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Existence of dark matter

kpc  Mpc  Gpc  scales 

Evidences 

Galaxy rotation  
curves 
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Large scale 
structure, CMB 

New Physics beyond the Standard Model 

Gravitational interacting,  
Stable, 
Charge neutral,  
Non-baryonic,  
23-25% of total energy,  
Non dissipative,  
Cold  
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Existence of cold dark matter ?

kpc  Mpc  Gpc  scales 

Evidences 

Galaxy rotation  
curves 

Weak lensing,  
Bullet clusters  

Large scale 
structure, CMB 

missing satellite, too big to fail, cusp-core problems 
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Fig. 5.— The reconstructed matter power spectrum: the stars show the power spectrum from combining ACT and WMAP data (top
panel). The solid and dashed lines show the nonlinear and linear power spectra respectively from the best-fit ACT ⇤CDM model with
spectral index of ns = 0.96 computed using CAMB and HALOFIT (Smith et al. 2003). The data points between 0.02 < k < 0.19 Mpc�1

show the SDSS DR7 LRG sample, and have been deconvolved from their window functions, with a bias factor of 1.18 applied to the data.
This has been rescaled from the Reid et al. (2010) value of 1.3, as we are explicitly using the Hubble constant measurement from Riess et al.
(2011) to make a change of units from h�1Mpc to Mpc. The constraints from CMB lensing (Das et al. 2011), from cluster measurements
from ACT (Sehgal et al. 2011), CCCP (Vikhlinin et al. 2009) and BCG halos (Tinker et al. 2011), and the power spectrum constraints
from measurements of the Lyman–↵ forest (McDonald et al. 2006) are indicated. The CCCP and BCG masses are converted to solar mass
units by multiplying them by the best-fit value of the Hubble constant, h = 0.738 from Riess et al. (2011). The bottom panel shows the
same data plotted on axes where we relate the power spectrum to a mass variance, �M/M, and illustrates how the range in wavenumber k
(measured in Mpc�1) corresponds to range in mass scale of over 10 orders of magnitude. Note that large masses correspond to large scales
and hence small values of k. This highlights the consistency of power spectrum measurements by an array of cosmological probes over a
large range of scales.
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Cold DM 
Warm DM  

Gravitational interacting,  
Stable, 
Charge neutral,  
Non-baryonic,  
23-25% of total energy,  
Non dissipative,  
Cold  
(depending on the time of Horizon entry) 
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Missing satellite, too big to fail problems 

  0.9"100 
kpc/h

Small-scale structure in CDM halos

A rich galaxy cluster halo
      Springel et al 2001

A 'Milky Way' halo
   Power et al 2002

  

Is the kinematics of the Milky Way's satellites

       inconsistent with CDM substructure?

Moore et al 1999

Klypin et al 
1999

● Number of observed satellites was claimed  to be ~1/30  the number of  

   CDM satellites with the same max.  circular velocity V
c
 = (GM/r )1/2 

● But the MW data are plotted at the incorrect values of V
c
 for this test!    

                                        
Stoehr et al 2002

11

Klypin et al. 1999

Observed

simulated

Missing Satellite Problem (MSP)
A quantitative comparison of # satellites at r < 400 kpc.

Number

`MW’
108 109 1010 1011

1012

`Too Big To Fail’ Problem.

48

Boylan-Kolchin et al. 2011/2012

Satellite Luminosity function

observed

simulated

Models that best reproduce observed satellite luminosity function - and 
hence best `solves’ the missing satellite problems, predicts that all satellites 
have significantly larger rotational velocities!

Reflected, and select most massive satellites of MW 
 

Resolution: baryonic feedback processes (which suppress the star 
formation) is most efficient in low mass (luminosity) satellites. 



Missing satellite, too big to fail problems 

`Too Big To Fail’ Problem.

48

Boylan-Kolchin et al. 2011/2012

Satellite Luminosity function

observed

simulated

Models that best reproduce observed satellite luminosity function - and 
hence best `solves’ the missing satellite problems, predicts that all satellites 
have significantly larger rotational velocities!

Most massive satellites of MW 

Predicted most luminous satellite 
galaxies are too massive (not 
observed) to fail star formations 

[Boylan-Kolchin, Bullock, Kaplinghat 1111.2048]  



Cusp-core problem

  

A high-resolution
Milky Way halo

600 kpc

Navarro et al 2006

N
200

 ~ 3 x 107

  

A high-resolution
Milky Way halo

600 kpc

Navarro et al 2006

N
200

 ~ 3 x 107
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10 Oh et al.

Fig. 6.— Left: The rotation curve shape of DG1 and DG2 as well as the 7 THINGS dwarf galaxies. The dark matter rotation curves (corrected for
baryons as shown in Fig. 4) are scaled with respect to the rotation velocity V0.3 at R0.3 where the logarithmic slope of the curve is dlogV/dlogR = 0.3
(Hayashi & Navarro 2006). The small dots indicate the NFW model rotation curves with V200 ranging from 10 to 90 km s−1. See text for further
details. The best fitted pseudo-isothermal halo models (denoted as ISO) are also overplotted. See Section 4.2 for more details. Right: The scaled
dark matter density profiles of DG1 and DG2 as well as the 7 THINGS dwarf galaxies. The profiles are derived using the scaled dark matter rotation
curves in the left panel. The small dots represent the NFW models (α∼−1.0) with V200 ranging from 10 to 90 kms−1. The dashed lines indicate
the best fitted pseudo-isothermal halo models (α∼0.0). See Section 4.3 for more details.

estimate M200 as follows,

M200 [M⊙]=200×
3H2

0

8πG
×

4πR3
200

3

≃ 100×
H2

0

G
× (

V200

10H0
)3

≃ 3.29× 105 × V 3
200, (3)

where H0 is the Hubble constant (70.6 kms−1Mpc−1;
Suyu et al. 2010), G is the gravitational constant (4.3×
10−3 pcM−1

⊙ km2 s−2) and V200 in km s−1 is the rotation
velocity at radius R200 as given in Eq. 1. However, the
NFW halo model fails to fit the dark matter rotation
curves of the THINGS dwarf galaxies, giving negative
(or close to zero) c values (Oh et al. 2011). To circum-
vent the unphysical fits, we instead fit the NFW model to
the rotation curves with only V200 as a free parameter af-
ter fixing c to 5 which is lower than typical values (e.g.,
8–9; McGaugh et al. 2003) predicted from ΛCDM cos-
mology. The fitted V200 values of some galaxies are larger
than their measured maximum rotation velocities. This
is because the rotation curves are still rising at the last
measured points. Moreover, as a larger c value induces
a smaller V200 and hence lower halo mass, our choice
of a low c will provide a robust upper limit for our de-
rived halo mass, as indicated by the arrows in Fig. 5. As
shown in Fig. 5, despite the uncertainties remaining in
these estimates, the stellar masses of DG1 and DG2 at
their given halo masses are consistent with those of real
galaxies. Both the real galaxies and the simulations de-
viate from the extrapolated line from the Mstar−Mhalo
relation in Guo et al. (2010) at low halo masses. How-
ever, as discussed in Trujillo-Gomez et al. (2010), there
still remain uncertainties for dwarfs in the sense that the
observational data suffer from small number statistics

and the results of abundance matching are incomplete in
the low-luminosity tail of the luminosity function.

