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On September 14, 2015 at 09:50:45 GMT:

Lots of information....

Black hole masses: ~ 29, 36 M,

Could these be primordial black holes?

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

Did LIGO detect Dark Matter?

Bird, Cholis, Munoz, Ali-Haimoud, Kamionkowski, EDK, Raccanelli & Riess, Phys. Rev. Lett. 116 (2016)
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How do the binaries form?

1) They can become bound early on:

- Quite numerous
- Wide distribution of merger times
- Possibly disrupted by present day?

Ali-Haimoud, EDK and Kamionkowski, arXiv:1709.06576

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

- Two-body capture is rare
- Extremely short merger time
- Predominantly form in low-mass halos

Upbh ) —18/7

Cross-section: o o< R2 (
c

- (rate possibly boosted near SMBHSs)

Nishikawa, EDK, Kamionkowski and Silk, arXiv:1708.08449

Nakamura et al., ApJL 1997

Bird et al., PRL 2016
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GWs from PBH Mergers: Results

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

In Bird. et al, we estimated a total PBH merger rate of: Vpbh = 2 GpC_3 yr_l

vs. the LIGO estimated event rate: Vy1co = 0.5 — 12 GpC_S yro

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

Q: Does this model have testable predictions?

A: Yes!
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Indirect detection: GWs from PBH Mergers

Testable predictions:

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

- A Stochastic GW background —> Low S/N (lost in astrophysical signal)
Mundic, Bird & Cholis, PRL (2016)

» Originate in low mass halos? ——> (Cross-correlate with galaxy surveys
Raccanelli, EDK et al., Phys. Rev. D94 (2016)

* Traces of high eccentricities
Next!

« Peak in BH mass spectrum




Orbital Eccentricity



Signhatures of GWs from PBH Mergers: Eccentricity

(Cholis, EDK et al., PRD 94 (2016))
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Orbits HIGHLY eccentric at encounter:

N

Initial conditions: (b, vppbn)
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Orbits HIGHLY eccentric at encounter: semi-major axis;
eccentricity
N

Initial conditions: (b, vpbn) «—— (ag, €o)
0 As the BHs coalesce, the orbit circularizes.
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Signhatures of GWs from PBH Mergers: Eccentricity

(Cholis, EDK et al., PRD 94 (2016))

Detecting eccentricity:
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(Cholis, EDK et al., PRD 94 (2016))
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In the ~near future:
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Stellar-BH mass function:
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The GW mass spectrum: Stellar Background

(Kovetz et al., PRD 2017)

Stellar IMF

/‘ a=2.35
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Stellar-BH mass function:
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The GW mass spectrum: Stellar Background

(Kovetz et al., PRD 2017)

Stellar IMF

/‘ a=2.35

Ansatz: p(m) X m_O‘H(m—mGap)

Stellar-BH mass function:
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The GW mass spectrum: Stellar Background

(Kovetz et al., PRD 2017)

Stellar IMF NS vs. BH

f' a = 2.35 [‘ M(;ap ~ H?

Ansatz: p(m) X m_o‘H(m—m(;ap)

Stellar-BH mass function:
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The GW mass spectrum: Stellar Background

(Kovetz et al., PRD 2017)

Stellar IMF NS vs. BH

f' a = 2.35 [‘ M(;ap ~ H?

Ansatz: p(m) X m_aH(m—mGap)e_m/mCap

Stellar-BH mass function:
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The GW mass spectrum: Stellar Background

(Kovetz et al., PRD 2017)

- tellar IMF NS vs. BH Mass Cutoff
Stellar-BH mass function: Stellar Vs ass Cuto

[‘ a = 2.35 /‘ Mgap ~ 57 f Mcap ~ 607

Ansatz: p(m) X m_a%(m—mgap)e_m/m(}ap
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The GW mass spectrum: Background

(Kovetz et al., PRD 2017)

Observed mass spectrum with 5 years of advanced LIGO data:



The GW mass spectrum: Background

(Kovetz et al., PRD 2017)

Observed mass spectrum with 5 years of advanced LIGO data:

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

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

(Kovetz 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”

(Kovetz 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”

(Kovetz 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

(Kovetz 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

(Kovetz, PRL 2017)
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No peak?
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No peak? —> Can constrain the fraction of DM in PBHSs:



