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Primordial Black Hole : well-known to you

- PBH formation in RD

ζth ∼ 1 𝒫ζ(kPBH) ∼ 10−2
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- Gravitational Lensing

- Dynamical Friction

- Accretion γ

- Prim. PTB

- Hawking γ

all DMs
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Event m1/M� m2/M� M/M� �e↵ Mf/M� af Erad/(M�c
2) `peak/(erg s�1) dL/Mpc z �⌦/deg2

GW150914 35.6+4.8
�3.0 30.6+3.0

�4.4 28.6+1.6
�1.5 �0.01+0.12

�0.13 63.1+3.3
�3.0 0.69+0.05

�0.04 3.1+0.4
�0.4 3.6+0.4

�0.4 ⇥ 1056 430+150
�170 0.09+0.03

�0.03 179

GW151012 23.3+14.0
�5.5 13.6+4.1

�4.8 15.2+2.0
�1.1 0.04+0.28

�0.19 35.7+9.9
�3.8 0.67+0.13

�0.11 1.5+0.5
�0.5 3.2+0.8

�1.7 ⇥ 1056 1060+540
�480 0.21+0.09

�0.09 1555

GW151226 13.7+8.8
�3.2 7.7+2.2

�2.6 8.9+0.3
�0.3 0.18+0.20

�0.12 20.5+6.4
�1.5 0.74+0.07

�0.05 1.0+0.1
�0.2 3.4+0.7

�1.7 ⇥ 1056 440+180
�190 0.09+0.04

�0.04 1033

GW170104 31.0+7.2
�5.6 20.1+4.9

�4.5 21.5+2.1
�1.7 �0.04+0.17

�0.20 49.1+5.2
�3.9 0.66+0.08

�0.10 2.2+0.5
�0.5 3.3+0.6

�0.9 ⇥ 1056 960+430
�410 0.19+0.07

�0.08 924

GW170608 10.9+5.3
�1.7 7.6+1.3

�2.1 7.9+0.2
�0.2 0.03+0.19

�0.07 17.8+3.2
�0.7 0.69+0.04

�0.04 0.9+0.0
�0.1 3.5+0.4

�1.3 ⇥ 1056 320+120
�110 0.07+0.02

�0.02 396

GW170729 50.6+16.6
�10.2 34.3+9.1

�10.1 35.7+6.5
�4.7 0.36+0.21

�0.25 80.3+14.6
�10.2 0.81+0.07

�0.13 4.8+1.7
�1.7 4.2+0.9

�1.5 ⇥ 1056 2750+1350
�1320 0.48+0.19

�0.20 1033

GW170809 35.2+8.3
�6.0 23.8+5.2

�5.1 25.0+2.1
�1.6 0.07+0.16

�0.16 56.4+5.2
�3.7 0.70+0.08

�0.09 2.7+0.6
�0.6 3.5+0.6

�0.9 ⇥ 1056 990+320
�380 0.20+0.05

�0.07 340

GW170814 30.7+5.7
�3.0 25.3+2.9

�4.1 24.2+1.4
�1.1 0.07+0.12

�0.11 53.4+3.2
�2.4 0.72+0.07

�0.05 2.7+0.4
�0.3 3.7+0.4

�0.5 ⇥ 1056 580+160
�210 0.12+0.03

�0.04 87

GW170817 1.46+0.12
�0.10 1.27+0.09

�0.09 1.186+0.001
�0.001 0.00+0.02

�0.01  2.8  0.89 � 0.04 � 0.1 ⇥ 1056 40+10
�10 0.01+0.00

�0.00 16

GW170818 35.5+7.5
�4.7 26.8+4.3

�5.2 26.7+2.1
�1.7 �0.09+0.18

�0.21 59.8+4.8
�3.8 0.67+0.07

�0.08 2.7+0.5
�0.5 3.4+0.5

�0.7 ⇥ 1056 1020+430
�360 0.20+0.07

�0.07 39

GW170823 39.6+10.0
�6.6 29.4+6.3

�7.1 29.3+4.2
�3.2 0.08+0.20

�0.22 65.6+9.4
�6.6 0.71+0.08

�0.10 3.3+0.9
�0.8 3.6+0.6

�0.9 ⇥ 1056 1850+840
�840 0.34+0.13

�0.14 1651

TABLE III. Selected source parameters of the eleven confident detections. We report median values with 90% credible intervals that include
statistical errors, and systematic errors from averaging the results of two waveform models for BBHs. For GW170817 credible intervals
and statistical errors are shown for IMRPhenomPv2NRT with low spin prior, while the sky area was computed from TaylorF2 samples. The
redshift for NGC 4993 from [87] and its associated uncertainties were used to calculate source frame masses for GW170817. For BBH events
the redshift was calculated from the luminosity distance and assumed cosmology as discussed in Appendix B. The columns show source frame
component masses mi and chirp massM, dimensionless e↵ective aligned spin �e↵ , final source frame mass Mf , final spin af , radiated energy