4.2. The rotation curve shape

The rotation curve reflects the total potential (dark
matter + baryons) of the galaxy and thus it is directly
related to the radial matter distribution in the galaxy
(and vice versa). Consequently, the cusp–like dark mat-
ter distributions in the CDM halos impose a unique shape
on the rotation curves, which steeply rise at the inner
regions. Therefore, a relative comparison of galaxy ro-
tation curves between the simulations and observations
can serve as a useful constraint for testing the ΛCDM
simulations.
In this context, we compare the rotation curves of DG1

and DG2 with those of the THINGS dwarf galaxies. In
order to accentuate their inner shapes, we scale the ro-
tation curves of both the simulations and the THINGS
dwarf galaxies with respect to the velocity V0.3 at the
radius R0.3 where the logarithmic slope of the curve is
dlogV/dlogR = 0.3 (Hayashi & Navarro 2006). At the
scaling radius R0.3, the rotation curves of both simula-
tions and the observations are well resolved, which allows
any differences between them to show up.
The scaled rotation curves, with the kinematic contri-

bution of baryons subtracted, are shown in the left panel
of Fig. 6. We overplot the scaled rotation curves of NFW
CDM halos (dark-matter-only) with different maximum
rotation velocities ranging from 10 to 350 km s−1. We
choose c values of ∼9 and ∼8 for dwarf and disk galaxies
respectively, which in turn provide V200 values ranging
from ∼10 to ∼90 km s−1, and ∼100 to ∼350 km s−1,
respectively. Considering that the rotation velocities of
DG1, DG2 and the THINGS dwarf galaxies at the out-

[1011.2777] 



Cusp-core problem  
(diversity of rotation curves)
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Fig. 6.— Left: The rotation curve shape of DG1 and DG2 as well as the 7 THINGS dwarf galaxies. The dark matter rotation curves (corrected for
baryons as shown in Fig. 4) are scaled with respect to the rotation velocity V0.3 at R0.3 where the logarithmic slope of the curve is dlogV/dlogR = 0.3
(Hayashi & Navarro 2006). The small dots indicate the NFW model rotation curves with V200 ranging from 10 to 90 km s−1. See text for further
details. The best fitted pseudo-isothermal halo models (denoted as ISO) are also overplotted. See Section 4.2 for more details. Right: The scaled
dark matter density profiles of DG1 and DG2 as well as the 7 THINGS dwarf galaxies. The profiles are derived using the scaled dark matter rotation
curves in the left panel. The small dots represent the NFW models (α∼−1.0) with V200 ranging from 10 to 90 kms−1. The dashed lines indicate
the best fitted pseudo-isothermal halo models (α∼0.0). See Section 4.3 for more details.

estimate M200 as follows,

M200 [M⊙]=200×
3H2

0

8πG
×
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3
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× (
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10H0
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where H0 is the Hubble constant (70.6 kms−1Mpc−1;
Suyu et al. 2010), G is the gravitational constant (4.3×
10−3 pcM−1

⊙ km2 s−2) and V200 in km s−1 is the rotation
velocity at radius R200 as given in Eq. 1. However, the
NFW halo model fails to fit the dark matter rotation
curves of the THINGS dwarf galaxies, giving negative
(or close to zero) c values (Oh et al. 2011). To circum-
vent the unphysical fits, we instead fit the NFW model to
the rotation curves with only V200 as a free parameter af-
ter fixing c to 5 which is lower than typical values (e.g.,
8–9; McGaugh et al. 2003) predicted from ΛCDM cos-
mology. The fitted V200 values of some galaxies are larger
than their measured maximum rotation velocities. This
is because the rotation curves are still rising at the last
measured points. Moreover, as a larger c value induces
a smaller V200 and hence lower halo mass, our choice
of a low c will provide a robust upper limit for our de-
rived halo mass, as indicated by the arrows in Fig. 5. As
shown in Fig. 5, despite the uncertainties remaining in
these estimates, the stellar masses of DG1 and DG2 at
their given halo masses are consistent with those of real
galaxies. Both the real galaxies and the simulations de-
viate from the extrapolated line from the Mstar−Mhalo
relation in Guo et al. (2010) at low halo masses. How-
ever, as discussed in Trujillo-Gomez et al. (2010), there
still remain uncertainties for dwarfs in the sense that the
observational data suffer from small number statistics

and the results of abundance matching are incomplete in
the low-luminosity tail of the luminosity function.

4.2. The rotation curve shape

The rotation curve reflects the total potential (dark
matter + baryons) of the galaxy and thus it is directly
related to the radial matter distribution in the galaxy
(and vice versa). Consequently, the cusp–like dark mat-
ter distributions in the CDM halos impose a unique shape
on the rotation curves, which steeply rise at the inner
regions. Therefore, a relative comparison of galaxy ro-
tation curves between the simulations and observations
can serve as a useful constraint for testing the ΛCDM
simulations.
In this context, we compare the rotation curves of DG1

and DG2 with those of the THINGS dwarf galaxies. In
order to accentuate their inner shapes, we scale the ro-
tation curves of both the simulations and the THINGS
dwarf galaxies with respect to the velocity V0.3 at the
radius R0.3 where the logarithmic slope of the curve is
dlogV/dlogR = 0.3 (Hayashi & Navarro 2006). At the
scaling radius R0.3, the rotation curves of both simula-
tions and the observations are well resolved, which allows
any differences between them to show up.
The scaled rotation curves, with the kinematic contri-

bution of baryons subtracted, are shown in the left panel
of Fig. 6. We overplot the scaled rotation curves of NFW
CDM halos (dark-matter-only) with different maximum
rotation velocities ranging from 10 to 350 km s−1. We
choose c values of ∼9 and ∼8 for dwarf and disk galaxies
respectively, which in turn provide V200 values ranging
from ∼10 to ∼90 km s−1, and ∼100 to ∼350 km s−1,
respectively. Considering that the rotation velocities of
DG1, DG2 and the THINGS dwarf galaxies at the out-

The Diversity Problem

Oman et al. (2015)

see also Kuzio de Naray et al. (2009)

All galaxies have 
the same Vmax! 

Colored bands: hydrodynamical simulations of ΛCDM

[1504.01437] 



Existence of WIMP dark matter ?

kpc  Mpc  Gpc  scales 

Evidences 

Galaxy rotation  
curves 

Weak lensing,  
Bullet clusters  

Large scale 
structure, CMB 

No clear evidence yet  

DM 

DM 

SM 
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Annihilation  

Elastic 
scattering 



Nature of the dark matter ?	
Is DM a particle?		spin, mass, compositions	?	 
 
Why is it stable? gauge/global,  continuous/discrete symmetries ? 
 
What are the interactions between DM and the SM particles besides 
gravity (like strong/weak interactions)	? 
 
What is the production mechanism of DMs at the early Universe	?	
Why 25% of total mass of the present Universe ? 
 
How can we detect it at sub kpc scales (at the earth)	? 
 
What are the additional predictions	? solving several small scale 
problems	
 
 
 
 

kpc  Mpc  Gpc  scales 

Galaxy rotation  
curves 

Weak lensing,  
Bullet clusters  

Large scale 
structure, CMB Evidences 



Nature of the dark matter ?	
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keV 
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Interacting  

Massive  
Particle  
(SIMP) 

Asymmetric 
Dark Matter 

(ADM) 

Evolutions of each DMs are different,  
and give (possibly) different predictions for small scales   

Evidences 



Coincidence ? 	

•  WIMP 

•  QCD Axion 

•  SIMP  

•  Asymmetric DM  

•  Relativistic freeze-out DM 

•  Fuzzy DM  
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Ṙuniv.

Runiv.

