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Ñèíòåç ãåëèÿ

Òåðìîäèíàìè÷åñêè âûãîäíûì ÿâëÿåòñÿ ïðîäîëæåíèå
ñèíòåçà D äî 4He.

p + n → D + γ

D + p → 3He + γ
D + D → 3He + n
D + D → T + p
3He + n → T + p

T + D → 4He + n
3He + D → 3He + p

(7.1)

Êîíöåíòðàöèÿ àäðîíîâ, ñâÿçàííûõ â ÿäðå (A,Z)
(ôîðìóëà (6.75)):

XA = gAX
Z
p X

A−Z
n 2−AA5/2ηA−1

B

(
2.5T

mp

)3
2(A−1)

e∆A/T

(7.2)

Îöåíèì ðàâíîâåñíûå êîíöåíòðàöèè âñåõ ïðî÷èõ
ÿäåð, ñ÷èòàÿ, ÷òî êîíöåíòðàöèÿ 4He ∼ 1
Èç (6.75):

X4He ∼ X2
pX

2
nη

3
B

(
2.5TNS
mp

)9/2

e∆4He/TNS (7.3)

Ñ÷èòàåì X2
p ∼ 1, âûðàæàåì Xn:

Xn ∼ X
1/2
4Heη

−3/2
B

(
2.5TNS
mp

)−9/4

e−∆4He/2TNS (7.4)

Ïîäñòàâëÿåì Xn â (6.75) äëÿ ïðîèçâîëüíîãî ÿäðà
(A,Z), ñ÷èòàÿ Z4He ∼ 1:

XA ∼

[
ηB

(
2.5TNS
mp

)3/2
] 3

2Z−
1
2A−1

×

× exp

(
∆A −∆4He(A− Z)/2

TNS

)
≈

≈ 107.4(A+2−3Z) exp

{
(A− Z)[∆A/(A− Z)−∆4He/2]

T

}
(7.5)

Òîëüêî äëÿ 4He ýêñïîíåíòà ∼ 1.
Äëÿ âñåõ äðóãèõ ÿäåð

∆A/(A− Z)−∆4He/2 < 0 (7.6)

è ýêñïîíåíòà î÷åíü ìàëà.
Ïðè TNS = 65êýÂ èç (7.5):

XD ∼ 10−79, X3H ∼ 10−118, . . . (7.7)

Ýòî ðàâíîâåñíûå êîíöåíòðàöèè, íî â äåéñòâèòåëüíî-
ñòè äëÿ áîëüøèíñòâà ðåàêöèé ðàâíîâåñèÿ íåò.
Íî êà÷åñòâåííûé âûâîä âåðåí � 4He ñèëüíî ïðåîáëà-
äàåò èç-çà âûñîêîé ýíåðãèè ñâÿçè íà íóêëîí.



Îñòàòî÷íàÿ êîíöåíòðàöèÿ 4He

Âñå íåéòðîíû, íå ðàñïàâøèåñÿ ê tNS = 4.5ìèí, âõî-
äÿò â 4He.

n4He(tNS) =
1

2
nn(tNS) (7.8)

nn(tNS)

np(tNS)
∼= 0.2 · e−tNS/τn ≈ 1

7
(τn = 886 ñåê) (7.9)

Ìàññîâàÿ äîëÿ 4He:

X4He =
m4Hen4He

mp(np + nn)
=

4 · 1
2nn(tNS)

np + nn
=

=
2

np(tNS)

nn(tNS) + 1
≈ 25% (7.10)



Òåìíàÿ ìàòåðèÿ

Ñêîðîñòè ãàëàêòèê â ñêîïëåíèÿõ Ôðàíö Öâèê-
êè, 1937. Ñêîïëåíèå Êîìà (Âîëîñû Âåðîíèêè): Ìàññà
ñêîïëåíèÿ â äåñÿòêè ðàç ïðåâûøàåò ìàññó âèäèìîãî
âåùåñòâà. ¾Òåìíàÿ ìàòåðèÿ¿ � òåðìèí Öâèêêè.
F. Zwicky. 1937, ApJ, 86, 217.