Erad, peak luminosity lpeak, luminosity distance dL, redshift z and sky localization �⌦. The sky localization is the area of the 90% credible
region. For GW170817 we give conservative bounds on parameters of the final remnant discussed in Sec. V E.

angular momentum ~L and its spin vectors precess [113, 114]
around the total angular momentum ~J = ~L + ~S 1 + ~S 2.

We describe the dominant spin e↵ects by introducing ef-
fective parameters. The e↵ective aligned spin is defined as a
simple mass-weighted linear combination of the spins [22, 23,
115] projected onto the Newtonian angular momentum L̂N ,
which is normal to the orbital plane (L̂ = L̂N for aligned-spin
binaries)

�e↵ =
(m1~�1 + m2~�2) · L̂N

M
, (4)

where M = m1 + m2 is the total mass of the binary, and m1 is
defined to be the mass of the larger component of the binary,
such that m1 � m2. Di↵erent parameterizations of spin e↵ects
are possible and can be motivated from their appearance in
the GW phase or dynamics [116–118]. �e↵ is approximately
conserved throughout the inspiral [115]. To assess whether a
binary is precessing we use a single e↵ective precession spin
parameter �p [119] (see Appendix C).

During the inspiral the phase evolution depends at leading
order on the chirp mass [33, 120, 121],

M =
(m1m2)3/5

M1/5 , (5)

which is also the best measured parameter for low mass sys-
tems dominated by the inspiral [60, 95, 116, 122]. The mass
ratio

q =
m2

m1
 1 (6)

and e↵ective aligned spin �e↵ appear in the phasing at higher
orders [95, 115, 117].

For precessing binaries the orbital angular momentum vec-
tor ~L is not a stable direction, and it is preferable to describe
the source inclination by the angle ✓JN between the total an-
gular momentum ~J (which typically is approximately constant
throughout the inspiral) and the line of sight vector ~N instead
of the orbital inclination angle ◆ between ~L and ~N [113, 123].
We quote frequency-dependent quantities such as spin vec-
tors and derived quantities as �p at a GW reference frequency
fref = 20Hz.

Binary neutron stars have additional degrees of freedom re-
lated to their response to a tidal field. The dominant quadrupo-
lar (` = 2) tidal deformation is described by the dimensionless
tidal deformability ⇤ = (2/3)k2

h
(c2/G)(R/m)

i5
of each neu-

tron star (NS), where k2 is the dimensionless ` = 2 Love num-
ber and R is the NS radius. The tidal deformabilities depend
on the NS mass m and the equation of state (EOS). The domi-
nant tidal contribution to the GW phase evolution is encapsu-
lated in an e↵ective tidal deformability parameter [124, 125]

⇤̃ =
16
13

(m1 + 12m2)m4
1⇤1 + (m2 + 12m1)m4

2⇤2

M5 . (7)

B. Masses

In the left panel of Fig. 4 we show the inferred component
masses of the binaries in the source frame as contours in the
m1-m2 plane. Because of the mass prior, we consider only sys-
tems with m1 � m2 and exclude the shaded region. The com-
ponent masses of the detected BH binaries cover a wide range
from ⇠ 5M� to ⇠ 70M� and lie within the range expected for

LIGO/Virgo 2018

4PBH tower in multi-phase inflation Yuichiro Tada
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What if Planet 9 is a Primordial Black Hole?

