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Dark matter candidates

&
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Primordial black holes
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GRAVITATIONALLY COLLAPSED OBJECTS OF VERY
LOW MASS

(Received 19770 November 9)

SUMMARY

1t 1s suggested that there may be a large number of grav1tationa11y collapsed
objects of mass 107%¢g upwards which were formed as @ result of fluctuations in
the early Universe. They could carry an electric charge of up to £3° electron

could form atoms with orbiting electrons Of protons. A mass of 1017 g of such
objects could have accumulated at the centre of a star like the Sun. 1f such a
star later became 2 neutron star there would be a steady accretion of matter by

a central collapsed object which could eventually swallow up the whole star in
about ten million years.
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Primordial black hole formation

- The early universe (t <1 s) is extremely hot and dense: It is an ideal environment for
black hole formation.

—2
. L . a6 [t 5
- Cosmological density in the early Universe, pc = 10° | - ——

during radiation domination: S cIm

A\ 2
. Density associated to the Schwarzschild length scale: ps = 10" <—> g3
M@ CIn

- At very early times, the cosmological density is compatible with formation of black holes of
mass
- 1~10%% s —> M ~ Mpianck
" t~1028s—> M~10"g
- t~106s —> M~ 1033 g~ Msun
- t~1s —> M~ 106 Msun

- We can convince ourselves that, for each time, there is a mass scale for which
Jeans scale ~ Schwarzschild length scale

¢ 19 p ~0
Ay = — ~ (107k
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t M t
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The LIGO/Virgo window: The merger rate

* The [1 — 100] Msun mass window is particularly interesting

- The most studied constraints are very weak in this window

[Adapted from 1801.00808]
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The LIGO/Virgo window: The merger rate
- Virgo and LIGO are detecting mergers of binary-black-hole systems in that mass range
- 10 events associated to BBH mergers. Large masses, low spins. Cosmological distances.

- More massive than BHs detected as part of X-ray binary systems, which are mostly Galactic and
cover the ~5 to ~15 Msyn range (GRS 1915+105, M = 14+4 Msun, arXiv:0111540)

- Are the BBH systems detected by LIGO of primordial origin? [Bird+ PRL 2017, Clesse&Garcia-
Bellido PDU 2016]
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The merger rate of a PBH population

A) Binaries formed in the early Universe B) Binaries formed after close

encounters within a DM halo
Hubble flovx*:‘_ 3

‘t“‘

Require:
MpuaR > > p(2) before zeq . (85#)2/7 2 (vpbh)_m/?
"\ ¢

3
= 1.37 x 10~ M3, U;blfgoo pc?

- If most of the DM is made of PBHs, most pairs
decouple from the Hubble flow and form a
binary deep in the radiation era.

- ff< 0.0.1 , only rart-':- pairs with small Sasakis PRL 2017 Birds PRL 2017
separation form binary systems. Ali-Haimoud+ 2017 Clesse, Garcia-Bellido, PDU 2016
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The merger rate of primordial BBHs

- |f PBHs make up all of the DM, most of
the pairs decouple from the Hubble flow
before matter-radiation equality and
form bound systems.

e > 0.9999

Mppy = 30 M., f =0.01

0.010
- Probability distribution of PBH binaries

that form deep in the radiation era from 2
a randomly (unclustered) distribution of t0.008
compact objects.

J
=
o
S
S

-+ The angular momentum stems from the
torque exerted by all the other PBHs

Q
-
-
T~

=
-
S
O

Angular momentum, j

0.00 0.02 0.04 0.06

Sasaki+ PRL 2017 . _
Semi-major axis, a/pc

Ali-Haimoud+ 2017

15th MultiDark Consolider Workshop, Zaragoza, 03/04/2019

0.08

1\



- Caveats:

- Survival over cosmological timescales

The merger rate of primordial BBHs

- The merger rate associated to the BBH systems that formed in the early universe if frgn << 1 is
way larger than the one inferred by the LIGO/Virgo collaborations

- Clustering (may be potentially relevant for broad mass functions)
- “Dark Dress” if frgn << 1: Multi-dark components!
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The merger rate of primordial BBHs with dark dress

* A sub-dominant population of PBHs immersed in a high-density DM-dominated
environment, rapidly expanding and diluting

- Accretion of DM mini-halos governed by the balance between gravitational pull and

expansion of the universe
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The merger rate of primordial BBHs with dark dress

* A sub-dominant population of PBHs immersed in a high-density DM-dominated
environment, rapidly expanding and diluting

- Accretion of DM mini-halos governed by the balance between gravitational pull and
expansion of the universe
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The merger rate of primordial BBHs with dark dress

- What is the impact of the Dark Dress on the evolution of the BBH system?

