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I. Primordial Black Holes and Dark Matter




Black Holes Exist

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes

%

Lower mass for an Astrophysical Black Hole ~M .
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Primordial Black Holes

SOVIET ASTRONOMY — AJ VOL. 10, NO. 4 JANUARY-FEBRUARY, 1967

Primordial Black Hole (PBH) first proposed in:

THE HYPOTHESIS OF CORES RETARDED DURING
EXPANSION AND THE HOT COSMOLOGICAL MODEL
Ya. B. Zel’dovich and I. D. Novikov

HypOtheSiS iS that PBH form from HUCtuationS Translated from Astronomicheskii Zhurnal, Vol. 43, No. 4,
. . . . . 758-760, July-August, 1966
in the Early Universe if sufficiently dense. Original article submitied Mareh 14, 1963
T — EE—
Rich literature of possible formation scenarios, Mon. Not. R. astr. Soc. (197%) 152, 7578,

many tied to specific models of cosmology.
GRAVITATIONALLY COLLAPSED OBJECTS OF VERY
LOW MASS

Stephen Hawking

(Communicated by M. J. Rees)

Also, a possible dark matter candidate if they
account for the full present day abundance:

(Received 1970 November 9)
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Limits on Primordial Black Holes
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Limits on Primordial Black Holes
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Limits on Primordial Black Holes /
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The OGLE Excess

Indeed, there 1s a tentative unexplained excess in microlensing events seen by the
OGLE telescope consistent indicative of PBH population with

fPBH € [0.005,0.:_]

Mpgn M)
0% 1007 10% 10° 10

M € [0.5Mg, 20Mg)]

b

I |IIIIII| |

feeu = 2pBu/S2DM

allowed region (95% CL)

Ll Ll Ll Ll L

1026 1027 1028 1029
Mppn [g]

H. Niikura, et al. PRD 99 (2019) 8,08
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ll. Signals for Primordial Black Holes




Thermal Dark Matter

If feeu# 1 (as with OGLE) we still need to reproduce the observed dark matter.

Natural to suppose ~ {pm = 2pBH + {oDM  with new particle dark matter.

PBH fraction: QpBH (pBH
frBH = =

Opm QpBH + QDM

Simplest possibility 1s WIMP and parameterise cross section with expansion:

. 3 15
<0v)—03+0p%+0d@+---
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Thermal Dark Matter

If feeu# 1 (as with OGLE) we still need to reproduce the observed dark matter.

Natural to suppose ~ {pm = 2pBH + {oDM  with new particle dark matter.

PBH fraction: QpBH (pBH
frBH = =

Opm QpBH + QDM

Simplest possibility 1s WIMP and parameterise cross section with expansion:

15
+ oa— + -+ with '« T v
RT

2

s-wave: 0s # 01 then for Qpom =2Mm~0.26. need o5 ~ 3 x 107%%cm?/s

2

p-wave: o0s =0 and implies  (ov) x v

d-wave: |¢,!is the leading term; implies (ov) o v*
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Thermal Dark Matter
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Giacchino, et al [1307.6480].
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Thermal Dark

Matter
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The PBH Halo

The particle dark matter with generically form a dense halo around the PBH.

For PBHs formed before kinetic decoupling, a dark matter halo of constant density this is
equal to the background dark matter at kinetic decoupling: p(#4) = p£2,pvm, / (%qT)-

The density profile evolves and at late time is characteristically p(r) o 7~ (Bertschinger 1985)
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The PBH Halo P

The particle dark matter with generically form a dense halo around the PBH.

For PBHs formed before kinetic decoupling, a dark matter halo of constant density this is
equal to the background dark matter at kinetic decoupling: p(#4) = p£2,pvm, / (%qT)-

The density profile evolves and at late time is characteristically p(r) o 7~ (Bertschinger 1985)

More carefully, it 1s determined by some complicated integral:

S [Cass [ L) [ dy
7)== [ dp z/ driTpi(73) f (Bi, T <~—— z) /
r)=7% | i piFa) f(Bir i) = — B om0 o

Boudaud et al [2106.07480]
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The PBH Halo P

The particle dark matter with generically form a dense halo around the PBH.

