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The presence of DM has 
been firmly established.

However, we do not know 
what DM is made of.

Dark Matter

Baryon
Dark matter
Dark energy

⌦DM ' 0.26



✓What is DM? 
-Why long-lived? 
-How produced? Abundance? 
-Cold or warm?  
-Non-gravitational couplings? 

✓DM density perturbations 
-  Isocurvature mode/non-Gaussianity? 

✓Non-linear gravitational evolution 
✓DM distribution in dSphs, galaxies, and clusters. 
-Any tension with LCDM and N-body simulations? 

✓Any relation with inflation and/or DE? 
✓Any predictions for observations?
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•Perturbation theory kernels (Taruya) 
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PBH formation in double inflation

• PBHs can be formed by gravitational collapse of over-density 
region in the early universe


• Large density fluctuations δ with O(0.1) are required for PBH 
formation but δ ~ O(10-5 ) on CMB scale


• We consider double inflation (preinflation+new inflation)


• New inflation model (no specific model is required for pre-inf.)
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PBH formation in double inflation
• PBHs produced by double inflation 

can account for dark matter 


Stringent observational constraints

PBHs with mass~ 1020g can be DM 
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FIG. 1. Black thick line: ⌦PBH(M ) for parameters given in Eq. (14)
is shown. We require the total abundance be equal to the ob-
served DM density, ⌦PBH,tot = ⌦c . The solid lines with shades
represent relevant observational constraints on the current PBH
mass spectrum [class (a)]: extra-galactic gamma-ray (EG�) [25],
femtolensing (Femto) [26], existence of white dwarfs in our lo-
cal galaxy (WD) [32], Subaru HSC microlensing (HSC) [1], Ke-
pler milli/microlensing (Kepler) [27], EROS/MACHO microlens-
ing (EROS/MACHO) [28], and dynamical heating of ultra-faint
dwarf galaxies (UFD) [31]. The solid line without shade illus-
trates the observational constraints on the past PBH mass spec-
trum [class (b)]: accretion constraints by CMB [36–38]. Here we
do not show the pulsar timing array constraints [43–45] on grav-
itational waves via second order effects [39–42] because they are
indirect and depend on the concrete shape of the scalar power
spectrum. Nevertheless, it is noticeable that their constraints are
so strong that PBHs with M ⇠ 0.75�M�–75�M� are excluded, if
they are generated via superhorizon fluctuations. See [15, 46, 47]
for details. The conservative bound of the new HSC microlensing
constraint is shown by the thick blue line with the deep shade,
and the dotted one utilizes an extrapolation from the HST PHAT
star catalogs in the disk region [1].

motion for GWs. Since GWs are produced when the scalar
perturbations reenter the horizon, the momentum scale of
GWs is necessarily related to the PBH mass, Eq. (2). Also,
the amount of GWs is roughly proportional to the square
of the scalar perturbation, which may be conveniently es-
timated as⌦GW ⇠⇥10�9(P⇣/0.01)2. The current pulsar tim-
ing array experiments [43–45]put severe constraints on k ⇠
106 Mpc�1 corresponding to M ⇠ 0.75�M�–75�M�. If one
would like to interpret the LIGO events as PBH-mergers,
these constraints play important roles [15, 46, 47].

PBH AS ALL DM

As one can infer from Fig. 1, there are very limited ranges
of the PBH mass in which PBHs can be a dominant com-
ponent of DM. The first viable region may lie between
the white dwarf and HSC constraints around ⇠ 1020 g.1

The next possibility would be between the MACHO/EROS

FIG. 2. Scatter plot to show constraints on parameters of the ex-
tended mass function given in Eq. (13). Orange dots are excluded
by WD [32]. Blue dots are excluded by HSC [1].

and the dynamical heating constraints around 1034�35 g [7],
since the CMB constraints can be much weaker as claimed
recently [36–38]. This region is recently revisited because
there is a possibility to explain the LIGO gravitational
events simultaneously [8, 35, 48]. However, in Ref. [49], it
is argued that PBHs as all DM in this region is disfavored
if one uses the constraint from the dynamical heating of
ultra-faint dwarf galaxies.6 Ref. [50] also claims that PBHs
cannot constitute all the DM for M ⇠ O (10)M� by using
a new accretion constraint on PBHs at the galactic cen-
ter via the radio and X-ray.7 In addition, for PBHs gener-
ated via superhorizon fluctuations, the pulsar timing ar-
ray experiments [43–45] set severe constraints on gravita-
tional waves via the second order effects [39–42] for M ⇠
0.75�M�–75�M� as mentioned previously. If the formation
of PBHs is well approximated by the Gaussian statistics,
the power spectrum of curvature perturbation should be
sharp enough to avoid the constraints at O (10)M� [15, 47].
Inflation models with enhanced non-Gaussianity at small
scales may evade this constraint since the same amount of
PBHs can be produced by a smaller amplitude of the cur-
vature perturbation than the Gaussian one [46]. We will re-
turn to these issues elsewhere [51].

In the following, we focus on the former region for PBHs
as all DM. Fig. 2 shows constraints on parameters of the fol-
lowing form of the extended mass function:

d
dM

⌦PBH(M )
⌦c

=N exp

�(log M � log M⇤)2
2�2

�
, (13)

where N is determined so that the integration of Eq. (13)
becomes 1. One can see that the PBH mass spectrum

6 Ref. [7] varies the parameters of constraints from the dynamical heating
of Eridanus II.

7 Note that this constraint depends on the profile of PBH DM. For the
Burkert profile, we can evade it as discussed in Ref. [50].

PBHs produced by 
double inflation 
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FIG. 3. Black dashed line: the PBH mass spectra for parameters
given in Eq. (29) (ckin > 0). Cyan solid line: that for parame-
ters given in Eq. (32) (ckin < 0). Observationally excluded regions
are represented by red-shaded regions: extragalactic gamma rays
from Hawking radiation [51], femtolensing of known gamma ray
bursts [52], white dwarfs existing in our local galaxy [53], Kepler
micro/millilensing [54], EROS/MACHO microlensing [55], and ac-
cretion constraints from CMB [44]. See also [8] for a recent sum-
mary of observational constraints on PBHs.

slightly small � is enough to elude the current constraints. In
the future, the SKA experiment could reach a much smaller
value of the GW-density close to ⌦GWh2 ⇠ 10�15. There-
fore this scenario will be tested, for the spectrum cannot be
so steep to avoid this constraint because ⌦GW / k�4 with
⌧ 1.