Mppy =30M ; a; =0.01pc; e; =0.995
1T'=0.00kyr
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The life of a “naked” BBH system
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The merger rate of primordial BBHs with dark dress
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The merger rate of primordial BBHs with dark dress

- What is the impact of the Dark Dress on the merger rate? The rate is almost conserved!

- The binary shrinks and hardens
- The work done by dynamical friction heats and unbinds the DM halo
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The merger rate of primordial BBHs with dark dress

For very eccentric orbits there is very little exchange of angular momentum between the
PBHs and the DM particles: For large eccentricity the orbits are almost radial

- Shrinking and hardening is not independent. Merger rate roughly conserved
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Searching for a (sub-dominant?) population of PBHs

- Goal: discover a population of PBHs in the 1 - 100 Msun window, even if sub-dominant with
respect to the bulk of the Dark Matter.

Possible roads towards a discovery:

- Detection of GWs produced by the merger of O(10) Msun BHs at large redshifts (z > 40)
with the Einstein telescope

- Detection of GWs produced by the merger of BHs with mass M <1 Msun with LIGO/Virgo

- Detection of the radio emission produced by the accretion of gas onto 1-1000 M BHs
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Astronomical searches Iin the radio/X-ray sky
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Astronomical searches

- What about possible astronomical signatures of the presence of a population of PBHs?

- Is it possible to detect them even if a small sub-dominant component of the dark matter?

- Some numbers: If ~30Me PBHs are the DM —> ~1071 objects of this kind in the Milky Way,
and ~108 in the Galactic bulge.

- The idea: these objects should accrete interstellar gas in our Galaxy and emit a broad-
band spectrum of radiation.

- Results based on GRAPPA'
- D. Gaggero, G. Bertone, F. Calore, R. Connors, M. Lovell, E. o
Storm, S. Markoff PRL 118 (2017) 'fl Instituto de
- J. Manshanden, D. Gaggero, G. Bertone, R. Connors, M. UAMCSIC
Ricotti, submitted to JCAP (2018)
- Ongoing further work at IFT in collaboration with the 0, '\
GRAPPA institute "laCaixa’
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Astronomical searches: a recent simulation

We set up a set of Monte-Carlo i |
simulations to simulate the radio | L oo
and gamma-ray emission from a |
population of PBHs that amount to
a fraction of the Dark Matter in the
Universe

(G0.253+0.016) |

Brick

Galaclio Losgitude

We consider a state-of-the-art
model for the 3D gas distribution
in the inner Galaxy

We compute simulated maps of
the expected radio and X-ray
sources near the Galactic center
region associated to the PBH
population

Galazlle Lal®ade

clowd ¥C

s VYT 202 00 02 04 ]
0[]
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The data

based on: D. Gaggero, G. Bertone, F. Calore, R. Connors, M. Lovell, S. Markoff, E. Storm, “Searching for
Primordial Black Holes in the radio and X-ray sky”, arXiv:1612.00457, PRL 2017
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Astronomical searches: recent results

- Result: We predict many more sources in the radio and X-ray bands under consideration

with respect to the ones compatible with being accreting BHs.
- X-rays
- Prediction: more than 3000 bright X-ray sources; observed sources in the ROl by Chandra: ~400
(40% are cataclysmic variables)
- Radio
- Prediction: 406 bright radio sources in the ROI; observed radio sources in the ROIl: 170; number of
candidate black holes in the ROI: 0 assuming BHs obey the Fundamental Plane relation (i.e. no radio
source in the ROI have a X-ray counterpart compatible with the FP relation they cannot be BHs
accreting in the hard state)