For PBHs formed before kinetic decoupling, a dark matter halo of constant density this is
equal to the background dark matter at kinetic decoupling: p(#4) = p£2,pvm, / (%qT)-

The density profile evolves and at late time is characteristically p(r) o 7~ (Bertschinger 1985)

More carefully, it 1s determined by some complicated integral:

=8 [ > 1 B\ [ dy
p(r) = = / dB:p; / driTipi(7:) f (Bi, 74 (7 — 52') /
) rJo 0 (F)J( ) T VYmO(Ym—0) \/y2 — Vm

Boudaud et al [2106.07480]

Evaluate in light/intermediate/heavy regime:

3 4\ 3/2 1 2 7104\ 1/2
M. < My ~ 3 x 107200, (120.6eV )" (100 M, > My~ 3 x 103 M ( 00 GeV) (i)
a my Tkd my Tkd
gl ey r e o
Plight(f) S - A <r<irrt pheavy(r) X r—9/4 rec<r<irr
0 rr<r 0 rr<r
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The PBH Halo

For an intermediate mass PBH (assuming halo evolution only due to gravity)
an example halo density profile 1s:
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The PBH Halo

25

Light Medium :Heavy

T
S
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o
o ] : .
o -3 ~9/4
5 ] *
—3/4 L T
O 1 i 1 i 1 i 1 i 1 i 1 i 1 .l
—-16 —-14 —-12 —-10 -8 -6 -4 -2 0
log10(M./M )

Diagram shows the scaling for different PBH masses at different scales.
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e

Other phenomena can alter this picture. For instance particle dark matter
annihilations will deplete the centre which 1s high density.

Annihilations in the Core

The annihilation rate 1s:
Tann ~ 713(2) (00)

Depleted central density reaches

a maximum density
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Annihilations in the Core

Other phenomena can alter this picture. For instance particle dark matter
annihilations will deplete the centre which 1s high density.

The annihilation rate 1s: oL

Fann ~J nx(z) <0-U> v"\.

A4

Depleted central density reaches

a maximum density

S Mo, ~ mXFann I
Pmax XX (0'1)> - my,=1TeV

20/ Mg =105 M —_
My e © _

) i
(ov)thalo T R
-15 -10 -5 0

log1gr(AU)

Y

take T'ann ~ 1/thalo, With thao ~ 1010 years
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Annihilations in the Core

The maximum density core depends on the cross section

pmax < > )

s-wave case implies constant density.

More generally

3 15
(ov) =05+ 0p—+ 04—+
2T 8T

which may be velocity dependent.

Note, velocity changes throughout the halo

v(r) =~ /GM,/r

leading to interesting halo profiles.

Il. Signals from PBH 11/30 James Unwin



Annihilations in the Core

The maximum density core depends on the cross section

Prax ™~ X
max — T
<U 'U>thalo , OF R
s-wave case implies constant density. _5¢ .
More generally v?g 1 O )
() N R 5
(o) =0 Op—— Od——= B
5T %Pop T UAgy2 S _q5 |
66- -
which may be velocity dependent. =
-20 ]
Note, velocity changes throughout the halo _
-25 ]
olr) =~ \/GML/r N T T

I AU
leading to interesting halo profiles. 0gsor(AU)
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Annihilations in the Core

Density core cuts out some scaling. For the s-wave case:

25 : : : : 25 . : . :
_ Light Medium :Heavy _ Light Medium :Heavy
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1 Xkd = i04
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Halo Stripping

For galactic PBH close encounters with stars strip the exterior of the PBH’s dark matter halo

R Phalo 1/3Nd Mhalo 1/3
g 2pB 2Mp

PBH will have traversed the galaxy for 10'° years typical PBH speed to be ~ 200 km/s

Typical spacing of stars is 0.01pc in bulge each PBH will have encountered N, ~ O(10°) stars
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Halo Stripping