In addition, for a large , there exists an upper bound on
the new inflation scale v of our model. This is because the
e -folding number of the new inflation becomes smaller for
a larger , i.e.,

Nnew,tot '
Z 'i
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while we need a sufficiently long period of the new inflation
to have a heavy PBH with a mass comparable to ⇠ 10M�,
i.e.,

Nnew( f )'29� ln
f

7⇥10�10 Hz

+
2
3

ln
v

1013 GeV
+

1
3

ln
TR

105 GeV
. (31)

Combining these two equations and inserting  ⇠ 0.8, ↵ ⇠
0.8, and TR ⇠ 105 GeV, one finds a rough upper bound on
the new inflation scale: v Æ O (1013)GeV. As a result, the
scenario proposed in Ref. [26] seems to be disfavored in
the case of ckin > 0, since it requires a high new inflation
scale v ¶ 1015 GeV to avoid the decay of the metastable elec-
troweak vacuum during the preheating stage after chaotic
inflation [57].

In the case of ckin < 0, the Hubble induced mass for ' can
be canceled out in the oscillation phase of�. As a result, the
modes which are on the superhorizon scale in this phase

can be steeply enhanced as described in App. B in detail.
Then it can realize a sharper fall-off than the slow-roll case.
Since  need not be large, the scenario in Ref. [26] is still
viable because the new inflation scale can be high. Further-
more, if one takes a negative , the '’s potential can have
a flat inflection point, making a second peak for the scalar
power spectrum [27]. We show the specific example of the
parameter set

n = 3,
v

M Pl
= 10�4, =�0.638, ↵=

"M 2
Pl

v 2 = 10.2,

g = 1.795⇥10�3, cpot = 0.681, ckin =�0.688, (32)

in Fig. 2. The resultant PBH mass spectrum and induced
GW spectrum are shown in Fig. 3 and 1. One can make an-
other low-mass peak on the PBH spectrum, corresponding
with the flat inflection point for  < 0 [27]. It may be de-
tected by future gravitational lensing observations. Also, the
current PTA constraints are marginally avoided.
� dependence. Before the conclusions, let us stress the

� dependence on the GW spectrum again. As shown in
Eq. (2), the correspondence between the GW frequency and
the PBH mass has a � uncertainty. It is almost impossible to
realize⇠ 10M� PBHs avoiding the PTA constraints for �= 1.
However note that the precise value of � is still under dis-
cussion. Further investigations to narrow down its precise
value are quite important.

VI. CONCLUSIONS

In this paper, we have discussed the possibility to inter-
pret the LIGO events as mergers of PBHs that are produced
by inflationary superhorizon fluctuations. If scalar fluctua-
tions during inflation are large enough, PBHs can be gener-
ated. Interestingly, while the formation of PBHs take place
at the horizon reentering of over-dense region, GW is simul-
taneously produced through the second order effects. Tak-
ing the double inflation model proposed in Ref. [22] as an
example, we have demonstrated that the PTA experiments
play crucial roles to probe/exclude this scenario.

The bound from PTA experiments depends on the uncer-
tain factor �. For a larger �⇠ 1, the current PTA experiments
rule out the possibility to explain the LIGO events by merg-
ers of PBHs originating from inflation. Even for � ' 0.2, the
GW spectrum should be steep, i.e., ⌦GW / k�4x with x ! 1,
though the precise power depends on the uncertain fac-
tor �. As a result, the parameter space of the double infla-
tion model is already severely restricted. We have explicitly
shown that the current PTA constraints can be marginally
avoided for parameters which generate a sufficiently steep
scalar power spectrum. If the Hubble induced mass disap-
pears after the end of chaotic inflation, the scalar perturba-
tion can be dramatically enhanced, which results in a steep
GW spectrum. Otherwise, there is an upper bound on the
spectral tilt due to the slow-roll condition, while the spec-
tral tilt should be large enough to obtain a strongly red-tilted
spectrum. As a result, this scenario is marginal, but we can-
not immediately exclude it due to the uncertainty of �.
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represents the inflaton responsible for the chaotic (new) in-
flation; Vpre (Vnew) is the potential for the chaotic (new) in-
flation; Vstb stabilizes ' during chaotic inflation. cpot, ckin,
g , , and " are dimensionless parameters; and v is the scale
of the new inflation. Hereafter we assume cpot ⇠ |ckin| ⇠
O (1), cpot > 0, and ckin ¶�cpot.

The dynamics of the double inflation proceeds as fol-
lows. First, chaotic inflation takes place while � slowly
rolls down the potential Vpre. During this regime, ' is sta-
bilized at ' ⇠ "v 4M Pl/(cpotVpre). After the end of chaotic
inflation, the �-oscillation induces another Hubble in-
duced mass term from Eq. (26), and ' is stabilized at
' ⇠ "v 4M Pl/(c⇢pre) with c = 1

2 (ckin + cpot) until the en-
ergy of � becomes ⇢pre ⇠ v 4, where the new inflation
starts. Hence, the initial field value of ' can be estimated
as 'i ⇠ "M Pl. The new inflation occurs until the slow-
roll condition fails at 'e ⇠ (v 2M n�4

Pl /(2n (n � 1)g ))1/(n�2).
Finally, ' oscillates around the potential minimum lo-
cated at 'm '

p
2M Pl(v 2/g M 2

Pl)
1/n with a mass scale of

m' ' n (v 2/M Pl)(v 2/g M 2
Pl)
�1/n . Suppose that ' decays via

a dimension-five Planck-suppressed operator.9 The reheat-
ing temperature can be evaluated as

TR ' 0.1

»
m 3
'

M Pl
' 0.1n

3
2 g

3
2n M Pl

✓
v

M Pl

◆3� 3
n

. (27)

Throughout this paper, we take this value of the reheating
temperature as a benchmark.

Sharp power spectrum. There are two ways to realize a
sharp peak on the power spectrum of the curvature pertur-
bation in this model. In the following, we discuss both cases
in turn.

