Nor'drra 17Th Sep 2019
Juan Garcia-Bellido
7" IFT-UAM/CSIC Madrid

J

"/



Outline

Observational Cosmology only requires
QM, GR and the SM of particle physics

Thermal history of the Universe

GW signatures of PBH as DM

Hot Spot Electroweak Baryogenesis

Early Galaxy Formation

Long duration microlensing events

PBH clustering and constraints

Conclusions



Inflation

Horizon crossing --

. 1/k fomoving scale  ~T~=<

PBHE BBN rec ao
EW QCD €q

-60 -50 -40 -30 -20 -10
N=In a/a.q
Inflation Radiation Matter A



Hybrid model V(®) Single field
|
V(CD,\.I)) I

) |

b
logP(k)"?  Power spectrum

Wy
10" paoyre = 1O GBLW('96)
2mVe
Quantum fluctuations d_uring inflation \ CGB('15)
may have enough amplitude to 10° \
generate large curvature perturbations. “
-"'(- L(12A4

peak become a broad peak in k.

Quantum diffusion makes a narrow MB | LSS |reion \ \\
= logk



Gravitational Collapse of PBH
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Clustering properties of PBH
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Inflationary predictions

 Wide mass distribution

JGB & Clesse (2017)

* Clusters of PBH: N, ~100-1000 , comoving size ~1mpc

uniform single-mass
IS already ruled out

clustered wide-mass
IS still viable
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Thermal history of the universe

1003 Carr, Clesse, JGB, Kiihnel (2019)
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Thermal history of the unlverse

0341 Carr Clesse JGB Kiihnel (2019)
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Predictions for PBH mass spectrum

Carr, Clesse, JGB, Kuhnel (2019)
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Predictions for PBH mass spectrum

Carr, Clesse, JGB (2019)




VS(f) and 2|h(H)|VF (strain/v'Hz)

LVC BBH events
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Given the present rate O1-02
R ~ 20-100 events/yr/Gpc?
O3 has MANY more events.

LVC test BH mass distribution.

If LIGO detects a single BH with
M <1 Msun or M > 100 Msun

it will necessarily be of
primordial origin, not stellar.

Chirp mass
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10 LVC BBH events (O1+02)

LVC GWTC-1 (2018)

Event ~ m /Mo m/Ms  M/Mo M; /Mo Ea/Moc?)  Cpea/(ergs™) dp/Mpe z
GWI150914 35.674% 30.6:39  28.671¢ 63.1:33 3.6:04 x 10 4307150 0.09+093
GWI151012 23.3*140 13,6741 15.2:20 35.7:92 3.2:98 % 10 1060%32  0.2170%9
GWI151226 13.7:%8  7.7:22  8.9+03 20.5+64 34197 % 10% 4407180 0.09+0%
GW170104 31.0°7%7 20.1%2 21.5*%) 49.1+32 33500 x 10°°  960*H)  0.19:997
GWI170608 10.9733  7.673  7.9%2 17.8%32 3.5M04 % 10°°  320%1%0  0.07:9%2
GW170729 50.6*15% 34.37%)  35.7%¢3 80.37139 42797 x 10°° 2750*130 0.48*0%0
GW170809 352783 23832 2502 56.432 3.5508x 10 9907320 0.20*59
GW170814 30.7-37 253729  24.2°l4 53.432 3.7:04x 10 580710 0.12:903
GW170817 1.46%)1% 1.2700 1.1867 000 <28 >0.1x10° 40710 0.01700
GW170818 355775 26.8743  26.7% 59.8748 34705 x 10 1020739 0.20*007
GW170823 39.671%0 294763 2932 65.670¢ 3.6705 x 10°° 18507840 0.34:013

TABLE III. Selected source parameters of the eleven confident detections. We report median values with 90% credible intervals that include
statistical errors, and systematic errors from averaging the results of two waveform models for BBHs. For GW 170817 credible intervals
and statistical errors are shown for IMRPhenomPv2NRT with low spin prior, while the sky area was computed from TaylorF2 samples. The
redshift for NGC 4993 from [87] and its associated uncertainties were used to calculate source frame masses for GW170817. For BBH events
the redshift was calculated from the luminosity distance and assumed cosmology as discussed in Appendix B. The columns show source frame
component masses m; and chirp mass M, dimensionless effective aligned spin y.q, final source frame mass My, final spin ay, radiated energy
Ea4, peak luminosity /eak, luminosity distance dp, redshift z and sky localization AQ. The sky localization is the area of the 90% credible

region. For GW 170817 we give conservative bounds on parameters of the final remnant discussed in Sec. V E.



23 LVC BBH candidate events (O3

Latest — as of 3 September 2019 15:53:49 UTC
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Black Holes and Neutron Stars
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Rate of merger events
@ LIGO-Virgo
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Effective aligned spin
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PBH are ~ spinless

L~ Mr2w Primordial
BH

Mass

Stellar BH




Primordial Black Holes

Could ALL advLIGO-Virgo events be PBH?

Why do they have masses similar to stellar masses?
If they were PBH, do they constitute ALL of the DM?
Why is Omega_ DM ~ Omega_B within factor 57
Whyis n_DM ~107(-9) n_photon ?

How do they modify galaxy formation?

Can we distinguish their effect on LSS?

Can we detect PBH with microlensing events?

etc...



