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On September 14, 2015:

Lots of information....

Black hole masses: ~ 29, 36 M

Could these be primordial?

Zel’dovich & Novikov (1967), Hawking (1971), Carr & Hawking (1974)...

Did LIGO detect Dark Matter? !

Bird,..., EDK.... et al., Phys. Rev. Lett. 116 (2016)
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Revisiting wide binary and CMB bounds has opened up a window for PBH DM:
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Indirect Detection: GWs from Merging PBHs

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

How do PBH binaries form?

1) PBHs can become bound early on:

- Quite numerous (if account for all of DM)
- Wide distribution of merger times OO0
- Possibly disrupted by present day?

Ali-Haimoud, EDK and Kamionkowski, PRD (2017)

Nakamura et al., ApJL (1997)

2) PBHs can form binaries in present-day halos:

- Two-body capture is rare

Upbh)—18/7
c

Cross-section: o o< R? (

- Extremely short merger time
Bird et al., PRL (2016)

- Predominantly form in low-mass halos

- Total merger rate consistent with LIGO estimate: Viico = 0.5 — 12 Gpc_3 yr !
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Q: Does PBH Dark Matter have testable GW predictions®?

A: Yes!

(orbital eccentricities, stochastic background, spatial clustering...)

Cholis, EDK et al., PRD (2016) Mundic, Bird & Cholis, PRL (2016) Raccanelli, EDK et al., PRD (2016)
Raidal et al., JCAP (2017)

Wang et al., PRL (2018)


http://arxiv.org/abs/arXiv:1606.07437
http://arxiv.org/abs/arXiv:1606.07437

The GW mass spectrum: Background

(EDK et al., PRD 2017)

Observed mass spectrum with 5 years of advanced LIGO data:
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Observed mass spectrum with 5 years of advanced LIGO data:

(note logarithmic binning...)
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The GW mass spectrum: Background + “Signal”

(EDK et al., PRD 2017)
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The GW mass spectrum: Background +

(EDK et al., PRD 2017)

“Signal”

If we add Dark Matter PBHs: Mpgpy ~ N(SOM@, 012\4)
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The GW mass spectrum: Background + “Signal”

(EDK et al., PRD 2017)

If we add Dark Matter PBHs: Mpgpy ~ N(SOM@, 012\4)
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The GW mass spectrum: Background + “Signal”

(EDK et al., PRD 2017)

If we add Dark Matter PBHs: Mpgpy ~ N(SOM@, 012\4)
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The GW mass spectrum: 2D Distribution

(EDK et al., PRD 2017)

Using the 2D mass distribution (more model-dependent):
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Using the 2D mass distribution (more model-dependent):

2D Binned Mass Distribution of BBH Mergers:
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The GW mass spectrum: PBH Constraints

(EDK, PRL 2017)

No peak? —> Can constrain the fraction of DM in PBHSs:

(assumes a delta-function PBH mass distribution)

Constraints on fraction of DM in PBHs with 6 years of aLIGO
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The GW mass spectrum: PBH Constraints

(Ali-Haimoud, EDK & Kamionkowski, PRD (2017))
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The GW mass spectrum: PBH Constraints

(Ali-Haimoud, EDK & Kamionkowski, PRD (2017))

Recall: larger rate predicted for early-Universe binaries!

—> If early-Universe PBH binaries are not disrupted:
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The GW mass spectrum: PBH Constraints

(Ali-Haimoud, EDK & Kamionkowski, PRD (2017))

Recall: larger rate predicted for early-Universe binaries!

—> If early-Universe PBH binaries are not disrupted:
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The GW mass spectrum: PBH Constraints

(Ali-Haimoud, EDK & Kamionkowski, PRD (2017))

Recall: larger rate predicted for early-Universe binaries!

—> If early-Universe PBH binaries are not disrupted:
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The GW mass spectrum: PBH Constraints

(Ali-Haimoud, EDK & Kamionkowski, PRD (2017))

Recall: larger rate predicted for early-Universe binaries!

—> If early-Universe PBH binaries are not disrupted:
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The GW mass spectrum: PBH Constraints

(Ali-Haimoud, EDK & Kamionkowski, PRD (2017))

Recall: larger rate predicted for early-Universe binaries!