Jakub Scholtz1 and James Unwin2

1Institute for Particle Physics Phenomenology, Durham University, Durham, DH1 3LE, United Kingdom
2Department of Physics, University of Illinois at Chicago, Chicago, IL 60607, USA;

& Department of Physics, University of California, Berkeley & Theoretical Physics Group,
LBNL & Mathematics Sciences Research Institute, Berkeley, CA 94720, USA

We highlight that the anomalous orbits of Trans-Neptunian Objects (TNOs) and an excess in mi-
crolensing events in the 5-year OGLE dataset can be simultaneously explained by a new population
of astrophysical bodies with mass several times that of Earth (M�). We take these objects to be
primordial black holes (PBHs) and point out the orbits of TNOs would be altered if one of these
PBHs was captured by the Solar System, inline with the Planet 9 hypothesis. Capture of a free
floating planet is a leading explanation for the origin of Planet 9 and we show that the probability of
capturing a PBH instead is comparable. The observational constraints on a PBH in the outer Solar
System significantly di↵er from the case of a new ninth planet. This scenario could be confirmed
through annihilation signals from the dark matter microhalo around the PBH.

1. Introduction. As of this year, two gravitational
anomalies of similar mass but very di↵erent origins re-
main to be explained. First, there is a growing body
of observational anomalies connected to the orbits of
trans-Neptunian Objects (TNOs) [1–3]. These observa-
tions have been taken as evidence of a new ninth planet
in our solar system, called Planet 9 (P9), with mass
M9 ⇠ 5 � 15M� and orbiting around the Sun at a dis-
tance of 300�1000 AU [4]. Second, there is set of gravita-
tional anomalies recently observed by the Optical Grav-
itational Lensing Experiment (OGLE). OGLE reported
an excess of six ultrashort microlensing events with cross-
ing times of 0.1 � 0.3 days [5]. The lensing objects are
located towards the galactic bulge, roughly 8kpc away.
These events correspond to lensing by objects of mass
M ⇠ 0.5M� � 20M� [6] and could be interpreted as an
unexpected population of free floating planets (FFPs) or
as Primordial Black Holes (PBHs).

It is remarkable that these two anomalies correspond
to a similar mass scale. Perhaps the most natural ex-
planation is that they are caused by the existence of an
unknown population of planets, i.e. the OGLE anomaly
should be interpreted as due to FFPs denser than the
local star population [7] and P9 might be one of those
planets that have been captured by the Solar System.
This would imply that our models for planet formation
may need to be updated to account for this new popu-
lation of FFPs, but the current program to hunt for P9
would go unchanged.

We focus on a more exciting possibility: if the OGLE
events are due to a population of PBHs then it is pos-
sible that the orbital anomalies of TNOs are also due
to one of these PBHs that was captured by the Solar
System. In this paper, we argue that this scenario is not
unreasonable and discuss the observable implications; we
estimate the probability of capture of a PBH by the So-
lar System, highlight that the observational constraints
di↵er significantly between planets and PBHs, and point
out that the dark matter (DM) microhalo, which generi-
cally forms around such a PBH, can lead to its discovery.

2. Two Anomalies. While the structure of the Solar
System to semi-major axis a ⇠ 100 AU is well explained,
for a > 250 AU there are TNO populations whose orbits
cannot be readily understood. Observations of TNOs,
objects with a > 30 AU, and extreme TNOs (eTNOs)
with a > 250 AU exhibit the following anomalies:

i) Unexpected clustering in eTNO orbits [2, 3];

ii) The existence of high perihelia (q ⇠ 70 AU) TNOs,
such as Sedna, collectively called Sednoids [1, 2, 8];

iii) TNOs moving roughly perpendicularly to the plan-
etary plane (with inclination i & 50�) [9–11].

