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timation method in its entirety, but it should be equally
valid.

7.3. Comparison to other results

Figure 35 compares our results from Table 3 (modeling
approach) with other measurements from galaxy surveys,
but must be interpreted with care. The UZC points may
contain excess large-scale power due to selection function
effects (Padmanabhan et al. 2000; THX02), and the an-
gular SDSS points measured from the early data release
sample are difficult to interpret because of their extremely
broad window functions. Only the SDSS, APM and angu-
lar SDSS points can be interpreted as measuring the large-
scale matter power spectrum with constant bias, since the
others have not been corrected for the red-tilting effect
of luminosity-dependent bias. The Percival et al. (2001)
2dFGRS analysis unfortunately cannot be directly plotted
in the figure because of its complicated window functions.

Figure 36 is the same as Figure 35, but restricted to a
comparison of decorrelated power spectra, those for SDSS,
2dFGRS and PSCz. Because the power spectra are decor-
related, it is fair to do “chi-by-eye” when examining this
Figure. The similarity in the bumps and wiggles between

Fig. 35.— Comparison with other galaxy power spectrum measure-
ments. Numerous caveats must be borne in mind when interpreting
this figure. Our SDSS power spectrum measurements are those from
Figure 22, corrected for the red-tilting effect of luminosity dependent
bias. The purely angular analyses of the APM survey (Efstathiou
& Moody 2001) and the SDSS (the points are from Tegmark et al.
2002 for galaxies in the magnitude range 21 < r∗ < 22 — see also
Dodelson et al. 2002) should also be free of this effect, but rep-
resent different mixtures of luminosities. The 2dFGRS points are
from the analysis of HTX02, and like the PSCz points (HTP00) and
the UZC points (THX02) have not been corrected for this effect,
whereas the Percival et al. 2dFGRS analysis should be unafflicted
by such red-tilting. The influential PD94 points (Table 1 from Pea-
cock & Dodds 1994), summarizing the state-of-the-art a decade ago,
are shown assuming IRAS bias of unity and the then fashionable
density parameter Ωm = 1.

Fig. 36.— Same as Figure 35, but restricted to a comparison
of decorrelated power spectra, those for SDSS, 2dFGRS and PSCz.
The similarity in the bumps and wiggles between the three power
spectra is intriguing.

Fig. 37.— Comparison of our results with other P (k) constraints.
The location of CMB, cluster, lensing and Lyα forest points in this
plane depends on the cosmic matter budget (and, for the CMB,
on the reionization optical depth τ), so requiring consistency with
SDSS constrains these cosmological parameters without assumptions
about the primordial power spectrum. This figure is for the case of a
“vanilla” flat scalar scale-invariant model with Ωm = 0.28, h = 0.72
and Ωb/Ωm = 0.16, τ = 0.17 (Spergel et al. 2003; Verde et al. 2003,
Tegmark et al. 2003b), assuming b∗ = 0.92 for the SDSS galaxies.

[Tegmark et al., 2003]



However, on smaller scales

• core-cusp problem

• missing satellite problem

• Too big to fail problem

• unexpected diversity problem

discrepancies between CDM-simulation and observations
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Figure 3. Stellar mass functions from 12 APOSTLE simulations at resolution L2 compared to observations. In the left and centre, shaded regions show the mass
functions of satellites within 300 kpc of each of the primary (left) and secondary (centre) of the two main Local Group galaxies from each simulation volume,
while lines show the observed stellar mass function within 300 kpc of M31 (left) and the MW (centre). In the right, the shaded region shows all galaxies within
2 Mpc of the Local Group barycentre in the simulations, while the line is the stellar mass function of all known galaxies within the same region. On each
panel, the dark colour-shaded areas bound the 16th and 84th percentiles; light shaded areas indicate the full range among our 12 Local Group realizations. For
comparison, the grey area on each panel corresponds to the mass function of all dark matter haloes. All observational data are taken from the latest compilation
by McConnachie (2012). Note that while the M31 satellite count is likely to be complete to 105 M⊙, the count of satellites of the MW and the total count
within 2 Mpc should be considered as lower limits to the true numbers due to the limited sky coverage of local galaxy surveys and the low surface brightness
of dwarf galaxies. See Fig. A1 for numerical convergence.

colours rendered using a spectrophotometric model (Trayford et al.
2015). A variety of disc and spheroid morphologies, luminosities,
colours, and sizes are clearly visible, reminiscent of the diversity of
observed LG galaxies.

