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What | hope to talk about

« Primordial black holes as dark matter and dwarf galaxies constraints.

« What is the robustness of these constraints.

« The primordial black hole WIMP conflict.
« The growth of supermassive black holes (in the context of PBHSs).

« How to distinguish baryonic from primordial black holes.




Fundamental questions about primordial black holes

« When and how are they form?
« When and how can we infer their existence?
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Constraints from dwarf galaxies
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Dwarf galaxies — state of the art constraints on thermal cross section
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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

* "_"."Cbur’résy»A.' V: 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.

: .C'our’rRsyA.‘ V: Kravtsov

Accreted subhalo

Host halo

Koushiappas, Zentner & Walker, PRD 69, 043501 (2004), but see also Baltz, Tayor & Wai,
ApdJ 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.

: .C'our’rRsyA.‘ 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,

ApdJ 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.

Time (age)
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0 0.2 0.4 0.6 Kousﬁagpas, Zentner & Walker, PRD 69, 043501 (2004), but see also Baltz, Tayor & Wai,

Z ApdJ 659, L125 (2006), Kuhlen, Diemand & Madau , arXiv:0805.4416




The structure of substructure

: .C'our’rRsyA.‘ 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,
ApdJ 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: Dark matter dominated systems with few stars
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Dwarf galaxies: Dark matter dominated systems with few stars
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Dwarf galaxies: Dark matter dominated systems with few stars

Leo Il / UGC 6253 / DDO 93

SDSS gri image ’




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

Leo Il / UGC 6253 / DDO 93
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Dwarf galaxies: Primordial black hole dominated systems with few stars
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Average change in kinetic energy (per unit mass and time) for single interaction
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Average change in kinetic energy (per unit mass and time) for single interaction

(AE), = 0,(8vyg) + 5 (Bogg)?) + 2 {(B0,1)°)
_ 4rG*mgyppy In A
X [ HZSH (X) + ( HZSH)Xeff/(X)], = vs/4/2(vgn)

Change of energy in stellar population

L. \f o (AE) 13¢5 do,

Take a note of that -- more on this later




Time over which equipartition takes place

E. Virial theorem

ty =
dE, /dt
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THE ASTROPHYSICAL JOURNAL, 733:46 (20pp), 2011 May 20
© 2011. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

doi:10.1088/0004-637X/733/1/46

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*®, JAMES S. BULLOCK?,
ManNoJ KAPLINGHAT?, Louis E. STRIGAR %, 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) 23+2

4) My —1.5%¢6

(%) Ly (Lo) 340

(6) € 0.48%9,10

@) wy.o (mag arcsec™2) 27.611(5_07

®) refi (PC) 294

9) Viel (km s™1) 208.54+0.9

(10) Visr (kms™1) 113.54+0.9

8)) o (kms™) 3.7704

(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.

doi:10.1088/0004-637X/801/2/74

DWARF GALAXY ANNIHILATION AND DECAY EMISSION PROFILES FOR DARK MATTER EXPERIMENTS

ALEX GERINGER-SAMETH "2, SAVvAS M. KoUsHIAPPAS!, AND MATTHEW WALKER?




Koushiappas & Loeb PRL 119, 041102 (2017)
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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

log o[ fom]




Velocity dispersion unknown
Dark matter distribution unknown
Use 1/2-light radius of the central cluster only
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Primordial black hole constraints from the whole stellar population of Segue 1

log o[ fom]
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1% dark matter in 10% of dark matter in
No black holes 10 solar mass black holes 30 solar mass black holes
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Subaru Telescope

National Astronomical Observatory of Japan

Thanks to Masahiro Takada!!
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Fokker-Planck treatment of the same problem

Primordial black holes as dark matter: constraints from
compact ultra-faint dwarfs

Qirong Zhu ™, Eugene Vasiliev, Yuexing Li, Yipeng Jing

Monthly Notices of the Royal Astronomical Society, Volume 476, Issue 1, May 2018, Pages 2-11,
https://doi.org/10.1093/mnras/sty079
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Fokker-Planck treatment of the same problem