An excellent review of TNO anomalies is given in [4].
Simulations and analytic arguments indicate that these

observations are at odds with the predicted dynamics
assuming only the known giant planets. For instance,
any coincidence of initial orbits of eTNOs will disperse
under evolution (on a timescale of a 10-100 million years
[12]), and Solar System simulations imply inclinations are
typically bounded by i . 40� [13, 14].
Notably, all of the TNO anomalies can be simultane-

ously explained by a new gravitational source in the outer
Solar System. From observations of TNO dynamics one
can infer the likely mass and orbit of this hypothetical
source, referred to as Planet 9. Simulations of TNOs have
identified a number of characteristic benchmark scenarios
for a new gravitational source of mass 5M� and 10M�,
which we summarise in Table I.

Benchmark a (AU) e i (deg) rp (AU) ra (AU)

5M� 450 0.2 20 400 500

10M� 700 0.4 15 420 980

TABLE I. This table contains some benchmark P9 scenarios
from [4] stating central values. Here a is the central major
axis, e is the ellipticity, i is the inclination. Also given are
the perihelion rp = ra(1� e) and the aphelion ra = 2ra� rp.
Deviations of O(10%) in parameters provide comparable fits.
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6. Exotica. Before closing, we note that alternative
‘exotic’ compact astrophysical bodies may explain these
observations such as DM microhalos (without PBH)
e.g. [50–54], bose stars [55], or DM stars [56, 57]. OGLE
cannot distinguish between PBH, exotic stars, and plan-
ets, however DM microhalos are unlikely to produce
OGLE’s lensing events. Another possibility is a sizeable
DM halo could be shredded during the capture leading a
toroidal DM mass distribution around the Sun at ⇠ 500
AU with total mass ⇠ 10M�, this realises the secular
approximation (phase space averaged) for a compact ob-
ject, and is similar to the proposed toroidal baryonic dis-
tribution of [58]. Notably, each of these scenarios implies
di↵erent experimental signatures, distinct from those of
a rocky or gas planet.

7. Conclusion. This letter highlights that anomalous
orbits of TNOs and OGLE’s short microlensing events
could have the same origin and explores the intriguing
scenario that they both arise due to a population of 5M�
PBHs. While the principal search strategies for a planet
is to employ optical [59, 60] and infrared/microwave sur-
veys [61], the signals could be very di↵erent for a PBH
(or another exotic object). Thus, the PBH hypothesis
expands the required experimental program to search for
the body responsible for TNO shepherding and motivates
dedicated searches for moving sources in x-rays, gamma
rays and other high energy cosmic rays. Conversely, if
conventional searches fail to find Planet 9 and the evi-
dence for TNO anomalies continues to grow, the PBH
P9 hypothesis will become a compelling explanation.
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Supplementary Material

A. SIZE OF THE PBH

The Schwarzschild radius of a black hole is given by

rBH =
2GMBH

c2
' 4.5cm

✓
MBH

5M�

◆
. (15)

In Figure 1 we provide an exact scale image of a 5M�
PBH. The associated DM halo however extends to the
stripping radius rt,� ⇠ 8AU, this would imply a DM
halo which extends roughly the distance from Earth to
Saturn (both in real life and relative to the image).

FIG. 1. Exact scale (1:1) illustration of a 5M� PBH. Note that a 10M� PBH is roughly the size of a ten pin bowling ball.
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We highlight that the anomalous orbits of Trans-Neptunian Objects (TNOs) and an excess in mi-
crolensing events in the 5-year OGLE dataset can be simultaneously explained by a new population
of astrophysical bodies with mass several times that of Earth (M�). We take these objects to be
primordial black holes (PBHs) and point out the orbits of TNOs would be altered if one of these
PBHs was captured by the Solar System, inline with the Planet 9 hypothesis. Capture of a free
floating planet is a leading explanation for the origin of Planet 9 and we show that the probability of
capturing a PBH instead is comparable. The observational constraints on a PBH in the outer Solar
System significantly di↵er from the case of a new ninth planet. This scenario could be confirmed
through annihilation signals from the dark matter microhalo around the PBH.

