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Baryon asymmetry of the Universe (BAU)

= (6.1440.19) x 107'°. [PDG]
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Sakharov conditions

BAU appearance via elementary particles interactions requires
[A. Sakharov, JETP Lett. 5 (1967) 24]

» IfB, =B fin: NO asymmetry is generated = B-number non-conservation

> IfI'(I = F) = ra— l_-"j): cancellation = C & CP symmetries violation (CPV)

» [ — F; wash out non-conserved B-number = Deviation from thermal
equilibrium
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» [ — F; wash out non-conserved B-number = Deviation from thermal
equilibrium

Standard Model
» Conserves B — L number instead of B and L separatively (plus L, — L, Lt — L)
> Violates C & CP symmetries: | ~ 0.02sin ¢ (for v-sector)

> Has electroweak phase transition of II kind (in thermal equilibrium)

Still, the SM allows to transfer part of L-number to B-number
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Baryogenesis models

» Leptogenesis: heavy Majorana neutrino N;
decay [S. Davidson,E. Nardi Y. Nir Phys. Rept. 466 (2008) 105-177] OT'

OSCIHatiOI’IS [E. Akhmedov, V. Rubakov, A. Smirnov Phys. Rev. Lett. 81 (1998) 1359-1362]

» Electroweak baryogenesis: new scalar fields to make EW
phase transition of I kind . mcponald phys. Lett. B323 (1994 339-346]

» GUT-baryogenesis
o SO(10), etc.
o SU(S) and PBH [p. Hooper, G. Krnjaic PRD 103 (2021) 4, 043504]

» Hawking emission (a.p. polgov, PRD24 1981) 4]
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Black holes in the early Universe (PBH). Why?

James Webb discoveries of galaxies with z 2 5 strengthen models with PBH seeding
galaxies formation.

Region collapses into PBH of M = m?t if Spectra:
[A.Escrivé, C. Germani, R. Sheth, PRD 101 (2020) 4, 044022] » Monochromatic
5 > Log-normal
Fp >0~ 1/3 (0.4)

» Power law

Some mechanisms:

» Inflationary

» Bubbles collision
. 0261 m, My Mp,n My, m,
> Domain walls collapse G
. . 024f
» Equation of state P = wp softening
022 0.1 10 1000 105
T [MeV]

for further reading [B. Carr, E Kiihnel, SciPost Phys. Lect.Notes 48 (2022) 1]

4/14



Outline

» Introduction

> Asymmetry through absorption

» Particle model

» On parameters



Idea

rep=1/H ~ mp /T?

5/14



Idea

» Black hole only has
M,Q,]

5/14



Idea

[A. D. Dolgov, NAP, arXiv:2009.04361]
» Different flow velocity
v_ =vx — Vg ~ €U
¢~ f2-CPV
magnitude in
scatterings

» v_ leadsto
different
numbers
of captured
particles and
antiparticles

> Asymmetry

production can
proceed in thermal
equilibrium
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Motion in the early Universe

X
20 2
Dimensionless variables »
e
& 2 1.6|
x=mi/T, m, = m—,}.(l)
Pl 1.4]
1 2
gy = I — Iy ~ (x/x,) 12
1 ]
- s~ 3 /.2 10 :
1 <0'U> Nyel I Ax /Xa 0 5 10 15 [
x; < 1-PBH appearance time, A= 10-15 0.1\* my
a f ) GeV

> 1 < Taee = 2GM/ cgm — Bondi accretion (green)

» 714 < 11 < ry — free fall (orange)

D, = mp;\/90/8738.(T) ~ 7 x 1077 GeV

6/14



EXp ansion inﬂuence [A.D. Dolgov, NAP, PRD 1048 (2021) 083524]

Universe expansion adds [R.Nandra, A. Lasenby, M. Hobson, MNRAS 422 (2012) 2931]

P4 i+ | gH?r +2j’2 =0, ro<r<rg=1/H, ()

v ={00)n, =1/1]

05
under H ~ Const assumption
0.0
_ 2/3 <3Ht> 3_ 2
7 =, COS , Te =TT 5
2 ¢ S
take into account y#: ro — 1, = re(1 + yt) ”
Generated number per PBH 0 2 4 6 8 10
Np = 47rr e’ ytynx and asymmetry rirg
Hp ~ 0.03€f6Tumpl /m%
Potential for (2) with rg /ry = 0.1
(g = —ia/a® = 1 for relativistic dominated Universe
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Solution applicability: 6H/H ~ Htyp <1 — (r/re)3/2 <1

Dimensionless equation

1 x\* sy

21 !