In the case of ckin > 0, '’s perturbation is not affected
by �’s oscillation and the curvature perturbation generated
during new inflation is determined almost only by '’s po-
tential form (see App. B). Therefore, in this case, one has to
take a sizable  and make the power spectrum strongly red-
tilted. The power spectrum of curvature perturbations is

P⇣ ⇠

8
<
:
P⇣
��
chaotic ⇠ 10�9 for ki ¶ k ,

A
Ä

ki

k

ä2
for k ¶ ki ,

(28)

where the amplitude is A = v 4/(12⇡2M 4
Pl"

2), and ki is a co-
moving momentum that exits the horizon at the onset of the
new inflation, ki = a i Hi . One can see that a sizable amount
of scalar perturbations are generated for " = ↵v 2/M 2

Pl with
↵⇠O (1).10 Also, the power spectrum has a peak at k ⇠ ki . If
ki corresponds to a PBH mass of⇠ 10M�, PBHs responsible
for the LIGO events can be produced. See also Eq. (2).

The current PTA experiments push this scenario on edge.
This is because, while Eq. (22) indicates ⌦GW / k�4, the

9 Since the new inflation requires an extremely flat potential, it may be
natural to assume that it only interacts with the Standard Model sector
via Planck-suppressed operators.

10 There is a lower bound ↵> 1/(2
p

3⇡) to avoid the eternal inflation.

FIG. 1. Black dashed line: the induced GW spectra for parameters
given in Eq. (29) (ckin > 0). Cyan solid line: that for parameters
given in Eq. (32) (ckin < 0). We also plot ⌦GW(k ) =⌦GW, peak(ki /k )4 in
a black dotted line for comparison. The current three severe con-
straints, i.e., NANOGrav [18], EPTA [19], and PPTA [20] are shown in
red shaded regions. The prospect of the SKA sensitivity is shown in
a green solid line [46, 47]. Although the case of ckin > 0 is marginal,
we cannot immediately exclude it because of the uncertainty of the
factor �. A slightly small � is enough to elude this constraint.

FIG. 2. Black dashed line: the scalar power spectra for parameters
given in Eq. (29) (ckin > 0). Cyan solid line: that for parameters
given in Eq. (32) (ckin < 0). Here we show the constraints from the
µ-distortion region given in [49, 50] in a red-shaded region.

slow-roll condition forces the power not to be so steep ⌧
1. As a result, it is difficult to achieve a sharp power spec-
trum. To demonstrate this, we plot the concrete GW power
spectrum for

n = 3,
v

M Pl
= 5⇥10�5, = 0.76, ↵=

"M 2
Pl

v 2 = 0.765,

g = 1.27⇥10�10, cpot = 1, ckin = 0.1, (29)

in Fig. 1, together with the steepest GW spectrum, i.e.,
⌦GW(k ) = ⌦GW, peak(ki /k )4. We have also plotted the scalar
power spectrum in Fig. 2 and the PBH mass spectrum Fig. 3.
Note that we did not use the slow-roll approximations but
numerically solved the full equation of motion for the back-
ground fields and the linear perturbations to obtain this
power spectrum (see e.g., Ref. [56]). Although this scenario
is marginal due to the current PTA constraints, we cannot
immediately exclude it because of the uncertainty in �. A

Pulsar 
Timing 

double inflation 
double inflation 

30M�

• Double inflation can produce PBHs  
which account for LIGO event (MPBH ~          )  


2nd order curvature perturbations induce tensor modes

Constraint from pulsar timing exp.         marginally consistent

30M�

See talk by M. Kawasaki 



Cosmological	
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  are	
  suppressed	
  
through	
  the	
  acoustic	
  damping	
  due	
  to	
  the	
  
electromagnetic	
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A.Kamada, Kohri, T.Takahashi, and N.Yoshida,   arXiv:1604.07926 [astro-ph.CO]

A.Kamada, K.T.Inoue, Kohri, and T.Takahashi , arXiv:1703.XXXXX [astro-ph.CO]



1)  Constraints on charges vs. masses of CHAMPs by CMB and 
BBN

A.Kamada, Kohri, T.Takahashi, and N.Yoshida,   arXiv:1604.07926 [astro-ph.CO]



Constructing perturbation theory kernels for 
large-scale structure in generalized cosmologies

A numerical scheme to construct perturbation theory kernels, as 
building blocks of statistical calculations of large scale structures

Figure 2 presents the one-loop power spectra obtained
from the RegPT treatment (long-dashed lines) in GR (left)
and fðRÞ gravity (right). The results are compared with
standard PT results (short-dashed lines) and linear theory
predictions (dotted lines). Here, we also present the power
spectra data measured from N-body simulations, which are
taken from Ref. [31]. Because of the exponential damping
factor in the propagators, a large suppression of the power
spectrum appears at relatively low k in the one-loop results,
and the agreement with simulation is mostly comparable to
that of the standard PT results. Nevertheless, a crucial point
is that with the damping behavior, RegPT can capture the
major trend of the nonlinear smearing in the acoustic
signature of the power spectrum, successfully reproducing
quite well the acoustic peak seen in the correlation function.
By contrast, standard PT fails to compute the correlation
function because of the bad high-k behavior.
As another interesting example, we consider a systematic

construction of the propagator in Ref. [16] called
MPTbreeze, with which we can develop two-loop calcu-
lations using the PT kernels up to third order. The power
spectrum of MPTbreeze at two-loop order is given by

PMPT
δδ ðkÞ¼ fΓð1Þ

MPT;δðkÞg2P0ðkÞ

þ2

Z
d3q
ð2πÞ3

fΓð2Þ
MPT;δðq;k−qÞg2P0ðqÞP0ðjk−qjÞ

þ6

Z
d3pd3q
ð2πÞ6

fΓð3Þ
MPT;δðp;q;k−p−qÞg2

×P0ðpÞP0ðqÞP0ðjk−p−qjÞ ð33Þ

with the propagators

ΓðnÞ
MPT;δðk1;…; knÞ

¼ Fnðk1;…; knÞ exp
"
3
R d3q

ð2πÞ3 F3ðq;−q; kÞP0ðqÞ
F1ðkÞ

#
: ð34Þ

Equation (33) involves the six-dimensional integral, for
which we evaluate using the Monte Carlo technique
[40,41]. Note that the MPTbreeze treatment with
Eqs. (33) and (34) was originally proposed and applied
to the power spectrum in the ΛCDM model (i.e., GR).
Nevertheless, the propagators constructed with this treat-
ment similarly behave like what is obtained from RegPT,
and we may apply MPTbreeze to the power spectrum
calculations in modified gravity models.
In Fig. 2, the power spectra obtained from theMPTbreeze

treatment are plotted as solid lines. With the two-loop order
calculations, the agreement with simulations is improved in
both GR and fðRÞ gravity, and the MPTbreeze results
reproduce the power spectrum well in a range wider than
RegPT and standard PT. A close look at the BAO feature
reveals that the MPTbreeze tends to predict a more pro-
nounced acoustic signal, and slightly over-predicts the
simulations (see third peak at z ¼ 2 or second bump at
z ¼ 1). This would be partly due to the incomplete mode-
coupling treatment in constructing the multipoint propaga-
tors [20]. In particular, compared to the RegPT treatment,
the two-point propagators in MPTbreeze, Γð1Þ

