 37)
R ST k (1 + w)k
i S LI g D (38
v a Vi G0 g Y
3(1 +3¢?
a 2+ 3¢) (39)

G
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where § is the density contrast, w = p/@ is the equation of
state, c, is the isentropic speed of sound, HH is the confor-
mal Hubble parameter, k is the comoving wave number of
the mode (k = kypa), and «a is the perturbation of the lapse.
Primes denote derivatives with respect to the scale parame-
ter a. Equations (37) and (38) apply to each decoupled fluid
component 7 individually and the general relativistic ana-
logue of the Poisson equation (39) connects them. In
Eq. (39) the averaged quantities w =Y ,p;/>,0;, 6=
3.:(0:6:)/%,0;, and ¢ = X(c3,0:6,)/3:(0;6;) enter.

For a single fluid with w = 1, corresponding according
to Eq. (9) to self-interaction domination, the analytic solu-
tion in the subhorizon limit (k/JH >> 1) is given by

dsi(a) < a - (Acos(a®> — 3m/4) + Bsin(a®> — 3m/4)), (40)

i.e. an oscillation with linearly growing amplitude as
shown by Ref. [55]. This is in contrast to density fluctua-
tions in standard CDM that can only grow logarithmically
during radiation domination in the early universe.

For self-interacting warm dark matter there are two
relevant damping scales, collisional self-damping (sd)
due to particle scattering at early times and free streaming
(fs) at late times when the WDM elastic self-interaction
rate I'g; has dropped below the Hubble rate. These two can
be estimated via the expressions

Lsdec U\ZNDM(t)dt

RS , 41

=)y Taa® @b

lfg - [tcol]zxpse UWDM(t)dt’ (42)
1 a(t)

sdec

as given, for example, in Refs. [56,57]. 7 yjjqpse denotes the
time of gravitational collapse, and the rms velocity of the
WDM nparticles is vwpy = ¢ = 1. Equation (41) is only
valid as long as [,y << I, i.e. as long as the particles can be
treated as interacting. Any increase in the density contrast
in WSIDM produced at early times will be washed out at
later times either due to collisional self-damping or due to
an inevitable phase of free streaming after self-decoupling
(sdec).

In a mixed model of SIWDM and collisionless CDM the
picture can differ because the CDM component allows
some increase in density fluctuations to be stored. First
of all let us examine the solution to the Eqs. (37)—(39) for a
subdominant CDM component in a SIWDM background

_ 2 — —~ _ 2~ 2 — 1\
Wepm = Csep = 0, w = wgp = 1, ¢y = ¢ = ):

kA 3
5! = B 4
cOM T g7 Yeom Pl (43)
B lom = —~ reom — —ra0 (44)
CDM g Veom T g
6
S S 45
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The transition from superhorizon to subhorizon behavior
happens very quickly in a SIDM background since
k/H = kon/H = (a/a)?, where al! is the scale parame-
ter at horizon entry. The terms proportional to « can be
dropped in the subhorizon limit (k/ H > 1) and the equa-
tions simplify further:

a

Scom = T b coms (46)
ay

., 1

Yeom = — p ¥ com- 47

The solution for i cpy is easily found to be cpy = C/a
with C being a constant. This then automatically yields the
solution to Eq. (46)

Scpm = a - (C/a™) + D, (48)

with D being a constant. Interestingly, this means that
subhorizon collisionless CDM density fluctuations will
also grow linearly during a SIWDM dominated phase in
contrast to a radiation dominated phase. Thus there will be
a region of enhanced fluctuations at low masses in the
matter power spectrum between the comoving wave num-
ber that is equal to the Hubble scale F{ I at SIDM-
radiation equality and the wave number that corresponds
to the collisional self-damping scale kig of SIDM at the
same moment. A quick estimate then yields the following
CDM transfer function: T(k) = A®(k)/A™(k) i.e. the ratio
of the amplitude of the CDM density fluctuation A with
wave number k at SIDM-radiation equality (eq) normal-
ized to the amplitude at horizon crossing (in):

k
Hea

This results from the fact that in a SIDM background
modes become subhorizon more quickly since k/JH
a’ while each subhorizon CDM mode only grows as
Scpm = a. So while each subhorizon mode has increased
in amplitude by 1 order of magnitude, 2 additional orders
of magnitude in wave number have become subhorizon.
Therefore the spectrum is less steep than one might expect.

