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2. 暗黒物質としての原始ブラックホール



原始ブラックホール
Carr & Hawking ’74
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-  密度ゆらぎ (Carr ‘75) 

- Isocurvature (Dolgov & Silk ‘93) 

- Quark Confinement (Dvali+ ’21) 

- Collapse of topological defect (Hawking ‘89) 

- Bubble collision (Hawking+ ‘82) 

- Particle trapping in bubble (Baker+ ‘21) 

- Asynchronous 1st PT (Liu+ ‘21) 

- Scalar 5th force (Flores & Kusenko ’20)

∼ "(1)

…

星形成前 

原始ブラックホール 

(Primordial Black Hole)

- 暗黒物質 (Chapline ‘75) 

- LVK merger GW? (Sasaki+ ’16) 

- SMBH seeds? (Düchting ‘04) 

- OGLE lensing obj.? (Niikura+ ‘19) 

- Planet 9? (Scholtz & Unwin ‘19) 

- Trigger of r-process? (Fuller+ ‘17) 

- Baryogenesis? (Baumann+ ‘07) 

- JWST luminous gals? (Hutsi+ ‘22)

…
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観測制限
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Rep. Prog. Phys. 84 (2021) 116902 Review

Figure 10. Constraints on f (M) from evaporation (red), lensing (magenta), dynamical effects (green), gravitational waves (black), accretion
(light blue), CMB distortions (orange), large-scale structure (dark blue) and background effects (grey). Evaporation limits come from the
extragalactic γ-ray background (EGB), CMB anisotropies (CMB), the Galactic γ-ray background (GGB) and Voyager-1 e± limits (V).
Lensing effects come from microlensing of stars in M31 by Subaru (HSC), in the Magellanic Clouds by MACHO (M) and EROS (E), in the
local neighbourhood by Kepler (K), in the Galactic bulge by OGLE (O) and the Icarus event in a cluster of galaxies (I), microlensing of
supernovae (SN) and quasars (Q), and millilensing of compact radio sources (RS). Dynamical limits come from disruption of wide binaries
(WB) and globular clusters (GC), heating of stars in the Galactic disc (DH), survival of star clusters in Eridanus II (Eri) and Segue 1 (S1),
infalling of halo objects due to dynamical friction (DF), tidal disruption of galaxies (G), and the CMB dipole (CMB). Accretion limits come
from x-ray binaries (XB), CMB anisotropies measured by Planck (PA) and gravitational waves from binary coalescences (GW). Large-scale
structure constraints come from the Lyman-α forest (Lyα) and various other cosmic structures (LSS). Background constraints come from
CMB spectral distortion (µ), 2nd order gravitational waves (GW2) and the neutron-to-proton ratio (n/p). The incredulity limit (IL)
corresponds to one hole per Hubble volume. These constraints are broken down into different categories in subsequent !gures, these
including some less certain limits which are omitted here.

derived from the constraint on β(M) derived in section 2.3.1
by using equation (57). For M > 2M∗, one can neglect the
change of mass and the time-integrated spectrum dNγ/dE
of photons from each PBH is just obtained by multiplying
the instantaneous spectrum by the age of the Universe t0.
For PBHs of mass M, the discussion in the appendix of
[135] gives

dNγ

dE
∝

{
E3M3 (E < M−1)

E2M2 e−EM (E > M−1),
(58)

where we put h̄ = c = 8πG = 1. This peaks at E ∼ M−1 with
a value independent of M. The number of background photons
per unit energy per unit volume from all PBHs is then obtained
by integrating over the mass function:

E(E) =

∫ Mmax

Mmin

dM
dn
dM

dNγ

dE
(M, E), (59)

where Mmin and Mmax specify the mass limits. For a monochro-
matic mass function, this gives

E(E) ∝ f (M) ×
{

E3M2 (E < M−1)

E2M e−EM (E > M−1)
(60)

and the associated intensity is

I(E) ≡ EE(E)
4π

∝ f (M) ×
{

E4M2 (E < M−1)

E3M e−EM (E > M−1)
(61)

with units s−1 sr−1 cm−2. This peaks at E ∼ M−1 with
a value Imax(M) ∝ f (M)M−2. The observed extragalactic
intensity is Iobs ∝ E−(1+ε) ∝ M1+ε where ε lies between
0.1 (the value favoured in [196]) and 0.4 (the value
favoured in [283]). Hence requiring Imax(M) ! Iobs(M)
gives [135]

f (M) " 2 × 10−8
(

M
M∗

)3+ε

(M > M∗). (62)

As expected, this is equivalent to condition (33), which is rep-
resented in !gure 7. We have seen that the Galactic γ-ray
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Positivist Perspective?
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Observational Evidence for Primordial Black Holes

Figure 38. PBH mass function with peaks induced by the thermal history of the Universe (thick, dashed curve;
cf. Ref. [34]). Figure includes the same pieces of positive evidence for PBHs as in Fig. 1. Also included, as a
comparison, are various monochromatic constraints on fPBH(M) (light-shaded regions), taken from Ref. [371].

D. Comparing Evidence with Thermal-History Model

In Figs. 1 and 38, we have indicated the PBH mass and dark matter fraction required to explain the

various type of observational evidence discussed in this review. We now explain the derivation of these

regions in more detail, considering the lensing, dynamical and GW arguments in turn. However, just

as for PBH constraints, all these estimates are based on various assumptions and subject to significant

uncertainties. In particular PBH properties (such as mass function, clustering etc.) can modify the

di↵erent regions. Unless indicated otherwise, we assume a monochromatic PBH mass function.