MPT, ignore the
two-loop corrections, which are known to slightly reduce

FIG. 2. Matter power spectra in GR (left) and fðRÞ gravity (right) at z ¼ 0, 0.5, 1, and 2 (from top to bottom). Based on the
numerically constructed PT kernels up to third order, standard and resummed PT calculations are performed, and the results multiplied
by k3=2 are compared with N-body simulations taken from Ref. [31]. Long-dashed and short-dashed lines are the one-loop predictions
based on RegPT and standard PT, respectively. On the other hand, solid lines represent the results based on the MPTbreeze treatment,
which effectively gives two-loop predictions. For reference, the linear theory predictions are depicted as dotted lines.

CONSTRUCTING PERTURBATION THEORY KERNELS FOR … PHYSICAL REVIEW D 94, 023504 (2016)

023504-7

→ applicable to generalized structure formation including 
modified gravity Performance in f(R) gravity

A. Taruya

k3/2P (k)



Detecting black-hole binary clustering via the 
second-generation gravitational-wave detectors

are prone to have a poor angular resolution (see Fig. 1).
Figure 2 shows the angular power spectrum between the
clustering of BH binaries and galaxies in the case of
Pan-STARRS, with expected errors at each multipole
bin. The results suggest that the clustering signal is very
hard to detect by the GW data alone, but cross-correlating
with other LSS probe enlarges the capability of detecting
the clustering signal. In particular, the cross-correlation
with photometric galaxies can give a higher detection
significance, and a shallow but wide-field survey like
Pan-STARRS will be able to give a solid detection. On
the other hand, lensing measurements of both galaxies and
CMB do not help so much to improve the detection
significance. This is partly because the lensing signal is
basically generated by the matter fluctuations at high
redshifts. In this sense, the cross-correlation with the BH
binary clustering at low redshifts is not optimal. Indeed,
increasing the maximum redshift of the BH binary samples
to zmax ¼ 0.3, the detection significance is improved by
20%–40% from the lensing measurements (20% for DES,
21% for Euclid, 43% for Pan-STARRS, and 26% for CMB
Stage-III).
In Table II, the combined results of both the auto- and

cross-correlations for each survey are shown. Further, in
Fig. 3, the combined detection significance is plotted as a
function of the maximum redshift of BH binaries, zmax. In
the most optimistic case with the merger rate of _n0 ¼
400 Gpc−1 yr−1 (dashed lines), the detection of the cluster-
ing signal is fairly likely from the cross-correlation of BH
binaries at z≲ 0.2–0.3with Pan-STARRS and Euclid. As is
shown in Table II, the detection significance is mostly
determined by cross-correlating with photometric galaxies.
This implies that making full use of cross-correlations we
still have a chance to detect the clustering signal of BH

binaries even with smaller merger rates, since the detection
significance approximately scales as _n1=20 .
Finally, note that the detection significances of the cross-

correlation are basically limited by the shot noise of the
GW sources and the cosmic variance of galaxies or lensing
measurement. That is, Eq. (16) can be recast as

α2sX ≃ fsky
X

l

ð2lþ 1Þ
ðCsX

l Þ2

CXX
l Nss

l
: ð17Þ

This suggests that the results become nearly insensitive to
the clustering bias of galaxies, bgal;0, and the intrinsic rms
shear, σγ . Even though the galaxy number density is
reduced to 0.1 per square arcmin, Eq. (17) would be valid
for the cross-correlation with photometric galaxies, indi-
cating that a wide-field survey is preferable to enhance the
detection significance. In this respect, a cross-correlation
with Large Synoptic Survey Telescope [47] also helps to
detect the BH binary clustering, and the detection signifi-
cance will be rather comparable to that of Euclid. On the
other hand, the cross-correlation with CMB lensing is still
not useful to detect the BH binary clustering. This is true
even using the CMB Stage-IV [48] experiment, planned for
observation in early 2020.

V. SUMMARY

Based on the recent discovery of the GWevent, we have
discussed the possibility to test the clustering hypothesis of
BH binaries similar to the GW150914 event via a network

FIG. 2. The cross angular power spectrum between the cluster-
ing of BH binaries and galaxies. The error boxes are computed
assuming Pan-STARSS and with Tobs _n0 ¼ 3 × 100 Gpc−3

(green) or 3 × 400 Gpc−3 (red). The maximum redshift of the
GW sources is zmax ¼ 0.2.

FIG. 3. The combined result of the detection significance, αtot,
as a function of the maximum redshift of BH binaries, zmax,
assuming the 3 year observation of the second-generation
detector network. The quantity αtot precisely implies the signifi-
cance of rejecting the hypothesis that the distribution of BH
binaries is spatially homogeneous. Blue, green, and red lines,
respectively, show the result combined with Pan-STARRS,
Euclid, and DES, for Tobs _n0 ¼ 3 × 100 Gpc−3 (solid) and
3 × 400 Gpc−3 (dashed).
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are prone to have a poor angular resolution (see Fig. 1).
Figure 2 shows the angular power spectrum between the
clustering of BH binaries and galaxies in the case of
Pan-STARRS, with expected errors at each multipole
bin. The results suggest that the clustering signal is very
hard to detect by the GW data alone, but cross-correlating
with other LSS probe enlarges the capability of detecting
the clustering signal. In particular, the cross-correlation
with photometric galaxies can give a higher detection
significance, and a shallow but wide-field survey like
Pan-STARRS will be able to give a solid detection. On
the other hand, lensing measurements of both galaxies and
CMB do not help so much to improve the detection
significance. This is partly because the lensing signal is
basically generated by the matter fluctuations at high
redshifts. In this sense, the cross-correlation with the BH
binary clustering at low redshifts is not optimal. Indeed,
increasing the maximum redshift of the BH binary samples
to zmax ¼ 0.3, the detection significance is improved by
20%–40% from the lensing measurements (20% for DES,
21% for Euclid, 43% for Pan-STARRS, and 26% for CMB
Stage-III).
In Table II, the combined results of both the auto- and