3.3 No missing satellites

Fig. 3 shows the galaxy stellar mass functions in the simulations,
using data from all 12 of the APOSTLE volumes at resolution L2.
Results are plotted both within 300 kpc from each of the two main
galaxies per volume (labelled ‘primary’ and ‘secondary’ in order of
halo mass), as well as within 2 Mpc from the LG barycentre, which
includes both central and satellite galaxies.

The primary and secondary galaxies have 20+10
−6 and 18+8

−5 satel-
lites more massive than M∗ = 105 M⊙ inside 300 kpc, respectively,
where the errors indicate the scatter equivalent to 1σ about the me-
dian values. This is in good agreement with the observed number of
MW and M31 satellites. Within 2 Mpc of the LG barycentre, there
are ∼60 galaxies with M∗ > 105 M⊙ presently known; our sim-
ulations produce 90+20

−15. The modest number of luminous galaxies
is in stark contrast to the very large number of dark matter haloes
found within the same volume, indicated by the grey shaded area in
Fig. 3. While feedback from supernovae and stellar winds regulates
star formation in those haloes where a dwarf galaxy has formed,
re-ionization has left most of the low-mass haloes completely dark.
The observed stellar mass function of the LG and those of the MW
and M31 satellites are within the 1σ scatter of the average stellar
mass function in our re-simulations over most of the stellar mass
range. The relative scatter is larger for the satellite galaxies, reflect-
ing the larger relative sampling error, and the fact that the relative
variation in single-halo mass among the different APOSTLE volumes
is larger than that of the total LG mass.

Excluding substructures, the stellar masses of the MW and M31
analogues in our simulations lie in the range 1.5–5.5 × 1010 M⊙,
on the low end compared to the observational estimates for the MW

[5 × 1010 M⊙ (Flynn et al. 2006; Bovy & Rix 2013)] but lower than
those for M31 [1011 M⊙ (Tamm et al. 2012)]. As noted by Schaye
et al. (2015), the subgrid physics used in the Reference model of the
EAGLE code, which we have adopted in this work, generally results in
slightly low stellar masses in haloes of around 1012 M⊙ compared
to abundance matching expectations (e.g. Guo et al. 2010), while
the MW and M31 both appear to lie above the average stellar-to-
halo mass relation. While the predicted abundance of satellites and
dwarf galaxies within the LG depends on its total mass, as discussed
in Section 2.2, and in more detail by Fattahi et al. (2015), we have
selected our LG analogues based on their dynamical properties in a
pure dark matter simulation, and independently of the stellar mass
in the primaries, which may be affected by the limitations of subgrid
physics model.

That the simulations reproduce the stellar mass function of galax-
ies and satellites in the LG over all resolved mass scales is remark-
able, given that these simulations use the very same EAGLE model
that matches the shape and normalization of the galaxy stellar mass
function in large cosmological volumes. Not only are our simula-
tions free of the ‘missing satellites’ problem, but they indicate that
the observed stellar mass functions of the LG volume and of the
MW and M31 satellites are entirely consistent with "CDM.

