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Non-baryonic dark matter

Primordial black holes




Fundamental questions about primordial black holes

« When and how are they form?
« When and how can we infer their existence?

What would it take to establish their existence?

+ Direct observation (e.g., gravitational waves)
* Indirect observation (e.g., effects in the early universe, CMB, energetic
backgrounds, lensing, stellar dynamics, merger rates, etc....




week endin

PRL 119, 041102 (2017) PHYSICAL REVIEW LETTERS 28 JULY 2017

Dynamics of Dwarf Galaxies Disfavor Stellar-Mass Black Holes as Dark Matter

Savvas M. Koushiappasl’z’* and Abraham Loeb™’
1Department of Physics, Brown University, 182 Hope St., Providence, Rhode Island 02912, USA
Institute for Theory and Computation, Harvard University, 60 Garden Street, Cambridge, Massachusetts 02138, USA
(Received 5 April 2017; revised manuscript received 12 May 2017; published 24 July 2017)

PHYSICAL REVIEW LETTERS arXiv:1708.07380

Maximum Redshift of Gravitational Wave Merger Events

Savvas M. Koushiappas*
Department of Physics, Brown University, 182 Hope St., Providence, Rhode Island 02912, USA
and Institute for Theory and Computation, Harvard University, 60 Garden Street, Cambridge, Massachusetts 02138, USA

Abraham Loeb’
Astronomy Department, Harvard University, 60 Garden Street, Cambridge, Massachusetts 02138, USA
(Received 24 August 2017)




week endin

PRL 119, 041102 (2017) PHYSICAL REVIEW LETTERS 28 JULY 2017

Dynamics of Dwarf Galaxies Disfavor Stellar-Mass Black Holes as Dark Matter

Savvas M. Koushiappas'”" and Abraham Loeb™’
1Department of Physics, Brown University, 182 Hope St., Providence, Rhode Island 02912, USA
Institute for Theory and Computation, Harvard University, 60 Garden Street, Cambridge, Massachusetts 02138, USA
(Received 5 April 2017; revised manuscript received 12 May 2017; published 24 July 2017)

Leo Il / UGC 6253 /.DDO 93




Dwarf galaxies — state of the art constraints on <O'U>
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Reticulum Il in gamma-rays
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The structure of substructure

Small scales collapse first. The smaller the perturbation
the earlier it collapses, the higher its density.

Dark matter halos contain high density dark matter substructure

* "#MCourtesyAV: Kravtsov




The structure of substructure

The spectrum of dark matter subhalo properties originates
from the host assembly history — a random realization set

by initial conditions.

.Cbur’%sy Al V: Kravtsov

Accreted subhalo

Host halo

Koushiappas, Zentner & Walker, PRD 69, 043501 (2004), but see also Baltz, Tayor & Wai,
Apd 659, L125 (2006), Kuhlen, Diemand & Madau , arXiv:0805.4416




The structure of substructure

The spectrum of dark matter subhalo properties originates
from the host assembly history — a random realization set
by initial conditions.

.Cbur’%sy Al V: Kravtsov

These two may have the same mass,
but different history

Host halo

Koushiappas, Zentner & Walker, PRD 69, 043501 (2004), but see also Baltz, Tayor & Wai,
Apd 659, L125 (2006), Kuhlen, Diemand & Madau , arXiv:0805.4416




The structure of substructure

The spectrum of dark matter subhalo properties originates
from the host assembly history — a random realization set
by initial conditions.
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The spectrum of dark matter subhalo properties originates
from the host assembly history — a random realization set

The structure of substructure

by initial conditions.
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The structure of substructure

C'our’rgsy A’ V: Kravtsov

If these dark matter potential wells contain stars we

call them dwarf galaxies

Host halo

Koushiappas, Zentner & Walker, PRD 69, 043501 (2004), but see also Baltz, Tayor & Wai,
Apd 659, L125 (2006), Kuhlen, Diemand & Madau , arXiv:0805.4416




Dwarf galaxies
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- High mass-to-light ratio (i.e., dark matter dominated, very few stars)
- No known astrophysical background (no gas, stars are old)




Cumulative Number

Dwarf galaxies

Discovery Timeline: Milky Way Satellite Galaxies
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Dwarf galaxies: reconstructing the gravitational potential well

n(r) o f(v) (Newton)

V X f/(O'J_) (Jeans)

Leo Il / UGC 6753 /.DD0 93 * - . . Stellar kinematics

- High mass-to-light ratio (i.e., dark matter dominated, very few stars)
- No known astrophysical background (no gas, stars are old)




Dwarf galaxies: reconstructing the gravitational potential well

- High mass-to-light ratio (i.e., dark matter dominated, very few stars)
- No known astrophysical background (no gas, stars are old)




Dwarf galaxies: reconstructing the gravitational potential well
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Dwarf galaxies: reconstructing the gravitational potential well
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Dwarf galaxies: Dark matter dominated systems with few stars
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Primordial black hole
Dwarf galaxies: Dark-matter dominated systems with few stars

Leo Il / UGC 6253 /.DDO 93
SDSS gri image . .