For galactic PBH close encounters with stars strip the exterior of the PBH’s dark matter halo

R Phalo 1/3Nd Mhalo 1/3
g 2pB 2Mp

PBH will have traversed the galaxy for 10'° years typical PBH speed to be ~ 200 km/s

Typical spacing of stars is 0.01pc in bulge each PBH will have encountered N, ~ O(10°) stars

Suppose stars form a regular square lattice with / = 10—2 pc spacings, then closest encounter:

[

d ~ ﬁ = 10"%pc.
By it follows that the terminal radius for the PBH halo is:
Mo 3 d Mo\ ? : _3 d Mialo | 3
rrCouge) e (M) 070 () (M) roaisk) ~10pe (155 ) (Jat
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Stripping will alter the halo, assuming PBH in the bulge: rr(bulge) ~ d

25

20 A

=
ul
L 1

log10(F)
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o
L 1 L

Light

Medium

my = 1§TeV

:Heavy

-16 —-14

Extragalactic y-ray sources may not have been significantly stripped, leads to stronger limits.

J8 | -6
log10(M./M )

Il. Signals from PBH
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Halo Stripping
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Annihilations Signals

Extragalactic y-ray background gives leading constraints.

For extragalactic y-ray flux need to integrate over z

o,
dEAQ

_ / * 5, LEnesn 1,5 dNy
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Annihilations Signals

Extragalactic y-ray background gives leading constraints.

For extragalactic y-ray flux need to integrate over z

’"«PBH —r(z,E) AV

dEdQ

o~ h 7‘

Optical depth (Clrelh et a1'[1012 4515]) yd

Energy distribution (Cembranos 11009.4936])
Annihilation rate T'y|,—o = I's with

Ty = 47r/d'r r (%’2)2 (o)

z-dependance 1s complicated depends on dark
matter velocity dependance and PBH mass.
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Annihilations Signals

Extragalactic y-ray background gives leading constraints

For extragalactic y-ray flux need to integrate over z

30

A
£ 2 |
=
> |
o my=10°GeV -
dq)’)’ / nPBH —7(2,E) dNW 1oL my = 10> GeV
dEdAQ |5, qa f H(2) v dE

dr

Optical depth (Cirelli, et af 01245151 7

Energy distribution (Cembranos [1009.4936])

)

Annihilation rate f‘;

1

|z:0 = I's with

Ty = 47r/dr r (%72)2 (o)

z-dependance 1s complicated depends on dark
matter velocity dependance and PBH mass

logo(Fe in s~
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Fermi Extragalactic Flux

Compare the estimated flux to the Fermi-LAT observations of extragalactic y-rays.

Find the maximum PBH abundance fppyy < fyax such that do not exceed y-ray background.

-6
T3

— 10 N —
I T Y
) | S
o 10—7 C\Ilw
£
© 1078 %
® >
O . 0]

e, 10~ r

3|y _ 8| ul
N PR L _

v 0—1OEfPBH= 1077 Ur
= - m, =10’ GeV S
= P X -9 o
Q L M. = 10 MO Q

10-1 s—wave
0.1 1 10 100

log10(Ey GeV)

Il. Signals from PBH

Data: Fermi collab., arXiv:1501.05464].

16/30

—_
o
&

—
o
1,

- —
o o
= &

10—11 _

10_8;

3. E
XN v 7 ;
pEe " - I'}':"'i ....... ]
------ L vy, ]
""" T
"~~I'Ix{f
f -7
- fegu= 10
m, = 10° GeV
Mg =107 M,
p—wave
0.1 1 10 100
log1o(Ey GeV)

James Unwin




1091 (fvax)

Limits on Annihilations around PBH

Plot fyiax such that fogy < fuax as function of PBH mass M, for s/p/d wave annihilating DM:

m, =10 GeV : - m,=10GeV
m, = 10° GeV I m,=10°GeV
s IR 10° GeV | gl = 10° GeV
p—wave | I d—wave
-15 -10 -5 0 -15 -10 -5 0 -15 -10 -5 0
log,o(Me/M,) l0g;0(Me/M,,) 10go(Me/M,,)