— — — | = =0.
x“[ +< l 2x)[+[+<xR> T

by x = gtxl(iii)[ — €(3a+1)/2w
can be simplified to

g 2(1+a)

/!
w' =C
w2

7

Emden-Fowler
C=—(10g3*)""

(i —1//5
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Solution applicability: H/H ~ Htep < 1 — (7’/7’6)3/2 <1

Dimensionless equation

1 x\*r

2 ! BH
P+ —=—2x|U4+1+ | — | ==
X <A x) <xa> 212

by x = goc,(iii)[ — §(3a+1)/2w
can be simplified to

g2(1+a)

1
w' =C
w2

4

Emden-Fowler
C=-— (1053”‘)_1

i)y —1//5

Consider 6N = 471r36r ny = 4mrym (T) G5 ox.
At x time particles captured from [y = 1/ f(x) if
[ =1pf(x). Rates are

N’ 3 f'(%)

T (x) = =4nr3Bou(x, ly) = 4mr
ahsl( ) nl(x) g'0 ( 0) gf3(x)
W 2 i 5 5 5 X
For monochromatic population
Xa\3 f'(x)
Ty =T — 333 (1)
abs abs1"PBH € P (x)
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Particles accretion

Hydrodynamic equations

on . _

5 +div{nv} = —Tam(ni — ngq),

v

m + (V, V)V = *Vp - Fgrav — Feosm — v

forY =n/sW), u = 91/9x:

3Y 2uY sxl
! r_ ann 2
Yer(uY)[—?fo o (YYerq),
/ / ny,_ u rx [ x? Iy
L e e T

Newtonian limit holds for x < 27x%/3

(V)Entropy density s = (o + P)/T = % g T3

Particle yield at x=5.7

0 20
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Appropriate model [A. Ambrosone et al, PRD 105 4 (2022) 045001]

-

Lint = — 8&X<P+EX - 85X¢+5X — g;;W*EY

- gYXl/JYX - ggalpEa - g;,cgbl_ac +h.c.

®)

with heavy fermions X, Y, b, scalar fields ¢, i, and SM particles

a,c

F=25 1077 imx=1.3 -102 GeV, M=28 -10° g, 8=1.0 -1072, h = 1079
107°f 1

1078 e 1

th,

S e —
ng'(*)

102k ) = JomR —_—AX)
N(x)

Xe

—26 L L L L ]
e 10° 10!

X

Sterile neutrinos Nj » are more convenient choice

x. — PBH
evaporation
time,

N

2s

A

S

nx +ng

nx —nxg
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CPV in Yukawa model

arises from interference

leading tO [ACFMM, PRD 1054 (2022) 045001]

I 18128} c 2
¢ = m{g 1g12(§b2gb }Im{I} ~ f , (4)
Qa1 27x3/2

kinematic factor 7 includes integration over loop.

There are other possibilities such as ¢pa — ¢c
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Parameter space

» Relatively stable particles are considered
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Parameter space

» Relatively stable particles are considered

8x10°

6x10°

GeV

" 4x10°

m

12107 24107 3107 4107 5107
f

> Annihilation processes freeze-out when
Tonn < H:

3-10'3 GeVv ( f
J—

4
"y 004) <.X'fN].

» To connect asymmetry to SM sector

x

3-1013GeV [ f
my
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Parameter space

» Relatively stable particles are considered

. > Annihilation processes freeze-out when
8x10°

Ton < H:
3-108Gev ( f \* et
3 17 0.04 f

" 4x10°

m

» To connect asymmetry to SM sector

3-108Gev [ f \* = M
-4 -4 -4 -4 -4 . ml 0'13 EW - TEW
1x10 2x10 3x10 4x10 5210 .
f » Effective capture r¢ > A,: PBH

appearance time, x, > /2m1/mj,
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Parameter space

