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Cosmology

with the Einstein lelescope
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Galileo, Einstein and ET

W and ET: a new era of Astronomy
100 000 BH mergers/year
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Phase transitions in the early Universe

link between GW
frequency and energy
scale/redshift
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Phase transitions in the early Universe

link between GW
frequency and energy
scale/redshift

T.=100 GeV, PB/H.=15
Log(T [GeV]))

Caprini, Figueroa, 1801.04268

example of GW background
from a first-order transition
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Cosmic strings
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LIGO/VIRGO already set the best
constraints on the string tension
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GWV background
from peaks in power spectrum

SC, J. Garcia-Bellido, S. Orani, in preparation

metric perturbations at second order

sourced by curvature
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standard sirens

= Canonical

— Flat z prior

—— 250km s~ Uncertainty
Planck®’
SHoES!®

- BNS w/o counterpart
1Y % Golden BNS w/o counterpart
[| = BNS with counterpart
125 150 | % % Golden BNS with counterpart
Ho (kms~tMpc™1) | =+ 10-10M_, BBH with counterpart

LIGO/VIRGO collaboration, 2017 7 mberof events
Measurement of Ho at sub-percent accuracy with ET
Other cosmological parameters (dynamical dark energy)
Go to higher redshifts than galaxy surveys

Tests of the cosmological principle (homogenity/isotropy)
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Primordial Black Holes
(Dark Matter)
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A good Dark Matter
candidate

® Do not emit light by
nature

® Non-relativistic

mercredi 31 janvier 18



Quantum

fluctuations .
. When a local density

. N fluctuation exceeds

Inﬂat|0n N some threshold value, it
collapses gravitationally
and form a primordial

black hole

Primordial
Small-size density BIaCI( h0|e

fluctuations collapse earlier

and form less massive PBHs FO m ation

Large density fluctuations
collapse later
and form more massive PBHs
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Quantum

fluctuations -~
. When a local density
. R fluctuation exceeds
I nﬂat|0n N some threshold value, it

s . collapses gravitationally
N ‘\ / and form a primordial

hla-l: hala

Spectrum of density fluctuations after inflation

BROAD PEAK

broad range of

= rimordial

Fluctatiod PBH masces 3lack hole
ampiitude Larger fluctuations, : ormati on
collapse at later times
to form more massive PBHs
-« A
Higher peak,
Rad higher abundance of PBHs >
% \‘ Large density fluctuations
s Y, \ collapse later
10 b~ ‘t\ Our model nd form more massive PBHs
| v Prediction for
BEERM ,\‘_ .standard inflation
‘ L ]
\
\\
\~

Large scales

Small scales

Fluctuation size
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LIGO/VIRGO and the
unexpected BH mergers

® Unexpected large masses
for GW 15094 Black Holes of Known Mass

® 4 other events > |5 Msun °
(several events not yet N
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X-Ray Studies
LIGO/VIRGO
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LIGO/VIRGO and the
unexpected BH mergers

® Unexpected large masses Yot = [m1S1 cos(OLs,) + mhbSs
for GW 150914 GW 170814

~J

)

)

® 4 other events > |5 Msun GW151226

(several events not yet
released)

~

GW150914

(I Y)

>N
=
0p]
<
(D)
o
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=
=
O
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® |nferred rates:
14-158 Gpc™3 yr!

® Non-aligned, low spins

Adapted from Adv.LIGO/VIRGO June release (supl. material)
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LIGO/VIRGO and the
unexpected BH mergers

0° 0°

® Unexpected large masses
for GWI150914

® 4 other events > |5 Msun
(several events not yet
released)

® Inferred rates: C
4-158 Gpc? yr!
[

00 04 08 1.2 16 20 24 28 32x1073

® N on -al i gn ed : I oW S Pi NS posterior probability per pixel
Adv.LIGO/VIRGO June release (supl. material)

« a new population of black holes »




In March 2016...

e 5. Bird et al, 1603.00464
Monochromatic spectrum, extended halo mass function

Most mergings

Tmerg ™ 2le\/IFfDM (Mcrit.halo/4OOM®)_11/21 Gpc_gyr_l e
come from mini-halos
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In March 2016...

e 5. Bird et al, 1603.00464
Monochromatic spectrum, extended halo mass function

_ _3 Most mergings
Tmerg ™ 2le\/IFfDl\/I (Mcrit.halo/4OOM®) t/21 GpC 3yr ! .g . g
come from mini-halos

o S5.C,J.Garcia-Bellido, 1603.05234
Broad mass spectrum, natural clustering scale

Faint Dwarf Galaxies
or Globular Clusters

loc.