- We derive an upper limit on the abundance on the PBHs in the universe in the 10 - 100 Msun
mass window

10V

—_
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—0.4

__6 4:___6 9 (f() 012 —— Radio constraint (20, 30, 50); A = 0.02 .
. . : . —— X-ray constraint (20, 30, 50); A = 0.02

6 [O] 1072 3|O | | | ! ! ! 0

M (M)

|

15th MultiDark Consolider Workshop, Zaragoza, 03/04/2019



Intermezzo: gas accretion on compact objects

- The accretion of interstellar gas onto an isolated moving compact object is studied via
numerical simulations

Complex phenomenology: radiation feedback (the radiation emitted near the gravitational
radius of the BH reduces the rate of gas supply; sound speed is altered); formation of a bow
shock. Non trivial dependence of the accretion rate with respect to the BH speed.

Density (n, (cm™)) lonization Fraction

I ] 101
1.0E+04 4.6E+04 2.2E+05 1.0E+06 5.0E—05 1.4E-03 3.76-02 1.0E+00

—— Park&Ricotti (2013)
- A =0.02, unionized -
—-— X\ =0.02, ionized

0.05
. 0.00

-0.05

Mach = Mach = 2

[Park and Ricotti, 2013]
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Astronomical searches: a new update

- Based on the accretion rate derived from numerical simulations, we derive an upper limit
on the abundance on the PBHSs in the universe in the 1 - 100 Msun mass window

- The limit is stronger because now we are sensitive to a wider portion of the phase-space,
since the accretion rate does not decline steeply with the PBH speed!

- Caveats: 1 [
Bl Radio 50 Bl X-ray 50

. Clusterlng? I Rad?o 30 Bl X-ray 30
Radio 20 BN X-ray 20

—_
=
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- PBH distribution in the inner Galaxy

PBH DM fraction fpy
>
|

—_
=
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1 1 1 1 1 1 1
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Astronomical searches: The future

How will SKA1 be better
than today's best radio telescopes?

Astronomers assess a telescope’s performance by looking at LOFAR JVYLA

three factors - resolution, sensitivity, and survey speed. VWith Nethertands Karl G. Jansky

its sheer size and large number of antennas, the SKA will provide Ve Favge Asrmy. LA
a gant leap in al three compared to existing radio telescopes,
enabling &t to revolutionise our understanding of the Universe.

The Square Kilometre Array [SKA] wil be the world’s largest
radio telescope. It will be buik in two phases - SKA1 and SKAZ -
starting in 2018, with SKA1 representing a fraction of the ful
SKA. SKA1T will include two instruments - SKA1 MID and
SKA1 LOW -'observing the Universe at different frequencies.

VATH CURFENT RADD TELESCDRES

AT THE SKKA p———
sSKA1 LOW SKA1T MID

ska1 Low X1.2 ...

ska1 mip X4 ...

RESOLUTION

Thanks to its size, the SKA will see

smaller details, making radio images

less blurry, like reading glasses help
distinguish smaller letters.

W, Skata kecopa ang Square Kilometre Arvey [ @SKA_teloscope 5§ il The Square Kiometre Array

SKA1 LOW )(135
SKA1 MID )(60

SURVEY SPEED

Thanks to its sensitivity and ability to see a

arger area of the sky at once, the SKA will

be able to observe more of the sky in a
given time and so map the sky faster.

sKA1 LOoW X8 ...

sKA1 MiD XD ...

SENSITIVITY

Thanks to its many antennas, the SKA
will see fainter details, like a
long-exposure photograph at night
reveals details the eye can't see.

Az the SKA ient operational yet, we use an optical rmage of the Miky Way to llustrats the concepts of increasad sensithity and reschtion
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Astronomical searches: The future

- During the next decade, the Square Kilometer Array will provide a huge increase in
sensitivity

- SKA can detect even a sub-dominant population of PBHs that amount to a small fraction
of the dark matter in the Universe, even O(0.1%) or smaller

- How to distinguish astrophysical from primordial black holes?

—04 —02 00 02 04
ay
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Multiple dark components: “almost all or almost nothing”

- If a small fraction of the DM consists of PBHs, DM halos with steep density profiles are expected to
form.