PBH dark matter fraction from lensing evidence. We have estimated the PBH dark matter

fraction for six types of lensing evidence in the following way:

• For HSC, we have reinterpreted the limits of Ref. [96]. Instead of assuming no detection, we have

computed the 2� confidence intervals for fPBH assuming that one PBH microlensing event was

observed. The limit is identified with a band using simple Poisson statistics. All the assumptions

are therefore identical to those of Ref. [96].

• For OGLE, we show the 2� allowed region provided in Fig. 8 of Ref. [93], combining the OGLE

confidence region with the HSC exclusion region

– 75/107 –

Carr, Clesse, García-Bellido, Hawkins, Kühnel ‘23
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Evidence? 1

M < M⊙

3

TABLE I. The candidates of the search with a SNR > 8 and a FAR < 2 yr�1. We report here the FAR, lnL, the UCT time of
the event (date and hours), template parameters that pick the events and the associated SNRs.

FAR [yr�1] lnL UTC time mass 1 [M�] mass 2 [M�] spin1z spin2z Network SNR H1 SNR L1 SNR

0.1674 8.457 2017-03-15 15:51:30 3.062 0.9281 0.08254 -0.09841 8.527 8.527 -
0.2193 8.2 2017-07-10 17:52:43 2.106 0.2759 0.08703 0.0753 8.157 - 8.157
0.4134 7.585 2017-04-01 01:43:34 4.897 0.7795 -0.05488 -0.04856 8.672 6.319 5.939
1.2148 6.589 2017-03-08 07:07:18 2.257 0.6997 -0.03655 -0.04473 8.535 6.321 5.736

FIG. 1. Results of the extended sub-solar PBH search in O2,
in terms of number of events as a function of their inverse
FAR. The dashed line is the expected distribution of back-
ground triggers, with the gray bands indicating uncertainties
in multiples of the standard deviation for a Poisson distri-
bution. The four candidates reported in Table I lie slightly
above the 3� limit.

of DM. But the peak in the PBH distribution lies in dif-
ferent mass regimes, which results from di↵erent values
of the scalar spectral index ns on PBH scales.

Mass model 1: Carr et al 2019 [31], ns = 0.97.
The primordial power spectrum is almost scale invari-
ant (values of ns between 0.96 and 0.98 are realistic),
such that the PBH peak is located at the solar-mass scale
and there is no overproduction of PBHs at smaller and
larger masses. The model evades the microlensing lim-
its if PBHs are su�ciently clustered, which can naturally
arise from the Poisson fluctuations at formation [37].

Mass model 2: De Luca et al. 2020 [79], ns = 1.
It assumes a unit scalar spectral index and a cut-o↵ mass
around 10�14M�, such that the main peak lies in the
asteroid mass scale where there is no significant limit on
the PBH abundance. But still a fraction of the DM of
order 10�4 could be explained by stellar-mass PBHs from
the QCD transition.

The two density distributions f(mPBH) (normalized
such that

R
f(m)d lnm = 1) are represented on Fig. 2 for

two plausible values of the ratio between the PBH and
the Hubble horizon masses at formation, � = 0.8 and
� = 0.2. The first value leads to a peak around 2.5M�
motivated by GW190425 and GW190814. The second

FIG. 2. PBH mass functions f(mPBH) for the mass models
1 (blue lines) and 2 (red lines) with � = 0.8 (solid lines) and
0.2 (dashed lines).

one is obtained by considering the turnaround scale [35]
in the PBH gravitational collapse. These models are
further motivated because of the stochastic GW back-
ground generated at second order by the overdensities
at the origin of PBHs [79–83], coinciding with the possi-
ble NANOGrav observation [84]. PBH binaries can form
through two channels whose associated merging rates are
briefly introduced below.
Merging rate of Early Binaries (EB). PBH bina-

ries are formed in the early Universe, between the PBH
formation time and the matter-radiation equality. A frac-
tion of them will merge nowadays with a merging rate
distribution (per unit logarithmic mass of the two black
holes) given by [37, 44, 85–89]

REB =
1.6⇥ 106

Gpc3yr
fsupf

34/37
PBH

✓
m1 +m2

M�

◆�32/37

⇥


m1m2

(m1 +m2)2

��34/37

f(m1)f(m2) , (1)

where m1 and m2 are the two binary component masses.
N-body simulations have shown that the original merg-
ing rates from [16] are somehow suppressed [44], which
motivates the introduction of a suppression factor fsup
plausibly ranging between 10�3 and 0.1. Our assump-
tion for fsup in relation with previous works of [44, 89] is
described in Appendix.

L20 LVK

Table 1. The triggers with a FAR < 2 yr�1 in at least one search pipeline. We include the search-measured parameters associated with
each candidate: m1 and m2, the redshifted component masses, and �1 and �2, the dimensionless component spin. The parameters shown
in the table are the ones reported by the search where the trigger is identified with the lowest FAR. H, L, and V denote the Hanford,
Livingston, and Virgo interferometers, respectively. The dashes in the “V SNR” column mean that no single-detector trigger was found in
Advanced Virgo. The network SNR is computed by adding the SNR of single detector triggers in quadrature.

