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Introduction

- LIGO Gravitational Waves from BH Binaries
- Mass and Spin as a hint to PBH nature

Novel scenario

- Solar mass PBH form at quark-hadron trans.

- Gravitational collapse of hot plasma induces
Hot Spot EW baryogenesis at QCD

- Similar density of Baryons and DM = PBH

- Stochastic spectator field = QCD axion

Overview and predictions
Conclusions



10 LVC BHB events (O1+02)
[many more in run O3]

LVC (2018)

Event my /Mo M/Me Xew  Mi/Mo Ewa/(Moc®) Cpear/(ergs™) dyp/Mpc 2 AQ/deg’®
GW150914 35.6*4% 30.6739  28.6°1¢ —0.01013 63.1733 30704 3.6704x 10 4307150 0.09790% 179
GW151012 1o 136l 15220 0.047028 35799 1.5493 3209810 1060%380 0.2179% 1555
GWI151226 13.7:%%8  7.722  89*03  0.18702) 20.5¢4 1.0*0] 3.4*07 % 10°  440*180  0.09*0% 1033
GW170104 31.0°72 20.1%37 21577  -0.04*0) 49.1%3] 22007 335 x 100 960*40  0.19%007 924
GW 170608 7607 79703 0.037)  17.872 0.9%0%  35%4x 10 3207120 0.07°002 396
GW170729 343700 3573 0367020 80.3713 48717 42707 % 10 2750%130 0.487% 1033
GW170809 o 238737 25.0°7F  0.07701°  56.4%33 27708 35708 x 10 9907350 0.207007 340
GW170814 30.7*3) 25330 242%1  0.077017 53.4%2 27705 37704 x 10 58010 0.12700) 87
GW170817 1.275099 1.186°0%01  0.007092 <28 >0.04  >01x10° 4070  0.01700% 16
GW170818 268743 267771 —0.0970)%  59.873% 27003 34703 x10°° 1020730 0.20%007 39
GW 170823 29.4*%3 29.3%2  0.0873 65.67¢ 33708 3.6705x 10 1850*%0 0347017 1651

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
] 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 71; and chirp mass M, dimensionless effective aligned spin y.q, final source frame mass My, final spin a, radiated energy
Eraq, peak luminosity /yeak, luminosity distance d;, redshift z and sky localization AQ. The sky localization is the area of the 90% credible

redshift for NGC 4993 from |

region. For GW 170817 we give conservative bounds on parameters of the final remnant discussed in Sec. V E.
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Given the present rate O1-02
R ~ 20-120 events/yr/Gpc?
soon O3 will have MANY events.

Will test lognormal distribution.
Observed rate of events is OK
with clustered wide-mass distr.

If LIGO detects a single BH with
M < 1Msun it will necessarily be
of primordial origin, not stellar.

Chirp mass
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L\VVC BHB event rate

Merging Event Likglihood, p=25M,,o=05
T~ Clesse & JGB (2016-18)
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Effective aligned spin

mi X1+ M2 X2

Xi =

(8102) DA

A1 =2+ 3m2/2m1

Ay =2+ 3m1/2m2

2

max(A; m3 x1.1, A2 m3 x21)

Effective precession spin

Spin distribution of LVC BHB

LVC (2018)



PBH are ~ spinless

PBH

Mass

Stellar BH




Inflation

Horizon crossing --
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Gravitational Collapse of PBH
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Origin of PBH mass

Chandrasekhar mass (Pauli exclusion)

2\ V]
My, = :’2 ( Z) 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

4T 4 3vh 22
Mpgn = 7 3 P diy = 7y =Y gi/Q(g: few M,

m, t
r = — T ~ AQCD ~ 200 MeV

T
LI range!
efficiency of collapse ~v ~ 0.2 GO range




Origin of PBH mass

Jedamzik (1997)

Softening the equation of state @ QCD

Byrnes et al. (2018)
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Matter-radiation equality

Or Qr - 14g.(x Tg* ) 142
_ B ~10 4 x 10%2
n=-—>~6x10 T=To(l4+z2) = x=
N~ 142
QO
X = S];;“ 1 4 zeq = 3300 (g = 3.36) = X ~ 5.5

Fraction domains @ PBH formation

ﬁ_QPBH_f X 2B ~ XNx
O PBH ~¢) - PBH 149, ()

() 9 .
fPBH: QPBH T~ D B"\J??"\Jlo ) lfprHzl
DM




Is this a hint of a common origin?