3.4 The baryon bailout

We next consider the ‘too-big-to-fail’ problem (Boylan-Kolchin
et al. 2011; Parry et al. 2012). As demonstrated by Strigari, Frenk
& White (2010) using the AQUARIUS DMO simulations (Springel
et al. 2008), a MW mass halo in "CDM typically contains at least
one satellite substructure that matches the velocity dispersion pro-
files measured for each of the five MW dwarf spheroidal satellites
for which high-quality kinematic data are available. However, that
work addressed neither the question of whether those haloes which
match the kinematics of a particular satellite would actually host
a comparable galaxy, nor whether an observed satellite galaxy can

MNRAS 457, 1931–1943 (2016)

[Sawala et al., 15]
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Figure 5. Rotation curves of four dwarf irregular galaxies of approximately the same maximum rotation speed (∼80–100 km s−1) and galaxy mass, chosen
to illustrate the diversity of rotation curve shape at given Vmax. As in previous figures, coloured solid curves and shaded areas correspond to the median (and
10th–90th percentile) circular velocity curve of simulated galaxies matching (within 10 per cent) the maximum circular velocity of each galaxy. Note that the
observed rotation curves exhibit a much wider diversity than seen in the EAGLE and LG simulations, from galaxies like UGC 5721, which are consistent with
our simulations, to galaxies like IC 2574, which show a much more slowly rising rotation curve compared with simulations, either hydrodynamical (coloured
lines) or DMO (black lines).

origin of the diversity at fixed Vmax, especially in dwarf galaxies,
which tend to be dark-matter-dominated. These are all galaxies that
form in similar haloes, have approximately the same baryonic mass,
and similar morphologies. Some diversity induced by differences in
the distribution of the baryonic component is expected, but clearly
the observed diversity is much greater than in our simulations.

The second, and more worrying, concern is the inner mass deficit
that some of these galaxies seem to exhibit relative to the !CDM
simulation predictions. Indeed, except for UGC 5721, all of the
galaxies shown in Fig. 5 have less mass in the inner 8 kpc than
expected not only from our hydro simulations (shaded coloured
regions) but also from a !CDM halo alone (solid black lines).
Systems like UGC 11707 seem marginally consistent, and could
perhaps be interpreted as outliers, but cases like IC 2574, or LSB
F583-1 are too extreme to be accommodated by our model without
significant change.

The mass deficit we highlight here has been noted before in
the context of the ‘cusp versus core’ debate (see e.g. McGaugh
et al. 2007, and references therein). Indeed, if constant density
‘cores’ were imposed on the dark matter it would be relatively
straightforward to reproduce the data shown in Fig. 5. Such cores,
however, would need to vary from galaxy to galaxy, even at fixed
halo mass and galaxy mass. Indeed, a core at least as large as
∼5 kpc would be needed to explain the fact that the rotation
curve of IC 2574 rises linearly out to ∼8 kpc, but ought to be
much smaller in LSB F583-1 and even smaller, if at all present, in
UGC 5721.

4.4 The challenge to baryon-induced core formation

The diversity of observed rotation curves presents a challenge not
only to our simulations, but also to the baryon-induced ‘core’ cre-
ation mechanism: why would baryons carve out cores so different
in galaxies that are so similar in terms of morphology, halo mass,
and galaxy mass? Further, we would expect the dark matter to be
most affected in systems where baryons play a more important role
in the potential, such as high surface brightness galaxies, whereas
observations seem to suggest the opposite trend.

A second challenge concerns the magnitude of the effect needed
to create a core as large as that inferred, for example, for IC 2574.
Published simulations where baryon effects create cores tend to
have overall a modest effect on the total inner mass profile of the
galaxy. One example is provided in Fig. 1; although baryons have
carved a ∼1 kpc core in the dark matter halo in the simulated galaxy
DG1, the total inner mass profile is actually quite similar to what
is expected for galaxies of that circular velocity in our simulations
(green-shaded region), which do not produce cores. This is because,
to first order, the baryons that displace the dark matter to create a
core take its place, leading to a modest net change in the total mass
profile.