FAR [yr�1] Pipeline GPS time m1 [M�] m2 [M�] �1 �2 H SNR L SNR V SNR Network SNR

0.20 GstLAL 1267725971.02 0.78 0.23 0.57 0.02 6.31 6.28 - 8.90
1.37 MBTA 1259157749.53 0.40 0.24 0.10 �0.05 6.57 5.31 5.81 10.25
1.56 GstLAL 1264750045.02 1.52 0.37 0.49 0.10 6.74 6.10 - 9.10

3 SENSITIVITY AND RATE LIMITS

The absence of significant candidates in O3b allows us to
characterize the sensitivity of our search and to set upper
limits on the merger rate of such binary systems. We es-
timate the sensitive volume–time hV T i over all of O3. We
find the sensitivity of each of the three pipelines introduced
in Sec. 2 with a common set of simulated signals in real
data, generated using the precessing post-Newtonian wave-
form model SpinTaylorT5 (Ajith 2011), with source compo-
nent masses sampled from log-uniform distributions with pri-
mary masses in range (0.19, 11.0) M� and secondary masses
in range (0.19, 1.1) M�. The injection’s component spins are
distributed isotropically with dimensionless spin magnitudes
going up to 0.1. The injections are distributed uniformly in
comoving volume up to a maximum redshift of z = 0.2, at
which the sensitivity of the search has been checked to be
negligible. We injected a total of approximately 2 million sim-
ulated signals, spaced 15 s apart, spanning all O3.

The sensitivity of each search pipeline is estimated by com-
puting the sensitive volume–time of the search:

hV T i = ✏ Vinj T , (1)

where ✏ is the efficiency, defined as the ratio of recovered
to total injections in the data in the source frame mass bin
of interest, T is the analyzed time, and Vinj is the comov-
ing volume at the farthest injected simulation. Each pipeline
uses all injections with q > 0.05. We evaluate the uncertain-
ties at 90% confidence interval on the sensitive volume–time
estimate (Tiwari 2018) and consider binomial errors on the
efficiency ✏, given by

� (V T ) = 1.645

s
✏ (1� ✏)
Ninj

Vinj T , (2)

where Ninj are the total injections in the considered mass
range.

We use the FAR of the most significant candidate in O3 for
each pipeline to estimate the upper limit on the merger rate in
accordance with the loudest event statistic formalism (Biswas
et al. 2009). The FAR thresholds used were 0.2 yr�1, 1.4 yr�1

and 0.14 yr�1 (Abbott et al. 2022) for GstLAL, MBTA and
PyCBC, respectively. By omitting a trials factor in our anal-
ysis, we obtain a conservative upper limit on the sensitive
hV T i of the searches. Though MBTA and PyCBC results use the
full injection set, GstLAL analyzed a subset; the uncertainties
in hV T i shown in Fig. 1 are therefore larger for GstLAL.

To lowest order, the inspiral of a binary depends sensitively
on the chirp mass of the system (Blanchet 2014), which is de-
fined as M ⌘ (m1m2)

3/5/(m1 +m2)
1/5. Therefore, we split

the population into nine equally spaced chirp mass bins in the
range 0.16M�  M  2.72M� to determine the hV T i as a
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Figure 1. Sensitive volume–time as a function of the source frame
chirp mass in data from O3, obtained through the analysis of the
set of common injections (blue triangles with dotted lines, orange
circles with dashed lines, and green squares with continuous lines).
The statistical errors are evaluated at 90% confidence interval,
following Eq. (2) and represented by the shaded areas.

function of the chirp mass, shown in Fig. 1. The highest chirp
mass bin of this search exhibits a drop in sensitivity as the
component masses contained within this bin are beyond the
redshifted component masses covered by the template bank
(Sec. 2). As a consequence, there is a drop in efficiency and
smaller hV T i values in that region. The sensitivity estimates
obtained from the analysis of O3a data with the common
injection set are consistent with the ones reported in our pre-
vious work (Abbott et al. 2022).

The null result from O3 yields hV T i values approximately
2 times larger than those obtained for O3a, in agreement
with the expected increase in observing time. The sensitive
hypervolumes of the searches presented in GWTC-3 (Abbott
et al. 2021b) for chirp masses of 1.3 M� and 2.3 M� are
comparable to those in Fig. 1 even though the mass ratio
bounds of the two populations are different.

Given the obtained sensitive volume and the absence of sig-
nificant detection, one can infer merger rate limits. Treating
each bin, i, as a different population, we computed an upper
limit on the binary merger rate to 90% confidence (Biswas

MNRAS 000, 000–000 (2022)

Phukon+ ‘21

LVK ‘22
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Evidence? 2
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Figure 20: Redshift dependence of the merger rate of the BH-BH binaries per unit source time
and unit comoving volume. Unit is Gpc�3yr�1. Black and orange curves, taken from [263], show
the uncertainties of the expected merger rate from astrophysical BHs. Red curve is the merger
rate from the PBH binaries formed in the radiation dominated epoch with fPBH = 10�3. Blue
curves, taken from [263], are the merger rate from the PBH binaries formed in the low-redshift
Universe.

include Einstein Telescope, Cosmic Explorer, eLISA, and DECIGO. These detectors will be
able to detect the GWs coming from much more distant places than LIGO can. For instance,
it was shown in [264] that pre-DECIGO (DECihertz laser Interferometer Gravitational wave
Observatory), which consists of three spacecrafts cruising around the Earth in a triangle with its
arm length 100 km and is planned to be launched in the late 2020s, can detect the merger events
of 30M� BHs up to z ⇠ 10 with a signal-to-ratio 8. At such high redshift, the merger events of
astrophysical origin are rare, and we can perform a clear test of the PBH scenario.

4.4.3 Mass distribution

Masses of the individual BHs before the merger are (m1,m2) = (35, 30) for GW150914, (m1,m2) =
(14, 8) for GW151226, (m1,m2) = (31, 19) for GW170104, (m1,m2) = (12, 7) for GW170608, and
(m1,m2) = (30, 25) for GW170814 in units of solar mass. Obviously, there is some spread in the
mass distribution. It is natural to think that the event rate distribution in the 2-dimensional
mass plane should reflect to a certain degree the formation mechanism of the BH binaries and
its statistical nature can be used to discriminate di↵erent formation scenarios. Although merger
events that have been discovered are currently countable by hand, it is almost sure that much
more merger events will be detected in the coming decades. In such era, we should have a
plenty of information about the statistical properties of the merger event distribution in the
2-dimensional plane (m1,m2). It is a purpose of this subsection to review some studies that aim
to test the PBH scenario by using the event rate distribution that will become available in the
future.