For p-wave this assumes s-wave contribution 1s exactly zero (see paper for full case).
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lll. Anomalous Orbits in our Solar System




High Inclination TNOs

First hint of a new object in our Solar System comes from observations of

unexpected Trans-Neptunian Objects (TNOs) with high inclinations.
2012 DR30

2015 BP519

\\

2010 BK118

@

,/I

trans-Neptunian solar system: sideview
semi-major axis > 30 AU, inclination > 50 deg

X

2013 BL76

2009 MS9

. 2014 LM28
, 250AU , Batygin, et al [arXiv:1902.10103]..
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TNO Anomalies

A second hint is observation of TNO clustering.
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TNO Anomalies

KG163

A second hint is observation of TNO clustering.

Indicative of new planet with:

Benchmark| a (AU) e i (deg)
S M 450 0.2 20
10 M 700 04 15 RFes
I Orbit
perihelion ._,." ““““““““““ . aphelion
l //.,f’ b \‘l
T‘ semi-major axis ,1i
q \\ ."Ma, (= a » P
. TG387
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Unexpected Objects

Neptune predicted in 1846 from irregularities in the orbit of Uranus.

Adams

Le Verrier

Could TNO orbits be hinting at a Ninth Planet?
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Origins of Planet 9

1) Planet Nine forms in its
distant, current location and
stays there

In Situ Formation

Batygin, et al [arXiv:1902.10103].
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In Situ Formation

0 @ o oo /

Planet
Nine

Giant Region
Formation

1) Solar System forms
with five or more
outer planets

Anomalous Orbits in our Solar System

Origins of Planet 9

2) Planet Nine is scattered
onto a high-eccentricity orbit
through interactions with

other planets

21/30

—_—

1) Planet Nine forms in its
distant, current location and
stays there

3) Interactions with passing stars
circularize the orbit of Planet Nine
and detach its perihelion

Batygin, et al [arXiv:1902.10103].

James Unwin




Origins of Planet 9

c
O
b
© 1) Planet Nine forms in its
g distant, current location and
) o . stays there
LE
=)
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. —
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| e
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0. 3) Interactions with passing stars

2) Planet Nine is scattered
onto a high-eccentricity orbit
through interactions with

other planets —_—

circularize the orbit of Planet Nine
and detach its perihelion

. /
0 @ 0 oce

Planet
Nine

Giant Region
Formation

1) Solar System forms
with five or more
outer planets -

1) Planet Nine forms around its
host star (a member of the solar
‘birth cluster)

. O =@
Gh) 2) The Sun experiences a close
- encounter with the star hosting
ot Planet Nine
Q.
© Q’
O

. 3) Planet Nine is liberated from its host star, but is
™ then captured into roughly its observed orbit in /
% Our own solar system

\ Batygin, et al [arXiv:1902.10103]. |

\
\

—~—
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A Tale of Two Anomalies

Recall, TNO orbits indicative of new planet with:

Benchmark| a (AU) e 1 (deg)
5 Mo 450 0.2 20
10 Mg 700 04 15
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A Tale of Two Anomalies

Recall, TNO orbits indicative of new planet with:

Benchmark| a (AU) e 1 (deg)
5 Mo 450 0.2 20
10 Mg 700 04 15

OGLE microlensing hinting at PBH with
M € [0.5Mg,20Mg)]

fPBH ~ [0.005,0.1]

Remarkable coincidence of masses!

feer = Qppu/pm

Could there be an “OGLE” PBH
captured in our Solar System?

1n_3 | IIIIIIIIAAI IIIIIIIIA_I IIIIIIIIAAI IIlIIIIIAAI I 1 1111l
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How many “OGLE” PBH?

The number density of PBH locally is given by nggy = fpBH (}@DM )
BH

Since they constitute a fraction of local dark matter: DM = 0.4 GeV / cm?

