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Figure 1. The left panel shows the phaseplot and solution for the WIMP temperature

evolution, for mχ ∼ 100 GeV and |M|
2

∼ g4
Y (mχ/ω)2, expressed in the dimensionless

variables introduced in Eqs. (8, 9). At T ! Tkd, any departure from thermal
equilibrium (Tχ = T ) is restored almost immediately (except for a short period around
the QCD phase transition); for T " Tkd, the WIMPs decouple from the thermal bath
and cool down with the Hubble expansion as Tχ ∝ a−2.

In the right panel, the effective number of relativistic degrees of freedom is plotted
as a function of the temperature, implementing the results of [25] for the evolution of
this quantity during the QCD phase transition; for reference, the decoupling of muons
and electrons is also indicated.

from this behaviour (except for a short period during the QCD transition, see below,

when the rapidly changing effective number of degrees of freedom does not allow this).

In principle, the scattering with all types of SM particles contributes to c(T ), see
Eq. (A.8). This picture is a bit complicated by the fact that kinetic decoupling in some

cases can take place close to, or even above the QCD phase transition, the details of

which are not yet fully understood. Lattice calculations, however, start to converge at

a value for the critical temperature of Tc ≈ 170 MeV for the most interesting case of

two light (up and down) and one more massive (strange) quark flavour [23] and indicate

that the plasma can be described by free quarks and gluons only for T " 4Tc [24]. For
the effective number of degrees of freedom during the transition, we adopt the results

of [25] as displayed in the right panel of Fig. 1. As scattering partners are concerned,

we conservatively restrict ourselves to leptons and, for T > 4Tc, to the three lightest

quarks.

The resulting range in Tkd for neutralino dark matter, obtained after having

performed the extensive scan described in Section 2, is shown in Fig. 2 as a function of

the mass mχ and gaugino fraction Zg ≡ |N11|2 + |N12|2 (in our case dominated by the
Bino fraction). The gray band indicates the QCD phase transition; values for Tkd inside

or above this band should be interpreted as upper bounds on the decoupling temperature

since the scattering with some of the hadronic degrees of freedom was not taken into

account. On the other hand, as the coupling of WIMPs to hadrons is usually smaller

than to leptons, the difference between this upper bound and the actual value of Tkd is

not expected to be very big; note also that the scattering with bound QCD states like,
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Figure 2. The range of decoupling temperatures for neutralino DM. For models that
fall inside or above the gray band marking the QCD phase transition, the actual value
of Tkd will be slightly smaller than indicated. See text for further details.

e.g., pions is suppressed due to their rather large masses and thus small abundance (the

evolution of density fluctuations, on the other hand, may very well be influenced by the

details of the QCD phase transition, see the next Section). In addition to the result

of the scan, the Figure also indicates the decoupling temperature for four mSUGRA

benchmark models that were introduced in [26, 16] and present typical examples for

neutralinos in the bulk (I ′), coannihilation (J∗), funnel(K ′) and focus point (F ∗) region;
the quite different annihilation spectra in gamma rays for these models, and the resulting

prospects for indirect detection, were recently studied in some detail in [16, 27].

Assuming a constant equation of state and relativistic scattering partners, Eq. (5)

has actually an analytic solution [22] that can be used for a quick estimate of Tkd.

This estimate proves to be rather good (within 10% of the full result shown here) for

masses below a few hundred GeV; above that, however, the exact mass dependence of
the number density of τ leptons, in particular, can be crucial, leading in some cases to

differences of more than a factor of 5 between the two results. A further observation

is that MSSM and mSUGRA models occupy roughly the same regions in the Tkd – mχ

plane; the largest values of Tkd for Higgsinos (at high masses) and Binos (at intermediate

masses), however, corresponds nearly exclusively to MSSM models, while almost all

Binos with a decoupling temperature below the band occupied by mixed neutralino are
mSUGRA models.