Ïëîñêèå êðèâûå âðàùåíèÿ ãàëàêòèê

Îæèäàåòñÿ V ∝
√
R

Tóìàííîñòü Àíäðîìåäû (Õîðåñ Áýáêîê, 1939)

Ìëå÷íûé Ïóòü



Ñèëüíîå ãðàâèòàöèîííîå ëèíçèðîâàíèå ñêîï-
ëåíèÿìè ãàëàêòèê

Äàåò ðåçóëüòàòû, ñîãëàñóþùèåñÿ ñ èçìåðåíèåì ñêî-
ðîñòåé â ñêîïëåíèÿõ ãàëàêòèê.

Ñêîïëåíèè ãàëàêòèê Abell 1689. Ñíèìîê êîñìè÷åñêî-
ãî òåëåñêîïà Õàááë (HST). Ãàëàêòèêè ñàìîãî ñêîïëå-
íèÿ èçîáðàæåíû æ¼ëòûì öâåòîì. Ãàëàêòèêè íà çàä-
íåì ôîíå (ñèíèå è êðàñíûå) èçîãíóòû â äëèííûå äó-
ãè.

Óäåðæàíèå ãîðÿ÷åãî ãàçà ýëëèïòè÷åñêèìè ãà-
ëàêòèêàìè

Ýëëèïòè÷åñêàÿ ãàëàêòèêà ESO 325-G004
Ãðàâèòàöèîííîãî ïîëÿ îäíèõ òîëüêî çâåçä è ãàçà
íåäîñòàòî÷íî äëÿ óäåðæàíèÿ ãîðÿ÷åãî ãàçà ýëëèïòè-
÷åñêîé ãàëàêòèêè.



Êàðëèêîâûå ãàëàêòèêè íèçêîé ïîâåðõíîñòíîé
ÿðêîñòè

Ñîñòîÿò íà > 95% èç íåâèäèìîãî âåùåñòâà.

Êàðëèêîâàÿ íåïðàâèëüíàÿ ãàëàêòèêà â Ñòðåëüöå.



×òî òàêîå òåìíàÿ ìàòåðèÿ?

MOND (MOdi�ed Newtonian Dynamics) è äðóãèå
ìîäèôèöèðîâàííûå òåîðèè ãðàâèòàöèè.

Òåìíàÿ ìàòåðèÿ � íå ìàòåðèÿ, à ìîäèôèêàöèÿ çà-
êîíà òÿãîòåíèÿ ïðè ìàëûõ óñêîðåíèÿõ/áîëüøèõ ðàñ-
ñòîÿíèÿõ.
Ïðîáëåìà: íåäîñòàòî÷íàÿ óíèâåðñàëüíîñòü.
• Öåíòð òÿãîòåíèÿ âñåãäà äîëæåí áûòü ñîâìåùåí ñ
öåíòðîì ìàññ áàðèîííîé ìàòåðèè, ÷òî èíîãäà íå òàê
(íàïðèìåð, â ïàðàõ âçàèìîäåéñòâóþùèõ ãàëàêòè÷å-
ñêèõ êëàñòåðîâ).
• Îòíîøåíèå ãðàâèòèðóþùåé ìàòåðèè ê áàðèîííîé
ìàòåðèè äîëæíî áûòü ïîñòîÿííûì, ÷òî íå òàê.

Òåìíàÿ ìàòåðèÿ � ¾ìàòåðèÿ¿

• Íåáàðèîííàÿ. Êðóïíûå îáúåêòû äàâàëè áû èí-
òåíñèâíîå ìèêðîëèíçèðîâàíèå, ìåëêèå îáúåêòû
� èíòåíñèâíîå ïîãëîùåíèå è ðàññåÿíèå ñâåòà.

• Ýëåêòðè÷åñêè íåéòðàëüíàÿ. Çàðÿæåííàÿ òåìíàÿ
ìàòåðèÿ èíòåíñèâíî èçëó÷àëà áû èëè ïîãëîùà-
ëà ý.ì. èçëó÷åíèå. Êîëëàïñèðîâàëà áû â êðóïíûå
îáúåêòû.

• Åñëè ýòî ÷àñòèöû, òî âçàèìîäåéñòâóþò òîëü-
êî ñëàáî è ãðàâèòàöèîííî � WIMPû (Weakly
Interacting Massive Particles) â øèðîêîì ñìûñëå.