/ 1

t
(223)

�(t) ' �ini cos(mDMt)

(Runiv./Rini)3/2
, ⇢̄DM =

m2
DMf 2

a

(Runiv./Rini)3
✓2
ini (224)

⌦DM ' 0.25 (225)

⌦DM = 0.25

✓
3 ⇥ 10�26cm3/ sec

h�annvifr

◆
(226)

h�annvifr ' 1

8⇡

g4

m2
weak

(g ⇠ 0.1) (227)

⌦DM = 0.25↵a

✓
fa

1010 GeV

◆7/6

(228)

⌦DM = 0.25
⇣mDM

keV

⌘
(229)

⌦DM = 0.25 () () . (230)

⌦DM = (4 � 5)⌦baryon (231)

fa ⇠
p

mweakMP l ↵a = 0.01 � 1 (232)

⌦DM = 0.25

✓
F

1017 GeV

◆2 ⇣ m

10�22 eV

⌘1/2

(233)

F ⇠ MGUT � MP l (234)

18

(Runiv./R0) (221)

mDM ⇠ 10�5 eV ! �photon ⇠ cm

(microwave) (222)

�̈ + 3H�̇ + m2
DM� = 0 H =
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Summary of WIMP Dark Matter Searches

R. Caputo, UCSC | CosPA 2016 
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Future WIMP Dark Matter Searches
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4

A. Model A: Freestreaming vs. Interacting
(Massless Particles)

In this section we consider a scenario in which some
fraction of the neutrinos act as a tightly-coupled fluid,
but where N eff

ν is constant with time. We parameterize
this class of models by NSM

ν and N int
ν , the number of

standard model (free-streaming) and interacting degrees
of freedom respectively, where

N eff
ν = NSM

ν + N int
ν . (5)

A scenario in which N eff
ν is constant in time corresponds,

for example, to the limit mν → 0 and mφ → 0. However,
even for finite masses, this limit is a good approximation
as long as N eff

ν does not evolve significantly during the
times of interest, as would be the case if any annihila-
tion/decay takes place well before or well after the CMB
decoupling epoch. In particular, this is a reasonable ap-
proximation for the mφ > mν models considered in [19],
where only modest evolution of N eff

ν occurs.
Note that this description is much more general than

any particular limit of a neutrino-scalar interaction
model. It encompasses any scenario in which some frac-
tion of the energy density is in free-streaming relativistic
particles, and another fraction is in a tightly-coupled rela-
tivistic fluid, as long as N eff

ν does not evolve significantly.
Fig. 2 shows effects on the CMB angular power spec-

trum and the matter power spectrum of varying the num-
ber of interacting neutrinos, while N eff

ν and all other cos-
mological parameters are held fixed. This allows us to
explore the effects of suppressed neutrino free streaming
alone. In the standard case (N int

ν = 0) when a perturba-
tion of a given scale enters the horizon, power is trans-
fered from the neutrino density modes to higher moments
of the neutrino distribution as the neutrinos free-stream
out of gravitational potentials. This effect does not occur
for interacting neutrinos which instead contribute to the
gravitational potential and thus enhance the monopole
perturbation of the photon distribution and increase the
amplitude of the CMB temperature power spectrum for a
fixed amplitude of primordial perturbations. Indeed, we
see that beyond the first peak the effect of increasing N int

ν
in the CMB can be roughly approximated as a constant
offset in the amplitude of the spectrum. A small shift in
the location of the peaks is also a feature [40]. In the up-
per panel of Fig. 3 we show the contributions to the CMB
power spectrum arising from the monopole terms (the
physical temperature perturbation at the last-scattering
surface corrected for its gravitational redshift), the veloc-
ity terms (perturbations due to the Doppler shift), and
the ISW terms (perturbations due to the evolving gravi-
tational potentials) of the source function (see, for exam-
ple, Refs. [41, 42] for a pedagogical review of the source
function). The lower panel of Fig. 3 shows the difference
in CMB power spectra between models with N int

ν = 3 and
N int

ν = 0 keeping N eff
ν = 3 fixed (the extreme models of

Fig. 2). While the change in the monopole dominates the
total difference in the power spectrum at all l, the ISW-

FIG. 2: CMB and matter power spectra as a function of the
fraction of interacting neutrinos, with Neff

ν ≡ NSM
ν +N int

ν = 3.
The power spectra are normalized (to an arbitrary value) at
large scale.

monopole cross term contributes significantly to the dif-
ference near the first peak. Note that this ISW-monopole
contribution is nonzero solely because gravitational po-
tentials evolve differently in a model with and without
free-streaming neutrinos — the background evolution is
identical in the two cases.

As we are in the limit of massless neutrinos, the effect
on the matter power spectrum of suppressing free stream-
ing is very minor. Free-streaming has a significant effect
on the matter power spectrum when mν is finite, such
that neutrinos contribute some fraction of the dark mat-

DR DR 

DR 

DR DR 

DR 

5

FIG. 3: Upper: The CMB power spectra due to the
monopole, velocity, and ISW terms of the source function
for the standard N int

ν = 0 case (For a pedagogical description
of these terms see, e.g., Refs. [41, 42]). Lower: The contri-
bution of each source term to ∆Cl, the difference between a
model with N int

ν = 3 and N int
ν = 0 with Neff

ν = 3 held fixed.
The ISW-monopole cross term (nonzero due to the differing
evolution of the gravitational potentials) contributes signifi-
cantly to the difference in the first peak despite the identical
background evolution of the two models.

ter density today. In that case, the free-streaming of the
neutrino hot dark matter component damps the growth
of structure while the neutrinos are still relativistic. By
comparison, the effect of modifications to the neutrino
perturbations of massless neutrinos is very small.

FIG. 4: The CMB and matter power spectra as a function of
the number of standard model neutrinos, with N int

ν = 0. The
power spectra are normalized (to an arbitrary value) at large
scale.

For comparison, we show in Fig. 4 the effects on the
CMB angular power spectrum and the matter power
spectrum of varying the total relativistic energy density,
NSM

ν , while N int
ν and all other cosmological parameters

are held fixed. We see that increasing N eff
ν enhances the

first peak. This is the result of a larger ISW effect, due to
the delay in matter-radiation equivalence. There is also
a large shift in the positions of the subsequent peaks,
which occurs due to the change in the conformal time of
last scattering. See Ref. [14] for a discussion of these ef-
fects. In Fig. 4, we also see that the enhanced radiation

Free streaming Fluid 
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[Bell, Pierpaoli, Sigurdson astro-ph/0511410] 



Finite DR mass (~eV) : Hot DM   

DR 

DR 

7

FIG. 7: The CMB and matter power spectra, for varying
values of mν , for model B1 (one interacting neutrino and two
standard neutrinos). The power spectra are normalized (to
an arbitrary value) at large scale.

mν ! 0.1 eV. (We use mν to denote the value of a
single neutrino mass throughout, so that the quantity
Σmν = 3mν .) In the analysis in section V, we consider
neutrino masses in the allowed range mν = 0 − 2.2 eV.

For simplicity, we also assume that the scalar has suf-
ficiently strong self-interactions that it continues to be-
have as a tightly-coupled fluid once the neutrino annihi-
lation is complete. For early neutrino annihilation (large
masses) this will result in the largest deviations of the
CMB spectra with respect to the standard scenario. For
late annihilation (small masses) the late-time behavior of
the scalar is irrelevant.

FIG. 8: The CMB and matter power spectra, for varying
values of mν , for model B3 (three interacting/annihilating
neutrinos). The power spectra are normalized (to an arbitrary
value) at large scale.

Fig. 7 shows effects on the CMB angular power spec-
trum and matter power spectrum of varying mν in the
model with one interacting neutrino (B1), while Fig. 8
shows the same effects for the model with three inter-
acting neutrinos (B3). Here we see a combination of the
effects of free-streaming suppression (compare Fig 2) and
larger N eff

ν (compare Fig. 4). In the CMB spectra, we see
the enhanced overall amplitude which is characteristic of
the tightly coupled neutrinos, together with an enhanced
first peak and shifted subsequent peaks that result from
increased relativistic energy density. As expected, the ef-
fects on the CMB spectra are more pronounced in model

DRs : relativistic during RD ( T > eV), non-relativistic after matter-
radiation equality (T < eV), and they contribute to the total dark matter 
density at present. For scales that enter the horizon before matter-
radiation eq, HDM perturbations are suppressed à suppression of 
matter power spectrum 
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DR 

Growing perturbation by self gravity 



DR-WIMP interactions 

Sizable interactions between DR and DM give dark acoustic oscillation 
(DAO) (                             ) or the drag effect (           ) for the evolution of 
matter perturbations  

Growing perturbation by self gravity 

wimp 

DR 
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FIG. 3: Residual of the matter power spectrum P (k, z = 0) in the same extended models as in the

previous figure, compared to the minimal ⇤CDM model (see the caption of figure 2 for details).

weaker bound on �N
fluid

in the case of self-interacting DR. In both models, the E-mode po-

larisation spectrum is also a↵ected on large angular scales (l  40). Indeed, an enhancement

of the radiation density changes by a small amount the thermal history (di↵erent freeze-out

value of the free electron fraction at the end of recombination, and primordial Helium abun-

dance inferred from BBN). In order to maintain the same reionization optical depth, the

redshift of reionization changes slightly, and the shape of the low-l polarisation spectrum is

a↵ected at the level of a few percents. However, because of cosmic variance, this e↵ect is of

small relevance when fitting CMB data.