Generically speaking, if the PBHs exist in the Universe, the merger events of the BH binaries
we will observe are mixture of the PBH binaries and those formed by the astrophysical mecha-
nisms. As we have seen in the previous sections, because of our ignorance of the PBH abundance
and mass function and the large uncertainties about the astrophysical processes forming the BH
binaries, there is not a definite conclusion on which one (primordial or astrophysical) dominates

67

Sasaki, Suyama, Tanaka, Yokoyama ‘18
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(indirect) Evidence? 3 δρ
ρ

∼ 1

%ζ ∼ 10−2

if  
→ 100% Dark Matter
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induced GW b.g.

LISA
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3. インフレーションと原始ブラックホール



Cosm
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flatio
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What’s Inflation?

• Accelerated Expansion of the Early U. 
• Did it really happen? 
• What kind of obj. drove it?
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“Horizon” of the expanding U.

Generation of PTB

原始ブラックホール研究の最前線　多田祐一郎 153. インフレーションと原始 BH /40



Generation of PTB

“Horizon” of the expanding U.
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micro Quantum perturbation

Generation of PTB

“Horizon” of the expanding U.
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Macro “Classical” perturbation 
cf. Schrödinger’s Cat

Generation of PTB

“Horizon” of the expanding U.
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？

Generation of PTB

“Horizon” of the expanding U.
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Gravity

Energy = Mass

Generation of PTB

current H size

H size during inflation
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Inflation Theories

Just to realise an Accelerated Expansion (= Dark Energy = almost const. energy), 

you only need homogeneous VEV of some scalar  with the potential .ϕ(t) V(ϕ)

φ

V

φ(t)

V(φ)

“Inflation of the # of inflation theories” 
by T. Matsubara
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Large PTB?
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δϕ(x)

ϕ

V

end of infl.

SM

- 時間のずれ  は超ホライズン保存量 

- 曲率ゆらぎ  に等しい

δN(x)
ζ(x)

e-folds: dN = Hdt =
·a
a

dt

local U.: ds2 = − dt2 + a2(t)e2ζ(t,x)dx2

Lyth, Malik, Sasaki ‘05

ζ(x) = δN(x) ≃ − H
δϕ(x)

·ϕ
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Large PTB?
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ϕ

V

CMB

PBH

- 時間のずれ  は超ホライズン保存量 

- 曲率ゆらぎ  に等しい

δN(x)
ζ(x)

e-folds: dN = Hdt =
·a
a

dt

local U.: ds2 = − dt2 + a2(t)e2ζ(t,x)dx2

Lyth, Malik, Sasaki ‘05

ζ(x) = δN(x) ≃ − H
δϕ(x)

·ϕ
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Exp.-tail
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 : non-linear relationδϕ → ζ = δN
P(
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/(r) = 2
3 [1 − (1 + rζ′ (r))2]

/̄ = 1
VRm

∫
Rm

0
4πR2/dR > /̄th = 2

5

M ∼ MRm
(/̄ − /̄th)0.36 Choptuik+ ‘93
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確率形式
Starobinsky ’86

= 超ホライズン粗視化場のEFT

= 局所的に一様等方 + 相関ありブラウン運動

dϕ(N, x) = π(N, x)
H(N, x) dN + H(N, x)

2π
dW(N, x),

dπ(N, x) = (−3π(N, x) − V′ (ϕ(N, x))
H(N, x) ) dN,

3M2
PlH2(N, x) = 1

2 π2(N, x) + V(ϕ(N, x)),

dW(N, x)dW(N′ , y) = sin kσ(N) |x − y |
kσ(N) |x − y |

δNN′ 
dN
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Ex. 1: Chaotic V = 1
2 m2ϕ2

/40

Mizuguchi, Murata, YT in prep.
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V = W2
0

13

cup
3 1

+ aw

e
ϕ
3 − bw

− cw

e
ϕ
3

+ e
2ϕ

3

1 (dw − gw

rwe 3ϕ/1 + 1 )
Cicoli+ ’18, Biagetti+ ‘18

ϕ

V ϕ
V
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STOLAS
Mizuguchi, Murata, YT in prep.

Ex. 2: Inflection
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STOLAS
Mizuguchi, Murata, YT in prep.

Ex. 2: Inflection
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Importance Sampling Intentionally large noise @ N = 3
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Importance Sampling Intentionally large noise @ N = 3
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Bence Bécsy,5 Laura Blecha,6 Adam Brazier,7, 8 Paul R. Brook,9 Sarah Burke-Spolaor,10, 11 Rand Burnette,5

Robin Case,5 Maria Charisi,12 Shami Chatterjee,7 Katerina Chatziioannou,13 Belinda D. Cheeseboro,10, 11

Siyuan Chen,14 Tyler Cohen,15 James M. Cordes,7 Neil J. Cornish,16 Fronefield Crawford,17

H. Thankful Cromartie,7, ⇤ Kathryn Crowter,18 Curt J. Cutler,19, 13 Megan E. DeCesar,20 Dallas DeGan,5

Paul B. Demorest,21 Heling Deng,5 Timothy Dolch,22, 23 Brendan Drachler,24, 25 Justin A. Ellis,26