For illustrative reasons, finally, the right panel of Fig. 2 compares the kinetic with

the chemical decoupling temperature: as anticipated, kinetic decoupling takes place

much later than chemical decoupling, at temperatures a factor of 10− 1000 lower. The

possible range in Tkd is, furthermore, considerably larger than the one in Tcd – which
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Figure 2. The range of decoupling temperatures for neutralino DM. For models that
fall inside or above the gray band marking the QCD phase transition, the actual value
of Tkd will be slightly smaller than indicated. See text for further details.

e.g., pions is suppressed due to their rather large masses and thus small abundance (the

evolution of density fluctuations, on the other hand, may very well be influenced by the

details of the QCD phase transition, see the next Section). In addition to the result

of the scan, the Figure also indicates the decoupling temperature for four mSUGRA

benchmark models that were introduced in [26, 16] and present typical examples for

neutralinos in the bulk (I ′), coannihilation (J∗), funnel(K ′) and focus point (F ∗) region;
the quite different annihilation spectra in gamma rays for these models, and the resulting

prospects for indirect detection, were recently studied in some detail in [16, 27].

Assuming a constant equation of state and relativistic scattering partners, Eq. (5)

has actually an analytic solution [22] that can be used for a quick estimate of Tkd.

This estimate proves to be rather good (within 10% of the full result shown here) for

masses below a few hundred GeV; above that, however, the exact mass dependence of
the number density of τ leptons, in particular, can be crucial, leading in some cases to

differences of more than a factor of 5 between the two results. A further observation

is that MSSM and mSUGRA models occupy roughly the same regions in the Tkd – mχ

plane; the largest values of Tkd for Higgsinos (at high masses) and Binos (at intermediate

masses), however, corresponds nearly exclusively to MSSM models, while almost all

Binos with a decoupling temperature below the band occupied by mixed neutralino are
mSUGRA models.

For illustrative reasons, finally, the right panel of Fig. 2 compares the kinetic with

the chemical decoupling temperature: as anticipated, kinetic decoupling takes place

much later than chemical decoupling, at temperatures a factor of 10− 1000 lower. The

possible range in Tkd is, furthermore, considerably larger than the one in Tcd – which
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Figure 3. The left panel shows the exponential cutoff scales associated to the main
damping mechanisms of the matter power spectrum after kinetic decoupling, viz. free
streaming and the effect of acoustic oscillations, respectively; for models above (below)
the dashed line, the former (latter) mechanism thus provides a stronger suppression of
the power spectrum. In the right panel, the cutoff mass resulting from the dominating
of these two independent effects is plotted against the neutralino mass, indicating the
typical size of the smallest protohalos to be formed.

cutoff Mcut in the power spectrum is thus, rather, given by Mcut = max [Mfs, Mao]; the

possible range of Mcut is displayed in the right panel of Fig. 3 as a function of mχ.
For very small values of Mcut, corresponding to large Tkd, one might wonder whether

the QCD transition could leave an imprint on the power spectrum. In fact, if it is first

order, the sound speed vanishes during the transition and density perturbations fall

freely, potentially leading to the production of DM clumps with masses of 10−20 to

10−10M⊙ [8]. However, the corresponding enhancement factor in the CDM density

fluctuations is only between 2 (from a lattice fit) and 20 (using the bag model) at scales
of ∼ 10−15M⊙ and significantly smaller at larger scales; this has to be compared to the

exponential suppression of power below Mcut due to the damping mechanisms discussed

here. For the smallest cutoff scales shown in Fig. 3, Mcut ! 10−10M⊙, the actual cutoff

mass might thus be slightly, but certainly not very much, smaller than indicated –

depending on the details of the QCD phase transition.

Following the paradigm of hierarchical structure formation, the smallest scales,
and thus the scales closest to the cutoff, typically enter the non-linear regime first. The

smallest gravitationally bound objects to be formed in the universe are in that case also

the first; protohalos with a mass of around Mcut. This behaviour has been confirmed

numerically, where these protohalos could be followed until a redshift of z ∼ 26 [28].

The range of expected minimal protohalo masses displayed in Fig. 3 is only slightly

smaller than what was found earlier [29] using an order-of-magnitude estimate for Tkd
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Figure 4. The kinetic decoupling temperature and the corresponding cutoff scale
for the lightest Kaluza-Klein particle in universal extra dimensions. For high Higgs
masses, mh ! 150 GeV, the grey region corresponding to the relic density constraint
given in Eq.(2) shifts upwards, allowing an LKP mass up to around 1 TeV [47].

never been in thermal equilibrium and for which the formalism presented here therefore

does not apply (though it would be very interesting to extend it such as to cover even

these cases). The maybe best studied example is the axion [48]. Initially misaligned, it
starts to oscillate coherently around T ∼ 1 GeV and from then on evolves as ρa ∝ a−3

just like ordinary CDM. Inhomogeneities on scales larger than the Hubble horizon at

the temperature of realignment later evolve into axion mini-clusters with a typical mass

around 10−12M⊙ [49]. One should, however, keep in mind that for particles that decouple

before the QCD transition – like axions, primordial black holes with MPBH ≪ M⊙

or ultra-cold WIMPs [50] – small-scale fluctuations may be strongly amplified if the
transition is first order, producing DM clumps with masses of 10−20 to 10−10M⊙ [8].