Consider the OGLE PBH population M € [0.5Mg,20Mg]: fpen € [0.005,0.1]

9
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How many “OGLE” PBH?

The number density of PBH locally is given by nggy = fpBH (}@DM )
BH

Since they constitute a fraction of local dark matter: DM = 0.4 GeV / cm?

Consider the OGLE PBH population M € [0.5Mg,20Mg]: fpen € [0.005,0.1]

9

This implies the local number density 1s

o [ fBH SMg,
nBH ~ 35pc ° [ o=
o T oobe (0.05 Mpgn

Roughly ~35 PBH per star in our region of the galaxy.
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Catching a PBH

How likely are you to “catch” a PBH vs a planet?

With the indicated PBH parameters form OGLE
M € [0.5Mg,20Mg)] feeu € [0.005,0.1]

9
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Catching a PBH

How likely are you to “catch” a PBH vs a planet?

With the indicated PBH parameters form OGLE
M € [0.5Mg,20Mg)] feeu € [0.005,0.1]

9

Relative capture rate:

Y

T 3

BH  'BH ( OFFP )

FFF P nFFP GBH Goulinski and Ribak [1705.10332].
where o are the velocity dispersions for each set of objects.

I'Bn
If we find that Trpp << 1 then the PBH hypothesis dead by Occam’s razor.
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Catching a PBH

The PBH velocity distribution 1s taken to be the same as the dark matter
velocity dispersion opgy ~ 160 km/s and recall for OGLE PBH:

Drukier, Freese, and Spergel, Phys. Rev. D 33 (1986) 3495.
3 Jeu\ [5M
NBH ~ 35pc S22 <
0.05 Mgy

Free Planets have different velocity dispersion ogpp ~ 40 km/s

and their number density is estimated to be Npgpp ~ 0.2pc—°

Goulinski and Ribak [1705.10332].
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Catching a PBH

The PBH velocity distribution 1s taken to be the same as the dark matter
velocity dispersion opgy ~ 160 km/s and recall for OGLE PBH:

Drukier, Freese, and Spergel, Phys. Rev. D 33 (1986) 3495.

_3( JBH SMg
nBH ~ 35pc > | e
B oobe (0.05 Mpgn

Free Planets have different velocity dispersion ogpp ~ 40 km/s

and their number density is estimated to be Npgpp ~ 0.2pc—°

Goulinski and Ribak [1705.10332].

Putting this together for "OGLE” PBH one estimates that
Cen (O.Qpc_3) <4Okm/s)'3 (fBH> <5M@>
['rrp NFFP OFFP 0.05) \ Mgu /

Thus we need not immediately discard the prospect of PBH capture.

Scholtz & Unwin, PRL 125 (2020) 5, 051103
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Dark Matter Story

Since feeu 7 1 we require some particle dark matter.

0.001 ¢

To evade detection we consider Freeze-in

dark matter. The relic density scales as

QDM X mYFI X )\2

lll. Anomalous Orbits in our Solar System

107 ¢

1077 -

lo—ll,
0.01 O

26/30

DM

DM ¢ bath

10

x=mpy/T x t.

James Unwin




Dark Matter Story

-
Since feeu 7 1 we require some particle dark matter.
00015 e
To evade detection we consider Freeze-in bM ¢ bath
dark matter. The relic density scales as 10 g A
= 1077+
DM
QDM X mYFI X )\2 =~
10—9,
10—11, i
Parametrically ooi  oa 1T e

x=mpy/T x t.

2
m A 10 TeV
() ~ .2( )
ov = 0-2 {100 Gev (6><10—12> ( My )

With these benchmark values 1t implies an annihilation cross section

2
(00V)en ~ 1.3 x 107 °%cm? /s x ( I > .