Õîëîäíàÿ, òåïëàÿ è ãîðÿ÷àÿ ÒÌ

• Õîëîäíàÿ òåìíàÿ ìàòåðèÿ. Âûõîä èç òåðìîäè-
íàìè÷åñêîãî ðàâíîâåñèÿ ïðè òåìïåðàòóðå Tf <
MX . Èìååò ìåñòî äëÿ mX & 30ÊýÂ. WIMPû
(Weakly Interacting Massive Particles) â óçêîì
ñìûñëå.

• Òåïëàÿ òåìíàÿ ìàòåðèÿ. Ìàññû ìåæäó ∼1 ýÂ è
30ÊýÂ. ×àñòèöû íå ÿâëÿþòñÿ ðåëÿòèâèñòñêèìè
íà ìîìåíò ïåðåõîäà îò ÐÄ ê ÌÄ ñòàäèè (Teq ∼
1 ýÂ), íî ÿâëÿþòñÿ ðåëÿòèâèñòñêèìè íà ìîìåíò
çàìîðàæèâàíèÿ.

• Ãîðÿ÷àÿ òåìíàÿ ìàòåðèÿ. MX < 1 ýÂ. ×àñòèöû
ÓÐ íà ìîìåíò ïåðåõîäà îò ÐÄ ê ÌÄ ñòàäèè.



Îãðàíè÷åíèå ïî ìàññå äëÿ ÷àñòèö òåïëîé òåì-
íîé ìàòåðèè

Â äèàïàçîíå òåìïåðàòóð MX < T < Tf ÷àñòèöû óæå
ñâîáîäíû, íî åùå ðåëÿòèâèñòñêèå.
Ýòî ïðèâîäèò ê ñãëàæèâàíèþ íà÷àëüíûõ íåîäíî-
ðîäíîñòåé ÒÌ (¾ïåðåìåøèâàíèå¿) ⇒ àìïëèòóäû
âîçìóùåíèé íà ìàëûõ ìàñøòàáàõ ìàëû.

Ïåðåìåøèâàíèå ïðåêðàùàåòñÿ ïðè T ∼MX .
Ðàçìåð ãîðèçîíòà íà ýòîò ìîìåíò îïðåäåëÿåò ðàçìåð
îáëàñòåé ñåé÷àñ, ãäå âîçìóùåíèÿ ïîäàâëåíû.

Ò.ê. äëÿ òåïëîé ÒÌ ïåðåìåøèâàíèå êîí÷àåòñÿ íà ÐÄ
ñòàäèè ⇒

lHor ∼
1

H
=
M ∗

Pl

T 2
∼ M ∗

Pl

M 2
X

(7.11)

Ýòîò ðàçìåð ñåé÷àñ:

lHor,0 = lHor(1 + z) = lHor
T

T0
∼ M ∗

Pl

MXT0
(7.12)

Ýëåêòðîíû óæå íåðåëÿòèâèñòñêèå:

g∗ = 2 +
7

8
· 3 · 2 ·

(
4

11

)4/3

= 3.36⇒ (7.13)

M ∗
pl =

MPl

1.66
√
g∗

= 4 · 1018 ÃýÂ. (7.14)

MX ∼ 1 ýÂ⇒ lHor,0 ∼ 100Ìïê (7.15)

� ñëèøêîì ìíîãî.

MX ∼ 1 êýÂ⇒ lHor,0 ∼ 0.1Ìïê (7.16)

� ðàçóìíî, ò.ê. ïðèâîäèò ê ñòðóêòóðàì òèïà êàðëè-
êîâûõ ãàëàêòèê ⇒

MX & 1 êýÂ (7.17)

Òåïëàÿ òåìíàÿ ìàòåðèÿ 1 êýÂ < MX < 30 êýÂ íå èñ-
êëþ÷åíà!
Íî ïðåäïî÷òèòåëüíîé ñ÷èòàåòñÿ õîëîäíàÿ òåìíàÿ ìà-
òåðèÿ MX > 30 êýÂ

Îãðàíè÷åíèå ñâåðõó íà ìàññó ¾÷àñòèö¿:
MX . 103M� � ïî ðàçðóøåíèþ çâåçäíûõ ñêîïëåíèé.

Ïðîáëåìà êàñïîâ õîëîäíîé òåìíîé ìàòåðèè

Òåìíàÿ ìàòåðèÿ äîëæíà êîíöåíòðèðîâàòüñÿ â êîì-
ïàêòíûõ ñãóùåíèÿõ ñ ¾ñèíãóëÿðíîñòÿìè¿ â öåíòðå
(cusps, êàñïû), íî íèêàêèõ ïðèçíàêîâ êàñïîâ â Ãà-
ëàêòèêå íå îáíàðóæåíî.