—> If early-Universe PBH binaries are not disrupted:
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* Direct Detection of PBH DM: beyond Microlensing



Direct Detection: New Probes of PBH DM

Can we do better than with microlensing of stars?
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Fast Radio Bursts

(Munoz, EDK, Dai, Kamionkowski, PRL (2016))
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Fast Radio Bursts

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

What are they?
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Fast Radio Bursts

(Munoz, EDK, Dai, Kamionkowski, PRL (2016))
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» Literally:
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(Munoz, EDK, Dai, Kamionkowski, PRL (2016))
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Fast Radio Bursts

(Munoz, EDK, Dai, Kamionkowski, PRL (2016))
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Fast Radio Bursts

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

What are they?
» Literally: Fast Radio

O(1) ms ~1GHz
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(Munoz, EDK, Dai, Kamionkowski, PRL (2016))

What are they?
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Fast Radio Bursts

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

What are they?
» Literally: Fast Radio Bursts

O(1) ms ~1GHz O(1) Jy

- Extragalactic (cosmological distances)
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Fast Radio Bursts

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

What are they?

» Literally: Fast Radio Bursts
O(1) ms ~1GHz O(1) Jy
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Fast Radio Bursts

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

What are they?

» Literally: Fast Radio Bursts
O(1) ms ~1GHz O(1) Jy
( @1Gpc
 Extragalactic (cosmological distances) 0(1039) ergs
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Fast Radio Bursts

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

What are they?

» Literally: Fast Radio Bursts
O(1) ms ~1 GHz O(1) Jy
( @1Gpc
 Extragalactic (cosmological distances) 0(1039) ergs

- Estimated rate: 0(104) sky_lda,y_1 (still based on handful observed)
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Constraining MACHOs: Fast Radio Burst Lensing

(Munoz, EDK, Dai, Kamionkowski, PRL (2016))
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T Nieseq = 10 — 100 yr—?

Nlensed — 7_-]\]FRB

A null detection will close the “window”:



Constraining MACHOs: Fast Radio Burst Lensing

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

CHIME experiment: expected rate of O(10*) FRBs per year
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Constraining MACHOs: Fast Radio Burst Lensing

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

CHIME experiment: expected rate of O(10*) FRBs per year

T 1%> Nienseq = 10 — 100 yr_l
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A null detection will close the “window”:
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Constraining MACHOs: Fast Radio Burst Lensing

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

CHIME experiment: expected rate of O(10*) FRBs per year

T 1%> Nienseq = 10 — 100 yr_l

Nlensed — 7__‘Z\TFRB

A null detection will close the “window”:
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What about other bursts?

(Ji, EDK and Kamionkowski, arXiv:1809.09627)

Gamma-ray bursts are also detectable from cosmological distances.
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Light-curves last up to several minutes: ..
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What about other bursts?

(Ji, EDK and Kamionkowski, arXiv:1809.09627)

Gamma-ray bursts are also detectable from cosmological distances.

Light-curves last up to several minutes:
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1
Zumalacarregui & Seljak
arXiv:1712.02240 ,
Microlensing e Ultra-faint
~ Dwarfs
E O . 1 Brandt ApJL (2016)
Y=
0.01¢
10 100 1000

M [M;]



PBH DM LIGO Window: Constraints Tightening!

1

Zumalacarregui & Seljak
arXiv:1712.02240

feBH

0.01¢

& . Wide
SNe Lensing ”O;? Binaries
%,
S
. . (’6‘;
Microlensing Ultra-faint S
Dwarfs
Brandt ApJL (2016)
o o
v [ GW mass v
: 0
& o spectrum =
Ali-Haimoud, EDK and > g v
Kamionkowski, PRD (2017) V
10 100 1000

M [Mg)



PBH DM LIGO Window: Constraints Tightening!

1

Zumalacarregui & Seljak
arXiv:1712.02240

feBH

0.01¢

SNe Lensing
Microlensing Ultra-faint
Dwarfs
Brandt ApJL (2016)
Mufioz, EDK, Dai .
y =T . FRBL
Kamionkowski, PRL (2016) ensing
s g
v B GW mass v
; O spectrum &
Ali-Haimoud, EDK and v g v
Kamionkowski, PRD (2017) v
10 100 1000

M [Mo]



PBH DM: Other Viable Mass Windows?




PBH DM: Other Viable Mass Windows?

Mig]
7 1016 1026 1036 1046
™ '(D.L I S S e B S S S S S e f ...... T
- | E NS Microlensing \
& | ©| capture \\
0.100F% 5
5 2 Dynamical
S ¢ / Friction
- S
L
CMB
0.001F
>
W2
10—5 L
Sy 4 I R S S S S S S S T S S S R R S S S 1
10 10777 10~/ 1000 1073



PBH DM: Other Viable Mass Windows?