In other words, ‘flattening the dark matter cusp’ is not enough
to explain galaxies like IC 2574. A net removal of large amounts
of mass from the inner regions is needed to reconcile such galaxies
with !CDM, at least if we equate the measured rotation curve
with the circular velocity curve. In the case of IC 2574, at least

MNRAS 452, 3650–3665 (2015)

[Oman et al., 15]
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[For recent review, Tulin and Yu, 17]



Large self-interaction is required:

What particle physics models can realize this?
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Large self-interaction is required:

An option : Strongly Interacting Massive Particle (SIMP)
[Hochberg et al., 14]

What particle physics models can realize this?

0.1 cm2/g . �self/m . 1 cm2/g



Consider QCD-like hypercolor dynamics of SU(Nc)

L = q̄ii 6 Dqi �mq q̄iqi

fermion condensation forms at some scale

qLiq
†
Rj = µ3Uij

with a matrix of Goldstone bosons

U = exp [2i⇡aT a/f⇡]

dark meson; dark matter

with SU(Nf ) X SU(Nf ) flavour symmetry
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There are two relevant processes

self-interaction
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These interactions should be able to … … 

⌦CDMh2 ' 0.12

(1) predict the correct relic abundance 

(II) provide sufficient self-scattering cross section
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self-scattering cross-section

3 to 2 cross-section

This model  is controlled by two parameters
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Too large for the effective Lagrangian …
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Assuming the standard freeze-out and taking

↵⇡ = (m⇡/f⇡) ' 8
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(1) predict the correct relic abundance 

(II) provide sufficient self-scattering cross section
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(i) kinetic equilibrium between SIMP and SM

(ii) perturbativity issue
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consider an axion-like particle

• connecting DM sector with SM sector (kinetic eq.)

�
DM SM

• openning up a new annihilation channel (perturbativity)
⇡

⇡ ⇡

�

[Kamada, HK and Sekiguchi, 17]



let’s see how ALP interacts with DM and SM
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At low energies, effective Lagrangian is

L =
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16
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⇡f

2
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we see not only operators for self-scattering and 3-to-2 process

Lsemi ⇠
m2

⇡

Nff⇡f
dabc(⇡

a⇡b⇡c)�

but also an operator for semi-annihilation 

⇡

⇡ ⇡

�

[D’Emaro and Thaler, 10]
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kinematics of semi-annihilation
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FIG. 1: Shown are m⇡–↵⇡ planes of the hidden sector. We assume Nc = 3, Nf = 4, and C��� = 3 in addition to the
degenerate masses: m� = m⇡. ✓H is taken to be 0 (left panel) and 2 (right panel). Black lines give the observed DM abundance
(⌦DMh2 = 0.12) for f = 100 and 300GeV from the left to the right in each panel. In the red hatched band, the pion self-
scattering achieves the SIDM cross section, i.e., 0.1 cm2/g  �self/m⇡  1 cm2/g. In the magenta shaded region, the 3 ! 2
process dominates the semi-annihilation and thus determines the pion freeze-out. In the green region, the pion mass exceeds
a näıve cuto↵ scale of the chiral Lagrangian [see Eq. (3)] [30, 31]: m⇡ � 2⇡f⇡/

p
Nc. Constraints on the ALP from NuCal

(orange), CHARM (dark cyan), SLAC E-137 & E-141 (gray), and SN1987A (light cyan at the bottom right corner) are also
shown. We convert the constraints to those on the m⇡–↵⇡ plane by assuming that m� = m⇡ and regarding f as a function
of m⇡ and f⇡ determined by the observed DM abundance. The orange dotted line is the projected sensitivity of the Belle II
experiment for an ALP search [48]. The projected SHiP experiment will examine the region below blue dashed lines, which
covers large part of the parameter space where the observed DM abundance and the SIDM cross section are simultaneously
achieved.

being the relative velocity at the pion freeze-out, is sup-
pressed.