1. Introduction. As of this year, two gravitational
anomalies of similar mass but very di↵erent origins re-
main to be explained. First, there is a growing body
of observational anomalies connected to the orbits of
trans-Neptunian Objects (TNOs) [1–3]. These observa-
tions have been taken as evidence of a new ninth planet
in our solar system, called Planet 9 (P9), with mass
M9 ⇠ 5 � 15M� and orbiting around the Sun at a dis-
tance of 300�1000 AU [4]. Second, there is set of gravita-
tional anomalies recently observed by the Optical Grav-
itational Lensing Experiment (OGLE). OGLE reported
an excess of six ultrashort microlensing events with cross-
ing times of 0.1 � 0.3 days [5]. The lensing objects are
located towards the galactic bulge, roughly 8kpc away.
These events correspond to lensing by objects of mass
M ⇠ 0.5M� � 20M� [6] and could be interpreted as an
unexpected population of free floating planets (FFPs) or
as Primordial Black Holes (PBHs).

It is remarkable that these two anomalies correspond
to a similar mass scale. Perhaps the most natural ex-
planation is that they are caused by the existence of an
unknown population of planets, i.e. the OGLE anomaly
should be interpreted as due to FFPs denser than the
local star population [7] and P9 might be one of those
planets that have been captured by the Solar System.
This would imply that our models for planet formation
may need to be updated to account for this new popu-
lation of FFPs, but the current program to hunt for P9
would go unchanged.

We focus on a more exciting possibility: if the OGLE
events are due to a population of PBHs then it is pos-
sible that the orbital anomalies of TNOs are also due
to one of these PBHs that was captured by the Solar
System. In this paper, we argue that this scenario is not
unreasonable and discuss the observable implications; we
estimate the probability of capture of a PBH by the So-
lar System, highlight that the observational constraints
di↵er significantly between planets and PBHs, and point
out that the dark matter (DM) microhalo, which generi-
cally forms around such a PBH, can lead to its discovery.

2. Two Anomalies. While the structure of the Solar
System to semi-major axis a ⇠ 100 AU is well explained,
for a > 250 AU there are TNO populations whose orbits
cannot be readily understood. Observations of TNOs,
objects with a > 30 AU, and extreme TNOs (eTNOs)
with a > 250 AU exhibit the following anomalies:

i) Unexpected clustering in eTNO orbits [2, 3];

ii) The existence of high perihelia (q ⇠ 70 AU) TNOs,
such as Sedna, collectively called Sednoids [1, 2, 8];

iii) TNOs moving roughly perpendicularly to the plan-
etary plane (with inclination i & 50�) [9–11].

An excellent review of TNO anomalies is given in [4].
Simulations and analytic arguments indicate that these

observations are at odds with the predicted dynamics
assuming only the known giant planets. For instance,
any coincidence of initial orbits of eTNOs will disperse
under evolution (on a timescale of a 10-100 million years
[12]), and Solar System simulations imply inclinations are
typically bounded by i . 40� [13, 14].
Notably, all of the TNO anomalies can be simultane-

ously explained by a new gravitational source in the outer
Solar System. From observations of TNO dynamics one
can infer the likely mass and orbit of this hypothetical
source, referred to as Planet 9. Simulations of TNOs have
identified a number of characteristic benchmark scenarios
for a new gravitational source of mass 5M� and 10M�,
which we summarise in Table I.