The GW mass spectrum: PBH Constraints

(Kovetz, 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, arXiv:1709.06576)




The GW mass spectrum: PBH Constraints

(Ali-Haimoud, EDK & Kamionkowski, arXiv:1709.06576)

Recall: larger rate predicted for early-Universe binaries!
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Recall: larger rate predicted for early-Universe binaries!
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The GW mass spectrum: PBH Constraints

(Ali-Haimoud, EDK & Kamionkowski, arXiv:1709.06576)

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, arXiv:1709.06576)

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, arXiv:1709.06576)

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, arXiv:1709.06576)

Recall: larger rate predicted for early-Universe binaries!
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* Direct Detection: PBH DM Constraints
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* Direct Detection: PBH DM Constraints

“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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* Direct Detection: PBH DM Constraints

“Lensing of Fast Radio Bursts as a Probe of Compact Dark Matter”
Munoz, EDK, Dai & Kamionkowski, Phys. Rev. Lett. 117 (2016)

“GRB Autocorrelations from Lensing by MACHOs”
Ji, EDK, Kamionkowski & Ménard, in preparation.
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PBH DM: New Direct Constraints

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

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Fast Radio Bursts

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Fast Radio Bursts

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

What are they?

» Literally: Fast
O(1) ms
- | | | | | | Swinbur|'1e University ]
x T _ 5
S5 b minimal width: < At;t ~ 1 ms ]
L [ -
{'d I
| | I | I | I | :
0 200 400 000 800

Time (ms)



Fast Radio Bursts

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Fast Radio Bursts

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Fast Radio Bursts

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

What are they?
» Literally: Fast Radio Bursts
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- Extragalactic (cosmological distances)

| | T [ | [ | -

Swinburne University

minimal width: < At ~ 1 ms

Flux

—— | |
==

Il-‘——IIIIIIIII

200 400 600 800
Time (ms)

@)



Fast Radio Bursts

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Fast Radio Bursts

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (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 117 (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 (based on handful observed)
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Constraining MACHO Dark Matter: FRB Lensing

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Constraining MACHO Dark Matter: FRB Lensing

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

CHIME experiment: expected rate of O(10*) FRBs per year
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Constraining MACHO Dark Matter: FRB Lensing

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

CHIME experiment: expected rate of O(10*) FRBs per year
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Strong Lensing of FRBs: Unique Signature

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




Strong Lensing of FRBs: Unique Signature

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

Joint PDF of time delay and flux ratio indicates correlation:
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Gamma-ray bursts are also detectable from cosmological distances.
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(Ji, EDK, Kamionkowski and Ménard, in preparation)

Gamma-ray bursts are also detectable from cosmological distances.
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(Ji, EDK, Kamionkowski and Ménard, in preparation)
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What about other bursts?

(Ji, EDK, Kamionkowski and Ménard, in preparation)

Gamma-ray bursts are also detectable from cosmological distances.

Light-curves can last up to several minutes:
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Needs to be done carefully: constraints assume delta-function mass function.
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PBH DM LIGO Window: The Race is On

Additional exciting ideas abound with ~10% constraints in the LIGO mass range:

Microlensing near caustic crossings Radio and X-Ray emission from gas
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Fast radio bursts: many instruments, including CHIME, HIRAX...
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Takeaway: We Can Test if PBHs are Dark Matter!

Theory Experiment
@

—> Orbital eccentricity

BBO O
‘ Indirect ——> BH mass function H I R AX (D
—> Spatial clustering < E —

————>  Repeating FRBs
GRB autocorrelations

Direct Next Decade is promising!



Forming Primordial Black Holes

Requires high density:

Possibly in the early Universe?

3t ¢
MH ~ — — 1015g (10233>

(Planck mass) 1()_5 S A 1()_43 S

(QCD transition) 30 M@ .t~ 1ms

(Nucleosynthesis) 105M® -t~ 15
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Forming Primordial Black Holes: Toy Model

A peak in the primordial power spectrum can generate PBHs at a given scale:

P (k)
Inflation toy model:

2
L) — L(9, X) + 5 (6= ¢0)” ¥’
P(k;) ~

P(ky)

| | | | k[Mpc'l]
kH ki k() 1

0

To get M ~ 30M, , we need a feature at: k; ~ 10° Mpc ™!