cross-correlations for each survey are shown. Further, in
Fig. 3, the combined detection significance is plotted as a
function of the maximum redshift of BH binaries, zmax. In
the most optimistic case with the merger rate of _n0 ¼
400 Gpc−1 yr−1 (dashed lines), the detection of the cluster-
ing signal is fairly likely from the cross-correlation of BH
binaries at z≲ 0.2–0.3with Pan-STARRS and Euclid. As is
shown in Table II, the detection significance is mostly
determined by cross-correlating with photometric galaxies.
This implies that making full use of cross-correlations we
still have a chance to detect the clustering signal of BH

binaries even with smaller merger rates, since the detection
significance approximately scales as _n1=20 .
Finally, note that the detection significances of the cross-

correlation are basically limited by the shot noise of the
GW sources and the cosmic variance of galaxies or lensing
measurement. That is, Eq. (16) can be recast as

α2sX ≃ fsky
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This suggests that the results become nearly insensitive to
the clustering bias of galaxies, bgal;0, and the intrinsic rms
shear, σγ . Even though the galaxy number density is
reduced to 0.1 per square arcmin, Eq. (17) would be valid
for the cross-correlation with photometric galaxies, indi-
cating that a wide-field survey is preferable to enhance the
detection significance. In this respect, a cross-correlation
with Large Synoptic Survey Telescope [47] also helps to
detect the BH binary clustering, and the detection signifi-
cance will be rather comparable to that of Euclid. On the
other hand, the cross-correlation with CMB lensing is still
not useful to detect the BH binary clustering. This is true
even using the CMB Stage-IV [48] experiment, planned for
observation in early 2020.

V. SUMMARY

Based on the recent discovery of the GWevent, we have
discussed the possibility to test the clustering hypothesis of
BH binaries similar to the GW150914 event via a network

FIG. 2. The cross angular power spectrum between the cluster-
ing of BH binaries and galaxies. The error boxes are computed
assuming Pan-STARSS and with Tobs _n0 ¼ 3 × 100 Gpc−3

(green) or 3 × 400 Gpc−3 (red). The maximum redshift of the
GW sources is zmax ¼ 0.2.

FIG. 3. The combined result of the detection significance, αtot,
as a function of the maximum redshift of BH binaries, zmax,
assuming the 3 year observation of the second-generation
detector network. The quantity αtot precisely implies the signifi-
cance of rejecting the hypothesis that the distribution of BH
binaries is spatially homogeneous. Blue, green, and red lines,
respectively, show the result combined with Pan-STARRS,
Euclid, and DES, for Tobs _n0 ¼ 3 × 100 Gpc−3 (solid) and
3 × 400 Gpc−3 (dashed).
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are prone to have a poor angular resolution (see Fig. 1).
Figure 2 shows the angular power spectrum between the
clustering of BH binaries and galaxies in the case of
Pan-STARRS, with expected errors at each multipole
bin. The results suggest that the clustering signal is very
hard to detect by the GW data alone, but cross-correlating
with other LSS probe enlarges the capability of detecting
the clustering signal. In particular, the cross-correlation
with photometric galaxies can give a higher detection
significance, and a shallow but wide-field survey like
Pan-STARRS will be able to give a solid detection. On
the other hand, lensing measurements of both galaxies and
CMB do not help so much to improve the detection
significance. This is partly because the lensing signal is
basically generated by the matter fluctuations at high
redshifts. In this sense, the cross-correlation with the BH
binary clustering at low redshifts is not optimal. Indeed,
increasing the maximum redshift of the BH binary samples
to zmax ¼ 0.3, the detection significance is improved by
20%–40% from the lensing measurements (20% for DES,
21% for Euclid, 43% for Pan-STARRS, and 26% for CMB
Stage-III).
In Table II, the combined results of both the auto- and

cross-correlations for each survey are shown. Further, in
Fig. 3, the combined detection significance is plotted as a
function of the maximum redshift of BH binaries, zmax. In
the most optimistic case with the merger rate of _n0 ¼
400 Gpc−1 yr−1 (dashed lines), the detection of the cluster-
ing signal is fairly likely from the cross-correlation of BH
binaries at z≲ 0.2–0.3with Pan-STARRS and Euclid. As is
shown in Table II, the detection significance is mostly
determined by cross-correlating with photometric galaxies.
This implies that making full use of cross-correlations we
still have a chance to detect the clustering signal of BH

binaries even with smaller merger rates, since the detection
significance approximately scales as _n1=20 .
Finally, note that the detection significances of the cross-

correlation are basically limited by the shot noise of the
GW sources and the cosmic variance of galaxies or lensing
measurement. That is, Eq. (16) can be recast as
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This suggests that the results become nearly insensitive to
the clustering bias of galaxies, bgal;0, and the intrinsic rms
shear, σγ . Even though the galaxy number density is
reduced to 0.1 per square arcmin, Eq. (17) would be valid
for the cross-correlation with photometric galaxies, indi-
cating that a wide-field survey is preferable to enhance the
detection significance. In this respect, a cross-correlation
with Large Synoptic Survey Telescope [47] also helps to
detect the BH binary clustering, and the detection signifi-
cance will be rather comparable to that of Euclid. On the
other hand, the cross-correlation with CMB lensing is still
not useful to detect the BH binary clustering. This is true
even using the CMB Stage-IV [48] experiment, planned for
observation in early 2020.

V. SUMMARY

Based on the recent discovery of the GWevent, we have
discussed the possibility to test the clustering hypothesis of
BH binaries similar to the GW150914 event via a network

FIG. 2. The cross angular power spectrum between the cluster-
ing of BH binaries and galaxies. The error boxes are computed
assuming Pan-STARSS and with Tobs _n0 ¼ 3 × 100 Gpc−3

(green) or 3 × 400 Gpc−3 (red). The maximum redshift of the
GW sources is zmax ¼ 0.2.