S5aGpePyr™
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In March 2016...

e 5. Bird et al, 1603.00464
Monochromatic spectrum, extended halo mass function

_ _3 Most mergings
Tmerg ™ 2fHMFfDM (Mcrit.halo/4OOM®) t/21 GpC 3}71' ! .g . g
come from mini-halos

o S5.C,J.Garcia-Bellido, 1603.05234
Broad mass spectrum, natural clustering scale

RN Faint Dwarf Galaxies
or Globular Clusters

loc

Tmerg ~ fOM10™ 055 Gpeyr

® M.Sasaki et al, 1603.08338
Monochromatlc - spectrum, BH binaries from Early Unlverse
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In March 2016...

® S.Bu:d_ef ql |6ﬂ3_ﬂ0464

M- PR O e
3 Wlth thousands of events/year P
““hergings

ET WI” probe . +*+'} mini-halos

B|~.. A the mass dlstrlbut1on of BH i
- their abundance e | Galaxies
- e s Clusters
i blnary formation process 5

- mergers from the dark ages i
o their clusterlng properties  * .t .
-~ BH mass < 1.4 Msun would mean. |, A
a prlmordlal omgm (jackpot case)

-
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Seven clues for PBH-DM

Ext. HMF model

logio (/M@)

S.C., ). Garcia-Bellido, 1711.10458
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Seven clues for PBH-DM

Ext HMF model | ® Clue |: Mass and rate of BH
progenitors (MCMC
reconstruction)

® Clue 2: low, non-aligned spin

® Clue 3:
and quasars

® Clue 4: Dynamical heating of
ultra-faint dwarf galaxies

® Clue 5: Cored DM density

profiles
logio (/Me) | | ® Clue 6: Spatial correlations
S.C., ). Garcia-Bellido, 1711.10458 between X-ray bkg and CIB

® Clue 7: Supermassive BH at
high redshifts
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Stochastic background

= 200 km/
Vvirial = 20 km/s
Vvirial = 2 km/s
MpeH=30 Mgsun
monochromatic
: merging rate:
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S.C.,]. Garcia-Bellido, 1610.08479
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Stochastic background

*\-—------

dapmiping: effect of

the 1 nitial separationl dist.

10~20 1
10-10

1078 10°° 1074
f[Hz]

S.C.,]. Garcia-Bellido, 1610.08479
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>
0.&

+ *——----————-
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) 3

\

Effect of the width of the
PBH mass distribution

1074 0.01
f[Hz]

Stochastic background depends on
clustering and width of the mass distribution
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Conclusion

ET will probe the early Universe, up to T~10'° GeV, z~10%3

Many possible stochastic backgrounds: inflation, reheating,
phase transitions, oscillons, cosmic strings, PBH formation/
mergers/encounters...

Precision cosmology with standard sirens
ET will validate/rule out Primordial Black Hole Dark Matter

Even the detection of a single PBH would revolutionize our
~ Vision of the Unlverse;__and ,:fundamental 'nteractlons
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LIGO/VIRGO and the
unexpected BH mergers
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LIGO/VIRGO and the
unexpected BH mergers

The brlght scenario -
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LIGO/VIRGO and the
unexpected BH UEFEE

The brlght scenarlo | The dark scenarlo %

'P”mordlalm o TR
-Q e e : :
‘o Merglng rateé compatlble
; " with Dark-Matter—Ilke
| abundance -r,flgk
0 Low non- allgned splns
| expected Y

e g R . Q BUT very strlngent .
° Needanew model e observatlonal constralnts

=
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LIGO/VIRGO and the
unexpected BH UEFEE

The brlght scenarlo | The dark scenarlo %
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Constraints on PBH abundances

1705.05567

Carri.et.al..
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Constraints

B.Carriet.al..

log1o(Mc/Mg)

1705.05567

on PBH abundances

Broad spectrum
(log-normal dist):
PBH-DM looks excluded
in the whole parameter
range