Elizabeth C. Ferrara,27, 28, 29 William Fiore,10, 11 Emmanuel Fonseca,10, 11 Gabriel E. Freedman,1

Nate Garver-Daniels,10, 11 Peter A. Gentile,10, 11 Kyle A. Gersbach,12 Joseph Glaser,10, 11 Deborah C. Good,30, 31

Kayhan Gültekin,32 Jeffrey S. Hazboun,5 Sophie Hourihane,13 Kristina Islo,1 Ross J. Jennings,10, 11, †

Aaron D. Johnson,1, 13 Megan L. Jones,1 Andrew R. Kaiser,10, 11 David L. Kaplan,1 Luke Zoltan Kelley,33

Matthew Kerr,34 Joey S. Key,35 Tonia C. Klein,1 Nima Laal,5 Michael T. Lam,24, 25 William G. Lamb,12

T. Joseph W. Lazio,19 Natalia Lewandowska,36 Tyson B. Littenberg,37 Tingting Liu,10, 11 Andrea Lommen,38

Duncan R. Lorimer,10, 11 Jing Luo,39, ‡ Ryan S. Lynch,40 Chung-Pei Ma,33, 41 Dustin R. Madison,42

Margaret A. Mattson,10, 11 Alexander McEwen,1 James W. McKee,43, 44 Maura A. McLaughlin,10, 11

Natasha McMann,12 Bradley W. Meyers,18, 45 Patrick M. Meyers,13 Chiara M. F. Mingarelli,31, 30, 46

Andrea Mitridate,47 Priyamvada Natarajan,48, 49 Cherry Ng,50 David J. Nice,51 Stella Koch Ocker,7

Ken D. Olum,52 Timothy T. Pennucci,53 Benetge B. P. Perera,54 Polina Petrov,12 Nihan S. Pol,12

Henri A. Radovan,55 Scott M. Ransom,56 Paul S. Ray,34 Joseph D. Romano,57 Shashwat C. Sardesai,1

Ann Schmiedekamp,58 Carl Schmiedekamp,58 Kai Schmitz,59 Levi Schult,12 Brent J. Shapiro-Albert,10, 11, 60

Xavier Siemens,5, 1 Joseph Simon,61, § Magdalena S. Siwek,62 Ingrid H. Stairs,18 Daniel R. Stinebring,63

Kevin Stovall,21 Jerry P. Sun,5 Abhimanyu Susobhanan,1 Joseph K. Swiggum,51, † Jacob Taylor,5

Stephen R. Taylor,12 Jacob E. Turner,10, 11 Caner Unal,64, 65 Michele Vallisneri,19, 13 Rutger van Haasteren,66

Sarah J. Vigeland,1 Haley M. Wahl,10, 11 Qiaohong Wang,12 Caitlin A. Witt,67, 68 Olivia Young,24, 25

The NANOGrav Collaboration

1Center for Gravitation, Cosmology and Astrophysics, Department of Physics, University of Wisconsin-Milwaukee,

P.O. Box 413, Milwaukee, WI 53201, USA
2Newcastle University, NE1 7RU, UK

3X-Ray Astrophysics Laboratory, NASA Goddard Space Flight Center, Code 662, Greenbelt, MD 20771, USA
4Department of Physics and Astronomy, Widener University, One University Place, Chester, PA 19013, USA

5Department of Physics, Oregon State University, Corvallis, OR 97331, USA
6Physics Department, University of Florida, Gainesville, FL 32611, USA

7Cornell Center for Astrophysics and Planetary Science and Department of Astronomy, Cornell University, Ithaca, NY 14853, USA
8Cornell Center for Advanced Computing, Cornell University, Ithaca, NY 14853, USA

9Institute for Gravitational Wave Astronomy and School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham
B15 2TT, UK

10Department of Physics and Astronomy, West Virginia University, P.O. Box 6315, Morgantown, WV 26506, USA
11Center for Gravitational Waves and Cosmology, West Virginia University, Chestnut Ridge Research Building, Morgantown, WV

26505, USA
12Department of Physics and Astronomy, Vanderbilt University, 2301 Vanderbilt Place, Nashville, TN 37235, USA
13Division of Physics, Mathematics, and Astronomy, California Institute of Technology, Pasadena, CA 91125, USA

14Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing, 100871 China
15Department of Physics, New Mexico Institute of Mining and Technology, 801 Leroy Place, Socorro, NM 87801, USA

16Department of Physics, Montana State University, Bozeman, MT 59717, USA
17Department of Physics and Astronomy, Franklin & Marshall College, P.O. Box 3003, Lancaster, PA 17604, USA

18Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road, Vancouver, BC V6T 1Z1, Canada
19Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109, USA

20George Mason University, resident at the Naval Research Laboratory, Washington, DC 20375, USA

Corresponding author: The NANOGrav Collaboration

comments@nanograv.org

ar
X

iv
:2

30
6.

16
21

3v
1 

 [a
st

ro
-p

h.
H

E]
  2

8 
Ju

n 
20

23

4重極ゆらぎ

cf. European, Parkes (Australia), Chinese
4 The NANOGrav Collaboration

(a) (c)

(b) (d)

2.5 3.0 3.5 4.0 4.5
gGWB

�
14

.8�
14

.6�
14

.4�
14

.2�
14

.0�
13

.8

lo
g 1

0
A G

W
B

fref = 1 yr�1 32 nHz
fref = 0.1 yr�1 3.2 nHz

GWB= 13/3      !      