FIG. 3. The combined result of the detection significance, αtot,
as a function of the maximum redshift of BH binaries, zmax,
assuming the 3 year observation of the second-generation
detector network. The quantity αtot precisely implies the signifi-
cance of rejecting the hypothesis that the distribution of BH
binaries is spatially homogeneous. Blue, green, and red lines,
respectively, show the result combined with Pan-STARRS,
Euclid, and DES, for Tobs _n0 ¼ 3 × 100 Gpc−3 (solid) and
3 × 400 Gpc−3 (dashed).
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are prone to have a poor angular resolution (see Fig. 1).
Figure 2 shows the angular power spectrum between the
clustering of BH binaries and galaxies in the case of
Pan-STARRS, with expected errors at each multipole
bin. The results suggest that the clustering signal is very
hard to detect by the GW data alone, but cross-correlating
with other LSS probe enlarges the capability of detecting
the clustering signal. In particular, the cross-correlation
with photometric galaxies can give a higher detection
significance, and a shallow but wide-field survey like
Pan-STARRS will be able to give a solid detection. On
the other hand, lensing measurements of both galaxies and
CMB do not help so much to improve the detection
significance. This is partly because the lensing signal is
basically generated by the matter fluctuations at high
redshifts. In this sense, the cross-correlation with the BH
binary clustering at low redshifts is not optimal. Indeed,
increasing the maximum redshift of the BH binary samples
to zmax ¼ 0.3, the detection significance is improved by
20%–40% from the lensing measurements (20% for DES,
21% for Euclid, 43% for Pan-STARRS, and 26% for CMB
Stage-III).
In Table II, the combined results of both the auto- and

cross-correlations for each survey are shown. Further, in
Fig. 3, the combined detection significance is plotted as a
function of the maximum redshift of BH binaries, zmax. In
the most optimistic case with the merger rate of _n0 ¼
400 Gpc−1 yr−1 (dashed lines), the detection of the cluster-
ing signal is fairly likely from the cross-correlation of BH
binaries at z≲ 0.2–0.3with Pan-STARRS and Euclid. As is
shown in Table II, the detection significance is mostly
determined by cross-correlating with photometric galaxies.
This implies that making full use of cross-correlations we
still have a chance to detect the clustering signal of BH

binaries even with smaller merger rates, since the detection
significance approximately scales as _n1=20 .
Finally, note that the detection significances of the cross-

correlation are basically limited by the shot noise of the
GW sources and the cosmic variance of galaxies or lensing
measurement. That is, Eq. (16) can be recast as
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This suggests that the results become nearly insensitive to
the clustering bias of galaxies, bgal;0, and the intrinsic rms
shear, σγ . Even though the galaxy number density is
reduced to 0.1 per square arcmin, Eq. (17) would be valid
for the cross-correlation with photometric galaxies, indi-
cating that a wide-field survey is preferable to enhance the
detection significance. In this respect, a cross-correlation
with Large Synoptic Survey Telescope [47] also helps to
detect the BH binary clustering, and the detection signifi-
cance will be rather comparable to that of Euclid. On the
other hand, the cross-correlation with CMB lensing is still
not useful to detect the BH binary clustering. This is true
even using the CMB Stage-IV [48] experiment, planned for
observation in early 2020.

V. SUMMARY

Based on the recent discovery of the GWevent, we have
discussed the possibility to test the clustering hypothesis of
BH binaries similar to the GW150914 event via a network

FIG. 2. The cross angular power spectrum between the cluster-
ing of BH binaries and galaxies. The error boxes are computed
assuming Pan-STARSS and with Tobs _n0 ¼ 3 × 100 Gpc−3

(green) or 3 × 400 Gpc−3 (red). The maximum redshift of the
GW sources is zmax ¼ 0.2.

FIG. 3. The combined result of the detection significance, αtot,
as a function of the maximum redshift of BH binaries, zmax,
assuming the 3 year observation of the second-generation
detector network. The quantity αtot precisely implies the signifi-
cance of rejecting the hypothesis that the distribution of BH
binaries is spatially homogeneous. Blue, green, and red lines,
respectively, show the result combined with Pan-STARRS,
Euclid, and DES, for Tobs _n0 ¼ 3 × 100 Gpc−3 (solid) and
3 × 400 Gpc−3 (dashed).
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are prone to have a poor angular resolution (see Fig. 1).
Figure 2 shows the angular power spectrum between the
clustering of BH binaries and galaxies in the case of
Pan-STARRS, with expected errors at each multipole
bin. The results suggest that the clustering signal is very
hard to detect by the GW data alone, but cross-correlating
with other LSS probe enlarges the capability of detecting
the clustering signal. In particular, the cross-correlation
with photometric galaxies can give a higher detection
significance, and a shallow but wide-field survey like
Pan-STARRS will be able to give a solid detection. On
the other hand, lensing measurements of both galaxies and
CMB do not help so much to improve the detection
significance. This is partly because the lensing signal is
basically generated by the matter fluctuations at high
redshifts. In this sense, the cross-correlation with the BH
binary clustering at low redshifts is not optimal. Indeed,
increasing the maximum redshift of the BH binary samples
to zmax ¼ 0.3, the detection significance is improved by
20%–40% from the lensing measurements (20% for DES,
21% for Euclid, 43% for Pan-STARRS, and 26% for CMB
Stage-III).
In Table II, the combined results of both the auto- and

cross-correlations for each survey are shown. Further, in
Fig. 3, the combined detection significance is plotted as a
function of the maximum redshift of BH binaries, zmax. In
the most optimistic case with the merger rate of _n0 ¼
400 Gpc−1 yr−1 (dashed lines), the detection of the cluster-
ing signal is fairly likely from the cross-correlation of BH
binaries at z≲ 0.2–0.3with Pan-STARRS and Euclid. As is
shown in Table II, the detection significance is mostly
determined by cross-correlating with photometric galaxies.
This implies that making full use of cross-correlations we
still have a chance to detect the clustering signal of BH

binaries even with smaller merger rates, since the detection
significance approximately scales as _n1=20 .
Finally, note that the detection significances of the cross-

correlation are basically limited by the shot noise of the
GW sources and the cosmic variance of galaxies or lensing
measurement. That is, Eq. (16) can be recast as

α2sX ≃ fsky
X
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This suggests that the results become nearly insensitive to
the clustering bias of galaxies, bgal;0, and the intrinsic rms
shear, σγ . Even though the galaxy number density is
reduced to 0.1 per square arcmin, Eq. (17) would be valid
for the cross-correlation with photometric galaxies, indi-
cating that a wide-field survey is preferable to enhance the
detection significance. In this respect, a cross-correlation
with Large Synoptic Survey Telescope [47] also helps to
detect the BH binary clustering, and the detection signifi-
cance will be rather comparable to that of Euclid. On the
other hand, the cross-correlation with CMB lensing is still
not useful to detect the BH binary clustering. This is true
even using the CMB Stage-IV [48] experiment, planned for
observation in early 2020.