In Refs. [58,59] limits on the abundance of planet size
dark matter objects in the galactic halo via gravitational
lensing from the MACHO and EROS surveys are given.
These surveys are sensitive to dark matter objects down to
~10""M. In Fig. 12 we show the affected mass range of
collisionless CDM density fluctuations as a function of the
WDM elastic self-interaction strength mg,/,/ag; for two
different values of the SIWDM particle mass mwpy =
1 keV, 100 keV at wwpm/Twom = 0, and Fpy = 0.1.
Also shown is the sensitivity limit of the MACHO and
EROS surveys. The shaded areas are limited to the left by
the requirement agy™! < agpy [Eqs. (22) and (24)], which
also limits the largest structures that can be affected to
~1.4 X 1073M. Using Eq. (49) this means in turn that

T(k) = ki >k > e, (49)
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FIG. 12. Mass range of collisionless CDM density fluctuations
affected by a SIWDM dominated epoch for two values of the
SIWDM dark matter mass as a function of the self-interaction
strength at pwpy/Twpm = 0 and Fiypy = 0.1.

fluctuations on scales of 1077 M, are only enhanced by at
most a factor of ~(1073/1077)1/¢ = 5. Therefore it is
unlikely that an observable overproduction of planet sized
objects could result from the proposed scenario. For most
of the parameter space the effect is far from being observ-
able with present small scale dark matter surveys. In the
limit of very weak WDM self-interactions the self-
damping length becomes very large and WSIDM can
become free streaming before SIDM-radiation equality
and any temporary small scale increase in the density
contrast gets damped away.

Note that elastic scattering processes between collision-
less CDM and standard model particles can contribute an
additional induced collisional damping scale until CDM
thermal decoupling, discussed e.g. in Refs. [54,56,60].

VI. CONCLUSIONS

In this paper we have analyzed constraints on an energy
density contribution of elastic dark matter self-interactions
Os1, characterized by the mass of the exchanged particle
mg and the coupling constant ;.

The scaling of energy densities implied that the self-
interaction contribution decreases as Qg * a~® and thus
can only have a direct impact on the very early universe. As
the energy density scales with the number density squared
due to interactions, self-interacting dark matter has to be
warm in the case of thermal relics to give the correct
scaling behavior ngpy © @ 3. Note that this does not
rule out a second collisionless cold dark matter component.

We used today’s dark matter energy density and the
allowed radiation energy density during primordial nucleo-
synthesis to constrain the parameters characterizing the
warm self-interacting dark matter particle properties. The
dependence of the primordial “He abundance on the dark
matter self-interaction energy density contribution at neu-
tron to proton number ratio freeze-out allowed one to
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constrain the self-interaction strength mg;/,/ag;, which
depends inversely on the self-interacting dark matter par-
ticle mass (mg;/./as * 1/mypy) but can be at least as
strong as the strong interaction scale (mg/./as; ~
100 MeV). Furthermore, our constraint on the dark matter
self-interaction strength has a trivial dependence on the
relative amount of self-interacting warm dark matter
(mSI/\/EéT * FQVDM)

We also analyzed dark matter decoupling in a universe
dominated by the self-interaction energy density contribu-
tion. The annihilation cross section of warm self-
interacting dark matter o °M is inverse proportional to
the elastic self-interaction strength (o) PM o Jfargr/mg;)
and much smaller than o,. The natural scale for the
annihilation cross section of a collisionless cold dark mat-
ter component o$°M exceeds the weak scale (o$PM >
Oweak) and depends linearly on the particle mass mcpy
(0SPM o mepy X \Jais;/msp). This casts new light on the
“WIMP miracle” and coincides with the Fermi-LAT and
PAMELA data. The unitary bound and neutrino induced
constraints on the dark matter annihilation cross section
allowed one to disfavor the combination of superstrong
elastic warm dark matter self-interactions (mg;/./ag <
1 MeV) together with very heavy thermal relic cold dark
matter particle masses (mcpy ~ 10 TeV).

A relativistic analysis of linear perturbation theory re-
veals a linear growing solution 6 « a of self-interaction
dominated warm dark matter and also of collisionless cold
dark matter in a mixed model during self-interaction domi-
nation. However, only noncosmological scales (M =
1073M,) can be enhanced and a small observable effect
could only be present with fine-tuned parameters.
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APPENDIX A: SELF-INTERACTION COUPLING
CONSTANT

The ansatz for the self-interaction energy density that we
have used in this work [Eq. (9)] is valid only when mg >
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FIG. 13 (color online). Constraints on the coupling constant in
dependence of the DM self-interaction strength at primordial
nucleosynthesis and collisionless CDM decoupling, according to
Eq. (Al).

5Tsipm- Once mg;/ . /arg; is known, this can also be used as
a boundary condition on the coupling constant for given
Tsipm:

ag > 2532 (A1)
mgy

This condition has to be fulfilled at primordial nucleosyn-

thesis and at collisionless CDM decoupling for the two

component DM scenario. Figure 13 shows the correspond-

ing constraints on the self-interaction coupling constant for

: : f.o. — Cdec _—
the conservative assumptions Ty = Tto. and TySy =

mepm/ (Mepm/Tegee) With mepy = 10 TeV.