≈
≈

Figure 1. Summary of the main Bayesian and optimal-statistic analyses presented in this paper, which establish multiple lines
of evidence for the presence of Hellings–Downs correlations in the 15-year NANOGrav data set. Throughout we refer to the
68.3%, 95.4%, and 99.7% regions of distributions as 1/2/3� regions, even in two dimensions. (a): Bayesian “free-spectrum”
analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings–Downs-correlated stochastic process
at frequencies i/T , with T the total data set time span. The blue represents the posterior median and 1/2� posterior bandsa

for a power-law model; the dashed black line corresponds to a � = 13/3 (SMBHB-like) power-law, plotted with the median
posterior amplitude. See §3 for more details. (b): Posterior probability distribution of GWB amplitude and spectral exponent
in a HD power-law model, showing 1/2/3� credible regions. The value �GWB = 13/3 (dashed black line) is included in the 99%
credible region. The amplitude is referenced to fref = 1yr�1 (blue) and 0.1 yr�1 (orange). The dashed blue and orange curves
in the log

10
AGWB subpanel shows its marginal posterior density for a � = 13/3 model, with fref = 1yr�1 and fref = 0.1 yr�1,

respectively. See §3 for more details. (c): Angular-separation–binned inter-pulsar correlations, measured from 2,211 distinct
pairings in our 67-pulsar array using the frequentist optimal statistic, assuming maximum-a-posteriori pulsar noise parameters
and � = 13/3 common-process amplitude from a Bayesian inference analysis. The bin widths are chosen so that each includes
approximately the same number of pulsar pairs, and central bin locations avoid zeros of the Hellings–Downs curve. This binned
reconstruction accounts for correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black
line shows the Hellings–Downs correlation pattern, and the binned points are normalized by the amplitude of the � = 13/3
common process to be on the same scale. Note that we do not employ binning of inter-pulsar correlations in our detection
statistics; this panel serves as a visual consistency check only. See §4 for more frequentist results. (d): Bayesian reconstruction
of normalized inter-pulsar correlations, modeled as a cubic spline within a variable-exponent power-law model. The violins plot
the marginal posterior densities (plus median and 68% credible values) of the correlations at the knots. The knot positions are
fixed, and are chosen on the basis of features of the Hellings–Downs curve (also shown as a dashed black line for reference): they
include the maximum and minimum angular separations, the two zero crossings of the Hellings–Downs curve, and the position
of minimum correlation. See §3 for more details.

4 The NANOGrav Collaboration
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Figure 1. Summary of the main Bayesian and optimal-statistic analyses presented in this paper, which establish multiple lines
of evidence for the presence of Hellings–Downs correlations in the 15-year NANOGrav data set. Throughout we refer to the
68.3%, 95.4%, and 99.7% regions of distributions as 1/2/3� regions, even in two dimensions. (a): Bayesian “free-spectrum”
analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings–Downs-correlated stochastic process
at frequencies i/T , with T the total data set time span. The blue represents the posterior median and 1/2� posterior bandsa

for a power-law model; the dashed black line corresponds to a � = 13/3 (SMBHB-like) power-law, plotted with the median
posterior amplitude. See §3 for more details. (b): Posterior probability distribution of GWB amplitude and spectral exponent
in a HD power-law model, showing 1/2/3� credible regions. The value �GWB = 13/3 (dashed black line) is included in the 99%
credible region. The amplitude is referenced to fref = 1yr�1 (blue) and 0.1 yr�1 (orange). The dashed blue and orange curves
in the log

10
AGWB subpanel shows its marginal posterior density for a � = 13/3 model, with fref = 1yr�1 and fref = 0.1 yr�1,

respectively. See §3 for more details. (c): Angular-separation–binned inter-pulsar correlations, measured from 2,211 distinct
pairings in our 67-pulsar array using the frequentist optimal statistic, assuming maximum-a-posteriori pulsar noise parameters
and � = 13/3 common-process amplitude from a Bayesian inference analysis. The bin widths are chosen so that each includes
approximately the same number of pulsar pairs, and central bin locations avoid zeros of the Hellings–Downs curve. This binned
reconstruction accounts for correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black
line shows the Hellings–Downs correlation pattern, and the binned points are normalized by the amplitude of the � = 13/3
common process to be on the same scale. Note that we do not employ binning of inter-pulsar correlations in our detection
statistics; this panel serves as a visual consistency check only. See §4 for more frequentist results. (d): Bayesian reconstruction
of normalized inter-pulsar correlations, modeled as a cubic spline within a variable-exponent power-law model. The violins plot
the marginal posterior densities (plus median and 68% credible values) of the correlations at the knots. The knot positions are
fixed, and are chosen on the basis of features of the Hellings–Downs curve (also shown as a dashed black line for reference): they
include the maximum and minimum angular separations, the two zero crossings of the Hellings–Downs curve, and the position
of minimum correlation. See §3 for more details.
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Figure 4. Same as Fig. 3 but for a di↵erent selection of models and showing a larger frequency range. The solid lines represent
median GWB spectra for a subset of new-physics models (see Appendix B for more details); the gray violins correspond to
the posteriors of an HD-correlated free spectral reconstruction of the NANOGrav signal; and the shaded regions indicate the
power-law-integrated sensitivity (Thrane & Romano 2013) of various existing and planned GW interferometer experiments:
LISA (Amaro-Seoane et al. 2017), DECIGO (Kawamura et al. 2011), BBO (Crowder & Cornish 2005), Einstein Telescope (ET;
Punturo et al. 2010), Cosmic Explorer (CE; Reitze et al. 2019), the HLVK detector network (consisting of aLIGO in Hanford
and Livingston (Aasi et al. 2015), aVirgo (Acernese et al. 2015), and KAGRA (Akutsu et al. 2019)) at design sensitivity, and
the HLV detector network during the third observing run (O3). All sensitivity curves are normalized to a signal-to-noise ratio
of unity and, for planned experiments, an observing time of one year. For the HLV detector network, we use the O3 observing
time. Di↵erent signal-to-noise thresholds ⇢thr and observing times tobs can be easily implemented by rescaling the sensitivity
curves by a factor of ⇢thr/

p
tobs. More details on the construction of the sensitivity curves can be found in Schmitz (2021).