Mg]
7 1016 1026 1036 1046
™Y - " 7 F T\ NSl 7 . T T
C 1% 0 / Microlensing | |
@) '
0.100}2 , | :
5 ' Dynamical
2 = Friction
r > 'y
L 'y
0.001} f ¥ :
= '
PBHs | |
10—5 L ; i -
Sy 4 I R S S S S S I S S T SR .E E1 ......... 1
107 077 1077 1000 1073



PBH DM: Other Viable Mass Windows?

1016 1026

" "GRBs]

0.100

E\}aporation -

lllll

L] L] L) ' Ll l L) L)

NS Microlensing \ :
capture :

Dynamical
Friction

_ 0.007 .
RS 30 Mo |}
PBHs |:
107°F ; 7
10—7 1 E?\ — e e El ......... 1
1077 N 10~ 1000 1073
M[M@] Based on: Carr et al. PRD (2016)

Sub-atomic 1017
Sized PBHs




PBH DM: Other Viable Mass Windows?

0.7100¢¢

0.0017

fom

. NS :
icapture  /

PBHs

30Mp |

§ Lunar-Mass
: PBHs

E-;v\;\ E 1019_1024g ; E

Dynamical
Friction

~7 L
10 10

.1I7. * 10—7

Sub-atomic
Sized PBHs

1017 g




PBH DM: Other Viable Mass Windows?

0.7100¢¢

0.0017

fom

1
[] 1
1
1 1
1
LI 1
1 1 1
1
1 1 1
1
1 1 1 1
1 1 1
1 1
1
1 1 1 1
1 1 1
1
1 1
A= A 'S L 'S

best
bet...

. NS :
icapture  /

! < >\
' Your :

PBHs

30Mpg|

§ Lunar-Mass

PBHs

llllllll

Dynamical
Friction

~7 L
10 10

17 v

10~

Sub-atomic
Sized PBHs

1017 g




Outline

Ely Kovetz
GGl, Oct. 2018

PBH DM SM

O

PBH DM SM

“Indirect”

499113,



« 21cm at Cosmic Dawn: a DM Detector
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The Cosmological 21cm Signal: Lightning Review
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(EDK, Cholis and Kaplan, arXiv:1809.01139)

Hidden photons couple to the standard model electric current:
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(EDK, Cholis and Kaplan, arXiv:1809.01139)

Hidden photons couple to the standard model electric current:
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Effect governed by the plasma frequency (= effective SM-photon mass):
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Oscillating electric field induces motion of electrons and ions in the plasma.

Collisional friction dissipates the oscillations, and heats the plasma:

2 2
my [ws for my, < wp,
Q X See: “Heating up the Galaxy with Hidden Photons”
b Dubovsky & Guzman Hernandez-Chifflet, JCAP (2015)

2 /.2
ws/ms, for my > w,



Ultra-Light Hidden-Photon Dark Matter

(EDK, Cholis and Kaplan, arXiv:1809.01139)

Hidden photons couple to the standard model electric current:

R VO T ) Ly L
4~ M 4~ " (14 ¢e2)1/2

Effect governed by the plasma frequency (= effective SM-photon mass):
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Me
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Oscillating electric field induces motion of electrons and ions in the plasma.

Collisional friction dissipates the oscillations, and heats the plasma:

2/ 2
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Q X See: “Heating up the Galaxy with Hidden Photons”
b Dubovsky & Guzman Hernandez-Chifflet, JCAP (2015)
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(EDK, Cholis and Kaplan, arXiv:1809.01139)
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(EDK, Cholis and Kaplan, arXiv:1809.01139)
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(EDK, Cholis and Kaplan, arXiv:1809.01139)
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(EDK, Cholis and Kaplan, arXiv:1809.01139)
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(EDK, Cholis and Kaplan, arXiv:1809.01139)

Inferred bounds from assuming EDGES supports strong or maximal absorption:

(atz: =17 w, ~ 1.7 x 107 eV)
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Ultra-Light Hidden-Photon Dark Matter

(EDK, Cholis and Kaplan, arXiv:1809.01139)

Inferred bounds from assuming EDGES supports strong or maximal absorption:

(atz: =17 w, ~ 1.7 x 107 eV)
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e 21cm global signal: LEDA, PRIZM, SARAS2...

Earliest results could show up before the end of 2018!

e 21 power spectrum: HERA, SKA....

If EDGES is correct, power spectrum signal should be x10 higher than expected.
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