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Áàðèîííàÿ àñèììåòðèÿ Âñåëåííîé (ÁÀÂ)

ηb ”
nb ´ nb̄
nγ

“ p6.14˘ 0.19q ˆ 10´10. rPDGs (1.1)

[F. Iocco et al Phys. Rept. 472 (2009) 1]

Â ÑÌ íàðóøàþòñÿ B, L ÷èñëà, ïðè
ñîõðàíåíèè B ´ L

Óñëîâèÿ Ñàõàðîâà: ÁÀÂ ìîæåò
âîçíèêíóòü èç âçàèìîäåéñòâèÿ ÷àñòèö,
åñëè åñòü [Sakharov, JETPLett. 5 (1967) 24]

§ Íåñîõðàíåíèå B-÷èñëà

§ Íàðóøåíèå C è CP ñèììåòðèé
(CPV)

§ Îòêëîíåíèå ïðîöåññîâ îò
ðàâíîâåñèÿ

[Planck 2018]
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Ìåõàíèçìû ïîÿâëåíèÿ àñèììåòðèè

§ Ëåïòîãåíåçèñ:

ðàñïàäû [S. Davidson,E.NardiY.Nir Phys. Rept. 466 (2008) 105]

èëè îñöèëëÿöèè [E.Akhmedov,V.Rubakov,A. SmirnovPRL81 (1998) 1359]

òÿæåëîãî Ìàéîðàíîâñêîãî íåéòðèíî Ni

§ Ýëåêòðîñëàáûé áàðèîãåíåçèñ: äîïîëíèòåëüíûå

ñêàëÿðíûå ïîëÿ [J.McDonaldPhys. Lett. B 323 (1994) 339]

§ GUT áàðèîãåíåçèñ:

SOp10q è äð.
SUp5q ñ Ï×Ä [D.Hooper,G.Krnjaic PRD 103 (2021) 4, 043504]

§ Èçëó÷åíèå Õîêèíãà [A.DolgovPRD24 (1981) 4]
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Áàðèîãåíåçèñ ÷åðåç çàõâàò ÷àñòèö [A.Dolgov,NAP, arXiv:2009.04361]

§ ×åðíàÿ äûðà îáëàäàåò òîëüêî M , L, è Q ñ çàõâàòûâàåìûå B,
L ÷èñëà èñ÷åçàþò

§ Ïîòåðÿííîå B ´ B̄ îòëè÷íî îò íóëÿ, åñëè ðàçëè÷àþòñÿ

ñêîðîñòè ïîòîêà N1 è N1: v´ ” v1 ´ v1̄ » ε1vav, ε
1 ă 1

§ Îöåíêà: NB „ 4πr2nv´tH , ηb „ 0.016f6 εPBH
xa

mPl

m
äëÿ

èñïàðèâøèõñÿ Ï×Ä ñ ìîíîõðîìàòè÷åñêèì ñïåêòðîì

§ Ïîÿâëåíèå àñèììåòðèè íå òðåáóåò îòêëîíåíèÿ îò

òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ*
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Îá èñïîëüçóåìûõ ïåðåìåííûõ

x ” m{T

Â ðàäèàöèîííî-äîìèíèðîâàííîé

Âñåëåííîé t “
x2

2m*
“

2.3x2 ˆ 10´33

ˆ

1013 GeV

m

˙2

s

Ïðè pt, pq ñ px, y ” p{T q

L̂ “
B

Bt
´Hp

B

Bp
ñ Hx

B

Bx

§ m* ”
m2

m*
Pl

, m*
Pl “ mPl

b

90{8π3g*pT q « 7ˆ 1017 GeV

§ Íî òåïåðü ñêîðîñòè v “ Br{Bt “
m*
x
Br{Bx

§ Ðàññòîÿíèÿ íîðìèðîâàíû íà ðàäèóñ Ï×Ä íà íà÷àëî àêêðåöèè:
` ” r{rgptinq.
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×åðíûå äûðû â ðàííåé Âñåëåííîé (Ï×Ä)

Ðåãèîí êîëëàïñèðóåò â ×Ä ìàññû

M0 » m2
Plta „ 0.85ˆ 107

´xa

3

¯2
ˆ

1013 GeV

m

˙2

g, (2.1)

ñî âðåìåíåì ïîÿâëåíèÿ xa, åñëè
[A. Escriv�a, C.Germani, R. ShethPRD101 (2020) 4, 044022]