Improved constraints from ultra-faint dwarf galaxies on

primordial black holes as dark matter

Jakob Stegmann,!?* Pedro R. Capelo,? Elisa Bortolas® and Lucio Mayer®

L Department of Physics, ETH Zurich, Otto-Stern-Weg 1, 8093 Zurich, Switzerland
28School of Physics and Astronomy, Cardiff University, Cardiff, CF24 3AA, United Kingdom
3 Center for Theoretical Astrophysics and Cosmology, Institute for Computational Science, University of Zurich,

Winterthurerstrasse 190, 8057 Zurich, Switzerland
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Constraints from dwarf galaxies

-="

- r—
I —
— — — — b —
o s e
—

IIIII

—
-
IIII
-
-

i
-
-—
=

|-\“||
||||||||| e
llllllll —
||||||| e —

59\ _..ozn]

o i e s

Carr et al., 2017

i
I
'
I
!
i

I

]

|

1

uoneiodeny

1
0
o

[

<~

..._.
O. 5.
1
| I

Imn_ko_‘mo_

1
<
N

_

_2 5 L
~30F}

-10

-15

log1o(Mc/Mg)




Grain of salt




Reconstructing the potential of dwarf galaxies using stellar kinematics




Reconstructing the potential of dwarf galaxies using stellar kinematics




Reconstructing the potential of dwarf galaxies using stellar kinematics

 Fit mass and/or concentration (based on analytic forms derived in
dissipantionless cosmological simulations (Strigari et al. 2008, Martinez et al,
2009, Martinez 2013).

« Assume dwarfs have cored profiles (Cholis & Salucci 2012, Salucci et al,

2012)
« Agnostic — fit a flexible density profile that is not restricted to the form used

to describe simulated halos (Charmonnier et al. 2011, Geringer-Sameth et al,
2014, 2015, 2017).

Error propagation

* Errors are log-normal and folded into the likelihood (Ackermann et al 2011,
Albert et al 2015).

- Separate systematics from statistical uncertainties (Geringer-Sameth, et al.
2011, 2015, 2018).




Ps

Flexible profile p(r) = o Lt fray PP
Split power-law dlogp/dlogr|,«r, = —y
dlogp/dlogr|rs, = —p

Transition takes place at 7y and (¢ describes its sharpness

The NFW is recovered if (o, B, ) = (1,3, 1)

“Cusped” profiles  (y > 1)

“Cored” profiles (y ~0)




Collisionless stellar systems — phase space density describes potential

Stellar density profile v(r) = / f(r,u) d’u.

Velocity dispersion profile u?(r) = M,%(’”) + M%(’”) + u?b(r)

_ L[ 3
_v(r),/u f(r,u) du

Assume dynamic equilibrium & spherical symmetry

B(u(r) _ d® _ GM(r)
~dr 2

Jeans equation % I [v(r)u_%(r)] +2

Enclosed mass M(r) =4n / szp(s)ds
0

s (r)

2(r)

Orbital anisotropy  B,(r) =1 —




General solution to the Jeans equation

()

V(P )u(r) = o) f Fis)v(s) 2

f(r)=2f(r1) exp [/ Ba(s)s™ dS}

Projecting along the line of sight

o?(R)X(R) =2 /

R

OO( ) )v(r) uz(r) ro
: N

Line of sight velocity dispersion Projected stellar density

Both are observables -> Use them to constrain {p(?"), ﬁa (T)}




Assumptions
« Dynamic equilibrium & spherical symmetry (implicit in
Jeans equation).