10—2
The coupling g 1s largely unfixed.
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Dark Matter Story

The photon flux from annihilation in a distribution a distance r9 from Earth:
K1 I
b, = 5
47

K1 is the average number of photons per DM annihilation. We take: <1 ~ 10
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Dark Matter Story

The photon flux from annihilation in a distribution a distance r9 from Earth:
K1 I
b, = 5
47

K1 is the average number of photons per DM annihilation. We take: <1 ~ 10

The smallest detectable 1n 8 year FERMI-LAT catalog was J2143.0-5501 with

d, = 8.8 x 10~12photons/cm” /s

2
Since ' =4x / redr (@> (ov) , this implies a limit:

m

2
And satisfied in freeze-in model:  (gv)q, >~ 1.3 X 10~°%cm? /8 X <1Og_2>
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Searching in our Solar System
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Figure 2. LSST detection rate per year as a function of
the BH distance from the Sun (in AU), for ¢ ~ 3.7, ¢ ~ 3.5,
and a broken power-law transition between the two slopes
at impactor size r ~ 10 m. The range of possible Planet
Nine distances are shown for reference. The dotted lines
correspond to M ~ 10Mg and the solid lines to Mpr ~5Mg.
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Searching for a Black Hole
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Breakthrough Starshot Project
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Searching in our Solar System

Breakthrough Starshot aims to use lasers to Searching for a Black Hole

accelerate gram mass spacecraft to 0.2c in the Outer Solar System

Aim is to reach study nearby stars and exoplanets. ,
Edward Witten

Institute for Advanced Study
Einstein Drive, Princeton, NJ 08540 USA

Studying small deviations of craft in path through
solar system can constrain new large bodies.

Already studies of Cassini, Pioneer, Voyager
place limits on the Planet 9 orbit

Holman, Payne 2016 AJ 152 94
Standish 1993 AJ 1055

Care is needed with noise from density and
magnetic fluctuations at edge of Solar System

Hoang & Loeb (2020) AJ. Lett., 895,135,

Breakthrough Starshot Project
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Conclusions

Primordial Black Holes are fascinating hypothetical astrophysical bodies.

Scenarios with both particle dark matter and PBH can have enhanced signals.
There 1s tentative evidence from TNO orbits for an extra body orbiting the sun.

Detection of a PBH would give insights on cosmology & fundamental physics.

Many upcoming experiments will continue the search for PBH.

New Scientist. 31 March 2021



Future Limits on PBH

10° T

1071 H
=
S
S
<
=
—
2102
(v}
=
E
=) IGB

1073+

Roman M31 Microlensing Rubin MW Microlensing
MeV gamma ray
10-*

10718 107% 10722 10° 10° 1073 100  10® 10
Compact Object Mass (M)

Blue: Current constraints
Gold: Future constraints Bird et al arxiv: 2203.08967

Extra Slides James Unwin



Mixed s-wave/p-wave

In p-wave model, one expects the s-wave channel is non-zero but negligible at freeze-out.

(ov) =05+ 0 i-I-U E-I—
8 TPoy ‘82

For p-wave processes to be dominant at freeze-out one requires a suppression of order
F = o0s/op, S O(1077)

Simple models can readily give suppressions of

? ? 103\
Fioop ~ g°/16m° ~ 1077 (0%) F chiral ™~ (ﬁ) ~107° ( )

My My /m

Suppression factors also arise when 2—2 is p-wave but 2— 3 is s-wave, recall d-wave case,
also for p-wave model.:

Bell et al. 1705.01105
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Mixed s-wave/p-wave

The dark matter velocity in the halo is not the velocity at freeze-out, but velocity varies within halo

ulr) — \/g(M. + Mhaio(7))

r

Thus cross section varies with radius, plateau indicates s-wave dominance.

Implies at some critical radius expect dominant process to switch from s-wave to p-wave.

L L |

n — F =107

j a { — F=10"

-5+ ] oL\ M!,:,,l,oil?M@,,j

= | o |
£ ~—9/4 é"‘ I

o r g -1F ]
9 | \Y/ N
g ~10r i x|

— - Mixed p—wave = ol b
S - s—wave \ E I
o v o

-15- : -3 -

- Me=10"° M, \ -4 -

i | C Col ey T

-20——— %5* S 1‘0* — *5* — ‘6** 16 -14  -12  -10 -8

log,.r (in AU
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l0go(fvax)

Mixed s-wave/p-wave

Accordingly, realistic p-wave models have limits far closer to s-wave models.
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Annihilation Rate

Redshift dependance of I'y can complicated.