δρ

ρ
ě δc „ 1{3 p0.4q

Åñëè íà÷àëüíî Ï×Ä ðàñïðåäåëåíû
ðàâíîìåðíî, òî õàðàêòåðíîå ðàññòîÿíèå ìåæäó

íèìè λ „ n
´1{3
PBH « 2ε

´1{3
PBH

xax

m*
, ãäå

εPBH ”
ρPBH
ρrel

ˇ

ˇ

ˇ

xa

Ñïåêòðû:

§ Ìîíîõðîìàòè÷åñêèé

§ Ëîã-íîðìàëüíûé

§ Ñòåïåííîé

Âçàèìîäåéñòâèå Ï×Ä íà÷èíàåòñÿ ïðè rH „ λ â xcl „ ε
´1{3
PBHxa
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Ðàííÿÿ ýâîëþöèÿ Ï×Ä (ïî [P. Custodio, J. HorvathGen.Rel.Grav.34, 1895 (2002)])

Èñïàðåíèå è çàõâàò ðåëÿòèâèñòñêèõ ÷àñòèö:

BM

Bt
“ ´αpMq

m4
Pl

M2
` 27πρrel

M2

m4
Pl

. (2.2)

αpMq À 2.4 ¨ 10´3

ρrel “
3

32π

m2
Pl

t2

§ Ðåæèì ýâîëþöèè îïðåäåëÿåòñÿ êðèòè÷åñêîé ìàññîé,
9Mabs{

9Mevap “ pM{Mcq
4

Mc “ 0.03
m2
Pl

T
“

0.9 ¨ 10´6

x

m

1013 GeV
Mhor (2.3)

§ Åñëè M0 ąMc èçíà÷àëüíî ïðîèñõîäèò àêêðåöèÿ ñ ðåøåíèåì (K « 0.04)

M “
M0

1´K M0

m2
Pl
t0

´

1´ t0
t

¯

(2.4)

§ Ïåðåõîä ê èñïàðåíèþ ïðîèçîéäåò

xaccÑev „

˜

K
M0

m2
Plt0

` 1

¸

M0m

0.03m2
Pl

ď 2.4 ¨ 106 x2
a

1013 GeV

m
(2.5)

Â öåëîì, ìîæíî ïðåíåáðå÷ü ýâîëþöèåé Ï×Ä äî àêêðåöèè ÷àñòèö,

ïîëîæèâ rgptinq » rgptaq
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Îáèëèå ÷àñòèö

x À 1: N1 â òåðìîäèíàìè÷åñêîì ðàâíîâåñèè, n » 0.12gT 3

x „ 1: àííèãèëÿöèÿ íà÷èíàåò ïðåîáëàäàòü,

BY

Bx
“ ´

τ0

Yrelx2
pY 2 ´ Y 2

eqq (3.1)

ñ n “ Y s(i), Yrel “ 45ζp3q{2π4 è

τ0 » 2.3 ¨ 1023

c

g*
106.7

xσvy

10´36 cm2

m

1013 GeV
“ 93

ˆ

f

0.1

˙4 1013 GeV

m
(3.2)

â ïîñëåäíåì ðàâåíñòâå xσvy “ f4{m2

§ Ïîñëå xk “
?
τ0 òåìïåðàòóðà ÷àñòèö

T1 9 a´2, ò.å. z ” T1{T “ xk{x

τ0=10
2

τ0=π102

τ0=10
3

0.1 1 10 100 1000

0.0

0.2

0.4

0.6

0.8

1.0

x

Y
/Y

r
e
l

(i)
Ïëîòíîñòü ýíòðîïèè s ”

ρ ` P
T

“
2π2

45
g*T

3
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×àñòèöû â ãðàâèòàöèîííîì ïîëå

§ Ïîòåíöèàëüíàÿ ýíåðãèÿ ìåíÿåò õèìè÷åñêèé ïîòåíöèàë, è

n1eq “ Cneqe
GMm
rT1 “ neqe

x2´x2
a

2z` , (3.3)

z ” T1{Tγ è îïðåäåëèâ C ïî n1eqprHq “ neq

§ Â Ëàãðàíæåâûõ êîîðäèíàòàõ ýâîëþöèÿ Y ,

BY

Bx
“ Y8

Bφpx, `0q

Bx
´

τ0

x2Yrel

ˆ

Y 2 ´ e
x2´x2

a
2z` Y 2

eq

˙

(3.4)