» Relatively stable particles are considered

. > Annihilation processes freeze-out when
8x10°

Ton < H:
3-108Gev ( f \* et
3 S 0.04 f

" 4x10°

m

» To connect asymmetry to SM sector

3-108Gev [ f \* = M
-4 -4 -4 -4 -4 . ml 0'13 EW - TEW
1x10 2x10 3x10 4x10 5210 .
f » Effective capture r¢ > A,: PBH

appearance time, x, > /2m1/mj,
» Single PBH accretion

*3 <90§n<43>e>1/3 &
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Estimation

0t f1 — Hpdp f1 = Lo, Asymmetry evolution Ay, =Y —Y
difi — Hpdpfi = Ty Yoo , ,
dx = —TapsYao — Lann (Yav - qu)/
Normalize BAU on entropy A
. Y,
deHSIty' 5= %g* T3' de = 5rubsYav - rubsAYN - 2rannAYN Yap.

Ay, = (87540.23) x 107", (5)  with 0T ~ &'Typs and Yo = (Y + ) /2

Ay,/Ay,

and also number density,
Y=mn/s,Y=ng/s.In ] -
. 0.0004}

(t,p) = (x,y = p/T) integrated 5 ,,, 5 -
equations are 3 oo %

0.0001 Imwm

0.0000) o.0002
0,Y = —TapsY — T (Y2 — qu), 7 A R

X=my/T

0xY = —Taps Y — Tann (V> = Y7,), R PR

forx, =01, = PPBH/Prel ~ 1074
with Tanp = s xf*/mm? o« 1/x2
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Intermediate conclusions

» Asymmetry production in absorption by PBH does not
require B/L/B — L number non-conservation at the level
of elementary particles interactions

> Accretion in the early Universe is magnified by
decelerated expansion. Seemingly, equation of motion

cannot be exactly solved

» Fluid velocity difference of fermions in Yukawa couplings
is proportional to f2/x3/2
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Supplementary materials



BAU & BBN

Saha equation for Yp = np /ny, (for p+n S 2H+7) Ap = mp +my —mp = 2.22MeV.
A =my —my =1.3MeV.

3/2
YD = §C(3) (mDZT> "y EAD/T YD/YV,(TD) =1 for Hp ~ 10_9 =
T myp Tp ~ 65KeV (Ty ~ 75KeV).

Neutron-proton relation at freeze-out, Tf ~ 0.8 MeV,

Knp(T¢) = na(Ty) /1y (Ty) = e T = 018,
Due to n-decay with T ~ 880s:

K,,p(Tf)rft/Tﬂ
Knp(ITn) = ——————— ~0.14
np( N) 1+K”p(1_e—tN/-r,,)

and

2
Y4 = — ~025
He ™ o (Tn) +1



BAU & CMB

100

- F 0,h-Q, ht/2 1

g [ )
Equation on temperature fluctuation (see g 80 - ]
for instance [S. Davidson, 2008]) @ = AT/ T Q 3 0,0 A

53 i 1 ]

= 60 PN
O+ PO =F, ¢ = [3(1+305/40,)] /2 L

7 40 SV

‘\ 12 2

enhances spectrum odd peaks IR I s T
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1

[S. Dodelson, Modern Cosmology (2003)]



PBHs spectra

Monochromatic spectrum (suitable if AM ~ M)

dnppH
= - 6
3 5(M — My) (6)

Log-normal spectrum (smooth symmetric peak from for example SR inflation)

dn 2 —vyIn(M/My) )

= ‘e
am ~
Power spectrum (from scale-invatiant fluctuations)

dn - 2(1+42w)
atia e Sl 8
am M=y ®)



Scattering & CPT-theorem

CPT + Optical theorem = T'p, o1 n1;p2,09,15.. = rmﬁmrni;ﬂz,*vz,nﬁm where ' —is
transition probability from a given initial state into complete set of final states:

> (X +a—all) = o(X+a— all). If there are states like Y -+ b in «all» then, in
general, 0(X+a— X+all) #c(X+a— X+all).

Thus to make difference in

YoX+a—-X+eo)#£Y o(X+a—X+0)

a.c ac

one needs:
@ Final states without X particle

@ At least two different scattering channels for X



Some details on numerical solution

Solution

Particle yield at x

Solution (without free-fall)

particle yield at x=5.7

B e w w0
Distance /black hole radius

Particle fuid velocity at

® e w0
Distance / black hole radius
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Bondi solution
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