Comes from fact that over time p = p(z) changes due to annihilations

Similarly stripping events occur over time.

Thus the halos evolve. For different scenarios redshift dependance changes.

A

Parameterise I'e = I'4(h(2))* where h = H(z)/Hp and x is to be determined.

For light and heavy PBH one has

1 + O(loglh(z)]) s—wave h?/3(z)  s—wave
T2 o«  h2/5(2) p—wave T oc { K19/13(2)  p—wave .
h7(2) d—wave h14/17(2)  d—wave
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Optical Depth

Optical depth parameterises absorption at different redshifts

10°

102

[a—
-

I T TTTTI

emission redshift z'

10~
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Cirelli, et al [1012.4515]
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Energy Spectrum

For quarks and leptons, energy spectrum can be parameterised

2 —2x + 2
T

1.5 AN,
dz

C1 C2

= ai1exp (—blsc'"'l o b2$n2 5o 1 + xdz) + q:vl's In [p(]. - 113)]

i

Fitting from Pythia:

WIMP mass (GeV)| b1 | n1 | n2 | a d1 D
o0 19.5(6.4810.7100.365(0.393| 57.8
100 17.115.8010.695(0.403 (0.360| 138
200 13.1{5.01]0.680(0.415|0.340] 281
500 8.76(4.0410.660]0.431{0.319| 623
1000 6.00(3.360.647(0.447]0.305[1030
2000 4.60(2.85(0.6400.46010.294]1620
2000 3.0012.26]0.63410.47910.280|2670
8000 2.35(2.00]0.629]0.490 (0.274]3790

a; =10.0 ; by = 11.0 ; ¢ = 0.0151 ; d2 = 0.550 ; ¢ = 2.60 - 10~ *

Table XXII: b quark: b1, n1, no, ¢1, di and p parameters corresponding to expression (6) in the bb channel for different WIMP masses.
Mass independent parameters in (6) for this channel are presented at the bottom of the table.

Cembranos [1009.4936]
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Prospect of Nearby PBH

Recall for the OGLE PBH population M € [0.5Mg,20Mg]: fpeu € [0.005,0.1]

9

— fBH 5M@
The number of nearby PBH was: 1, ~ 35 3 JBH
i S0Pt <0.05 Mpgn

Ignoring OGLE excess, the value could be much higher:

PBH 1% of DM
11
lpBH 1 ( JpBH DM 5 L
N N MPBH o 108 |
@
Q.
1 Mg\ [(feea) @ 105
~ 200 X ——— | o |
Mgy 0.01 S |
100
: PBH 0.01% of DM ]
Prospect of nearby PBH could be great, T T Tt
even with small fpgy. Logs Mpa

Sun
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PBH Formation

For PBH formation, require densities at least the mean inside the BH horizon p. ~ ps = Mppu/ (47TR3§ /3)

'~ 10'%(M/My) % g cm™?

The mass of the resulting PBHs should be of the order of the horizon mass at that time
1.e., the mass within a region of the size of the Hubble horizon

4 3 : t
MPBHNMH=—,5(£) c N1015g( )

3P\H/) T 2GH 10—23g

Since the PBH mass is roughly the horizon mass, fluctuations entering the horizon can collapse into PBHs.

t —

Villanueva-Domingo 2103.12087

FIG. 1: Sketch of the formation of PBHs from overdensities for three different successive moments. When fluctuations larger
than a critical threshold 6. ~ c2 enter the horizon, i.e., their wavelength A = 27/k (which characterizes the size of the
perturbation) is of the order of the Hubble horizon (aH )~!, the overdense region collapses and a PBH is produced.



Mass enclosed at given radius.

Extra Slide: PBH Halo

Fractional mass loss due to annihilations.
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