21

- Stars are distributed according to a Plummer profile.‘g
- Stars contribute negligibly to the gravitational -
potential. 2
 Anisotropy is constant. %
-« Velocity data samples a Gaussian line-of-sight *é
velocity. A

- Stellar velocities are not significantly influenced by the

10.000 }
1.000 f
0.100

0.010}

presence of binary stars. 0.001
Plummer profile for stellar distribution

3L 1
v(r) = . Y(R) =

47 R} (1+ R2/R2)**

[ Sersic+Plummer
Sersic Ry = 7.7+£0.9 arcmin, m=0.74+0.07
- Plummer b=15.1+0.5 arcmin - - - - —

-

S

[ OJRGB
 ORHB rescaled
- ¥ BHB rescaled

1l o
0.1 1.0
Elliptical radius [degree]
Battaglia et al., 2008

1
7R (1+ R2/R2)’

/

Half-light radius




Classical dwarfs
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Object Distance Ruaif
(kpe) (pc)
Carina 105 £6 250 £+ 39
Draco 76 £ 6 221 £ 19
Fornax 147 + 12 710 £ 77
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Leo Il 233+ 14 176 + 42
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Ultra-faint dwarfs

Object Distance Rhaie Nsample
(kpe) (pe)

o
~
£
=
5
o
~
€
=

Ursa Minor 76 £3 181 £ 27 313 ©

Bootes I 66 £2 242 + 21 37

Canes Venatici I 218 £ 10 564 + 36 214 'E‘

Canes Venatici II 160 + 4 74 + 14 25 §

Coma Berenices 44 + 4 77 £ 10 59 :;

Hercules 132 + 12 330*7%, 30

Leo IV 154 £ 6 206 £+ 37 18

LeoV 178 + 10 135 + 32 5 <

Leo T 417 £ 19 120 £ 9 19 £

Segue 1 23+2 29*% 70 &

Segue 2 35+£2 35+3 25

Ursa Major | 97 +£4 319 + 50 39

Ursa Major 1T 32+4 149 £+ 21 20




« Seque 1
. Fornax

< » Unphysical predictions!
a - »

log[r./pc]
N

3




« Seque 1
. Fornax

% — The Milky Way is not special
0

S

s -2

log[r./pc]
N

3




« Seque 1

_ . Fornax
S
2 -2
g - Truncation
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Halo Profile Parameter Constraints

Name logg ps logq s
(Mope™) (o) @ B Y —logo(1 — Ba)
—20 —lo Median +lo +20 —20 —lo Median +loc +20 —20 —lo Median +loc +20 —20 —lo Median +lo +20 —20 —lo Median +loc +20 —20 —lo Median +lo +20

Carina —3.74 -286 —-196 —-128 —0.73 261 290 331 396 4.63 0.62 087 147 241 289 3.12 375 560 836 971 0.13 054 095 113 1.19 —-041 -023 -0.07 0.08 0.25
Draco —-336 -2.66 -1.74 —-1.09 —-0.78 2.85 3.11 357 434 483 075 118 201 265 295 319 416 634 869 974 0.06 029 071 1.02 1.16 001 025 0.54 0.81 097
Fornax -2.11 -1.83 -149 -120 -0.76 273 293 309 325 351 086 139 213 273 296 330 454 697 9.02 984 0.03 0.19 061 102 1.17 -025 -0.15 -0.06 0.02 0.09
Leol 369 -3.08 -2.18 -138 —-0.92 291 323 380 455 491 071 112 193 264 294 316 399 6.5 870 9.76 0.09 041 0.84 1.08 1.18 —-0.20 -0.03 0.14 037 0.72
Leoll -324 -231 -092 -0.03 047 195 229 289 4.03 477 064 101 176 253 290 3.16 389 595 856 9.73 0.08 035 082 108 1.18 —-0.88 —-051 —0.01 0.51 0.88
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Three things to take away from dwarf constraints

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.




How to distinguish primordial from baryonic black holes

Koushiappas & Loeb, arXiv:1708.07380



https://arxiv.org/abs/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.

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.