- If the rest of the dark matter consists of weakly interacting massive particles (WIMPs), a detectable
gamma-ray signal is expected to be produced (possible exceptions are, for instance, asymmetric DM
models) [Lacki and Beacom 2010, Adamek+ 2019]

- A firm detection of PBHs would imply that the remaining dark matter could not be WIMPs.
Viceversa, if DM is made of WIMPs, the PBH density is highly constrained.
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Conclusions

* Primordial black holes may exist and constitute a portion of the
dark matter in the universe

* Their discovery would be of paramount importance and has
consequences on our understanding of the dark matter even if
they make up a little portion of it

 Primordial black holes may shine in the radio and X-ray sky
because of gas accretion in the inner Galaxy

- The combination of future data from current and future

gravitational wave observatories and radio/X-ray facilities may
provide a promising road to a discovery
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Primordial black hole formation

- Given some over-density at the corresponding scale, it is possible to form PBHs in a wide
range of masses deep in the radiation-domination era before big-bang nucleosynthesis.

- With a more formal treatment [see e.g. the review Sasaki et al. arXiv:1801.05235], it is
possible to obtain a more accurate criterion for PBH formation:

- The condition is that the comoving slice density contrast at the time when the scale of

1
interest re-enters the Hubble horizon is greater than A, = cg =3

- The mass of the formed PBH is equal to the horizon mass at the time of formation:

Comoving ¢ !
scales Inflation | Hot Big Bang

Comoving

\ / Hubble Horizon
.: 5L i.-' Noriz A SLU :;-".-' orizon

\ A sub-horizon

horizon re-entry

horizon exit

log[a(t)]
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Primordial black hole formation

The amplitude of primordial fluctuations is much smaller than order 0.1 - 1 at the scales
corresponding to the large-scale structure!

At scales probed by CMB: O(104) - O(10-") Mpc the amplitude of the fluctuations is 6 ~ 10

- However, the amplitude of primordial fluctuations is basically unconstrained at scales
possibly associated to PBHs

oz = [ |__|____|__|_ ety
10—3 - WIMP kinetic decoupling [N — 10_2 5(5) déf (w) _ 1 — dk 5k e'lii;.’?_l;
) froorernnns 1 i p ’
107 |—
Allowed regions — 104
Py 107° | 10 — 272
=< — Ultracompact minihalos (gamma rays, Fermi-LAT) 1 1n=5 ia/ <6k 6k’> = — 5(]{; — kl) P(k;)
< 107 Py(k) kL. 107 g k3
Q. Ultracompact minihalos (reionisation, WMAPS5 7) 10-6 Q.
N _ =
10 ns = L \ — — Primordial black holes
B — 10~ 7 9
10 — CMB, Lyman-«, LSS and other cosmological probes i PS (k) p— |5R | .
1079 -
[T. Bringmann et al. 2011]_| -,
—10
10 .+ + ¢+ &+ &+ & &+ &+ &+ §+ ;& § 1 1 1| J| /]

107710721070 4 10 40 40° 10F 100 40® 10T 0% A0 10 10M 10" 10" 10 10" 10" 10T 10" 10"
k (Mpc™1)

FIG. 6: Constraints on the allowed amplitude of primordial density (curvature) perturbations Ps (Pr) at all scales. Here wx
give the combined best measurements of the power spectrum on large scales from the CMB, large scale structure, Lyman-c
observations and other cosmological probes [152, 153, 156]. We also plot upper limits from gamma-ray and reionisation/CMFE
searches for UCMHs, and primordial black holes [43]. For ease of reference, we also show the range of possible DM kineti
decoupling scales for some indicative WIMPs [74]; for a particle model with a kinetic decoupling scale kkp, limits do not apply
at k > kxp. Note that for modes entering the horizon during matter domination, Ps (but not Px) should be multiplied by :
further factor of 0.81.
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Primordial black holes and Dark Matter

- Primordial Black Holes, if massive enough, are testable dark matter candidates!

- If the mass is too low, the PBHs have enough time to evaporate (Hawking-Bekenstein

radiation)
M 3
teva oration [S] — 1071 <—>
porat M@

-+ Chapline was among the first to suggest explicitly PBHs as a DM candidate [G. F.
Chapline, Nature 253, 251 (1975)].