This is well outside the constrained region by CMB and LSS: k£ < 0.1 — 1 Mpc™!
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PBH DM: Constraints from the CMB

CMB Constraints:
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The mass spectrum of merging PBHs: 2D Signal

(Kovetz et al., PRD 2017)

Using the 2D mass distribution (more model-dependent):
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The mass spectrum of merging PBHs: 2D Signal

(Kovetz et al., PRD 2017)

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

2D Binned Mass Distribution of BBH Mergers:
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PBH DM: Other Allowed Windows?
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The Stellar BH Mass Function from GWs: 2D

(EDK et al., arXiv:1611.01157)

Consider the 2D mass function:
Heavier mass: p(m) X m_aH(m—mGap)e_m/mCaP

Mass Ratio
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The Stellar BH Mass Function from GWs: 2D

(EDK et al., arXiv:1611.01157)

Consider the 2D mass function:

Heavier mass:

Lighter mass:

The 2D distribution is a sensitive probe of the progenitor model!
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PBH DM: More Indirect Detection Constraints
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PBH DM: More Indirect Detection Constraints
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PBH Dark Matter: Is the LIGO Mass Window Alive?
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These are low-biased tracers of the underlying dark-matter mass distribution.

——> (Cross-correlate with galaxy catalogues!

Distinguish between bgieyiar ~ 1.4 and bppyg ~ 0.5
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Localization of Gravitational Wave Sources

Where do the GWs originate from? GW150914: 230 deg?

Expect: LIGO net: ~2-5 deg? LVT151012: 1600 deg?
GW151226: 850 deg?
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Localization of Gravitational Wave Sources

Where do the GWs originate from? GW150914: 230 deg?

Expect: LIGO net: ~2-5 deg? LVT151012: 1600 deg?
ET: <1 deg? GW151226: 850 deg?
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(Raccanelli et al., PRD94 (2016))

Cross-correlation amplitude: A,

bGW

Goal: reach AA, = bS .. — bSpty ~ 0.9

With advanced GW detectors, some prospects:
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Cross-Correlating GWs and Galaxies

(Raccanelli et al., PRD94 (2016))

Cross-correlation amplitude: A, oc b&W

Goal: reach AA, = bS .. — bSpty ~ 0.9

With advanced GW detectors, some prospects:
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GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))
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GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))
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GWs from PBH Mergers: Subtleties

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

Q: Low mass cutoff?

Extrapolation Simulation range
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GWs from PBH Mergers: Subtleties

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

Q: Low mass cutoff?

- Accretion compensates in matter domination.

| = Ludlow concentration
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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 = (4N /InN) [Ryir /(Cvam)] > 3 Gyr
Binney & Tremaine Extrapolation Simulation range
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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 = (4N /InN) [Ryir /(Cvam)] > 3 Gyr
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GWs from PBH Mergers: Subtleties

(Bird et al., PRL 116 (2016))
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GWs from PBH Mergers: Subtleties

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

Extrapolation Simulation range
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GWs from PBH Mergers: Subtleties

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

Q: 0(10°%) extrapolation OK?

- clustering is scale-free
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GWs from PBH Mergers: Subtleties

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

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

- MF depends on v = §./o

. / " PEW (k. R)dR
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GWs from PBH Mergers: Subtleties

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

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

- MF depends on v = §./o
. / P(k)W (k. R)dR
0

—— roughly factor of 2
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PBH DM: More Indirect Detection Constraints
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Fast Radio Bursts: Cosmological?

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Fast Radio Bursts: Cosmological!

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Fast Radio Bursts: Cosmological!

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Strong Lensing of FRBs: Optical depth

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Strong Lensing of FRBs: Optical depth

(Munoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Strong Lensing of FRBs: Optical depth

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

Optical depth: 7(M7,, 25) = ngMQC / dZchﬁim DLDZZLS
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PBH DM LIGO Window: Tension Increasing?
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PBH DM LIGO Window: Tension Increasing?

Constraints may be evaded if the PBHs have an extended mass function:
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PBH DM LIGO Window: Tension Increasing?

Constraints may be evaded if the PBHs have an extended mass function:
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PBH DM LIGO Window: Tension Increasing?

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; Kuhnel & Freese, arXiv:1701.07223
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