ãäå φpx, `0q � ôàêòîð óâåëè÷åíèÿ ïëîòíîñòè çà ñ÷åò àêêðåöèè

§ Âûáîð ìîäåëè ÷àñòèö âëèÿåò íà äèíàìèêó ñèñòåìû, â ÷àñòíîñòè, íà
z “ zpx, `0q
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Âçàèìîäåéñòâèå Þêàâû

Êîíêðåòíàÿ ðåàëèçàöèÿ ìîäåëè ýëåìåíòàðíûõ ÷àñòèö äëÿ áàðèîãåíåçèñà
÷åðåç çàõâàò âïåðâûå ïðåäëîæåíà â [A.Ambrosone et al PRD105 4 (2022) 045001]:

Lint “ ´fāXφ:āX ´ fc̄Xφ:c̄X ´ fb̄Y φ
:b̄Y ´ fȲ XψȲ X ´ fb̄aψb̄a´ fb̄cψb̄c` h.c. (3.5)

ñ òÿæåëûìè ôåðìèîíàìè X, Y , b, ñêàëÿðíûìè ïîëÿìè φ, ψ è ÷àñòèöàìè ÑÌ
a, c

xe � âðåìÿ
èñïàðåíèÿ
Ï×Ä,

N ”
nX ` nX̄

2s

A ”
nX ´ nX̄

s
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CPV âî âçàèìîäåéñòâèÿõ Þêàâû

ε1 ”
σpX ` aÑ X ` cq ´ σpX̄ ` aÑ X̄ ` cq

σpX ` aÑ X ` cq ` σpX̄ ` aÑ X̄ ` cq
„ f2 (3.6)

âîçíèêàåò èç èíòåðôåðåíöèè äèàãðàìì:

+

ε1 ”
Imtfc1f

˚
12f

˚
b2fbcu

|fa1|
2

ImtIu » f2

?
2πx3{2

, (3.7)

êèíåìàòè÷åñêèé ôàêòîð I âêëþ÷àåò èíòåãðèðîâàíèå ïî

ïåòëå
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Õàðàêòåðíûå âåëè÷èíû

rH “
1

qH
ñ `H „

ˆ

x

xa

˙2

rI “
1

xσvynrel
ñ `I „

x

τ0

x2

x2
a

,

racc “
2GM

c2s,8
ñ `acc » 3`g

τ0=100 τ0=50 τ0=25 τ0=10 τ0=5

1 5 10 50 100 200

3

4

5

6

7

8

9

10

l

x

`I “ `Ipxq äëÿ xσvy “ f4{m2

τ0=10
5 τ0=510

4τ0=2.510
4 τ0=10

4 τ0=510
3

0.5 10 500

3

4

5

6

7

8

9

10

`I “ `Ipxq äëÿ xσvy “ f4{m2x2

τ0 ” 93

ˆ

f

0.1

˙4 1013 GeV

m

§ rI ă racc » 2GM{c2s,8 � àêêðåöèÿ ãàçà
÷àñòèö, ñâÿçàííûõ ñ ïëàçìîé (çåëåíûì)

§ racc ă rI ă rH � àêêðåöèÿ íåçàâèñèìûõ
÷àñòèö (îðàíæåâûì)
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Íüþòîíîâ ïðåäåë

:r ` qH2r `
rg
2r2

“ 0, rg ! r ! rH ” 1{H, (4.1)

ïàðàìåòð çàìåäëåíèÿ q ” ´:aa{ 9a2 “ 1

Ðàäèóñ ðàâíîäåéñòâèÿ ñèë,

re “

ˆ

|q|

2
rgr

2
H

˙1{3

“

ˆ

q2

2
κ
˙1{3

rH , (4.2)

óêàçàí âåðòèêàëüíîé ëèíèåé íà ðèñóíêàõ; κ ” rgH
0.0 0.5 1.0 1.5 2.0

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

r /rg

V
e
ff

Ïîòåíöèàë ñ
κ “ 0.5; 0.2; 0.08; 0.032.

0 1 2 3 4 5

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

r /rg

V
e
ff

0 2 4 6 8 10 12

-0.8

-0.6

-0.4

-0.2

0.0

r /rg

V
e
ff

0 5 10 15 20 25 30
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

r /rg

V
e
ff
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Îáñóæäåíèå óðàâíåíèÿ

:r ` γ 9r ` qH2r `
rg
2r2

“ 0 (4.3)

Â px, `q-ïåðåìåííûõ óðàâíåíèå

x2`2 ` pτ0 ´ 2xq `1 ` ``

ˆ

x

xa

˙4 `g

2`2
“ 0.