Let us take a closer look at the case that m⇡ �
|�m| 6= 0. For �m > 0, by comparing Eqs. (8) and (9),
we find that the semi-annihilation cross section scales
as h�

semi

v
rel

i = h�
semi

v
rel

i
fo

v
rel

/v
rel, fo as as long as

v
rel

> v
rel, sat = 2

p
|�m|/m⇡. An observational up-

per bound on the semi-annihilation cross section denoted
by h�

semi

v
rel

i
obs

restricts our model to satisfy the fol-
lowing conditions: v

rel, sat and v
rel, obs should be smaller

than v
rel, fo (h�

semi

v
rel

i
obs

/h�
semi

v
rel

i
fo

). The first condi-
tion (v

rel, sat/v
rel, fo < h�

semi

v
rel

i
obs

/h�
semi

v
rel

i
fo

) implies
the required mass di↵erence:

�m

m⇡
< 0.07

✓
h�

semi

v
rel

i
obs

h�
semi

v
rel

i
fo

◆
2

✓
19

x
fo

◆
. (17)

The CMB anisotropies constrain the semi-annihilation
cross section around and after the last scattering, where
v
rel, obs . 2 ⇥ 10�4 v

rel, fo

p
100 MeV/m⇡

p
x
fo

/19, as
h�

semi

v
rel

i
obs

/h�
semi

v
rel

i
fo

. 0.01–0.1 in the mass range
of m⇡ ' 0.1–1 GeV [60–62]. The second condition
(v

rel, obs/v
rel, fo < h�

semi

v
rel

i
obs

/h�
semi

v
rel

i
fo

) is trivially

satisfied in this case, while the mass di↵erence should be
at maximum at a 10�(3–5) level from the first condition.
A tighter bound is put by gamma-ray searches from the
Galactic center (GC) in the Energetic Gamma Ray Ex-
periment Telescope (EGRET) [63] and the Fermi Large
Area Telescope (Fermi–LAT) [64] for the DM mass larger
than 100 MeV (EGRET) and 200 MeV (Fermi–LAT):
h�

semi

v
rel

i
obs

/h�
semi

v
rel

i
fo

. 10�(2–3) for the isothermal
profile. Note that SIMP possesses a sizable self-scattering
cross section and reduces the DM mass density in an in-
ner part of halos [9–12]. The first condition constrains
the mass di↵erence at a 10�(5–7) level at maximum.
It is unclear whether the second condition is satisfied:
v
rel, obs . 200–2000 km/s

p
19/x

fo

. This is because the
DM velocity dispersion in the GC is poorly constrained
(especially inside 10 kpc) [65]. Thus we do not show
indirect detection constraints in Fig. 1. Future cosmic
gamma-ray searches with increased sensitivity to MeV-
GeV photons such as e–ASTROGAM [66] may cover the
lower mass region (m⇡ < 100 MeV) where the observed
DM abundance and the SIDM cross section are realized.

For �m < 0, the semi-annihilation is forbid-
den [67] and the thermally averaged cross section is

[Kamada, HK and Sekiguchi, 17]

taking m� = m⇡
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not arbitrarily chosen but required … 
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Figure 1: (Left) Constraints in the ⟨σv⟩-mχ plane. Top left regions bounded by thick solid
(thin dashed) lines are excluded at 95 % from the CMB+ext (CMB-only) dataset. Red, blue,
magenta and green lines correspond to annihilation channels 2γ, e+e−, µ+µ− and W+W−,
respectively. (Right) 1-dim posterior distributions of ⟨σv⟩/mχ.

3 Discussion

In this letter we have derived the updated CMB constraint on DM annihilation into 2γ,

e+e−, µ+µ− and W+W− fully taking into account the cascade of dark matter annihilation

products and their effects on ionization, heating and excitation of the hydrogen. The result

can apply to various models of DM, in particular to Wino DM in supersymmetric models

since Winos annihilate into W+W− with branching ratio almost 1. Thus, we can exclude

the Wino DM lighter than ∼ 250GeV, assuming that Wino is a dominant component of

DM.#3

Compared with previous studies, our constraints from CMB alone are less tight than the

results of Planck [29] for the channel e+e−, in which it is assumed that energy from DM

annihilation is instantaneously converted into the gas with a constant efficiency feff ≃ 0.67.