Çàêàëêà òåìíîé ìàòåðèè

Ïðåäïîëîæåíèÿ:
• X ñòàáèëüíû
• Íàõîäÿòñÿ â ðàâíîâåñèè äî òåìïåðàòóð T < MX

• nX − nX̄ = 0⇒ µX = µX̄ = 0

Ïðè T < MX , â ðàâíîâåñèè

nX = nX̄ = gX

(
MXT

2π

)3/2

e−MX/T (7.18)

Óìåíüøåíèå ÷èñëà ÷àñòèö ÒÌ â ñîïóòñòâóþùåì îáú-
åìå âîçìîæíî òîëüêî çà ñ÷åò àííèãèëÿöèè:
X + X̄ → ëåãêèå ÷àñòèöû.

Ïîñëå îêîí÷àíèÿ àííèãèëÿöèè êîëè÷åñòâî ÷àñòèö â
ñîïóòñòâóþùåì îáúåìå ïîñòîÿííî (ñ òî÷íîñòüþ äî
âîçìîæíîãî ðàñïàäà X). Tf =?

Âðåìÿ ïðîáåãà äî àííèãèëÿöèè

τ =
1

nX

1

〈σannv〉
(7.19)

Óñëîâèå çàìîðàæèâàíèÿ ÷èñëà ÷àñòèö X :

τ (Tf) =
1

nX(Tf)

1

〈σann(Tf)v(Tf)〉
=

1

H(Tf)
(7.20)

Àííèãèëÿöèÿ â s-âîëíå (çàêîí Áåòå):

σann(v) =
σ0

v
; σ0 = const⇒ 〈σannv〉 = σ0 ⇒ (7.21)

1

nX

1

σ0
=

1

H(Tf)
=

(
T 2
f

M ∗
pl

)−1

(ÐÄ ñòàäèÿ!) (7.22)

Ïîäñòàâëÿåì â (7.18):

1

σ0

1

gX

(
2π

MXTf

)3/2

eMX/Tf =
M ∗

Pl

T 2
f

⇒ (7.23)

MX

Tf
= ln

[
gX

(2π)3/2
σ0MXM

∗
Pl ·
(
MX

Tf

)1/2
]

(7.24)

Óðàâíåíèå òèïà
x = ln(Axα) (7.25)

A =?
Îáëàñòü âçàèìîäåéñòâèÿ a2 ∼ σ0

a ∼ λC(MX) =
1

MX
⇒

⇒ σ0MXM
∗
Pl ∼

M ∗
Pl

MX
& 1013; ln(A) & 30 (7.26)

Ðåøàåì (7.25) ìåòîäîì èòåðàöèé, α = 1/2:

x0 = 1 (7.27)
x1 = ln(A) (7.28)
x2 = ln(A) + 0.5 ln(ln(A)) (7.29)

0.5 ln(ln(A)) ∼ 1.5 ⇒ ìîæíî îãðàíè÷èòüñÿ ïðèáëè-
æåíèì x1 (¾ðåøåíèå â ëîãàðèôìè÷åñêîì ïîðÿäêå¿)
⇒

MX

Tf
≈ ln

[
gX

(2π)3/2
σ0MXM

∗
Pl

]
⇒ (7.30)

Tf =
MX

ln

[
gX

(2π)3/2
σ0MXM

∗
Pl

] (7.31)



Tf =
MX

ln

[
gX

(2π)3/2
σ0MXM

∗
Pl

]
(7.32)

Çíàìåíàòåëü & 30 ⇒ Tf � MX ⇒ ÒÌ äåéñòâèòåëü-
íî õîëîäíàÿ.

Íàéäåì nX , íî íå áóäåì ïîëüçîâàòüñÿ (7.18), ò.ê. Tf
â (7.32) ïîëó÷åíî òîëüêî ñ ëîãàðèôìè÷åñêîé òî÷íî-
ñòüþ.