In Figure 2, the last (red) curves show the additional e↵ect of switching on the DM-DR

interaction, with �
0

= 2 ⇥ 10�7 Mpc�1 ' 2 ⇥ 10�21 s�1, all other parameters being fixed

like in the model with self-coupled dark radiation and �N
fluid

= 0.21 (green curves). The

impact of the DM-DR interaction is hence given by the comparison of the red and green

curves. Overall, this impact is small, since for the same value of �
0

, the CMB is a↵ected at

the level of ⇠ 2%, while the matter power spectrum is a↵ected by 20 to 30% on the range

of scales most relevant for �
8

. This follows from the fact that in any model in which DM

fluctuations evolve on a time scale set by the Hubble rate (rather than some shorter time

10

DR 

DR 

F ⇠ MGUT � MP l (236)

⌦DM = O(⌦baryon) (237)

10�10pb = 10�46cm2 (238)

mWDM ⇠ O(keV) (239)

⌦DM = 0.25

✓
50 MeV

mDM

◆ ✓
3 ⇥ 10�52 cm6/ sec

h�3!2v2ifr

◆1/2

(240)

h�3!2v
2ifr ' 1

m5
DM

mDM ⇠ m⇡ (241)

⌦DM ' 0.25 (242)

⇢NFW (r) =
⇢0

r
rs

(1 + r
rs

)2
(243)

Ne↵ = NSM
e↵ + Nfluid = 3 (244)

Nfluid = 0 (245)

�⇢DM

⇢DM

' �⇢wimp

⇢wimp + ⇢HDM

<
�⇢wimp

⇢wimp

(246)

tuning �(T ) ' H(T ) for T & Teq (247)

19

dragging 

F ⇠ MGUT � MP l (236)

⌦DM = O(⌦baryon) (237)

10�10pb = 10�46cm2 (238)

mWDM ⇠ O(keV) (239)

⌦DM = 0.25

✓
50 MeV

mDM

◆ ✓
3 ⇥ 10�52 cm6/ sec

h�3!2v2ifr

◆1/2

(240)

h�3!2v
2ifr ' 1

m5
DM

mDM ⇠ m⇡ (241)

⌦DM ' 0.25 (242)

⇢NFW (r) =
⇢0

r
rs

(1 + r
rs

)2
(243)

Ne↵ = NSM
e↵ + Nfluid = 3 (244)

Nfluid = 0 (245)

�⇢DM

⇢DM

' �⇢wimp

⇢wimp + ⇢HDM

<
�⇢wimp

⇢wimp

(246)

tuning �(T ) ' H(T ) for T & Teq (247)

� � H ! � < H (248)

19

F ⇠ MGUT � MP l (236)

⌦DM = O(⌦baryon) (237)

10�10pb = 10�46cm2 (238)

mWDM ⇠ O(keV) (239)

⌦DM = 0.25

✓
50 MeV

mDM

◆ ✓
3 ⇥ 10�52 cm6/ sec

h�3!2v2ifr

◆1/2

(240)

h�3!2v
2ifr ' 1

m5
DM

mDM ⇠ m⇡ (241)

⌦DM ' 0.25 (242)

⇢NFW (r) =
⇢0

r
rs

(1 + r
rs

)2
(243)

Ne↵ = NSM
e↵ + Nfluid = 3 (244)

Nfluid = 0 (245)

�⇢DM

⇢DM

' �⇢wimp

⇢wimp + ⇢HDM

<
�⇢wimp

⇢wimp

(246)

tuning �(T ) ' H(T ) for T & Teq (247)

� � H ! � < H (248)

� ⇠ H (249)

19

Unbroken hidden SU(N) 
[Lesgourgues, Marques-Tavares, 
Schmaltz 1507.04351] 
Unbroken hidden U(1)   
[Ko, Tang 1608.01083]  
 ….  



Metastable DR (m > MeV): messenger   

WIMP DM Annihilation at the galaxy center can generate  (partial) 
directional cosmic ray signals.  

� “Transporting” (effectively) DM at the GC to the vicinity of the Earth via a “proxy” ψ

� 2𝜒ℎ → 2𝜓 & 𝜓 → 𝑒+𝑒−𝜒𝑙 + …

¾ 𝜒ℎ: heavier DM, dominant relic, no direct coupling to SM

¾ 𝜓 : heavy “meta”-stable dark sector state 

¾ 𝜒𝑙: lighter DM, subdominant relic, direct coupling to SM 

D. Kim, JCP & S. Shin [1702.02944]

8.5 kpc

𝑒+

Transporting via 𝜓

𝜓

Retarded decay

Transporting

D
M

 d
en

sity

DM clump
@ GC

[JC Park’s slide at Pheno 17] 



Axion-like DM 
(QCD axion, Fuzzy DM) 



(ultra) light pseudo scalar fields 
•  Very light compared to the background temperature    
•  Still can be cold dark matter by “coherent oscillation”  

•  Cosmologically stable  

F ⇠ MGUT � MP l (236)

⌦DM = O(⌦baryon) (237)

10�10pb = 10�46cm2 (238)

mWDM ⇠ O(keV) (239)

⌦DM = 0.25

✓
50 MeV

mDM

◆ ✓
3 ⇥ 10�52 cm6/ sec

h�3!2v2ifr

◆1/2

(240)

h�3!2v
2ifr ' 1

m5
DM

mDM ⇠ m⇡ (241)

⌦DM ' 0.25 (242)

⇢NFW (r) =
⇢0

r
rs

(1 + r
rs

)2
(243)

Ne↵ = NSM
e↵ + Nfluid = 3 (244)

Nfluid = 0 (245)

�⇢DM

⇢DM

' �⇢wimp

⇢wimp + ⇢HDM

<
�⇢wimp

⇢wimp

(246)

ma ⌧ eV (247)

tuning �(T ) ' H(T ) for T & Teq (248)

� � H ! � < H (249)

� ⇠ H (250)

La =
1

2
(@µa)2 � ⇤4

⇣
1 � cos

a

F

⌘
. (251)

ma =
⇤2

F
(252)

19

F ⇠ MGUT � MP l (236)

⌦DM = O(⌦baryon) (237)

10�10pb = 10�46cm2 (238)

mWDM ⇠ O(keV) (239)

⌦DM = 0.25

✓
50 MeV

mDM

◆ ✓
3 ⇥ 10�52 cm6/ sec

h�3!2v2ifr

◆1/2

(240)

h�3!2v
2ifr ' 1

m5
DM

mDM ⇠ m⇡ (241)

⌦DM ' 0.25 (242)

⇢NFW (r) =
⇢0

r
rs

(1 + r
rs

)2
(243)

Ne↵ = NSM
e↵ + Nfluid = 3 (244)

Nfluid = 0 (245)

�⇢DM

⇢DM

' �⇢wimp

⇢wimp + ⇢HDM

<
�⇢wimp

⇢wimp

(246)

tuning �(T ) ' H(T ) for T & Teq (247)