Primordial black hole
Dwarf galaxies: Dark-matter dominated systems with few stars

TMBH ~ SOM@ Mg ~ 1M@

Leo Il / UGC 6253 /.DDO 93 -
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Dwarf galaxies: Primordial black hole dominated systems with few stars
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Look at the evolution of the half-light radius
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Eridanus Il

Velocity dispersion unknown
Dark matter distribution unknown
Use 1/2-light radius of the central cluster only
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Time over which equipartition takes place
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Dwarfs with smallest relaxation time
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A COMPLETE SPECTROSCOPIC SURVEY OF THE MILKY WAY SATELLITE SEGUE 1:
THE DARKEST GALAXY*

JosHuA D. SIMON', MARLA GEHA?, QUINN E. MINOR?, GREGORY D. MARTINEZ®, EvAN N. KirBY*3, JAMES S. BULLOCK?,
MaNoJ KAPLINGHAT?, Louis E. STRIGARI’-®, BETH WILLMAN®, PHILIP I. CHO1’, ERIK J. TOLLERUD>, AND JOE WOLF>

Table 1

Summary of Properties of Segue 1

Row Quantity Value

(1) R.A. (J2000) (h m s) 10:07:03.2 + 157
) Decl. (J2000) (° ") +16:04:25 4+ 15"
3) Distance (kpc) 234+2

4) My —1.5%¢

5) Ly (Lp) 340

(6) € 0.48%,10

@) wy.o (mag arcsec™2) 27.6J:'0'_07

®) ref (PC) 29*%

) Vet (km s~1) 208.54+0.9

(10) Vgsr (kms~1) 113.54+0.9
(11) o (kms™) 3.7

(12) Mass (M) 5.8%82 x 10°
(13) M/Ly (Mg/Lo) 3400

(14) Mean [Fe/H] 2.5

THE ASTROPHYSICAL JOURNAL, 801:74 (18pp), 2015 March 10

© 2015. The American Astronomical Society. All rights reserved.
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Look at the evolution of the whole stellar population in Segue 1
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Equipartition leads to the depletion of stars from the center of the dwarf
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Evolution of density profile when 1% of dark matter is in 20 solar mass black holes
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Evolution of density profile over 12 Gigayears
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Primordial black hole constraints from the whole stellar population of Segue 1
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Fokker-Planck treatment of the same problem

1. arXiv:1710.05032 [pdf, other]
Primordial Black Holes as Dark Matter: Constraints From Compact

Ultra-Faint Dwarfs
Qirong Zhu, Eugene Vasiliev, Yuexing Li, Yipeng Jing
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https://arxiv.org/abs/1710.05032
https://arxiv.org/pdf/1710.05032
https://arxiv.org/format/1710.05032
https://arxiv.org/find/astro-ph/1/au:+Zhu_Q/0/1/0/all/0/1
https://arxiv.org/find/astro-ph/1/au:+Vasiliev_E/0/1/0/all/0/1
https://arxiv.org/find/astro-ph/1/au:+Li_Y/0/1/0/all/0/1
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How to distinguish primordial from baryonic black holes
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Rate of black hole merger events

» Black holes must be formed.

+ Black holes must find a way to get close enough so that gravitational waves can
take-over as the dominant energy loss mechanism.

Koushiappas & Loeb, arXiv:1708.07380




Rate of black hole merger events

» Black holes must be formed.

+ Black holes must find a way to get close enough so that gravitational waves can
take-over as the dominant energy loss mechanism.

/N
N(G2)

Koushiappas & Loeb, arXiv:1708.07380




Rate of black hole merger events

Fraction of gas that

Rate of gas inflow
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Rate of black hole merger events
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Rate of black hole merger events

N> z) = d—Rdz

z
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G. Sun and S. R. Furlanetto, MNRAS 460, 417 (2016),
1512.06219.
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Rate of black hole merger events

Define maximum redshift

N(z = zmax) = 1yr~1
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Rate of black hole merger events

Define maximum redshift

N(z = zmax) = 1yr~1
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Things to take away

1. Black holes as dark matter lead to a depletion of stars in the center and the appearance
of a ring in the projected stellar surface density profile.

2. Current observations rule out the possibility that more than 4% of the dark matter is
composed of black holes with mass of few tens of solar masses.

3. Next generation of large aperture telescopes could improve these constraints.
4. Future gravitational wave detectors will be sensitive to events from high redshifts. A

detection of events with redshift greater than 40 must be due to either primordial black
holes or the presence of non-gaussianity in the spectrum of primordial fluctuations.