Benchmark a (AU) e i (deg) rp (AU) ra (AU)

5M� 450 0.2 20 400 500

10M� 700 0.4 15 420 980

TABLE I. This table contains some benchmark P9 scenarios
from [4] stating central values. Here a is the central major
axis, e is the ellipticity, i is the inclination. Also given are
the perihelion rp = ra(1� e) and the aphelion ra = 2ra� rp.
Deviations of O(10%) in parameters provide comparable fits.
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We highlight that the anomalous orbits of Trans-Neptunian Objects (TNOs) and an excess in mi-
crolensing events in the 5-year OGLE dataset can be simultaneously explained by a new population
of astrophysical bodies with mass several times that of Earth (M�). We take these objects to be
primordial black holes (PBHs) and point out the orbits of TNOs would be altered if one of these
PBHs was captured by the Solar System, inline with the Planet 9 hypothesis. Capture of a free
floating planet is a leading explanation for the origin of Planet 9 and we show that the probability of
capturing a PBH instead is comparable. The observational constraints on a PBH in the outer Solar
System significantly di↵er from the case of a new ninth planet. This scenario could be confirmed
through annihilation signals from the dark matter microhalo around the PBH.

1. Introduction. As of this year, two gravitational
anomalies of similar mass but very di↵erent origins re-
main to be explained. First, there is a growing body
of observational anomalies connected to the orbits of
trans-Neptunian Objects (TNOs) [1–3]. These observa-
tions have been taken as evidence of a new ninth planet
in our solar system, called Planet 9 (P9), with mass
M9 ⇠ 5 � 15M� and orbiting around the Sun at a dis-
tance of 300�1000 AU [4]. Second, there is set of gravita-
tional anomalies recently observed by the Optical Grav-
itational Lensing Experiment (OGLE). OGLE reported
an excess of six ultrashort microlensing events with cross-
ing times of 0.1 � 0.3 days [5]. The lensing objects are
located towards the galactic bulge, roughly 8kpc away.
These events correspond to lensing by objects of mass
M ⇠ 0.5M� � 20M� [6] and could be interpreted as an
unexpected population of free floating planets (FFPs) or
as Primordial Black Holes (PBHs).

It is remarkable that these two anomalies correspond
to a similar mass scale. Perhaps the most natural ex-
planation is that they are caused by the existence of an
unknown population of planets, i.e. the OGLE anomaly
should be interpreted as due to FFPs denser than the
local star population [7] and P9 might be one of those
planets that have been captured by the Solar System.
This would imply that our models for planet formation
may need to be updated to account for this new popu-
lation of FFPs, but the current program to hunt for P9
would go unchanged.

We focus on a more exciting possibility: if the OGLE
events are due to a population of PBHs then it is pos-
sible that the orbital anomalies of TNOs are also due
to one of these PBHs that was captured by the Solar
System. In this paper, we argue that this scenario is not
unreasonable and discuss the observable implications; we
estimate the probability of capture of a PBH by the So-
lar System, highlight that the observational constraints
di↵er significantly between planets and PBHs, and point
out that the dark matter (DM) microhalo, which generi-
cally forms around such a PBH, can lead to its discovery.

2. Two Anomalies. While the structure of the Solar
System to semi-major axis a ⇠ 100 AU is well explained,
for a > 250 AU there are TNO populations whose orbits
cannot be readily understood. Observations of TNOs,
objects with a > 30 AU, and extreme TNOs (eTNOs)
with a > 250 AU exhibit the following anomalies:

i) Unexpected clustering in eTNO orbits [2, 3];

ii) The existence of high perihelia (q ⇠ 70 AU) TNOs,
such as Sedna, collectively called Sednoids [1, 2, 8];

iii) TNOs moving roughly perpendicularly to the plan-
etary plane (with inclination i & 50�) [9–11].

An excellent review of TNO anomalies is given in [4].
Simulations and analytic arguments indicate that these

observations are at odds with the predicted dynamics
assuming only the known giant planets. For instance,
any coincidence of initial orbits of eTNOs will disperse
under evolution (on a timescale of a 10-100 million years
[12]), and Solar System simulations imply inclinations are
typically bounded by i . 40� [13, 14].
Notably, all of the TNO anomalies can be simultane-

ously explained by a new gravitational source in the outer
Solar System. From observations of TNO dynamics one
can infer the likely mass and orbit of this hypothetical
source, referred to as Planet 9. Simulations of TNOs have
identified a number of characteristic benchmark scenarios
for a new gravitational source of mass 5M� and 10M�,
which we summarise in Table I.