� � H ! � < H (248)

� ⇠ H (249)

La =
1

2
(@µa)2 � ⇤4

⇣
1 � cos

a

F

⌘
. (250)

ma =
⇤2

F
(251)

19

F ⇠ MGUT � MP l (236)

⌦DM = O(⌦baryon) (237)

10�10pb = 10�46cm2 (238)

mWDM ⇠ O(keV) (239)

⌦DM = 0.25

✓
50 MeV

mDM

◆ ✓
3 ⇥ 10�52 cm6/ sec

h�3!2v2ifr

◆1/2

(240)

h�3!2v
2ifr ' 1

m5
DM

mDM ⇠ m⇡ (241)

⌦DM ' 0.25 (242)

⇢NFW (r) =
⇢0

r
rs

(1 + r
rs

)2
(243)

Ne↵ = NSM
e↵ + Nfluid = 3 (244)

Nfluid = 0 (245)

�⇢DM

⇢DM

' �⇢wimp

⇢wimp + ⇢HDM

<
�⇢wimp

⇢wimp

(246)

ma ⌧ eV (247)

tuning �(T ) ' H(T ) for T & Teq (248)

� � H ! � < H (249)

pDM = w⇢DM , w ' 0 (250)

pDM = w⇢DM , w ' cos 2mat hwit = 0 for ma � H (251)

� ⇠ H (252)

La =
1

2
(@µa)2 � ⇤4

⇣
1 � cos

a

F

⌘
. (253)

ma =
⇤2

F
(254)

a(t, x) ' ain cos(mat)/R
3/2 (255)

19

F ⇠ MGUT � MP l (236)

⌦DM = O(⌦baryon) (237)

10�10pb = 10�46cm2 (238)

mWDM ⇠ O(keV) (239)

⌦DM = 0.25

✓
50 MeV

mDM

◆ ✓
3 ⇥ 10�52 cm6/ sec

h�3!2v2ifr

◆1/2

(240)

h�3!2v
2ifr ' 1

m5
DM

mDM ⇠ m⇡ (241)

⌦DM ' 0.25 (242)

⇢NFW (r) =
⇢0

r
rs

(1 + r
rs

)2
(243)

Ne↵ = NSM
e↵ + Nfluid = 3 (244)

Nfluid = 0 (245)

�⇢DM

⇢DM

' �⇢wimp

⇢wimp + ⇢HDM

<
�⇢wimp

⇢wimp

(246)

ma ⌧ eV (247)

tuning �(T ) ' H(T ) for T & Teq (248)

� � H ! � < H (249)

pDM = w⇢DM , w ' 0 (250)

pDM = w⇢DM , w ' cos 2mat hwit = 0 for ma � H(t) (251)

� ⇠ H (252)

La =
1

2
(@µa)2 � ⇤4

⇣
1 � cos

a

F

⌘
. (253)

ma =
⇤2

F
(254)

a(t, x) ' ain cos(mat)/R
3/2 (255)

19

F ⇠ MGUT � MP l (236)

⌦DM = O(⌦baryon) (237)

10�10pb = 10�46cm2 (238)

mWDM ⇠ O(keV) (239)

⌦DM = 0.25

✓
50 MeV

mDM

◆ ✓
3 ⇥ 10�52 cm6/ sec

h�3!2v2ifr

◆1/2

(240)

h�3!2v
2ifr ' 1

m5
DM

mDM ⇠ m⇡ (241)

⌦DM ' 0.25 (242)

⇢NFW (r) =
⇢0

r
rs

(1 + r
rs

)2
(243)

Ne↵ = NSM
e↵ + Nfluid = 3 (244)

Nfluid = 0 (245)

�⇢DM

⇢DM

' �⇢wimp

⇢wimp + ⇢HDM

<
�⇢wimp

⇢wimp

(246)

ma ⌧ eV (247)

tuning �(T ) ' H(T ) for T & Teq (248)

� � H ! � < H (249)

pDM = w⇢DM , w ' 0 (250)

pDM = w⇢DM , w ' cos 2mat hwit = 0 for ma � H(t) (251)

� = 1/H(tentry) (252)

� ⇠ H (253)

La =
1

2
(@µa)2 � ⇤4

⇣
1 � cos

a

F

⌘
. (254)

L =
1

2
F 2(@µ✓)

2 � ⇤4 (1 � cos ✓) (255)

ma =
⇤2

F
(256)

a(t, x) ' ain cos(mat)R(t)�3/2 (257)

19

F ⇠ MGUT � MP l (236)

⌦DM = O(⌦baryon) (237)

10�10pb = 10�46cm2 (238)

mWDM ⇠ O(keV) (239)

⌦DM = 0.25

✓
50 MeV

mDM

◆ ✓
3 ⇥ 10�52 cm6/ sec

h�3!2v2ifr

◆1/2

(240)

h�3!2v
2ifr ' 1

m5
DM

mDM ⇠ m⇡ (241)

⌦DM ' 0.25 (242)

⇢NFW (r) =
⇢0

r
rs

(1 + r
rs

)2
(243)

Ne↵ = NSM
e↵ + Nfluid = 3 (244)

Nfluid = 0 (245)

�⇢DM

⇢DM

' �⇢wimp

⇢wimp + ⇢HDM

<
�⇢wimp

⇢wimp

(246)

ma ⌧ eV (247)

tuning �(T ) ' H(T ) for T & Teq (248)

� � H ! � < H (249)

pDM = w⇢DM , w ' 0 (250)

pDM = w⇢DM , w ' cos 2mat hwit = 0 for ma � H(t) (251)

� = 1/H(tentry) (252)

� ⇠ H (253)

La =
1

2
(@µa)2 � ⇤4

⇣
1 � cos

a

F

⌘
. (254)

L =
1

2
F 2(@µ✓)

2 � ⇤4 (1 � cos ✓) (255)

ma =
⇤2

F
(256)

✓(t, x) ' ✓ini cos(mat)R(t)�3/2 (257)

✓ini (258)

19

F ⇠ MGUT � MP l (236)

⌦DM = O(⌦baryon) (237)

10�10pb = 10�46cm2 (238)

mWDM ⇠ O(keV) (239)

⌦DM = 0.25

✓
50 MeV

mDM

◆ ✓
3 ⇥ 10�52 cm6/ sec

h�3!2v2ifr

◆1/2

(240)

h�3!2v
2ifr ' 1

m5
DM

mDM ⇠ m⇡ (241)

⌦DM ' 0.25 (242)

⇢NFW (r) =
⇢0

r
rs

(1 + r
rs

)2
(243)

Ne↵ = NSM
e↵ + Nfluid = 3 (244)

Nfluid = 0 (245)

�⇢DM

⇢DM

' �⇢wimp

⇢wimp + ⇢HDM

<
�⇢wimp

⇢wimp

(246)

ma ⌧ eV (247)

tuning �(T ) ' H(T ) for T & Teq (248)

� � H ! � < H (249)

pDM = w⇢DM , w ' 0 (250)

pDM = w⇢DM , w ' cos 2mat hwit = 0 for ma � H(t) (251)

� = 1/H(tentry) (252)

� ⇠ H (253)

La =
1

2
(@µa)2 � ⇤4

⇣
1 � cos

a

F

⌘
. (254)

L =
1

2
F 2(@µ✓)

2 � ⇤4 (1 � cos ✓) (255)

ma =
⇤2

F
(256)

⌧a ' (m3
a/F

2)�1 = (F/1010 GeV)2(10�4 eV/ma)
3 1027 years (257)

✓(t, x) ' ✓ini cos(mat)R(t)�3/2 (258)

✓ini (259)

19

La =
1

2
(@µa)2 � ⇤4

⇣
1 � cos

a

F

⌘
. (254)

L =
1

2
F 2(@µ✓)

2 � ⇤4 (1 � cos ✓) (255)

ma =
⇤2

F
(256)