çàìåíàìè xÑ ξα, `Ñ ξp3α`1q{2wpξq ñâîäèòñÿ ê

w2 “ ´
1

10ξ4α
a

ξ´
1
2
p1`αq

w2
, α “ 1{

?
5

óðàâíåíèþ òèïà Ýìäåíà-Ôàóëåðà

§ Ñîãëàñíî [Â. Çàéöåâ,À.Ïîëÿíèí, 5-02-014452-5] ñ äàííûìè êîýôôèöèåíòàìè
óðàâíåíèå íå èìååò òî÷íîãî àíàëèòè÷åñêîãî ðåøåíèÿ
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Ïðèáëèæåíèå ïîñòîÿííîãî H

§ Ïðåäïîëîæèì, ÷òî çà âðåìÿ çàõâàòà ïàðàìåòð Õàááëà ìåíÿåòñÿ ñëàáî, Htcap ! 1

§ Çàìåíà ρ “ r{rept0q ïðèâîäèò ê

:ρ` γ0 9ρ`
1

4t20

ˆ

1

ρ2
` ρ

˙

“ 0. (4.4)

Â îòñóòñòâèå òðåíèÿ ðåøåíèå ñ 9ρpρ0q “ 0

t “ ´

ż ρ

ρ0

?
2t0dρ

c

1
ρ
´ 1
ρ0
`
ρ20
2
´
ρ2

2

(4.5)

§ Äëÿ r0 ă re ïðèáëèæåííîå ðåøåíèå

t “
?

2t0ρ
3{2
0 P1

„

f1

ˆ

ρ

ρ0

˙

` f2

ˆ

ρ

ρ0

˙

“

d

r3
0

rg

ˆ

1´ 0.18
r3
0

2rgt20

˙

»

–

d

r

r0
´

ˆ

r

r0

˙2

` arctg

c

r0

r
´ 1

fi

fl

(4.6)
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Îáñóäèì ðåøåíèå

t “

d

r3
0

rg

ˆ

1´ 0.18
r3
0

2rgt20

˙

»

–

d

r

r0
´

ˆ

r

r0

˙2

` arctg

c

r0

r
´ 1

fi

fl

§ Â ïðåäåëå P1
t0Ñ8
ÝÝÝÝÑ 1 ðåøåíèå

ñâîäèòñÿ ê ãðàâèòàöèè

§ Ïðîâåðèì ïðèáëèæåíèå â
ïðåäåëå r0 “ re " rg :

H0tcap »
1
?

2
¨ 0.82 ¨

π

2
“ 0.91

1.0 1.2 1.4 1.6 1.8 2.0

0

1

2

3

r /rg

c
(t
-
t 0
)/
r g

ñèíèì � ðåøåíèå ñ ïàðàìåòðàìè

ct0{rg “ 2, 3, 4, 5; ÷åðíûì ïóíêòèðîì �

ðåøèíèå â ãðàâèòàöèè
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Äâèæåíèå â îáëàñòè r0 ą rept0q

§ H “ Const óæå íå ãîäèòñÿ. Ðàññìîòðèì çàìåíó

ρ “ r{reptq,

t2 :ρ`

ˆ

4

3
t` γptqt2

˙

9ρ`

ˆ

1

36
`

2

3
γptqt

˙

ρ`
1

4ρ2
“ 0 (4.7)

§ Äëÿ ρ0 Á 2 ρ 9 t´1{6 ïðèâîäèò ê r 9 t1{2, ò.å. ÷àñòèöû
ïðèñîåäèíÿþòñÿ ê ïîòîêó Õàááëà

§ 1 ă ρ0 ă 2: ïëàâíûé ïåðåõîä îò ïðèòÿæåíèÿ ê

îòòàëêèâàíèþ. Ïðåäïîëîæèì, ÷òî â öåëîì ÷àñòèöû

ïîêîÿòñÿ

§ Òðåíèå ñìåùàåò òî÷êó, ãäå ÷àñòèöû óëåòàþò ïðî÷ü

§ reptq 9 t2{3, ïîýòîìó çîíà, â êîòîðîé Ï×Ä ïðèòÿãèâàåò

ðàñòåò
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Îïèñàíèå àêêðåöèè

Â êîîðäèíàòàõ Ëàãðàíæà: Â êîîðäèíàòàõ Ýéëåðà:

Ïðè ñîõðàíåíèè ÷àñòèö â

îáúåìå 4πnpt, r0qr
2dr “

4πnpt0, r0qr
2
0dr0:

npt, r0q “ n8φpt, r0q (4.8)

ãäå φpt, r0q ”
r2

0

r2

N

Br

Br0

ˇ

ˇ

ˇ

ˇ

t

Ðåøåíèå óðàâíåíèé

ãèäðîäèíàìèêè:

Bn

Bt
` divtnvu “ 0,

Bv

Bt
` pv,∇qv “ ´∇p` F
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Àêêðåöèÿ â ïîëå ãðàâèòàöèè

Òåìïû çàõâàòà 9Nabs “ 4πr2
gnprg, tqvprg, tq. Èñïîëüçóÿ (4.8)

9Nabs “ 4π r2
0n8

N

Btpr, r0q

Br0

ˇ

ˇ

ˇ

ˇ

r“rg

(4.9)

Â òî÷êå òðàåêòîðèè r “ rg , tcap “ tprg , r0q. Ìîæåì ðàññìàòðèâàòü
tcap “ tcappr0q, ëèáî r0 “ r0ptq � ñ êàêîãî íà÷àëüíîãî ðàññòîÿíèÿ ÷àñòèöû
ïåðåñåêàþò ãîðèçîíò â ìîìåíò t

§ Â ïîëå ãðàâèòàöèè ctcap »
π

2

d

r3
0

rg

9Nabs “
25

3π
rgc

2tn8 (4.10)

§ M “

M0 ˆ exp

#

4 ¨ 10´15 m

GeV

n8

108 m´3

ˆ

t

yr

˙2
+

100 105

1

5

10

50

t , years

M
/M

0
Ðîñò ×Ä ïðèâåäåò ê àêêðåöèè

Áîíäè è óìåíüøåíèþ òåìïîâ

ðîñòà ×Ä

18 / 24



Àêêðåöèÿ â ðàííåé Âñåëåííîé

0 200 400 600 800 1000

2

4

6

8

x

M
/M

0

Ïðè xfo À 3

8 10 12 14

1.00000

1.00001

1.00002

1.00003

1.00004

1.00005

Ïðè Y “ Yeqpxq

Â ðàñøèðÿþùåéñÿ Âñåëåííîé:
npt, r0q Ñ Y px, `0q è

B`g

Bx
“ 8`20Y8

x4
a

x2

N

Bx2

B`0

ˇ

ˇ

ˇ

ˇ

`“`g

(4.11)

`g ”M{M0,

x2
cap „ x2

0 ` πx
2
a

d

`30
`g

„

1´ 0.36
`30x

4
a

`gx4
0



(4.12)

ãäå x0 “ xin äëÿ r0 ă reptinq, ëèáî

x0 „ xin x{x
*
cap
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Ó÷åò òðåíèÿ

§ Ðàññìîòðèì óðàâíåíèå íà w “ t1pρq{t0:

w1 ´
ε

2κ
w2 ´

1

4ρ2
w3 “ 0 (4.13)

2γ0t0 “ ε{κ “ τ0{x0 ą 1, ε ” rg{rfreept0q ă 1

§ Èñïîëüçóåì w “ wp0q ` εwp1q:

wp1q
1
´

3

4ρ2
wp0q

2
wp1q ´

ε

κ
wp0qwp1q “

1

2κ
wp0q

3
(4.14)

wp0q ”
?

2 p1{ρ´ 1{ρ0q
´1{2, wp1qpρ0q “ 0

§ Ðåøåíèå íóæíî ðåãóëÿðèçîâàòü (q ” ρ{ρ0)

lim
εÑ0

ż wp1q

0

du

u` ε
´

3

2

ż 1

q

Bq̃

q̃p1´ q̃ ` εq
“ ln

wp1q

pq ´ q2q3{2
´ ln ε´1{2 (4.15)
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Ðåøåíèå

wp1q “ eF `
1

2κ

ż ρ

ρ0

eFwp0q
2
dρ

ãäå

eF “ f3
1

ˆ

ρ

ρ0

˙

e2γ0t
p0qpρq (4.16)

Îöåíèì èíòåãðàë ìåòîäîì Ëàïëàñà,
ïîñêîëüêó
?