V. SUMMARY

Based on the recent discovery of the GWevent, we have
discussed the possibility to test the clustering hypothesis of
BH binaries similar to the GW150914 event via a network

FIG. 2. The cross angular power spectrum between the cluster-
ing of BH binaries and galaxies. The error boxes are computed
assuming Pan-STARSS and with Tobs _n0 ¼ 3 × 100 Gpc−3

(green) or 3 × 400 Gpc−3 (red). The maximum redshift of the
GW sources is zmax ¼ 0.2.

FIG. 3. The combined result of the detection significance, αtot,
as a function of the maximum redshift of BH binaries, zmax,
assuming the 3 year observation of the second-generation
detector network. The quantity αtot precisely implies the signifi-
cance of rejecting the hypothesis that the distribution of BH
binaries is spatially homogeneous. Blue, green, and red lines,
respectively, show the result combined with Pan-STARRS,
Euclid, and DES, for Tobs _n0 ¼ 3 × 100 Gpc−3 (solid) and
3 × 400 Gpc−3 (dashed).
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multipolemaximum redshift for GW events

Implications of gravitational wave (GW) events like GW150914, 
which will be detected by 2nd-G laser interferometers

Cross-correlation signal of GW events with galaxies is shown to be 
detectable A clue to origin/formation of black-hole binaries

T. Namikawa, A. Nishizawa, A. Taruya







SM’

axion becomes heavier due to QCD’

SM

mirror sector

(1) Dark Matter Candidates in a Visible Heavy QCD Axion Model
arXiv:1702.00227 : Hajime Fukuda, Masahiro Ibe, Tsutomu T. Yanagida.

e’ , π’ , N’ , ν’ can explain the observed DM abundance.

In the case of N’  DM, its decay, 
   n’ → ν’ + a  
gives contribution to the extra-galactic background 
gamma-rays.

(2) Revisiting gravitino dark matter in thermal leptogenesis 
arXiv:1609.06834 : Masahiro Ibe, Motoo Suzuki, Tsutomu T. Yanagida

The gravitinos are well-motivated DM candidate, especially if the R-parity is broken. 
When combined with thermal leptogeneis, most of the parameter region is already 
excluded by the LHC data so far, and all the region will be covered by future LHC run.

(3) Thermal Relic Dark Matter Beyond the Unitarity Limit 
arXiv:1606.00159 : Keisuke Harigaya, Masahiro Ibe, Kunio Kaneta, Wakutaka Nakano, Motoo Suzuki

 The annihilation cross section of composite DM (hidden baryon)  with its radius 
greater than the de Broglie radius is given by the geometrical cross section, and they 
annihilate into mesons.

Due to its large annihilation cross section, its mass can be heavier than the usual unitarity 
bound derived for a more compact or elementary particle DM. 

FIG. 9. A schematic picture of the baryon annihilation into the mesons. The quarks stay in the
overlapped region for a long time and they are reconnected to the mesons with O(1) probability
in each collision.

quarks stay in overlap regions of the bound states for a long time, �t ⇠
q
MU/⇤

3
dyn

in the

collisions. As a result, the quarks and anti-quarks are largely disturbed during the collision

and they are well stirred. Eventually, the quarks and the anti-quarks are reconnected so that

the baryons are broken into the mesons with O(1) probability in each collision (see Fig. 9).

Once the annihilation into the mesons happens, the mesons in the final state immediately

decay into glueballs as discussed in the previous section.

With the above annihilation cross section, the Boltzmann equation of the total number

density of the baryon, nB, is roughly given by,14

ṅB + 3HnB ' �h�Bvin2

B . (28)

By solving the Boltzmann equation, the number density of the baryons are reduced down

to

nB
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, (29)

leading to the relic abundance,

⌦h2 ⇠ 0.1⇥ Nc

A
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MU

106 GeV
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3/2 ✓ ⇤

dyn

103 GeV

◆
1/2 ✓100

g
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. (30)

14 Here, �B denotes the annihilation cross section of each baryonic bound state, which is roughly independent

of the spins or any other internal degrees of freedom. Thus, if there are NB species of the baryonic bound

states, the Boltzmann equation of the number density of each species, n = nB/NB , is given by,

ṅ+ 3Hn ' �NB ⇥ h�Bvin2 . (27)
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The ALP miracle

R. Daido, FT, and W. Yin 1702.03284

ALP = axion-like particle



V

1. Introduction
Success of the    CDM model relies on the two unknown 
degrees of freedom (except for the origin of    ) 

•Inflaton

•Dark matter

Both are neutral and occupied a significant fraction of 
the energy density of the Universe. 

⇤

⇤

Very flat potential  
for slow-roll inflation.

Cold, neutral, 
and long-lived.



Thermal history 
V

?

Inflaton decays and disappears,  
while DM must be produced  
somehow.

inflaton

radiation

DM

⇢

Scale factor



Inflaton = DM ?

cf. Kofman, Linde, Starobinsky `94, Mukaida, Nakayama 1404.1880, Bastero-Gil, Cerezo, Rosa,1501.05539 
see also  Lerner, McDonald 0909.0520, Okada, Shafi 1007.1672, Khoze 1308.6338 for inflaton WIMP.

If the reheating is incomplete,  
some of inflaton condensate  
may remain.

DM=inflaton

radiation

Incomplete 
reheating

inflaton

⇢

Scale factor
The remnant inflaton condensate due to incomplete  
reheating can be dark matter. 



What we did

•Inflaton = DM = Axion-like particle (ALP)

•The observed CMB and LSS data fix the relation 
between the ALP mass       and decay constant    .