We emphasize that models whose median GWB spectrum exceeds the sensitivity of existing experiments are not automatically
ruled out. This applies, e.g., to cosmic superstrings (super) and the O3 sensitivity of the HLV detector network. Typically, no
single GWB spectrum in a given model will coincide with the median GWB spectrum, which is constructed from distributions
of h

2⌦GW values at any given frequency. Therefore, if the median GWB spectrum is in conflict with existing bounds, typically
only some regions in the model parameter space will be ruled out, while others remain viable (see, e.g., Fig. 11 for the super
model). Finally, note that any primordial GWB signal is subject to the upper limit on the amount of dark radiation in Eq. (23),
which requires the total integrated GW energy density to remain smaller than O(10�(5···6)) (see Section 5.1).

eters in these models are fairly well known (e.g., con-
cerning the galaxy stellar mass function), others are
almost entirely unconstrained—particularly those gov-
erning the dynamical evolution of SMBHBs on subpar-
sec scales (Begelman et al. 1980). The GWOnly-Ext li-
brary assumes purely GW-driven binary evolution and
uses relatively narrow distributions of model parame-
ters based on literature constraints from galaxy-merger

observations (e.g., Tomczak et al. 2014) in addition to
more detailed numerical studies of SMBHB evolution
(e.g., Sesana 2013).

For each population contained in the GWOnly-Ext li-
brary, we perform a power-law fit of the correspond-
ing GWB spectrum across the first 14 frequency bins
that we use in our analysis. The distribution for ABHB

and �BHB obtained in this way is reported in Fig. 1
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Figure 7. Same as in Fig. 6 but for the sigw-delta (left panel) and sigw-gauss (right panel) models. The solid and dashed
teal contour lines labeled fPBH = 1 in the right panel indicate the PBH bound for � = 1 and � = 2, respectively. Fig. 24 in
Appendix C.2 shows extended versions of the two plots that include the SMBHB parameters ABHB and �BHB.

els, regardless of whether these models contribute to the
explanation of the observed GWB. In addition, they are
complementary to other existing bounds, in particular,
the requirement that the mass density of PBHs produced
alongside SIGWs must not exceed the energy density of
DM,

fPBH  1 , (32)

where fPBH = ⌦PBH/⌦DM denotes the PBH DM frac-
tion integrated over the entire PBH mass spectrum. We
provide more details on how we compute fPBH in Ap-
pendix C.2; here we simply report our final results in
terms of the teal contour lines labeled fPBH = 1 in Figs. 6
and 7. For sigw-box, the PBH bound in the A – fmax

plane is computed for fmin = 10�11 Hz (the lower end
of our prior range), and the PBH bound in the A – fmin

plane is computed for fmax = 10�5 Hz (the upper end
of our prior range). For sigw-gauss, we show the PBH
bound in the A – f⇤ plane for � = 1 (solid contour line)
and � = 2 (dashed contour line).

In all three cases, we find that the PBH bound is very
restrictive, ruling out most of the parameter space fa-
vored by the NG15 data. If taken at face value, the
PBH bound therefore renders the SIGW interpretation
of the NANOGrav signal less likely. However, we stress
that the computation of fPBH is very sensitive to var-
ious assumptions and numerical steps in the analysis.
Slight changes in the computational strategy may result
in very di↵erent results for fPBH, which is why the re-
sults reported in Figs. 6 and 7 need to be treated with

caution. In view of the large conceptional uncertainty
in the computation of fPBH, one needs to be careful not
to draw any premature conclusions. At the same time,
the PBH bounds in Figs. 6 and 7 illustrate that small
regions of parameter space do remain viable. In fact,
for sigw-delta and sigw-gauss, it is even possible to
realize fPBH = 1 inside the 68% credible regions. That
is, along the fPBH = 1 contour lines and inside the 68%
credible regions, we find scenarios where SIGWs man-
age to provide a good fit to the NG15 data and PBHs
account for the entire DM in our universe.

In closing, we remark that the above conclusions
are endangered by the recent claim of a no-go theo-
rem for PBH formation from single-field inflation (Kris-
tiano & Yokoyama 2022, 2023). Kristiano & Yokoyama
(2022, 2023) argue that enhanced scalar perturbations
at small scales lead to unacceptably large one-loop cor-
rections to the scalar power spectrum at large scales.
In terms of the model parameters discussed in this sec-
tion, this means that the amplitude A must be small,
log10 A ⌧ �2; otherwise, the loop corrections to the
scalar power spectrum will exceed the measured ampli-
tude at CMB scales, As ' 2.10 ⇥ 10�9. At present, this
claim is subject to an ongoing debate; it is notably chal-
lenged by Riotto (2023a,b); Firouzjahi & Riotto (2023).
However, if it should prove to be valid, the requirement
of log10 A ⌧ �2 would clash with the lower bounds on A

listed above. In this case, one would then have to either
give up on the SIGW interpretation of the NANOGrav

誘導重力波

peak theory +  
(cf. Kitajima, YT, Yokoyama, Yoo ‘21)

/̄th = 2/5

fPBH = 1

cf. Terada-san’s poster, Lee-san’s talk
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The most widely studied formation mechanism of a primordial black hole (PBH) is collapse of
large-amplitude perturbation on small scales generated in single-field inflation. In this Letter, we
calculate one-loop correction to the large-scale power spectrum in such a model. We find models
producing appreciable amount of PBHs induce nonperturbative coupling on large scale probed by
cosmic microwave background radiation. We therefore conclude that PBH formation from cosmo-
logical perturbation theory in single-field inflation is ruled out.