Èç (7.20):

nx(Tf) =
H(Tf)

σannv
=

1

σ0

T 2
f

M ∗
Pl

(7.33)

Íàñòîÿùåå âðåìÿ:

nX(t0) =

(
a(tf)

a(t0)

)3

nX(Tf) (7.34)

sa3 = const⇒ s ∼ 1

a3
⇒ (7.35)

nX(t0) =
s0

s(tf)
nX(tf) (7.36)

s0 =
4π

90
(2T 3

γ + 2 · 3 · T 3
ν ) ≈ 2.8 · 103 ñì−3 (7.37)

s(tf) = g∗(tf)
4π2

90
T 3
f ⇒ (7.38)

nX(t0) =
s0

s(tf)

1

σ0

T 2
f

M ∗
Pl

=

∖
M ∗

Pl =
MPl

1.66
√
g∗(tf)

∖
=

=
1

σ0

s0√
g∗(tf)TfMPl

(
4π2

1.66·90

) = 3.8
s0

Tfσ0MPl

√
g∗(tf)

(7.39)

nX(t0) = 3.8
s0

Tfσ0MPl

√
g∗(tf)

(7.40)

Íàéäåì ΩX . Ïîäñòàâëÿÿ Tf èç (7.32):

ΩX = 2 · MXnX(t0)

ρc
= \2− èç X + X̄\ =

=
∖
s0 = 2.8 · 103 ñì−3; MPl = 1.2 · 1019 ÃýÂ;

ρc = 1.88 · 10−29h2 ã

ñì2

∖
=

=
3 · 10−10

(σ0/ÃýÂ
−2)
√
g∗(tf)

ln

[
gX

(2π)3/2
σ0MXM

∗
Pl

]
1

2h2

(7.41)



Óðàâíåíèå (7.41) ïåðåïèøåì êàê óðàâíåíèå äëÿ σ0:

σ0 =
1

ΩX
× 3 · 10−10√

g∗(tf)
ln

[
gX

(2π)3/2
σ0MXM

∗
Pl

]
1

2h2
(7.42)

ΩX = 0.26 � èçâåñòíî.
g∗ = 10÷ 100 � â çàâèñèìîñòè îò Tf
(7.42) ðåøàåòñÿ ìåòîäîì èòåðàöèé (4 èòåðàöèè äàþò
6 çíà÷àùèõ öèôð):

MX = 1ÃýÂ⇒ σ0 = (0.76÷ 2.5) · 10−8 ÃýÂ−2

MX = 100ÃýÂ⇒ σ0 = (0.82÷ 2.7) · 10−8 ÃýÂ−2

MX = 10ÒýÂ⇒ σ0 = (0.88÷ 2.9) · 10−8 ÃýÂ−2

(7.43)
Ñå÷åíèå î÷åíü ñëàáî çàâèñèò îò MX è ñðàâíèìî ñî
ñëàáûì ñå÷åíèåì ïðè ýíåðãèÿõ ∼ 100ÃýÂ:

σw ∼ αw/M
2
W ∼ 10−7ÃýÂ−2 (7.44)

σ0 ∼ a2 ∼ 1

M 2
X

⇒MX ∼
1
√
σ0
∼ 10ÒýÂ (7.45)

Òÿæåëàÿ ÷àñòèöà ñî ñëàáûì âçàèìîäåéñòâèåì �
WIMP.

Â ñîâðåìåííóþ ýïîõó

τann =
1

nX

1

〈σannv〉
(7.46)

σann =
σ0

v
⇒ 〈σannv〉 = σ0 ∼ 10−8 ÃýÂ−2 (7.47)

Ýòî çíà÷åíèå èñïîëüçóåòñÿ äëÿ âû÷èñëåíèÿ ñèãíàëà
àííèãèëÿöèè òåìíîé ìàòåðèè â ñîâðåìåííûõ óñëî-
âèÿõ.

nX , åñòåñòâåííî, çàâèñèò îò MX .

nX çàâèñèò îò òîãî, êóäà ñìîòðèì: âíóòðåííèå îáëà-
ñòè Ãàëàêòèêè, âíåøíèå îáëàñòè, êàñïû è ò.ä.

Ñå÷åíèÿ (7.47) íà 2-3 ïîðÿäêà íå õâàòàåò, ÷òîáû îáú-
ÿñíèòü íàáëþäàåìûé ïîòîê ïîçèòðîíîâ â êîñìè÷å-
ñêèõ ëó÷àõ ⇒ ¾áóñò-ôàêòîð¿.