(@µ✓)J
µ
5 , ✓FF̃, · · · (257)

⌧a ' (m3
a/F

2)�1 = (F/1010 GeV)2(10�4 eV/ma)
3 1027 years (258)

✓(t, x) ' ✓ini cos(mat)R(t)�3/2 (259)

✓ini (260)

20

La =
1

2
(@µa)2 � ⇤4

⇣
1 � cos

a

F

⌘
. (254)

L =
1

2
F 2(@µ✓)

2 � ⇤4 (1 � cos ✓) (255)

ma =
⇤2

F
(256)

(@µ✓)J
µ
5 , ✓FF̃, · · · (257)

⌧a ' (m3
a/F

2)�1 = (F/1010 GeV)2(10�4 eV/ma)
3 1027 years (258)

✓(t, x) ' ✓ini cos(mat)R(t)�3/2 for ma & H(t) (259)

✓ini (260)

20

La =
1

2
(@µa)2 � ⇤4

⇣
1 � cos

a

F

⌘
. (254)

) ⇤ ⇠ ⇤QCD ⇠ 100 MeV (255)

g2
s

32⇡2
✓GaG̃a with h✓i = 0 (256)

L =
1

2
F 2(@µ✓)

2 � ⇤4 (1 � cos ✓) (257)

C�e
2

16⇡2

a

F
E · B (258)

F = MP l (ma = 10�12 eV = (10�3 sec)�1) F = MGUT (ma = 10�10 eV = (10�5 sec)�1)
(259)

ma ' 10�5 eV

✓
1011 GeV

F

◆
' (2cm)�1

✓
1011 GeV

F

◆
(260)

⌦DM ' 0.25
�h✓2

iniiosc. + ↵dec.

� ✓
F

1012 GeV

◆7/6

(261)

h✓i = 0 (262)

a(x) ⌘ F ✓(x) (263)

⇢DM |0 = mana|0 =
1

2
m2

aF
2✓2

0 ⇠ ⇤4
QCD✓2

0 (264)

|✓obs| < 10�10 (265)

✓(t) = ✓0 cos mat (266)

ma =
⇤2

F
(267)

(@µ✓)J
µ
5 , ✓FF̃, · · · (268)

⌧a ' (m3
a/F

2)�1 = (F/1010 GeV)2(10�4 eV/ma)
3 1027 years (269)

✓(t, x) ' ✓ini cos(mat)R(t)�3/2 for ma & H(t) (270)

✓ini (271)

20



QCD axion 
•   Solution to the strong CP problem (it is also the origin of the axion mass)  

•  The axion DMs (around the earth) can be converted to photons in 
strong magnetic fields   
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QCD axion 
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Figure 2. The search reach of the ADMX RF-cavity experiments over the next 3 years. The first decade of
allowed axion mass will be explored at “definitive” sensitivity to QCD axions over the next year. The middle
decade will be explored at over the following two years. These two decades are expected to encompass the
mass of the dark matter axion.

“Shining Light Through Walls” experiments, polarized laser light is directed down the bore of a transverse
dipole magnet. The light is then blocked by an opaque wall. Some of the photons convert into axions,
and these axions easily pass through the wall and reconvert to photons in a second dipole magnet. The
photon-axion-photon conversion rate is very small, since the axion to two-photon coupling is so tiny, and
the entire photon-axion-photon process contains the product of two such tiny couplings. Such experiments
are unlikely to be sensitive to PQ type dark-matter axions and are less sensitive than the SN1987A bound.
These experiments are therefore more fully considered in the Intensity Frontier [149].

More recently, experiments are being proposed and are under construction that increase the conversion rate
by introducing a pair of locked Fabry-Perot optical cavities on either side of the wall. The conversion rate is
thereby enhanced by approximately the product of the cavity finesses, with the sensitivity improving as the
square-root of this rate [150]. A large experiment based on this locked pair of optical cavities is REAPR,
a project proposed for US funding, but not year approved. A second large experiment ALPS II (proposed
for construction in several phases) has started construction at DESY. These experiments have improved
sensitivity, but are unlikely to reach sensitivity to PQ type dark-matter axions.

Community Planning Study: Snowmass 2013



QCD axion 
•  For the axion DM, the energy density is related with a oscillating 

•  The amplitude     at present time is independent of F :   

•  For a larger F (a lower mass) the oscillation period becomes longer : 

•  oscillating CP violating effects (oscillating EDM of nucleus):  
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The Axion

Strong CP problem:
creates nucleon EDM d ⇥ 3� 10�16 � e cmL � � G �G ✓ . 10�9measurements ➜
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V

a(t) � a0 cos (mat)

Axion solution:
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G eGmake it dynamical so damps down towards zero

Preskill, Wise & Wilczek, Abott & Sikivie, Dine & Fischler (1983)

Axion is a natural dark matter candidatestill has small residual oscillations today ➜

Axion DM causes oscillating nucleon EDM today 
completely changes axion detection (a non-derivative effect)

how cover the full axion mass range?  a different operator
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QCD axion 
•  For the axion DM, the energy density is related with a oscillating 

•  The present amplitude      is independent of F :   

•  For a large F (low mass) the oscillation period is long : 

•  oscillating CP violating effects (oscillating EDM of nucleus):  
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The Axion

Strong CP problem:
creates nucleon EDM d ⇥ 3� 10�16 � e cmL � � G �G ✓ . 10�9measurements ➜

a

V

a(t) � a0 cos (mat)

Axion solution:

L � a

fa
G eGmake it dynamical so damps down towards zero

Preskill, Wise & Wilczek, Abott & Sikivie, Dine & Fischler (1983)

Axion is a natural dark matter candidatestill has small residual oscillations today ➜

Axion DM causes oscillating nucleon EDM today 
completely changes axion detection (a non-derivative effect)

how cover the full axion mass range?  a different operator

SQUID 
pickup 
loop

�Bext

�E�

�d�µ

Larmor frequency = axion mass ➔ resonant enhancement

SQUID measures resulting transverse magnetization

Cosmic Axion Spin Precession Experiment (CASPEr)

ferroelectric (e.g. PbTiO3), NMR pulse sequences (spin-echo,…),… 
quantum spin projection (magnetization) noise small enough

NMR techniques + high precision magnetometry

�Bext

�E�

�d�µ

Larmor frequency = axion mass ➔ resonant enhancement

Cosmic Axion Spin Precession Experiment (CASPEr)
NMR techniques + high precision magnetometry
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QCD axion 
•  For the axion DM, the energy density is related with a oscillating 

•  The present amplitude      is independent of F :   

•  For a large F (low mass) the oscillation period is long : 

•  oscillating CP violating effects (oscillating EDM of nucleus):  
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The Axion

Strong CP problem:
creates nucleon EDM d ⇥ 3� 10�16 � e cmL � � G �G ✓ . 10�9measurements ➜

a

V

a(t) � a0 cos (mat)

Axion solution:

L � a

fa
G eGmake it dynamical so damps down towards zero

Preskill, Wise & Wilczek, Abott & Sikivie, Dine & Fischler (1983)

Axion is a natural dark matter candidatestill has small residual oscillations today ➜

Axion DM causes oscillating nucleon EDM today 
completely changes axion detection (a non-derivative effect)

how cover the full axion mass range?  a different operator

[P. Graham’s slide at Pheno 17] 
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Fuzzy DM (ultra-light pseudoscalar DM)  
•  No contribution from the SM sector    

•  Non-perturbative corrections,                                can give various 
ranges of  mass (e.g.                                           )   

•  For the ultra-light coherent oscillating DM with 

•  For lower masses, DM is more wave-like :    
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Quantum pressure 
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Fuzzy DM (ultra-light pseudoscalar DM)  
•  The qauntum pressure prevents to make a cusp in the DM halo below 

the de Broglie length scale of the FDM,   
     à Resolve the cusp-core, (too big to fail) problem  
 
 
 
 
•  This also address the “missing satellite problem” 
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Ṙ

univ.