Benchmark a (AU) e i (deg) rp (AU) ra (AU)

5M� 450 0.2 20 400 500

10M� 700 0.4 15 420 980

TABLE I. This table contains some benchmark P9 scenarios
from [4] stating central values. Here a is the central major
axis, e is the ellipticity, i is the inclination. Also given are
the perihelion rp = ra(1� e) and the aphelion ra = 2ra� rp.
Deviations of O(10%) in parameters provide comparable fits.
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6. Exotica. Before closing, we note that alternative
‘exotic’ compact astrophysical bodies may explain these
observations such as DM microhalos (without PBH)
e.g. [50–54], bose stars [55], or DM stars [56, 57]. OGLE
cannot distinguish between PBH, exotic stars, and plan-
ets, however DM microhalos are unlikely to produce
OGLE’s lensing events. Another possibility is a sizeable
DM halo could be shredded during the capture leading a
toroidal DM mass distribution around the Sun at ⇠ 500
AU with total mass ⇠ 10M�, this realises the secular
approximation (phase space averaged) for a compact ob-
ject, and is similar to the proposed toroidal baryonic dis-
tribution of [58]. Notably, each of these scenarios implies
di↵erent experimental signatures, distinct from those of
a rocky or gas planet.

7. Conclusion. This letter highlights that anomalous
orbits of TNOs and OGLE’s short microlensing events
could have the same origin and explores the intriguing
scenario that they both arise due to a population of 5M�
PBHs. While the principal search strategies for a planet
is to employ optical [59, 60] and infrared/microwave sur-
veys [61], the signals could be very di↵erent for a PBH
(or another exotic object). Thus, the PBH hypothesis
expands the required experimental program to search for
the body responsible for TNO shepherding and motivates
dedicated searches for moving sources in x-rays, gamma
rays and other high energy cosmic rays. Conversely, if
conventional searches fail to find Planet 9 and the evi-
dence for TNO anomalies continues to grow, the PBH
P9 hypothesis will become a compelling explanation.
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Supplementary Material

A. SIZE OF THE PBH

The Schwarzschild radius of a black hole is given by

rBH =
2GMBH

c2
' 4.5cm

✓
MBH

5M�

◆
. (15)

In Figure 1 we provide an exact scale image of a 5M�
PBH. The associated DM halo however extends to the
stripping radius rt,� ⇠ 8AU, this would imply a DM
halo which extends roughly the distance from Earth to
Saturn (both in real life and relative to the image).

FIG. 1. Exact scale (1:1) illustration of a 5M� PBH. Note that a 10M� PBH is roughly the size of a ten pin bowling ball.
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We highlight that the anomalous orbits of Trans-Neptunian Objects (TNOs) and an excess in mi-
crolensing events in the 5-year OGLE dataset can be simultaneously explained by a new population
of astrophysical bodies with mass several times that of Earth (M�). We take these objects to be
primordial black holes (PBHs) and point out the orbits of TNOs would be altered if one of these
PBHs was captured by the Solar System, inline with the Planet 9 hypothesis. Capture of a free
floating planet is a leading explanation for the origin of Planet 9 and we show that the probability of
capturing a PBH instead is comparable. The observational constraints on a PBH in the outer Solar
System significantly di↵er from the case of a new ninth planet. This scenario could be confirmed
through annihilation signals from the dark matter microhalo around the PBH.

1. Introduction. As of this year, two gravitational
anomalies of similar mass but very di↵erent origins re-
main to be explained. First, there is a growing body
of observational anomalies connected to the orbits of
trans-Neptunian Objects (TNOs) [1–3]. These observa-
tions have been taken as evidence of a new ninth planet
in our solar system, called Planet 9 (P9), with mass
M9 ⇠ 5 � 15M� and orbiting around the Sun at a dis-
tance of 300�1000 AU [4]. Second, there is set of gravita-
tional anomalies recently observed by the Optical Grav-
itational Lensing Experiment (OGLE). OGLE reported
an excess of six ultrashort microlensing events with cross-
ing times of 0.1 � 0.3 days [5]. The lensing objects are
located towards the galactic bulge, roughly 8kpc away.
These events correspond to lensing by objects of mass
M ⇠ 0.5M� � 20M� [6] and could be interpreted as an
unexpected population of free floating planets (FFPs) or
as Primordial Black Holes (PBHs).