2ρ
3{2
0

τ0
x0
pf1 ` f2q À

2
3
`
3{2
0 pf1 ` f2q.

Ââåäåì ρp » 2.5ρ0{p3` τ0ρ
3{2
0 {

?
2x0q è

f1p ” f1pρp{ρ0q.
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r /rg
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1.00
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1.25

x
M

/M
0

τ0 “ 102, 103, 2 ¨ 103

tp1q „

$

’

’

&

’

’

%

x20
τ02 f

3
1

´

ρ
ρ0

¯

e2γ0t
p0qpρq, ρ ą ρp,

b

πx0
τ0

ρ
3{2
p

ρ
1{4
0

˜

ρp `

c

x30ρ
1{2
0 f1p

πτ03ρ3p
´ ρ

¸

f
5{2
1p e

2γ0t
p0qpρpq, ρ ă ρp

(4.17)
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Ýâîëþöèÿ àñèììåòðèè

Ðàçíîñòü òåìïîâ çàõâàòà ÷àñòèö,
BNR

Bx
“
BN

Bx

ξp1q

ξp0q
2ε1ε

1` εξp1q{ξp0q
,

ξpiq ” Bxpiq
2
{B`0

ˇ

ˇ

ˇ

`“`g
, ε ” rg{rfree, ε

1 9 f2 è

BN

Bx
“
M0

m

B`g

Bx
“ 5 ¨ 1016x2

a

ˆ

1013GeV

m

˙3
Blg

Bx
(4.18)

Äëÿ ìîíîõðîìàòè÷åñêîãî ñïåêòðà Ï×Ä

B∆R

Bx
“
BNR

Bx

nPBH

s
„

2.7Ta

M
εPBH

BNR

Bx

“
2.7

xa
εPBH

2ε1εξp1q

ξp0q ` εξp1q
B`g

Bx

(4.19)
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x

Δ
R

èëëþñòðàöèÿ ïðèâåäåíà äëÿ: f “ 0.1, m “ 1013 ÃýÂ, εPBH “ 10´4
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Îá àêêðåöèè ñ äàâëåíèåì

§ Ó÷åò äàâëåíèÿ âàæåí íà ïåðâûõ ýòàïàõ àêêðåöèè ïðè

áîëüøèõ âåëè÷èíàõ τ0

§ Ïîñëå x » p3`gτ0x
2
aq

1{3 ÷àñòèöû íà÷èíàþò íåçàâèñèìî

ïàäàòü â ÷åðíóþ äûðó

§ Ñîãëàñíî [R.Nandra,A. Lasenby,M.HobsonMNRAS422 (2012) 2931]

äàâëåíèå

P “ ρptq

˜

1
a

1´ 2GM{r
´ 1

¸

(4.20)

îáðàùàåòñÿ â áåñêîíå÷íîñòü ó ãîðèçîíòà ñîáûòèé, ÷òî

äîïîëíèòåëüíî ïîäàâëÿåò òåìïû àêêðåöèè äî xff

§ Â áîëåå ðàííèå ìîìåíòû àííèãèëÿöèÿ áîëåå

ñóùåñòâåííî âëèÿåò íà îáëàñòü ïîâûøåííîé ïëîòíîñòè
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Îáñóæäåíèå

§ Äâèæåíèå îïðåäåëÿåòñÿ re “ prgr
2
H{2q

1{3

§ Ðîñò Ï×Ä â ðàííåé Âñåëåííîé íà÷èíàåòñÿ â xff ñ
íåçàâèñèìîãî ïîãëîùåíèÿ ÷àñòèö

§ Îòíîñèòåëüíûå òåìïû ðîñòà Ï×Ä çàâèñÿò íå îò ìàññû

÷àñòèö, à îò âðåìåíè çàìîðîçêè

§ Òðåíèå îñëàáåâàåò ñî âðåìåíåì, ïîýòîìó íàêîïëåíèå

àñèììåòðèè ïðîèñõîäèò ïðè x „ xff
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Äîïîëíèòåëüíûå ìàòåðèàëû



Î òðåíèè

§ ¾Ôåíîìåíîëîãè÷åñêàÿ¿ ìîäåëü:

xσvys “ f4{m2 “ xσvya, ε
1 „ f2

§ Ôåðìèîí-ôåðìèîííîå ðàññåÿíèå:

xσvy “ f4{m2x2, ε1 À f2{
?