Admitting less model-independence, our analysis has an advantage over previous ones which

assumed constant efficiency in the point that we consistently take into account the time-

#3 The thermal relic abundance of Wino can explain the present DM abundance only for the Wino mass
of ∼ 3TeV [42]. For lighter Wino, some nonthermal production mechanism, such as the decay of gravitino,
is required to explain the observed DM abundance.

4

[Kawasaki et al., 15]

drawback : a certain mass degeneracy is required because of

strong constraints on semi-annihilation cross section
from CMB



strong constraints on semi-annihilation cross section
from gamma-ray searches

[Ackermann et al., 15]
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FIG. 8. 95% CL h�vi�� upper limits for each DM profile considered in the corresponding optimized ROI. The upper left panel
is for the NFWc (�=1.3) DM profile in the R3 ROI. The discontinuity in the expected and observed limit in this ROI around
1 GeV is the result of using only PSF3 type events. See Sec. III for more information. The upper right panel is for the Einasto
profile in the R16 ROI. The lower left panel is the NFW DM profile in the R41 ROI, and finally the lower right panel is the
Isothermal DM profile in the R90 ROI. Yellow (green) bands show the 68% (95%) expected containments derived from 1000
no-DM MC simulations (see Sec. VB). The black dashed lines show the median expected limits from those simulations. Also
shown are the limits obtained in our 3.7-year line search [19] and our 5.2-year line search [22] when the assumed DM profiles
were the same.

The LAT consists of 16 towers, each includes a tracker module and a calorimeter module [23]. Pass 8 includes
important updates to the energy reconstruction near the edges of the calorimeter modules (<60 mm from the center of
the gap) [24, 35]. Events that deposit the majority of their energy (or have their reconstructed centroid) near the edge
of a calorimeter module are more di�cult to reconstruct accurately because of energy leakage of the shower into the
gaps between modules, or towers. Pass 8 applies an improved handling of this leakage in the energy reconstruction
algorithms. We show in Fig. 10 the distance of each reconstructed centroid from the center of the calorimeter gap for
the events passing the comparison selection outlined above. Each calorimeter crystal has a width of 326 mm and the
gap between modules of 44 mm [15]. This yields a total width of 370 mm. In this figure, 0 mm marks the distance
from the middle of the gap between sets of crystals. The figure at the top also includes a cartoon to illustrate the
location of the edge of the calorimeter crystal with the center located at 185 mm.

About half of the overlapping events between Pass 7REP and Pass 8 in the 120–150 GeV energy range were
reconstructed with centroids near the edges of the towers (<60 mm from the center of the gap). As a consequence,
these events had the largest di↵erences in reconstructed energy and comprised the tails of the distribution shown on
the left in Fig. 10. There appears to be a slight enhancement of events where much of the shower was lost between
modules in the energy range around 133 GeV relative to all events above 20 GeV.

drawback : a certain mass degeneracy is required because of



drawback : degenerated mass is required because of

strong constraints on semi-annihilation cross section
from CMB and gamma-ray searches

[Ackermann et al., 15]
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suppression can be obtained if masses are degenerate

if ALP is lighter than dark matter

�m = m⇡ �m� > 0

cross section in non-rel. limit is suppressed as

h�semivreli / max(vrel,
p

�m/m⇡)

�m/m⇡ . O(10�(5–7))

required mass degeneracy is

[from gamma-ray searches: EGRET & Fermi-LAT]



if ALP is heavier than dark matter [i.e. forbidden DM]

�m = m⇡ �m� < 0
[D’Agnolo and Ruderman, 15]

suppression can be obtained if masses are degenerate
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if ALP is heavier than dark matter [i.e. forbidden DM]

�m = m⇡ �m� < 0

cross section in non-rel. limit is suppressed as

h�semivi / exp(�|�m|/T )

[D’Agnolo and Ruderman, 15]

no fine-tuning as in the previous case is required but

|�m| < T
fo

not to have big suppression during freeze-out process

suppression can be obtained if masses are degenerate
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