It is remarkable that these two anomalies correspond
to a similar mass scale. Perhaps the most natural ex-
planation is that they are caused by the existence of an
unknown population of planets, i.e. the OGLE anomaly
should be interpreted as due to FFPs denser than the
local star population [7] and P9 might be one of those
planets that have been captured by the Solar System.
This would imply that our models for planet formation
may need to be updated to account for this new popu-
lation of FFPs, but the current program to hunt for P9
would go unchanged.

We focus on a more exciting possibility: if the OGLE
events are due to a population of PBHs then it is pos-
sible that the orbital anomalies of TNOs are also due
to one of these PBHs that was captured by the Solar
System. In this paper, we argue that this scenario is not
unreasonable and discuss the observable implications; we
estimate the probability of capture of a PBH by the So-
lar System, highlight that the observational constraints
di↵er significantly between planets and PBHs, and point
out that the dark matter (DM) microhalo, which generi-
cally forms around such a PBH, can lead to its discovery.

2. Two Anomalies. While the structure of the Solar
System to semi-major axis a ⇠ 100 AU is well explained,
for a > 250 AU there are TNO populations whose orbits
cannot be readily understood. Observations of TNOs,
objects with a > 30 AU, and extreme TNOs (eTNOs)
with a > 250 AU exhibit the following anomalies:

i) Unexpected clustering in eTNO orbits [2, 3];

ii) The existence of high perihelia (q ⇠ 70 AU) TNOs,
such as Sedna, collectively called Sednoids [1, 2, 8];

iii) TNOs moving roughly perpendicularly to the plan-
etary plane (with inclination i & 50�) [9–11].

An excellent review of TNO anomalies is given in [4].
Simulations and analytic arguments indicate that these

observations are at odds with the predicted dynamics
assuming only the known giant planets. For instance,
any coincidence of initial orbits of eTNOs will disperse
under evolution (on a timescale of a 10-100 million years
[12]), and Solar System simulations imply inclinations are
typically bounded by i . 40� [13, 14].
Notably, all of the TNO anomalies can be simultane-

ously explained by a new gravitational source in the outer
Solar System. From observations of TNO dynamics one
can infer the likely mass and orbit of this hypothetical
source, referred to as Planet 9. Simulations of TNOs have
identified a number of characteristic benchmark scenarios
for a new gravitational source of mass 5M� and 10M�,
which we summarise in Table I.

Benchmark a (AU) e i (deg) rp (AU) ra (AU)

5M� 450 0.2 20 400 500

10M� 700 0.4 15 420 980

TABLE I. This table contains some benchmark P9 scenarios
from [4] stating central values. Here a is the central major
axis, e is the ellipticity, i is the inclination. Also given are
the perihelion rp = ra(1� e) and the aphelion ra = 2ra� rp.
Deviations of O(10%) in parameters provide comparable fits.

ar
X

iv
:1

90
9.

11
09

0v
1 

 [h
ep

-p
h]

  2
4 

Se
p 

20
19

arXiv: 1909.11090

How can we realize these HIERARCHICAL mass spectra?
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SMBH

In single-field slow-roll inflation, 
(nS - 1, α) ~ O(ε)
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Separate into 2-phase! 
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- during phase-i: 
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start phase-(i+1)
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Implication to String Theory?

“dS vacua will be unstable in UV-complete theories”
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- CMB scale?
PTB by curvaton    Kogai, YT in prep.
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Implication to String Theory?

“dS vacua will be unstable in UV-complete theories”

each infl. phase CANNOT continue long
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Conclusions

- interesting mass regions for PBH are hierarchical 

- multi-phase inflation can realize them simultaneously

cf. dS swampland conjecture may support multi-phase inflation

- testable by GW