Constraints on PBH abundances

Broad spectrum
(log-normal dist):
PBH-DM looks excluded
in the whole parameter
range

Microlensing constraints
controversial and evaded

if PBH are clustered

J. Garcia-Bellido, S.C.,
1710.04694

B.:Carriet al.. 1705.0556]
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Constraints on PBH abundances

Broad spectrum
(log-normal dist):
PBH-DM looks excluded
in the whole parameter
range

Microlensing constraints
controversial and evaded

if PBH are clustered

J. Garcia-Bellido, S.C.,
1710.04694

Segue | constraints
cannot be simply
extrapolated to
the broad case

B.:Carriet al.. 1705.0556]
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Constraints on PBH abundances

Broad spectrum
(log-normal dist):
PBH-DM looks excluded
in the whole parameter
range

Microlensing constraints
controversial and evaded

if PBH are clustered

J. Garcia-Bellido, S.C.,
1710.04694

Segue | constraints
cannot be simply
extrapolated to
the broad case

B. Carr et al., 1705.05567
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Seven hints (clues)
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Seven hints for PBH-DM

Hintsland 2: BH merger masses, rates, and spins

ExtHMF model | MCMC mass spectrum
reconstruction from LIGO
events and rates

Event likelihood peaks on large
masses: LIGO detectability
scales like inverse distance

logio (U/M@)
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Seven hints for PBH-DM

Hint 3: Microlensing of M31 and quasars

Ext HMF model | ® 56 microlensing events in
M31: between |15% and 30%
of halo compact objects in
range [0.5-1] Msun
(1504.07246)

® 24 micro-lensing of quasars
by galaxies: between 15%
and 25% of halo compact

objects in range
[0.05-0.45] Msun

(1702.00947)

Also in Magellanic cloud
surveys, but still
controversial

logio (U/M@)
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Seven hints for PBH-DM

Hint 3: Microlensing of M31 and quasars

® 56 microlensing events in
EROS vs MACHO (astro-ph/0607207) M31: between [5% and 30%
of halo compact objects in
range [0.5-1] Msun
(1504.07246)

24 micro-lensing of quasars
by galaxies: between |5%

and 25% of halo compact
EROS-2 + EROS-1

upper limit (95% cl) ObjECtS in range
[0.05-0.45] Msun

(1702.00947)
] 0 2

logM= 2log(( tg) /70d) ® Also in Magellanic cloud
surveys, but still
controversial

0.6

<
~
®

f=1/471077

<
b




Seven hints for PBH-DM

Hint 4: Star clusters and dynamics of faint dwarf galaxies

EXCEAME mode! | ® Dynamical heating of faint
dwarfs and their star clusters

® Stable star clusters are fine-

tuned or require core profile:

Amorisco |1704.06262
Contena et al, 1 705.01820

® Solve the missing satellite/too
big to fail problems, missing
baryons due to matter
accretion

L - ® Re-analysis and N-body
log10 (4/Mo) simulations in progress...
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Seven hints for PBH-DM

Hint 4: Star clusters and dynamics of faint dwarf salaxies
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Seven hints for PBH-DM

Hint 4: Star clusters and dynamics of faint dwarf

alaxies
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Seven hints for PBH-DM

Hint 4: Star clusters and dynamics of faint dwarf salaxies

* +fornax 5 er
A

A AAndXXXII -7

~
-~

Jf’ho a A An(lX)\HI/

ﬂ)m K ( {}s‘}l\l AleD\

) & A
TeoT A . IF /./(l ater . 2

A

AOA A

s UMt
00 Umu/

Er| II cIuster@ 5~ © ondll
@ 4 uc2

/\((\//ﬁl(l\/ MW galaxies
M31 galaxies

A

Globular Clusters
Extended objects
Local Group/Nearby galaxies

1000 10000
1601.07178

mercredi 31 janvier 18



Seven hints for PBH-DM

Hint 4: Star clusters and dynamics of faint dwarf salaxies
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Seven hints for PBH-DM

Hint 4: Star clusters and dynamics of faint dwarf salaxies

Logio (Baryon fraction) F .
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Seven hints for PBH-DM

Hint 5: Core DM density profiles

® Gravitational scattering between PBH:

® Dynamical heating of cusps due to two-body interactions

® Relaxation time scale:
r  NpBH

N\ -
rel ™~

v 8 1ln NPBH

® Cusps homogenized in ~10 Gyrs up to a radius ~ Ikpc

® Naturally solves the core-cusp problem
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Seven hints for PBH-DM

Hint 6: Spatial correlations in CIB and X-ray background

LIGO gravitational wave detection, primordial black holes and the near-Il
cosmic infrared background anisotropies

A. Kashlinsky',

ABSTRACT

LIGO’s discovery of a gravitational wave from two merging black holes (BHs) of
similar masses rekindled suggestions that primordial BHs (PBHs) make up the dark
matter (DM). If so,
component to the inflation-produced adiabatic density fluctuations. For LIGO’s BH
parameters, this extra component would dominate the small-scale power responsible for

here first luminous sources formed. We quantify
the resultan that are suitable for

producing the first generation of stars and luminous sources. The significantly increased

abundance of the early halos would naturally explain the observed source-subtracted
near-IR cosmic infrared background (CIB) fluctuations, which cannot be accounted for
by known galaxy populations. For LIGO’s BH parameters this increase is such that the
observed CIB fluctuation levels at 2 to 5 pm can be produced if only a tiny fraction

of baryons in the collapsed DM halos forms luminous sources. ((as accretion onto these

where first stars should also form, would straightforwardly

We discuss modifications possibly required in the processes
I 605 O 4023 of first star formation if LIGO-type BHs indeed make up the bulk or all of DM. The

arguments are valid only if the PBHs make up all, or at least most, of DM, but at the
I 709 02 82 4 same time the mechanism appears inevitable if DM is made of PBHs.
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Seven hints for PBH-DM

Hint /7: Existence of super-massive BH at high redshifts
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Rethinking DM interactions
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Rethinking DM interactions

GW, photons, gas, stars...
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Rethinking DM interactions

GW, photons, gas, stars...
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PBH GWY, photons, gas, stars...
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Rethinking DM interactions

PBH GWY, photons, gas, stars...

PBH-PBH and PBH-
star scattering: ' \ /
UFDG observations

High-energy photons
from accretion disks
X-ray/CIB
correlations

uoI32339p 32241

DM production

Matter accretion: missing satellites, missing baryons, too-big-to-fail, CMB/LSS effects?
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...and future prospects

® Detecting a BH below the
Chandrashekar mass (LIGO)

® Numerous merging events

seen in GV detectors
(LIGO,VIRGO, ET...)

® GW Stochastic Background
(PTAs, LISA, LIGO)

® Detecting faint dwarf galaxies

D
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...and future prospects

® Detecting a BH below the
Chandrashekar mass (LIGO)

® Numerous merging events

seen in GV detectors
(LIGO,VIRGO, ET...)

Vvirial = 20 km/s E
Vvirial = 2 kKm/s

~
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® GW Stochastic Background Mper=30 Mqun
(PTAs, LISA, LIGO) _ . monochromatic
mping: effect of merging rate:

theAnitial separation dist. 50 yr-! (;T.pc-3
107® 107° 107 0.01 1 100

® Detecting faint dwarf galaxies
(DES, Euclid)

® Microlensing surveys (Euclid) Clustering allows to distinguish

b A, G, 161008479

f[Hz]

e CMB (Planck, $4, LiteBird)

® Star position and velocities
(GAIA), LMXB, PS in GC
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...and future prospects

® Detecting a BH below the
Chandrashekar mass (LIGO)

® Numerous merging events

seen in GV detectors
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...and future prospects
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...and future prospects

Detecting a BH below the
Chandrashekar mass (LIGO)

% matter accretion
Numerous merging events \ /

seen in GV detectors
(LIGO,VIRGO, ET...)

GW Stochastic Background . gios
(PTAs, LISA, LIGO) ~rer ""’"’7'

imprinting
the CMB

Detecting faint dwarf galaxies [iSs o signal

Euclid)
2

Wy S

Primordial
Inflation
Explorer
(PIXIE)
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...and future prospects

® Detecting a BH below the
Chandrashekar mass (LIGO)

® Numerous merging events i

seen in GV detectors
(LIGO,VIRGO, ET...)