- However, Hawking already noticed in 1971 that “...it is tempting to suppose that the major
part of the mass of the Universe is in the form of collapsed objects. This extra density could

stabilize clusters of galaxies which, otherwise, appear mostly not to be gravitationally
bound.”

- Given the evaporation time scale and the age of the Universe, the typical ranges for a
PBH as DM candidate are:
*+ M~101% g (1077 Moy — 1039 g (10° Mo
- size ~10-3cm — 109 cm
- number in our Galaxy ~ 102° — 106
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Merger rate from BBH formed in halos

2/7 —18/7
T R2 (”th ) / Simeon Bird, llias Cholis, Julian B.
3 "\ ¢ Mufioz, Yacine Ali-Haimoud, Marc
—18/7 Kamionkowski, Ely D. Kovetz, Alvise

—14 g2 2
= 1.37 x 10 M3, Usbh—200 PC Raccanelli, Adam G. Riess, Phys. Rev.
Lett. 116, 201301 (2016)
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FIG. 2. The total PBH merger rate as a function of halo
mass. Dashed and dotted lines show different prescriptions
for the concentration-mass relation and halo mass function.
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The merger rate of primordial BBHs

If PBHs make up all of the DM, most of the pairs decouple from the Hubble flow before matter-
radiation equality and form bound systems. If /e << 71 only rare pairs with small separation
form binaries.

Binary decoupling described by the equation of motion of two point sources subject to
gravitational pull and Hubble flow
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FIG. 1. Dimensionless separation xy = r/z of two point 10 10 10 10 10
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The merger rate of primordial BBHs with dark dress

- Let’s consider the case of a sub-dominant population of PBHs immersed in a high-density
DM-dominated environment, rapidly expanding and diluting

- Accretion of DM mini-halos governed by the balance between gravitational pull and
expansion of the universe [Mack, Ostriker, Ricotti arXiv:0608642; Ricotti arXiv:0706.0864]
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- A PBH can accrete a DM halo with Mnaio = Mpen at the end of the radiation era (z = zeq)

- Density profile studied by a simple analytical model of radial infall in a Einstein-De Sitter
Universe in [Bertschinger ApJS 1985]

p(1) r3/2,

- Similar profiles recently found in UCMHSs [Sten Delos et al. 1712.05421, Gosenca et al.
1710.02055]

 In UCMHSs, steeper profiles (a = -9/4) can form in idealized conditions (self-similarity,
iIsolation). DM minihalos can thus be even more compact if PBHs are a small fraction of the
DM [Adamek et al. 1901.08528]
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The merger rate of primordial BBHs with dark dress

MPBH = 30 M@, a; = 0.01 pc, €; = 0.995
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FIG. 6. PBH separation and retained DM halo mass
during a single simulation. In blue (left axis), we show
the separation of the PBHs during a single simulation while
in green (right axis) we show the DM mass enclosed within
10% of the halo truncation radius, Ri,. Here, we simulate
Mpeu = 30 My and initial orbital elements a; = 0.01 pc and
e; = 0.995. The truncation radius is Ry =~ 4 x 1072 pc and
the total DM mass per halo is 3.1 M.

backup slide

MPBH = 30 M@, a; = 0.01 pc, €; = 0.995
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FIG. 7. Angular momentum of PBHs and DM during
a single simulation. The total angular momentum of the
PBH (DM) particles in the simulation is shown in blue (or-
ange). The simulation parameters are as in Fig. 6. The times
at which the PBHs undergo a close passage are marked by
grey dashed lines.



The merger rate of primordial BBHs with dark dress
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Intermezzo: gas accretion on compact objects

- A compact object that crosses a gas-rich region accretes gas with a rate that depending on the
properties of the medium and on its speed.

- Simple “textbook” approach: Bondi-Hoyle-Littleton formula
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MBHL = 47‘(‘

- Inthe v =0 limit it is based on the key assumptions of steady flow and spherical symmetry.
- The derivation only relies on fluid mechanics and thermodynamics equations: continuity
equation, Euler equation, and the definition of the sound speed
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