•Successful reheating and DM abundance point to

•Thermalized ALPs play a role of HDM with                    

g��� = O(10�11)GeV�1
m� = O(0.01) eV ,

within the reach of IAXO.

m� f

R. Daido, FT, and W. Yin 1702.03284

�Ne↵ ' 0.03

•Matter power spectrum suppressed at small scales.



2. Axion Hilltop Inflation
Let us suppose that the inflaton is an axion which 
enjoys a (discrete) shift symmetry,

� ! �+ 2⇡nf

Dangerous radiative corrections are suppressed. 
The inflaton potential is periodic, i.e.,

n 2 Z

V (�) = V (�+ 2⇡f)

and can be expressed as Fourier series, �� = 2⇡f

V (�) =
X

n2Z

cne
in�

f



•Natural inflation

•Multi-Natural inflation

Freese, Frieman, Olinto `90

For Nsource = 2,  various values of (ns,r) are 
possible, and in particular, no lower bound 
on the decay constants.

1403.5883

Only large-field inflation is possible, 
and    is bounded below:f

Czerny, FT 1401.5212,  
Czerny, Higaki, FT 1403.0410, 1403.5883



Axion hilltop inflation (~ hilltop quartic inflation) can be realized 
as a small-field limit of multi-natural inflation with N = 2.

•Axion hilltop inflation Czerny, FT 1401.5212, Czerny, Higaki, FT 1403.0410, 1403.5883 
Croon and Sanz, 1411.7809 
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•Axion hilltop inflation Czerny, FT 1401.5212, Czerny, Higaki, FT 1403.0410, 1403.5883

• Inflaton potential is upside-down sym.

• In particular, inflaton is light both 
during inflation and in the true min.

Flatness implies longevity.

m2

� = V 00(�
min

) = �V 00(�
max

)

Axion hilltop inflation (~ hilltop quartic inflation) can be realized 
as a small-field limit of multi-natural inflation with N = 2.
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•Axion hilltop inflation Czerny, FT 1401.5212, Czerny, Higaki, FT 1403.0410, 1403.5883

Axion hilltop inflation (~ hilltop quartic inflation) can be realized 
as a small-field limit of multi-natural inflation with N = 2.
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•Spectral index as a function of relative phase

Sol.1Sol.2

ns = 0.968± 0.006 Planck `15

The inflaton mass is induced:

Daido, FT, and Yin 1702.03284

m� ⇠ ✓
1
3
⇤2

f
= O(0.1)Hinf

cf. ns ' 1 + 2⌘(�⇤)

f = 10�11Mpl



•Relation between mass and decay constant
The Planck normalization of density perturbation and  
the spectral index fix the relation between        and    ,m� f
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: Planck normalization

: Friedman eq.
: Scalar spectral index
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(for the solution 1)
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•Inflaton mass and coupling to photons
g��� =

c�↵

⇡f

Daido, FT, and Yin 1702.03284 
Limits taken from Essig et al 1311.0029
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3. Reheating and ALP DM
The inflaton oscillates about                 in a quartic potential.�min = ⇡f

✓The decay rate into two photons :
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0
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e↵(t) = V 00(�amp)The effective mass,

decreases with time.
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✓The dissipation rate is roughly given by
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Moroi, Mukaida, Nakayama and Takimoto,1407.7465 

cf.  Salvio, Strumia, Xue, 1310.6982

CHere      represents an uncertainty of the order-of-magnitude estimate as well 
as spatial inhomogeneities due to tachyonic preheating.
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Due to the decay and dissipation,

For successful reheating with                  , one needs

g��� & 10�11 GeV�1

for
c2, cY , C, C

0, C 00 = O(1)

g��� = (several)⇥ 10�11 GeV�1

⇠ . O(0.01)

⇠ ⌘ ⇢�
⇢� + ⇢R

����
after reheating

= O(0.01)

Note that the inflaton mass is then bounded above.

TR ⇠ O(10)TeV
⇣ m�

1 eV

⌘ 1
2

The reheating temperature is
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Quadratic

Quartic

        decreases like radiation until the potential 
becomes quadratic.
⇢�



zc & O(105) by SDSS and Ly-alphaDM should be formed before

SM radiation

⇢�

quartic quadratic
Scale factor

Matter-radiation 
equality

zc zeq ⇠ 3000

DM

⇠ ⌘ ⇢�
⇢� + ⇢R

����
after reheating

Sarkar, Das, Sethi, 1410.7129 

⇠ . 0.02

✓
g⇤s(TR)

106.75

◆ 1
3
✓

3.909

g⇤s(Tc)

◆ 1
3
✓
⌦�h2

0.12

◆✓
5⇥ 105

1 + zc

◆
.

Efficient reheating is required by matter  
power spectrum. 



The abundance of the remnant inflaton condensate can be 
expressed as

⇢�
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' 3

4
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3
4
m�TRp
2�fx

m� ' 0.07x�1
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⇠
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eV,

�amp = x ⇠

1
4
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x = O(1)

Here the limit on     due to SDSS and Ly-alpha was used.                                                                  

Recall 

⇠

g��� / 1

f
/ 1

p
m�

For more efficient reheating, the inflaton mass needs to be 
heavier to account for the DM abundance. But this may be  
in a tension with the upper bound on the mass.
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matter power spectrum
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g��� = O(10�11)GeV�1

m� = O(0.01) eV

Inflaton = DM = ALP 

within the reach of future 
axion helioscope, IAXO.

We call the coincidence as “The ALP miracle”.



•Other implications:

✓Thermalized ALPs contribute to HDM with                     .�Ne↵ ' 0.03

✓Matter power spectrum suppressed at small scales.

✓Reheating temperature is in the range of TeV - 10TeV. 
- EW baryogenesis possible.

✓Inflaton mass and the inflation scale can be determined 
by the ultralight ALP search experiments.



Summary
•All the members are actively working on dark matter 
physics from various aspects. 

•More interactions among different members and 
different groups (both theory & obs) needed. 

•The ALP miracle connects inflation with DM and 
provides several predictions like 

✓A light ALP within the reach of IAXO. 
✓A small amount of HDM. 
✓Suppression of matter power spectrum at small 
scales 
✓Depending on the mass, light ALP can be decaying 
DM into photons.


