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Could these be primordial black holes?
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Outline

- Gravitational waves from PBH mergers

“Did LIGO Detect Dark Matter?”
Bird, Cholis, Munoz, Ali-Haimoud, Kamionkowski, EDK, Raccanelli & Riess, Phys. Rev. Lett. 116 (2016)
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PBH Binaries: Formation and Coalescence

(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism: GW emission in close encounter

1
Binary formed if: |6Eqw > = pviy, awW . |

2

(Upbh is the relative velocity)

vpbh)—18/7

Cross-section: | o oc R? (
C

(Rs = 2G M,y /c? is the Schwarzschild radius)

Initial conditions: (b, vppn) «<— (a0, €0) semi-major axis; eccentricity

4

Merger time: | 7, o % (1-— 6(2))7/2 > minutes to O(10°) years.
Mpgy e —> 1

Three-body interactions/captures: less relevant, much longer timescales.
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To calculate the event rate:

- The PBH merger rate within each halo:

R 2
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R = 47T/ 7“25 (p : (r)) (ocvpbn) dr
0

(

N\
Relative velocity
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Navarro-Frenk-White MB distribution

density profile
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dM

Vpbh — /
\ Halo Mass Function

Dominated by smallest halos!!

(M) R(M)dM

1012 |
- |Ludlow
1 12 |
5 10
o
8 10713
O
(o}
O . n~-14
4@ 10
g
-15
o 10 . constant rate 1
= ~ .
< W~ per unit-mass
10-16 * ) . ) )
10° 10° 10° 1012 10%°
Mvir (M(D /h)
10%
_ 107N
9102} %
O 3 '
- 10°
S anAl e
° 107 TN
2 e R
S 107 b R
o — Ludlow concentration| =
g 10 . Prada concentration
= 1071 Press-Schechter m.f.
-« Jenkins m.f.
10° L 3 6 N T2 15
10 10 10 10 10

Mvir (M® /h)



GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))




GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))

10°

107N
T ™

20 TN
O 177
8 10 ,,,,,,,,
-~ 1073
>,

A ieieieie,
N 1 ““““““““““
@ 07 TN
+J o [
Cro°fp 0
o | == Ludlow concentration | %

6 [ o T,
g 10| == Prada concentration '
= 1071 " Press-Schechter m.f.

' Jenkins m.f.
81 \
10 1 L L 1 L L 1 L L 1 L L
10° 10° 10° 10%° 10%°

Mvir (MG) /h)



GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))

Simulation range

Mvir (MG) /h)

‘| == Ludlow concentration
== Prada concentration
| Press-Schechter m.f.
| -+ Jenkins m.f.
10° 10°  10° 107 10



GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))

Extrapolation Simulation range

| = Ludlow concentration | S
-6 N .. %
2 107°| ==+ Prada concentration
g Press-Schechter m.f. i
. _ \
Jenkins m.f. z

10  10°  10° 102  10%°
Mvir (MG)/h)



GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))

Q: Low mass cutoff?

Extrapolation Simulation range

— Ludlow concentration | .

> 10°}| --. Prada concentration | %

L] e Press-Schechter m.f. A
| Jenkins m.f. ‘z

10  10°  10° 102  10%°
Mvir (MG)/h)



GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))

Q: Low mass cutoff?

- Accretion compensates in matter domination.

Extrapolation

Simulation range

| === | udlow concentration

Prada concentration
Press-Schechter m.f.
Jenkins m.f.

106  10°
Mvir (MQ/h)

102

' 1615



GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))
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- In dark-energy domination, require:

tevap = (4N /InN) [Ryir /(Cvam)] > 3 Gyr

Binney & Tremaine

—> Mhao > 400 M, do not evaporate.

Q: 0(10°%) extrapolation OK?

- clustering is scale-free

Merger rate
=
o
(@)]

) == Prada concentration
L] Press-Schechter m.f.

Extrapolation Simulation range

&

‘y
’
‘r
l"/
)

’
D,
‘7
7

||||||||||||||
\
L . I 5
[ el ]
! 2
----
.
v '
\‘
R

| === | udlow concentration

@
L/
%
,
%
%
/
%
’
,
%
’
,
’
/
%
,
/
%
%
/
s
4,

Jenkins m.f.

10  10°  10° 102  10%°
Mvir (MQ/h)




GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))

Q: Low mass cutoff?

- Accretion compensates in matter domination.

- In dark-energy domination, require:

tevap = (14N /InN) [Ryir /(C v4m)] > 3 Gyr

Binney & Tremaine

—> Mhao > 400 M do not evaporate.

Q: 0(10°%) extrapolation OK?
- clustering is scale-free

- MF depends on v = J. /o

o= /OO P(k)W (k, R)dR

Merger rate
=
o
(@)]

) == Prada concentration
L] Press-Schechter m.f.

Extrapolation Simulation range

— —

&

‘y
’
‘r
l"/
)

’
D,
‘7
7

||||||||||||||
\
L . I 5
[ el ]
! /7
----
.
v '
s
L\ *

| === | udlow concentration

II'/
/s
%
%
/
,
,
,
%
,
,
/,
,
,
,
/
%
%
/
s
%

Jenkins m.f.