2πx3{2

§ Ðàññåÿíèå ôåðìèîíà íà ñêàëÿðå

xσvy „ f4{m2, âîçìîæíî ðåçîíàíñíîå óñèëåíèå

ε1 [W.BuchmullerM.Plumacher Phys.Lett.B431 (1998) 354]



Óðàâíåíèå äâèæåíèÿ (ïî [R.Nandra,A. Lasenby,M.HobsonMNRAS422 (2012) 2931])

Ìåòðèêà ÌàêÂèòòà (k “ 0)

ds2 “

˜

1` GM
2ar̄

1´ GM
2ar̄

¸

dt2 ´

ˆ

1`
GM

2ar̄

˙4

a2pdr̄2 ` r̄2dΩq (6.1)

Â ëîêàëüíî-èíåðöèîííîé ñèñòåìå êîîðäèíàò, r “

ˆ

1`
GM

2ar̄

˙2

ar̄ ìåòðèêà

èìååò âèä

ds2 “

„

1´
2GM

r
´ r2H2



dt2 `
2rH

b

1´ 2GM
r

drdt´

ˆ

1´
GM

r

˙´1

dr2 ´ r2dΩ (6.2)

Òîãäà óðàâíåíèå ãåîäåçè÷åñêîé (L “ 0)

:r `
rg

2r2
` qH2r `

´

r1´ qsrH ´
rg

r

¯ κ
2
´

rg
r
´ 2r2H2

2

¨

˝

9r
b

1´
rg
r

´Hr

˛

‚

2

´
qκ2

8
“ 0 (6.3)

ñ κ ” rgH è ïàðàìåòðîì çàìåäëåíèÿ q ” ´:aa{ 9a2 “ 1 äëÿ ÐÄ-Âñåëåííîé



Çàâèñèìîñòü `0 îò x

§ ×àñòèöû ñ `0 “ `epxinq ïåðåñåêóò ãîðèçîíò â ìîìåíò

xic “ xin

b

1` 0.82π{
?

2

§ Ïîñëå ýòîãî áóäóò ïðèõîäèòü ÷àñòèöû, íà÷àâøèå äâèæåíèå ïîçæå:
x0 “ xin x{xic (èç óðàâíåíèÿ `0pxq “ `epx0q)

§ Ïðèáëèæåííîå âûðàæåíèå äëÿ `0 “ `0pxq

`0 « 1`

„

`gpx2 ´ x2
0q

2

π2x4
a

1{3 ˆ

1`
0.24px2 ´ x2

0q
2

π2x4
0 ´ 1.08px2 ´ x2

0q
2

˙

(6.4)
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Ïåðâîå èíòåãðèðîâàíèå

íàéäåì ïðèáëèæåííîå çíà÷åíèå

ż ρ

ρ0

eFwp0q
2
dρ:

$

’

&

’

%

x0

τ0ρ
1{2
0

ρf1pρ{ρ0qexp
!?

2 τ0
x0
ρ

3{2
0 pf1pρ{ρ0q ` f2pρ{ρ0qq

)

, ρ ą ρp

b

πx0
τ0

ρ
3{2
p

ρ
1{4
0

f
5{2
1 pρp{ρ0qexp

!?
2 τ0
x0
ρ

3{2
0 pf1pρp{ρ0q ` f2pρp{ρ0qq

)

, ρ ă ρp
(6.5)

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

200000

400000

600000

800000

0.0 0.2 0.4 0.6 0.8

0

5.0×1012

1.0×1013

1.5×1013

2.0×1013

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

2×1021

4×1021

6×1021

8×1021

1×1022

Ñðàâíåíèå ñ ÷èñëåííûì âû÷èñëåíèåì äëÿ τ0 “ 100, x0 “ 5, ρ0 “ 0.6, 0.9, 1.2



Scattering & CPT-theorem

Optical theorem:

Γp1,σ1,n1;p2,σ2,n2... “ Γp1,´σ1,nc1;p2,´σ2,nc2...

where Γ... � is transition probability from a given initial state

into complete set of �nal states.

To make di�erence in
ÿ

a,c

σpX ` aÑ X ` cq ‰
ÿ

a,c

σpX̄ ` aÑ X̄ ` cq

apart from X ` aÑ X ` c should be channels without X
particle in �nal state, like X ` aÑ Y ` b


	
	  
	
	
	
	Supplementary materials