T ~ Aqcp ~200MeV = B~n~10"" if fppy =1

Our scenario

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 —5153 \

VerkMm = | S1¢9 1oy — S983€°  ¢1CoS3 + Socz6

\ S1S9  C1S9C3 + (9836 18983 — Coc3€™ /

2 2 2

J = (mt o mg)(m? o mi)<mc — Ty, ;

) (my; = m)(my —mg)(m —myg) - K

K = ImV,;Vj; ViV = sisa83¢10005 sind = (3.06 £ 0.2) x 107>

J 20.4 GeV \
ocp(T') = iz = ( 7 ) K




Electroweak baryogenesis @ QCD

Out-of-equilibrium gravitational collapse

- 2GMpgH
— >

1
=vdy = AK ~ (51) Mhyor = 727MPBH

Rg

n,(z) = 1.59 x 1002732 ¢ % cm =3

Ngas () = 1.64 X 104 273 em ™3

_ AK  1—v Mppn
- n, AV T 42(1—93) N,
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Ey ~ 10 g.(z)3? 2752 e* GeV



Electroweak baryogenesis @ QCD

& in the SM: Sphaleron transitions &
chiral anomaly

aujg:aﬂjgz—Fw/F“U — AB = AL = 3ANcs

ad, T T > 200GeV

Esph 3 4 —ﬁ
const. ( = ) my (T)e "7 , T <200GeV



Electroweak baryogenesis @ QCD
Putting all together

Asaka et al. (2004)

7 Mparton
N B ~ Ppart X Fsph(Teff) V At X dcp
S S

72 3
Sgas — E gxS Tth Q@ Tin < Tem

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

Diffusion to the rest of the universe

® ° ‘
¢ ¢ d~ p71/3 dr (toep) ~ 1072 light seconds
¢ °
P PS speed of sound ¢, = C/\/§
® ® nlocal ~1 = n ~ B -~ 10—9
® o
®

baryons diffuse until they uniformly distribute
the original BAU to the rest of the universe
well before nucleosynthesis (tggn ~ 1 — 180 s)



V(a) [GeV*]

Origin large curvature fluctuations

Stochastic spectator (curvaton) field
QCD axion (strong CP problem)

V(a) = mg" (T)* f3 [1 + cos(a/fa)]

T=150 MeV meff(T)Q _ m?,, (T/TC)—7

— T=125MeV | a

— T<100 MeV

..................... for T > T. ~ 120 MeV

_____________________ ? =m? for T < T,




Origin large curvature fluctuations

QCD axion as spectator field
Mg fo ™~ My fr ~ (135 MeV)?

Those patches in which the axion remains at the top of
its potential will dominate the energy density of the universe

60
2y
the axion will start rolling down the hill
inflating the universe until slow-roll ends at

Gend =~ 2V2 f2/Mp < fo  Mp = Mp /S

1/4
for T'< T, = ( m? f(f) ~ 120 MeV

2
AN ~ ]\J;Q %nd 1.5 for f, < 0.1Mp

P alnl



Coarse-grained multiverse

no Dark Matter Universe Y. — T=150 MeV
. . . . e 0.00008 - T=

Universe with 2 inflation < .. T=125 MeV

phases — T=100 MeV

;;;;; -

slow-ra

h ~1x1018 0 N oixw08
a[GeV] <CL> ~ Qend
Evolution of the stochastic spectator field (eg. QCD axion) in our patch:
0 two-fold | two-fold 2 two-folds 3 two-folds 4 two-folds
1x1073

5%107°6

5 two-folds 6 two-folds 7 two-folds 8 two-folds 9 two-folds

These regions will collapse and form PBH with different masses



Predictions for PBH mass spectrum

1

1 GeV 120 MeV 20 MeV

0.100 -

0.010 ¢

feBH

0.001 -

10_4§

10—5 ‘ L ‘ L ‘ | . T R w
0.01 0.10 1 10 100

Mpgn (Mo)




History of the Universe
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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.