R
univ.

/ 1

t
(204)

�(t) ' �
0

cos(m
DM

t)

(R
univ./R0

)3/2
, ⇢̄

DM

=
m2

DM

f 2

a

(R
univ./R0

)3

✓2

ini

(205)

16

m
DM

' ⇤2

⇤
f

fdm

(187)

�
de Broglie

=
~

m
DM

v
0

⇠ kpc (188)

gravitational force (189)

(10�8s < t) (190)

n $ p+e�⌫̄ (191)

✓
⇢̄

DM

⇢̄
tot

◆

0

= 0.23


3 ⇥ 10�26cm3/sec

h�
ann

v
rel

iTfr

�
(192)

✓
⇢̄

DM

⇢̄
tot

◆

0

= 0.3


fa

1012 GeV

�
7/6

✓2

ini

(193)

Ep = 7 ⇥ 103mpc
2 = 7 TeV (194)

⇢̄
DM

= m
DM

n̄
DM

' 1.2 ⇥ 10�6 GeV/cm3 (195)

v
rot

=

r
GM

gal

R
/ 1

R1/2
(196)

⇢
DM

/ 1/r2

) M
tot

/ R

) v
rot

/ const. (197)

�(t) ' �
0

⌘ ✓
ini

fa (198)

B 6= 0 (199)

f & 3v (200)

(10�4 sec < t) (201)

⇢
density

(x) (202)

(R
univ./R0

) (203)

m
DM

⇠ 105 eV ! �
photon

⇠ cm

(microwave) (204)

�̈ + 3H�̇ + m2

DM

� = 0 H =
Ṙ
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DM mass density 

H
reh

⌧ h�
el

i
0

< h�
ann

i
0

(172)

�
ann

(T, E�) < H(T ) for T  T
reh

(173)

�
el

(T
reh

, E�) > H
reh

: E� ! Eeq

� �
ann

(T
reh

, E�) ! H
reh

at T ' T
reh

(174)

�
el

(T
reh

, Edec

� ) = H
reh

for m� ⌧ Edec

�  E ini

� (175)

h�
ann

v
rel

i� / 1/E2

� / a2 for T < T
reh

(176)

�
ann

(T⇤, E� ⇠ m�) ! H⇤ until T⇤ < T
reh

(177)

�
ann

(T, E�) = n�h�ann

v
rel

i�,
�

el

(T, E�) = n�

⌧
�

el

v
rel

�p�
p�

�

�,T

. (178)
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Suppress the growth of sub Mpc 
scales density perturbation like 
WDM    
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Self Interacting DM (SIDM)



Self interactions (       ) 
Dark matter self interactions could be in thermal equilibrium around the 
center of the galaxies : Solving Cusp-core, too big to fail problem  

Self-Interacting Dark Matter
• Self-interactions thermalize the inner halo
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thermalized 
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 SIMP DM with m=50 MeV 

 WIMP DM with MeV mediator 
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age of the Universe 

[Spergel, Steinhardt astro-ph/9909386] 



Velocity dependence 
Hints and constraints on the self interactions  

Positive observations �/m vrel Observation Refs.

Cores in spiral galaxies & 1 cm

2
/g 30 � 200 km/s Rotation curves [64, 80]

(dwarf/LSB galaxies)
Too-big-to-fail problem
Milky Way & 0.6 cm

2
/g 50 km/s Stellar dispersion [74]

Local Group & 0.5 cm

2
/g 50 km/s Stellar dispersion [75]

Cores in clusters ⇠ 0.1 cm

2
/g 1500 km/s Stellar dispersion, lensing [80, 90]

Abell 3827 subhalo merger ⇠ 1.5 cm

2
/g 1500 km/s DM-galaxy offset [91]

Abell 520 cluster merger ⇠ 1 cm

2
/g 2000 � 3000 km/s DM-galaxy offset [92, 93, 94]

Constraints
Halo shapes/ellipticity . 1 cm

2
/g 1300 km/s Cluster lensing surveys [73]

Substructure mergers . 2 cm

2
/g ⇠ 500 � 4000 km/s DM-galaxy offset [79, 95]

Merging clusters . few cm

2
/g 2000 � 4000 km/s Post-merger halo survival Table II

(Scattering depth ⌧ < 1)
Bullet Cluster . 0.7 cm

2
/g 4000 km/s Mass-to-light ratio [68]

TABLE I: Summary of constraints on self-interaction cross section per DM mass. Italicized observations
are based on single individual systems, while the rest are derived from sets of multiple systems. Limits
quoted, which assume constant �/m, may be interpreted as a function of collisional velocity vrel provided
�/m is not steeply velocity-dependent. References noted here are limited to those containing quoted self-
interaction cross section values. Further references, including original studies of observations, are cited in
the corresponding sections below.

stellar kinematics within cluster cores [80] suggest some tension with these values, which indi-
cates the DM scattering cross section has a mild velocity-dependence from dwarf to cluster scales.
We discuss these issues in further detail in §III.

On the theory side, a new semi-analytical SIDM halo model has been developed based on the
Jeans equation [80, 81, 82]. It can reproduce the simulation results for SIDM profiles within 10–
20% while being much cheaper computationally. Discussed in §IV, this approach provides insight
for understanding the baryonic influence on SIDM halo properties [81], testing SIDM models from
dwarf to cluster scales [80], and addressing the diversity problem in SIDM [82].

Furthermore, there has been important progress in particle physics models for SIDM. Both
numerical and analytical methods have been developed to accurately calculate the cross section
for SIDM models involving the Yukawa [83, 84, 85] or atomic interactions [86, 87]. These studies
make it possible to map astrophysical constraints on �/m to the particle model parameters, such as
the DM and mediator masses and coupling constant. In addition, an effective theory approach has
been proposed in parametrizing SIDM models with a set of variables that are directly correlated
with astrophysical observations [88, 89].

In Table I, we summarize the present status of astrophysical observations related to SIDM . The
positive observations indicate discrepancies with CDM-only simulations and the required cross
section assuming self-interactions are responsible for solving each issue. Dwarf and LSB galaxies
favor cross sections of at least 1 cm

2/g to produce large enough core radii in these systems,
which is also consistent with alleviating the too-big-to-fail problem among MW satellites and
field dwarfs of the Local Group. The cross section need not be particularly fine-tuned. Values as
large as 50 cm

2/g provide consistent density profiles on dwarf scales [75]. (The upper limit on

8

[Tulin, Yu 1705.02358] 



Diversity of rotation curves 
Since the dark matter only density profile has a smooth core, its shape is 
more sensitive to the additional baryonic gravitational potential 
compared to the CDM case in which its own gravitational potential is 
more important.  Solving the Diversity Problem
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CDM

• Scatter in halo concentration
• Baryon distribution
• DM self-interactions thermalize the inner halo 

with Kamada, Kaplinghat, Pace (2016)

Isothermal profile without the baryonic influence 
True SIDM profile with the baryonic influence 30 galaxies 

See Tao Ren’s talk

Vmax~25-300 km/s

[Kamada, Kaplinghat, Pace, Yu 1611.02716] 



Primordial Black Hole (PBH)



Formation of PBH 
•  The black holes could be generated at the early Universe, (not from 

stellar evolutions at the late time Universe), if the initial density 
fluctuations are large enough, even if there is no DM         particles.  

•  Formation time determines the mass of the PBH. 