Ïî ôîðìóëå (7.32), ïîäáèðàÿ ïîäõîäÿùèé âåñ g∗:

MX Tf tf
1ÃýÂ 0.048ÃýÂ 1 · 10−4 ñåê
100ÃýÂ 3.9 ÃýÂ 1.6 · 10−8 ñåê
10ÒýÂ 330ÃýÂ 2.2 · 10−12 ñåê



Ðåêîìáèíàöèÿ ýëåêòðîíîâ è ïîñëåäíåå ðàññå-
ÿíèå ôîòîíîâ

Òåìïåðàòóðà ðåêîìáèíàöèè

Ýíåðãèÿ ñâÿçè ýëåêòðîíà â âîäîðîäå 13.6 ýÂ.
Òåìïåðàòóðà ðåêîìáèíàöèè ìàñøòàáà 13 ýÂ?

• Ïðåäïîëàãàåì, ÷òî âñå ÿäðà � ïðîòîíû.
• Ïðåäïîëàãàåì, ÷òî ðåêîìáèíàöèÿ èäåò ðàâíîâåñíî.
• T . 10 ýÂ ⇒ p+ è e− � íåðåëÿòèâèñòñòêèå

ne = ge

(
meT

2π

)3/2

e(µe−me)/T ; ge = 2 (7.48)

np = gp

(
mpT

2π

)3/2

e(µp−mp)/T ; gp = 2 (7.49)

nH = gH

(
mHT

2π

)3/2

e(µH−mH)/T ; gH = 4(7.50)

1. Òåìïåðàòóðà ðåêîìáèíàöèè îïðåäåëÿåòñÿ óñëîâè-
åì:

np(T ) = nH(T ) (7.51)

Ýòî îäíî óðàâíåíèå, íî íåèçâåñòíûõ 4:
Tr, µe, µp, µH
Íóæíî åùå 3 óðàâíåíèÿ.

2. Ñîõðàíåíèå nB:

np + nH = nB = ηBnγ(T ) (7.52)

ηB ≈ 6.1 · 10−10 (7.53)

nγ(T ) = 2
ζ(3)

π2
T 3 ⇒ (7.54)

np + nH = 6.1 · 10−10 · 2ζ(3)

π2
T 3 (7.55)

3. Õèìè÷åñêîå ðàâíîâåñèå:

µp + µe = µH [p + e↔ H + γ] (7.56)

4. Ýëåêòðîíåéòðàëüíîñòü (ñîõðàíåíèå çàðàÿäà)

np = ne (7.57)

Ðåøåíèå

npne = gpge

(
mpT

2π

)3/2(
meT

2π

)3/2

e(µp+µe−mp−me)/T

(7.58)
mp + me = mH + ∆H , ∆H = 13.6 ýÂ (7.59)

(7.57), (7.56) ⇒

n2
p = gpge

(
mpT

2π

)3/2(
meT

2π

)3/2

e(µH−mH)/Te−∆H/T

(7.60)
Èç (7.50):

e(µH−mH)/T =
nH

gH

(
mHT

2π

)3/2
⇒ (7.61)

n2
p =

(
meT

2π

)3/2

nHe
−∆H/T (7.62)



Ê ôîðìå Ñàõà:

Xp =
np
nB
, XH =

nH
nB
, Xp + XH = 1 (7.63)

Èç (7.62)

X2
p

(
2π

meT

)3/2

e∆H/T = XH
1

nB
⇒ (7.64)

Xp + nBX
2
p

(
2π

meT

)3/2

e∆H/T = 1 (7.65)

nB = ηB · 2
ζ(3)

π2
T 3 (7.66)

Xp +
2ζ(3)

π2
X2
pηB

(
2πT

me

)3/2

e∆H/T = 1 (7.67)

Ìàëûé ìíîæèòåëü:

ηB

(
2πT

me

)3/2

∼ 10−17 ⇒ (7.68)

ñðàçó âèäíî, ÷òî Tr � ∆H .