Origin of PBH mass

Chandrasekhar mass (Pauli exclusion pple)

2\ /]
My, = ;’2 ( I) 1.4 M, W= 2.018

o is the number of electrons per nuclei (1 for hydrogen, 2 for helium)

Mass within the horizon at QCD (causality)
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Hot Spot
Electroweak
Baryogenesis




Matter-radiation equality
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Fraction domains @ PBH formation
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Is this a hint of a common origin?

TNAQCDNQOOMGV = BNano_g if fPBH:]-

Our scenario
JGB, Carr, Clesse (2019)

We propose “hot spot” EWB associated
with localized energy released during
gravitational collapse at PBH formation
In the quark-hadron transition



Electroweak baryogenesis @ QCD

Sakharov conditions: B, &, GP, non-equil.
CP in the SM (CKM matrix)

( C1 —S51C3 —S51S3 \

VoM = | s1c0 1903 — 5983 1983 + Soc3e™

\ S1S9  C189C3 + (9836 (18983 — Coc3e™ )

J = (mg —mg)(my —my)(mg —my)(my, —mQ)(my —mg)(mg —myg) - K

K = ImV,;Vj; ViV = sisa83¢i0003 sind = (3.06 £ 0.2) x 107

J 20.4 GeV \
ocp(T) = iz = < 7 ) K




Electroweak baryogenesis @ QCD

Out-of-equilibrium gravitational collapse

2G MpgH
2

1 1=
Y v

Rg =

n,(z) = 1.59 x 1002732 ¢~ cm 3

Ngas(z) = 1.64 x 10 7% cm ™

AK ~ 1—v Mppn
n, AV ~73(1—~3) N,

3 2
Q x ~ D, AK = §Npk‘BTeﬂ‘ = kpleg = §EO ~ 1TeV

Ey = ~ 10 g.(2)3/% 2752 e* GeV



Electroweak baryogenesis @ QCD

& in the SM: Sphaleron transitions &
chiral anomaly

0.t =0t = =L F,F" = AB=AL=3ANcs

oy T4, T > 200GeV

Esph 3 A _ Espn
const. ( 0 ) my (T)e~ "7 , T <200GeV



Electroweak baryogenesis @ QCD
Putting all together

Asaka et al. (2004)

7 7 arcon
N B ~ Mpart X Fsph(Teﬁ‘) V At X dcp
S S

27 3
Sgas — E g«S Tth Q Tin < Teog

quenching the sphaleron transitions and preventing baryon washout.
For 25 = ng~n, = n°~1

hot spots = Hubble domains that gravitational collapse to PBH



Electroweak baryogenesis @ QCD

“Primordial supernova’
JGB, Carr, Clesse (2019)

-

jets producing
> TeV collisions
+parton showers




Electroweak baryogenesis @ QCD

Baryons irradiate to the rest of the universe

JGB, Carr, Clesse (2019)
® ° ‘
¢ ® d~ B71/3 dr (toep) ~ 1072 light seconds
¢ °
° ® at the speed of light
® ® nlocal ~1 = n ~ B -~ 10—9
o ®
®

baryons radiate away from hot spot until they uniformly
distribute the original BAU to the rest of the universe
well before BB Nucleosynthesis (tggny ~ 1 — 180 s)



History of the Universe
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Early
Galaxy
Formation




Massive PBH = seeds of structure

* Massive primordial black holes with
10?2 Mg< Mpgy <102 Mg , which cluster and
merge and could resolve some of the most
acute problems of ACDM paradigm.

 ACDM N-body simulations never reach the
100 Mg particle resolution, so for them PBH
Is as good as PDM.

« PBH DM paradigm naturally incorporates
all properties of collisionless CDM scenario
on large scales but differs on small scales.
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Long duration
microlensing
events

EROS, OGLE




Microlensing

Gravitational lenses (e.g., brown dwarfs)
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- OGLE3-UL-PARAG2 - candidateBH . - Wyrzykowski (2016)
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Wyrzykowski, Mandel (2019)
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Summary

Constraints
on PBH




PBH constraints

- | femt '—lensing r
i “\
0.100 - § Repe
2 | I ‘\‘ ]
z | w HSC #
< 0010 |! A4
o | ~
]
C |1 “monochromatic”
0.001} |!
, |
|
10—4J" T 10-12 \ 0
10-12 107 0.01 1000.00




0.100 |

freH = QpaH/QpM

1074

107°

PBH constraints

0.010

0.001 &

OGLE .

Femto Kepler
EROS
HSC
window
EGB
“‘wide-mass”
10-17 1012 10~/ 0.01 1000.00 108

HpeH/M,,



z=0

PBH constraints

z=10

z=103

z=1

—

\'\\

| ~
~
| ~
I S
l S
| |

~

04

FIRAS
Planck

|
I
' |
|
\ I
! |
\ |
\ |
\ |
\ |
\
\ |
N |
N |
N
~ |
Se |
N
\




Conclusions

SM physics can explain both DM and BAU.
Smallness of BAU is due to the small number of
Hubble domains that collapse to form PBH.

The quark-hadron QCD transition triggers the
collapse of PBH and BAU via “Hot spot” EWB.
Dark matter density in the form of PBH is then
of the same order as Baryon density.

It also explains why PBH have masses ~ Msun.
The predicted PBH mass distribution (features)
could be measured by LIGO/Virgo in the near future.
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SM Higgs —> Inflaton

!

Dark Matter «<— PBH
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Ezquiaga, JGB, Ruiz Morales (2017)
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Primordial Spectrum PBH

JGB, Ruiz Morales (2017)
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