•  Life-time (due to Hawking radiation) 
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BH 

Initial large density fluctuations   collapse due to gravitational force 
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Binary PBHs (and merging) can be the 
source of strong gravitational waves 

[Carr, Kuhnel, Sandstad 1607.06077] 
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Forming binary black holes and coalescing   
à Gravitational waves 



Strong gravitational waves are produced  



Strong gravitational waves are produced  

Black	
Hole	

Black	
Hole	

First direct detection of gravitational waves, 
GW150914 (2015) 
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Merger of a PBH binary 
•  Based on GW150914, GW151226,  LVT151012,  
    event rate is estimated as  2 – 50 Gpc-3 year-1 

•  Estimating the PBH binary merger rate  After including information regarding the difference DM halos properties 
(concentration, and velocity dispersions) and effects on the smallest DM 
halos:

⇠ 6Gpc�3yr�1

3

FIG. 1. The PBH merger rate per halo as a function of
halo mass. The solid line shows the trend assuming the
concentration-mass relation from Ref. [27], and the dashed
line that from Ref. [26]. To guide the eye, the dot-dashed line
shows a constant BH merger rate per unit halo mass.

to be detectable by LIGO. This requirement imposes a
minimum impact parameter of roughly the Schwarzschild
radius. The fraction of BHs direct mergers is ⇠ v2/7 and
reaches a maximum of ⇠ 3% for v

pbh

= 2000 km s�1.
Thus, direct mergers are negligible. We also require that
once the binary is formed, the time until it merges (which
can be obtained from Ref. [29]) is less than a Hubble time.
The characteristic time it takes for a binary BH to merge
varies as a function of halo velocity dispersion. It can be
hours forM

vir

' 1012 M� or kyrs forM
vir

' 106 M�, and
is thus instantaneous on cosmological timescales. Given
the small size of the binary, and rapid time to merger,
we can neglect disruption of the binary by a third PBH
once formed. BH binaries can also form through non-
dissipative three-body encounters. The rate of these bi-
nary captures is non-negligible in small halos [19, 30],
but they generically lead to the formation of wide bina-
ries that will not be able to harden and merge within a
Hubble time. This formation mechanism should not af-
fect our LIGO rates. The merger rate is therefore equal
to the rate of binary BH formation, Eq. (8).

Fig. 1 shows the contribution to the merger rate,
Eq. (8), for two concentration-mass relations. As can
be seen, both concentration-mass relations give similar
results. An increase in halo mass produces an increased
PBH merger rate. However, less massive halos have a
higher concentration (since they are more likely to have
virialized earlier), so that the merger rate per unit mass
increases significantly as the halo mass is decreased.

To compute the expected LIGO event rate, we con-
volve the merger rate R per halo with the mass func-
tion dn/dM . Since the redshifts (z . 0.3) detectable by
LIGO are relatively low we will neglect redshift evolution
in the halo mass function. The total merger rate per unit

FIG. 2. The total PBH merger rate as a function of halo
mass. Dashed and dotted lines show di↵erent prescriptions
for the concentration-mass relation and halo mass function.

volume is then,

V =

Z
(dn/dM)(M)R(M) dM. (10)

Given the exponential fallo↵ of dn/dM at high masses,
despite the increased merger rate per halo suggested in
Fig. 1, the precise value of the upper limit of the inte-
grand does not a↵ect the final result.
At the lower limit, discreteness in the DM particles

becomes important, and the NFW profile is no longer a
good description of the halo profile. Furthermore, the
smallest halos will evaporate due to periodic ejection of
objects by dynamical relaxation processes. The evapora-
tion timescale is [33]

t
evap

⇡ (14N/ lnN ) [R
vir

/(C v
dm

)] , (11)

where N is the number of individual BHs in the halo, and
we assumed that the PBH mass is 30M�. For a halo of
mass 400M�, the velocity dispersion is 0.15 km sec�1,
and the evaporation timescale is ⇠ 3 Gyr. In prac-
tice, during matter domination, halos which have already
formed will grow continuously through mergers or accre-
tion. Evaporation will thus be compensated by the ad-
dition of new material, and as halos grow new halos will
form from mergers of smaller objects. However, during
dark-energy domination at z . 0.3, 3 Gyr ago, this pro-
cess slows down. Thus, we will neglect the signal from
halos with an evaporation timescale less than 3 Gyr, cor-
responding toM < 400M�. This is in any case 13 PBHs,
and close to the point where the NFW profile is no longer
valid.
The halo mass function dn/dM is computed using both

semi-analytic fits to N-body simulations and with an-
alytic approximations. Computing the merger rate in
the small halos discussed above requires us to extrapo-

S. Bird, IC, J. Munoz et al. (2016)

⇠ 2Gpc�3yr�1

⇠ 4⇥ 10�3Gpc�3yr�1

within the LIGO observed rate!

[Bird et. al. 1603.00464] 

Formation inside the dark 
matter halo in the late 
Universe with NFW profiles 
assuming that PBHs are 
most of dark matter  

BH 

BH 



Merger of a PBH binary 
•  Based on GW150914, GW151226,  LVT151012,  
    event rate is estimated as  2 – 50 Gpc-3 year-1 

•  Estimating the PBH binary merger rate  

[Sasaki et. al. 1603.08338] 

Formation in the early 
Universe after matter-
radiation equality 
(before virialization) 
assuming a certain 
probability distribution for 
the distances among 
PBHs. Only fractional DM 
PBHs are enough. 

Figure 1: Event rate of mergers of 30 M⊙ − 30 M⊙ PBH binaries as a function of the PBH
fraction in dark matter f = ΩBH/ΩDM. The red line is the case for α = β = 1, which we have
employed throughout the calculations. The blue dotted line is the case for α = 0.4, β = 0.8
suggested in [12]. The event rate estimated by the LIGO-Virgo Collaboration is shown as the
shaded region colored orange. The black solid line at f ≈ 3 × 10−4 is the upper limit on f from
the nondetection of the CMB spectral distortion obtained in [9].

necessarily satisfied and it is possible that PBHs upon formation are clustered. In the latter
case, it is expected that the binary formation becomes more efficient and the merger event rate
is enhanced compared to the present case. Another potentially important effect that we did
not take into account is the dynamical friction acting on the BHs in the binaries caused by the
interaction with dark matter trapped in the gravitational potential of the binaries. If the PBH
fraction f is as small as the value corresponding to the kink in Fig. 1, the mass of the trapped
dark matter becomes comparable to the BH mass at the matter-radiation equality and grows
further in the matter dominated era. Since the time scale of the dynamical friction is much
shorter than the age of the Universe, it may be possible that the binary size quickly changes
by a factor of O(1). Quantifying this effect on the event rate is beyond the scope of this paper
(see [15] for the related discussion). With the coincidence between our estimated event rate and
the observation within the uncertainties mentioned above, we conclude that the event GW150914
could be a PBH binary merger.

Let us briefly mention that it is unlikely that the PBH binary is disrupted by other compact
objects such as other PBHs and stars. The typical major axis of the PBH binary for a given
life time of the binary, which we take to be the age of the Universe t0, is given as a solution of

t0 = Qa4(1 − e2
max)

7/2
since the possible largest eccentricity is the most probabilistically favored.

We then find that a ≈ 7 × 104 AU
(

f
fc

)−28/37
for f ≥ fc and a ≈ 7 × 104 AU for f ≤ fc, where

fc ≈ 7×10−4 is f at the kink in Fig. 1. Since the probability that a given PBH binary is disrupted
by the compact objects becomes smaller for smaller f if f < fc, we now focus on f ≥ fc. The
PBH binary will be disrupted if the velocity gain of the PBH due to the gravitational force by
the incident compact object becomes comparable to the orbital velocity of the binary. Denoting

5
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Outlook 

•  We have sketched “a few types” of dark matter candidates.  I didn’t 
discuss the detailed constraints on the class of warm dark matter, 
asymmetric dark matter, and mixed (multi-component) dark matter, 
Lightest fermion dark matter, etc.   

•  Also different thermal histories for the same dark matter 
candidate are possible to give also interesting signatures that 
give the hint for the early Universe.   

•  The future astro-cosmological experiments will reveal the 
detailed structure of dark sectors. 