Finally, if DM consists of superWIMPs that result from the late decay of thermally

produced WIMPs, the actual cutoff in the power-spectrum is not the one from the

WIMP decoupling but the one that is imposed from the kinematics of the decay (through

the mass difference between decaying particle and DM particle). In fact, such models

have been proposed to address a certain tension that is sometimes claimed at “small”
scales (in this case Mpc instead of the pc scales that correspond to Mcut ∼ 10−5M⊙)

between observations and numerical N -body simulations [51]. However, this idea works

only partially [52]; what is more, the evidence for small-scale “problems” of standard

ΛCDM cosmology may soon well disappear completely, with more detailed observations

and N -body simulations starting to converge [53]. Nevertheless, late-decaying DM is

an interesting possibility that does not have to be related to this particular idea; in
contrast to the typical Mcut for WIMPs, a large cutoff in the power spectrum might

even be possible to probe by future micro-lensing missions.

Neutralino DM
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Figure 1. A zoom into one of the first objects to form in the universe. The colours show

the density of dark matter at redshift 26. Brighter colours correspond to regions of higher

concentrations of matter. The blue background image shows the small scale structure in the

top cube (cube size = [3 comoving kpc]3) which has a similar filamentary topology as the large

scale structure in the CDM universe. The first red image zooms by a factor of one hundred into

the average density high resolution region. This region was initially a cube of [60 comoving pc]3

resolved with 64 million particles with a gravitational softening of 10−2 comoving parsecs and

masses 1.2 × 10−10M⊙ ≡ Mmoon/300. The final image shows a close up of one of the individual

dark matter halos in this region, again zooming in by a factor of one hundred so that the box

has a physical length of 0.024 parsecs. This tiny triaxial Earth mass halo has a cuspy density

profile and is smooth, devoid of the substructure that is found within galactic and cluster mass

dark matter halos. Even though the index of the power spectrum is very steep on these scales,

n ≈ −3, we find that halos can collapse before merging into a larger system, rather than the

niave expectation that all scales are collapsing simultaneously thus erasing such structures.

Numerically, these smallest subhalos can be traced until 
z~26. The later evolution, however, is much more uncertain...

Diemand, Moore & Stadel, Nature 433 (2005)
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the 0⌫2� process is mediated by a light neutrino, the results from neutrinoless double beta decay
experiments are converted into an upper bound or a measurement of the e↵ective mass m��

m�� = |c2
12

c2
13

m
1

+ s2
12

c2
13

m
2

ei�2 + s2
13

m
3

ei�3 | , (22)

where �
1,2 are the two Majorana phases that appear in lepton-number-violating processes. An impor-

tant issue for 0⌫2� results is related to the uncertainties on the corresponding nuclear matrix elements.
For more details and the current experimental results, see [47].

Beta decay experiments, which involve only the kinematics of electrons, are in principle the best
strategy for measuring directly the neutrino mass [48]. The current limits from tritium beta decay
apply only to the range of degenerate neutrino masses, so that m� ' m

0

, where

m� = (c2
12

c2
13

m2

1

+ s2
12

c2
13

m2

2

+ s2
13

m2

3

)1/2, (23)

is the relevant parameter for beta decay experiments. The bound at 95% CL is m
0

< 2.05 � 2.3 eV
from the Troitsk and Mainz experiments, respectively. This value is expected to be improved by the
KATRIN project to reach a discovery potential for 0.3� 0.35 eV masses (or a sensitivity of 0.2 eV at
90% CL). Taking into account this upper bound and the minimal values of the total neutrino mass in
the normal (inverted) hierarchy, the sum of neutrino masses is restricted to the approximate range

0.06 (0.1) eV .
X

i

mi . 6 eV (24)

As we discuss in the next sections, cosmology is at first order sensitive to the total neutrino massP ⌘ P
imi if all states have the same number density, providing information on m

0

but blind to
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