We see that a self-interaction dominated universe at
BBN imposes rather loose conditions on the coupling
constant (€.g. @grong > 1.93 X 1073), while collisionless
CDM decoupling requires exotic coupling constants (e.g.
Qgrong > 2.47 X 108).

APPENDIX B: PRIMORDIAL NUCLEOSYNTHESIS

The following analytical calculations are based on
Refs. [61,62]. We assume that the freeze-out of the neutron
to proton number ratio occurs in a radiation dominated
universe, so that the DM self-interaction energy density
contribution does not exceed the radiation contribution:

tf(.)(t). — leo + Qf.o. — (1 + xglo.)gf.o.

f.o.
rad rad’ 0= xSF <L
The modification of the total energy density implies a
change in the temperature-time relation, and thus the con-
ditional equation of the neutron to proton ratio freeze-out
temperature becomes
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Tf.o. 4 Tf.o. 3 <Tf.0. )2
. + 4. + 0.
9 50<Am) 4 63<Am) 0.677 Am

= ghe(1 + xfp)1 /2, (B1)
g% is the effective number of degrees of freedom contrib-
uting to the radiation energy density. According to the
discussion in Sec. I1I B gg'f‘;' = 11.275. Adopting the largest
possible energy density of radiation during BBN, we cal-
culate the most conservative limits on the self-interaction
energy density and hence self-interaction strength. The
freeze-out temperature without any self-interaction energy
density contribution—but with the maximum WDM parti-
cle contribution %%y = 0.3050—is Ty, (xk> = 0) =
848 keV. Doubling the radiation energy density at neutron
to proton number ratio freeze-out, the freeze-out tempera-
ture would increase to 938 keV. The increase of the freeze-
out temperature by a nonvanishing DM self-interaction
energy density contribution at freeze-out results in an
increase of the relative neutron concentration at freeze-
out, which is given by

Xto = f - exp{—g;ff” 2(1 + xgp) 12 f "[9.50x% + 4.63x
0 0

+ 0.677][1 + exp(— )%)]dx}Zyz[lj—)::osh(%)]'
(B2)

For a vanishing energy density contribution of DM self-
interactions the relative freeze-out neutron concentration is
Xto(xke- = 0) = 0.157, which would increase to 0.184 if
one doubles the radiation energy density. The number of
neutrons available for the primordial nucleosynthesis pro-
cesses depends on the time spent between the freeze-out
and the opening of the deuterium bottleneck. The moment
of the neutron concentration freeze-out (using the point in
time corresponding to the above defined freeze-out tem-
perature) in a radiation dominated universe is

45 \1/2 . e
tf.o. = ( ) mplgi'f(;' 1/2(1 + fo'IO‘) 1/2T~ 2 (B3)

167 bo-
The time corresponding to the temperature when the nu-
cleosynthesis processes effectively set in is given by

45 )1/2

bBBN—1/27—)
167

P18 cff bBBN (B4)

IbBBN = (
since the energy density contribution of the self-interaction
is vanishing by then (see the discussion in Sec. III B).
Because Tygpny = 73.7 keV the corresponding effective
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FIG. 14 (color online). Primordial “He mass abundance Y »
depending on the additional energy density of DM self-
interactions at neutron to proton number ratio freeze-out.
Additionally the upper limit on Y, inferred from observations
is shown.

number of relativistic degrees of freedom is gbBEN ~

3.50, where we include the WDM particles as being still
relativistic. For relatively heavy WDM particles that de-
couple at a large number of degrees of freedom in thermal
equilibrium this does not necessarily be the case, but it is
again the right choice for a conservative constraint of the
self-interaction strength. With this input one can calculate
the relative neutron concentration at the effective begin-
ning of the nucleosynthesis [X2BBN = XTo exp(—At/7,)]
and finally the expected primordial abundance of “He
(Yp =~ 2X"BBN) The dependence of the primordial “He
abundance on an additional energy density contribution
of DM self-interactions at freeze-out of the number ratio
of neutrons and protons is shown in Fig. 14. Without this
contribution it is Yp(xL®> = 0) = 0.241 and in the case of
twice the radiation energy density this value increases to
0.281.

The primordial *He abundance inferred from observa-
tions is subject of systematic uncertainties (for a discussion
see Ref. [47]) but a robust upper limit on Yp is Yp < 0.255
(2o [47]). This implies a constraint on the DM self-
interaction energy density contribution at the freeze-out
of the neutron to proton number ratio of xk> < 0.279. Very
recently Refs. [63,64] determined the primordial *He abun-
dance Yp with a central value of 0.256, which underlines
the possibility of new physics beyond standard BBN.
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