Both of the above depend on the ability of gas to cool

Koushiappas & Loeb, arXiv:1708.07380




Rate of black hole merger events

Fraction of gas that

Rate of gas inflow

dz cools to form black
holes l

N(>z):/ d—Rdz

R OO i
i = S o adrav CNeU

Mlnlmum halo /
mass where gas
can cool

Effects of non-
gaussianity on halo
Dark matter halo

mass function

mass function

<€(M, 2)) My (M, 2 dV

(1+z)

QmBH

Black hole mass
(monochromatic)

Comoving volume

Integral is over all dark
matter halo masses

Koushiappas & Loeb, arXiv:1708.07380




Rate of black hole merger events
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A. Fialkov, R. Barkana, D. Tseliakhovich, and C. M.
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Koushiappas & Loeb, arXiv:1708.07380
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Rate of black hole merger events

m .
N( > Z) — d_R dZ Fraction of gas that Rate of gas inflow
dz cools to form black
© holes l

d > dN ;
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< Min (2) dMdV (1 —+ Z) 2mpy  dz
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Dark matter halo
mass function

Effects of non-gaussianity fN1, = 43
on halo mass function

S. Matarrese, L. Verde, and R. Jimenez, ApJ 541, 10

— Press-Schecter

(2000), astro-ph/0001366. — Sheth, Mo & Tormen

Planck Collaboration, P. A. R. Ade, N. Aghanim, M. Ar- 1073 *6 .
naud, F. Arroja, M. Ashdown, J. Aumont, C. Bacci- 10 101 10
galupi, M. Ballardini, A. J. Banday, et al., A&A 594, M[h—Mg]

A17 (2016), 1502.01592. Koushiappas & Loeb, arXiv:1708.07380




Rate of black hole merger events
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Koushiappas & Loeb, arXiv:1708.07380




Rate of black hole merger events

* dR

' Rate of gas inflow
N(> z) — —dz Fraction of gas that

dR >

E. Neistein and A. Dekel, MNRAS 388, 1792 (2008),

0802.0198.

T. Goerdt, D. Ceverino, A. Dekel, and R. Teyssier, MN- 105

RAS 454, 637 (2015), 1505.01486.

G. Sun and S. R. Furlanetto, MNRAS 460, 417 (2016),

1512.06219.
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Koushiappas & Loeb, arXiv:1708.07380




Rate of black hole merger events

Define maximum redshift

N(z = zmax) = Lyr—1
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Koushiappas & Loeb, arXiv:1708.07380




Rate of black hole merger events

Define maximum redshift

N(z = zmax) = Lyr—1

Binary Black Hole SNR vs. Redshift
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Koushiappas & Loeb, arXiv:1708.07380




Rate of black hole merger events

Define maximum redshift

N(z = zmax) = Lyr—1
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The potential primordial black hole - WIMP conflict




- Dark matter gets “locked” onto the black hole at formation.

The potential primordial black hole - WIMP conflict

« There is a central core set by the equilibrium of in-falling and annihilating material

 Search for discrete sources of annihilation today

Adamek et al., 2019
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The potential primordial black hole - WIMP conflict

Two ways this result can be strengthened

« Use existing measurements of the diffuse gamma-ray background and
annihilation constraints.

« Use of the 1-point function.




The potential primordial black hole - WIMP conflict

Two ways this result can be strengthened

« Use existing measurements of the diffuse gamma-ray background and

annihilation constraints.

« Use of the 1-point function.
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The potential primordial black hole - WIMP conflict

M ax deN[l”(f, ;)]

Probability of observing flux F from a P(F; ;) c O(F,, — F) ffmax d€€4/
0

single black hole M, dMdV
X P[Ly, =4mC*F|M,r(€, )] (4)
dN(r)/dMdV = A (ZZ{ A:{O;)zﬁ,
iAot N PalF ) = FHervI T 0y,
p() = Qpicer / dee? j dM ch[l;(fc’”"ff)].

Mean number of black holes in a
given pixel
Kliegman & Koushiappas (2020)




Probability of counts

The potential primordial black hole - WIMP conflict

~

Simulations of a different source with similar properties

PDF with PBHs

Simulations of a different source with similar properties

Counts

0.0

Discrete sources give counts probability function that deviates from Poisson
See Baxter et al., PRD 82, 123511 (2010)







Where do supermassive black holes come from?



https://arxiv.org/abs/1708.07380
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Where do supermassive black holes come from?
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Where do supermassive black holes come from?

Host halos must be extremely rare
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