Primordial black holes (PBHs) have been a research
interest for more than 50 years [1–3], although there has
been no observational evidence for them. They could
be light enough for Hawking radiation to be important
[4], they are a potential dark matter candidate [5–14]
(reviewed in [15, 16]), and they can explain LIGO-Virgo
gravitational wave events [17–22].

A number of formation mechanisms of PBHs in the
early Universe has been proposed. The most well-studied
one makes use of quantum fluctuations [23–26] gener-
ated in cosmic inflation [27–29]. Observations of CMB
anisotropy [30–32] tightly constrain these fluctuations on
large scales. Their power spectrum is almost scale in-
variant with the amplitude 2.1⇥10�9. On smaller scales
that cannot be probed by CMB observations, observa-
tional constraints are loose enough [33–39]. Therefore,
it is possible to have a theory which produce large fluc-
tuations with the amplitude of power spectrum O(0.01)
that satisfy observational constraints and many models
have been proposed to realize such a feature [7, 8, 40–
93]. Peaks of such fluctuations may collapse into PBHs
with appreciable abundance [94, 95] after entering the
horizon, which also produce large stochastic gravitational
wave background [96–100] that can be probed by future
gravitational wave observations as well as pulsar timing
array experiments [101].

The simplest inflation model that is consistent with
current observational data [31, 32] is canonical slow-roll
(SR) inflation as reviewed in [102]. It is described by
a scalar field �, called inflaton, with a canonical kinetic
term and potential V (�) in quasi-de Sitter space. The
standard SR inflation generates nearly scale-invariant
adiabatic curvature perturbation that behaves classically
as the decaying mode decreases exponentially during in-
flation, so that the perturbation variable and its con-
jugate momentum practically commute with each other
[103]. In order to be consistent with CMB observations
[31, 32], the shape of the potential is tightly constrained
for a finite range of �.

If the inflaton passes through an extremely flat region
of the potential with dV/d� ⇡ 0 after the comoving scales
probed by CMB have left the horizon, it may produce
large-amplitude fluctuations on small scales. In this re-
gion, slow-roll condition fails, and the inflation goes into a
temporary ultraslow-roll (USR) period [104–108]. Dur-
ing this regime the non-constant mode of fluctuations,
which would decay exponentially in SR inflation, actually
grows, as observed in other models [81, 109], resulting in
enhanced power spectrum on specific scales. This may
also imply the importance of quantum e↵ects as we will
see below.

Many inflation models with a flat region or inflection
point of the potential have been proposed inspired by
high energy theories such as supergravity [42–48], ax-
ion monodromy [49, 50], scalaron in R

2-gravity [51], ↵-
attractor [52–54], and string theory [55–57], as well as in
Higgs inflation which does not require theories beyond
the standard model [58–62]. As an extension of USR
period, constant-roll inflation can also produce large am-
plitudes [75, 110].

Theoretically, the power spectrum is described by the
vacuum expectation value (VEV) of the fluctuation two-
point functions in quantum field theory, to which only
wavevectors with equal magnitude and opposite direction
contribute. As we expand the theory to higher-order in
fluctuations, we will get higher-order interaction terms,
which generate primordial non-Gaussianity or VEV of
the higher-point functions which are calculated by in-in
perturbation theory [111–113]. At the same time, such
interactions also generate back reaction to the two-point
function which is called loop correction [114–122]. These
corrections behave non-linearly, where fluctuations with
di↵erent wavenumber magnitude can contribute. There-
fore, small-scale fluctuations can contribute to the loop
corrections of the CMB-scale fluctuation two-point func-
tions.

As mentioned above, in order to realize PBH forma-
tion appropriately, we need an inflation model producing
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S(3)[ζ]

kCMB
kPBH

≫

%tree
ζ (kCMB) ∼ Δ%1−loop

ζ (kCMB)

Separate U. assumption

x

ζ

k−1
CMB

H−1

x

ζ

= − dt2 + a2(t)dx̃2
ds2 = − dt2 + a2(t)e2ζ(0)dx2

- ζ は漸近 dilatation の NG boson 
(cf. Sugishita-san’s talk) 

- (古典的に) soft ζ は保存量 

(Lyth, Malik, Sasaki ‘05) 

- Maldacena’s consistency relation (‘03)

S(3)[ζ] ⟨ζkL
ζkS

ζkS
⟩ ∝ %ζ(kL)

d%ζ(kS)
d ln kS

座標再定義の分のみ
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S(3)[ζ] = ∫ d4x ["bulk + d
dt

"surface]
KY

cf. Arroja & Tanaka ‘11

Maldacena’s CR

kCMB

kPBH

kPBH

∝ %ζ(kCMB)
d%ζ(kPBH)
d ln kPBH

kCMB

Self-energy

∝ %ζ(kCMB)∫ d ln q
d%ζ(q)
d ln q = %ζ(kCMB)(%ζ(k → ∞) − %ζ(k → kCMB))

q≫

iε処方 10−9

∼

漸近 dilatation による WT

tree ζ の保存 ⇔ Maldacena’s CR ⇔ self-energy の cancel

tensor ver. (Ota, Sasaki, Wang ’22 x 2) は消えなかった……



まとめ

原始ブラックホールの直接的/間接的証拠はまだないが 

見つかったら一発大逆転なので注視しよう