Xp = 0.5⇒

ζ(3)

π2
ηB

(
2πT

me

)3/2

e∆H/T = 1 (7.69)

Óðàâíåíèå ïðèâåñòè ê âèäó x = ln(Axα):

∆H

T
= ln

[ √
π

ζ(3)ηB2
√

2

(
me

∆H

)3/2(
∆H

T

)3/2
]

(7.70)

Â ëîãàðèôìè÷åñêîì ïîðÿäêå (ïåðâàÿ èòåðàöèÿ):

T (1)
rec = 0.37 ýÂ (7.71)

Òî÷íîå ðåøåíèå

Trec = 0.321 ýÂ (7.72)

Ó÷òåíû ýëåêòðîíû è áàðèîíû, óæå ñâÿçàííûå â ãå-
ëèè:

ηB = 0.75× 6.1 · 10−10 (7.73)

Êðàñíîå ñìåùåíèå:

T (t) = T0
a0

a(t)
= T0(z + 1)⇒ (7.74)

zrec =
T

T0
− 1 ≈ 1370 (7.75)

Êðàñíîå ñìåùåíèå ÐÄ-ÌÄ ïåðåõîäà

z ≈ 3 · 103 ⇒ (7.76)

Ðåêîìáèíàöèÿ ïðîèñõîäèò íà ÌÄ- (ïûëåâèäíîé) ñòà-
äèè.

t =
2

3H
(7.77)

H2 =
8π

3
Gρ (îáùåå óðàâíåíèå Ôðèäìàíà) (7.78)

trec =

√
1

6πGρM(trec)
=

√
M 2

Pl

6πρM(Trec)
(7.79)



ò.ê. ìàòåðèÿ äîìèíèðóåò.

ρM = ρB + ρCDM =
ρB + ρCDM

ρc

ρc
ρB
· ρB =

ΩM

ΩB
ρB =

ΩM

ΩB
mpnB(Trec) =

ΩM

ΩB
mpηBnγ(Trec) =

=
ΩM

ΩB
mpηB · 2

ζ(3)

π2
T 3
rec ⇒ (7.80)

trec =

√
π

12ζ(3)

ΩB

ΩM

M 2
Pl

ηBmpT 3
rec

≈ 350 òûñ. ëåò (7.81)

Êàêîâû áûëè õèìè÷åñêèå ïîòåíöèàëû
µp, µH , µe íà ìîìåíò ðåêîìáèíàöèè?


gp

(
mpTrec

2π

)3/2

e(µp−mp)/Trec = gH

(
mHTrec

2π

)3/2

e(µH−mH)/Trec

gp

(
mpTrec

2π

)3/2

e(µp−mp)/Trec = ge

(
meTrec

2π

)3/2

e(µe−me)/Trec

µp + µe = µH
(7.82)

Ðåøåíèå:

µp = mp −∆H + T ln

[
1

2

(
me

mH

)3/2
]

(7.83)

µe = me −∆H + T ln

[
1

2

(
mp

mH

)3/2
]

(7.84)

µH = mH −∆H + T ln

[
1

4

(
me

mp

)3/2
]

(7.85)

Âî âñåõ ñëó÷àÿõ

µi = mi − δµi; δµi � mi (7.86)

Êàêîâ õèì. ïîòåíöèàë àòîìîâ âîäîðîäà ñåé-
÷àñ?

nH ≈ ηBnγ = ηB · 2
ζ(3)

π2
T 3

0 =

= gH

(
mHT0

2π

)3/2

e(µH−mH)/T0 (7.87)

e(µH−mH)/T0 =
1

2
ηB
ζ(3)√
π

(
2T0

mH

)3/2

⇒ (7.88)

µH = mH + T0 ln

[
1

2
ηB
ζ(3)√
π

(
2T0

mH

)3/2
]

=

= mH − δµ0
H ; δµ0

H = 1.5 · 10−11 ÃýÂ (7.89)



Äëèòåëüíîñòü ðåêîìáèíàöèè

Äèàïàçîí òåìïåðàòóð, êîãäà exp(∆H/T ) îòëè÷àåòñÿ
îò exp(∆H/Trec) â e ðàç:∣∣∣∣ ∆H

T ±∆T
− ∆H

Tr

∣∣∣∣ = 1⇒ ∆T

Trec
≈ Trec

∆H
=

0.32

13.6
≈ 0.02

(7.90)

T =
const

a
⇒ ∆a

arec
=

∆T

Trec
= 0.02� 1 (7.91)

Âðåìÿ ðåêîìáèíàöèè ìíîãî ìåíüøå õàááëîâñêîãî
âðåìåíè.