® GW Stochastic Background
(PTAs, LISA, LIGO)

® Detecting faint dwarf galaxies




Thank you
for your attention
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LIGO and the strange

PBH Dark Matter mteractlon I

Tl Grav:tatlonal waves from BH mergers 3 |
M o - *Dark Matter idecay = . T Ed-
R R m «Dark Radiation» (GW) .

R CMB No more than ~3. 8% of the DM
IJovg Ko . Poulin et al., 1606.02073 - .

B Constralnts the PBH mergmg h|stc3ry e
° Need anew model . P observatlonal constralnts
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Four clues for PBH-DM

Hint 4: Spatial correlations in CIB and X-ray background

PBH Dark Matter interaction ||

X-rays from matter accretion
Qll’k Matter decay

magnetic channels

.‘.

1605.04 correl
1709.02 in X-ray and infrared backgre




Constraints on PBH abundances

- Disk accretion at high redshifts
PBH Dark Matter interaction || D
X-rays from matter accretion
X-;’;»;:é . Dark Matter decay 19%
- 1 Beamacnetic channels
N
Jniverse
| IMB
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Impacts thi
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Constraints on PBH abundances

% l matter accretion

X-ray radiation
imprinting
the CMB
and 2Icm signa
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Constraints on PBH abundances

Disk accretion at high redshifts

% lmatter accretion IOO < Z < IO OOO
\ -

X-ray radiation

imprinting
the CMB \
and 2lcm signa
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Constraints on PBH abundances

Disk accretion at high redshifts

% matter accretion IOO < Z < IO OOO
N i

y
X-ray Snootl Accretion Luminosity
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Constraints on PBH abundances

Disk accretion at high redshifts

% matter accretion IOO < Z < IO OOO
N i

y
X-ray Snootl Accretion Luminosity

imprinting
the CMB \
and 2Icm signa '

Energy deposition
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Constraints on PBH abundances

Disk accretion at high redshifts

% matter accretion IOO < yA < IO OOO
N i
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X-ray Siouall Accretion Luminosity
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Energy deposition
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Constraints on PBH abundances

Disk accretion at high redshifts
100 <z < 10000

matter accretion

X-ray radiation r Accretion Luminosity

imprinting
the CMB
and 2lcm signa

Energy deposition
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and effects on the CMB
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Quantum

fluctuations .
. When a local density

. N fluctuation exceeds

Inﬂat|0n N some threshold value, it
collapses gravitationally
and form a primordial

black hole

Primordial
Small-size density BIaCI( h0|e

fluctuations collapse earlier

and form less massive PBHs FO m ation

Large density fluctuations
collapse later
and form more massive PBHs
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Quantum

fluctuations -~
. When a local density
. R fluctuation exceeds
I nﬂat|0n N some threshold value, it

s . collapses gravitationally
N ‘\ / and form a primordial

hla-l: hala

Spectrum of density fluctuations after inflation
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broad range of
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to form more massive PBHs
-« A
Higher peak,
Rad higher abundance of PBHs >
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Large scales
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A good Dark Matter
candidate

® Do not emit light by
nature

® Non-relativistic
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In March 2016...

e 5. Bird et al, 1603.00464
Monochromatic spectrum, extended halo mass function

Most mergings

Tmerg ™ 2le\/IFfDM (Mcrit.halo/4OOM®)_11/21 Gpc_gyr_l A
come from mini-halo
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In March 2016...
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Constraints on PBH abundances

monochromatic
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Constraints on PBH abundances

Monochromatic
monochromatic S PeCtrU m:
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Constraints on PBH abundances

Monochromatic
monochromatic S PeCtrU m:
: PBH-DM looks excluded
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Microlensing constraints
are controversial
and change if
PBH are clustered!
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Constraints on PBH abundances

Dynamical heating of star cluster

Disk accretion with veg = €50

Disk accretion with veg = \/ Cs.00 (V2 )1/2

T
pppr/Me
Poulin, Serpico, Calore, SC, Kohry 170704206

CMB very sensitive to the relative PBH/baryon velocity
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Seven hints for PBH-DM

Hint 2: Star clusters and dynamlcs of fa|nt dwarf gaIaX|es
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Seven hints for PBH-DM

Hint 2: Star clusters and dynamics of faint dwarf galaxies

PBH Dark Matter interaction |V
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Rethinking DM interactions

DM decay in dark radiation DM decay to photons
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