10  10°  10° 102  10%°
Mvir (MQ/h)




GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))

Q: Low mass cutoff?

- Accretion compensates in matter domination.

- In dark-energy domination, require:

tevap = (14N /InN) [Ryir /(C v4m)] > 3 Gyr

Binney & Tremaine

—> Mhao > 400 M do not evaporate.
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GWs from PBH Mergers: Results

(Bird et al., PRL 116 (2016))

We get a total LIGO event rate of:

Vobh = 2 Gpe P yr ™!

Within the LIGO estimated event rate (based on GW150914):

Viico = 0.5 — 12 Grp(i_3 yr_l

Note: this could have been orders of magnitude in either direction!!!

Uncertainties in our rate:

- halo profiles

- concentration-mass relations
~50% for different choices of _

- halo mass functions

- cosmological parameters

—> Total uncertainty: a factor of (O(3) in each direction.
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Testable predictions:

* No EM or neutrino counterparts ———> None have been found so far
(~70 follow-ups to date)

+ A Stochastic GW background ——> Low S/N (lost in astrophysical signal)
Mundic et al. arXiv:1608.06699

* Originate in low mass halos

Next!
* Traces of high eccentricities N

» Potential peak in mass spectrum
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These are low-biased tracers of the underlying dark-matter mass distribution.

——> (Cross-correlate with galaxy catalogues!
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Cross-Correlating GWs and Galaxies

(Raccanelli et al., PRD94 (2016))

Angular power spectra of GW locations:
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Cross-Correlating GWs and Galaxies

(Raccanelli et al., PRD94 (2016))

Angular power spectra of GW locations:

Amplitude proportional to bias: A,

bGW
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Determining the Progenitors:
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(Cholis et al., arXiv:1606.07437)
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(Cholis et al., arXiv:1606.07437)
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Determining the Progenitors: Mass Function

Black Holes of Known Mass

X-Ray Studies

GW150914

LVT151012
GW151226

Credit: LIGO
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The Black-Hole Mass Function from GWs

(EDK, Cholis & Breysse, in preparation)

Mass function in a few years:
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The Black Hole Mass Function from GWs

(EDK, Cholis & Breysse, in preparation)

Mass function with Dark Matter PBHs:
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The Black Hole Mass Function from GWs

(EDK, Cholis & Breysse, in preparation)

Mass function with Dark Matter PBHs:
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Mass function with Dark Matter PBHs:
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300H"

< 100

Mpgu ~ N (30My, 03,)

Binned Mass distribution of BBHs: Astrphysical + Primordial

== aLIGO BBH: ~ 3500

aLIGO PBH: ~ 280
aLIGO TOT: ~ 3800

30

' 1D

10 30

|
100




The Black Hole Mass Function from GWs

(EDK, Cholis & Breysse, in preparation)




The Black Hole Mass Function from GWs

(EDK, Cholis & Breysse, in preparation)

Probing the MF parameters:



The Black Hole Mass Function from GWs

(EDK, Cholis & Breysse, in preparation)

Probing the MF parameters:

p(m) o m_aH(m—mGap)e_m/mCap



The Black Hole Mass Function from GWs
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The Black Hole Mass Function from GWs: 2D

(EDK, Cholis & Breysse, in preparation)

Probing the MF parameters:

Heavier mass:
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The Black Hole Mass Function from GWs: 2D
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« Probing MACHOS with lensing of FRBs




Outline

* Probing MACHOS with lensing of FRBs

“Lensing of Fast Radio Bursts as a Probe of Compact Dark Matter”
Munoz, EDK, Dai & Kamionkowski, Phys. Rev. Lett. 117 (2016)
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Fast Radio Bursts: Cosmological?
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Fast Radio Bursts: Cosmological!
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Strong Lensing of FRBs: Optical depth

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

Optical depth: 7(M7,, 25) = ngMQC / dZchﬁim DLDZLS
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Strong Lensing of FRBs: Redshift Distribution

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

Convolve the optical depth with an FRB redshift distribution:



Strong Lensing of FRBs: Redshift Distribution

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

Convolve the optical depth with an FRB redshift distribution:

— Constant'




Strong Lensing of FRBs: Redshift Distribution

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

Convolve the optical depth with an FRB redshift distribution:

— Constant'




Strong Lensing of FRBs

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))




Strong Lensing of FRBs

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

Integrated optical depth: 7( M7, )



Strong Lensing of FRBs
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Integrated optical depth: 7( M7, )
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Strong Lensing of FRBs

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

CHIME experiment: expected rate of ©(10*) FRBs per year
Nlensed — 7__NFRB > Nlensed — 10 — 100 yr_l

A null detection will close the “window’:
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Strong Lensing of FRBs: Unique Feature

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))




Strong Lensing of FRBs: Unique Feature

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

Joint PDF of time delay and flux ratio indicates correlation:
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Solution: Extended PBH Mass Function?

The constraints may be evaded if the PBHs have an extended mass function:
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Needs to be done carefully: constraints assume delta-function mass function.
Green arXiv:1609.01143



Other Windows for PBH Dark Matter
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Fast Radio Bursts:
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(Gravitational waves:
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