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Òåìíàÿ ìàòåðèÿ

1. Ñêîðîñòè ãàëàêòèê â ñêîïëåíèÿõ

Òåîðåìà î âèðèàëå: 2〈T 〉 = 〈U〉.
Ôðèö Öâèêêè, 1937. Ñêîïëåíèå Êîìà (Âîëîñû Âå-
ðîíèêè): Ìàññà ñêîïëåíèÿ â äåñÿòêè ðàç ïðåâûøàåò
ìàññó âèäèìîãî âåùåñòâà. ¾Òåìíàÿ ìàòåðèÿ¿ � òåð-
ìèí Öâèêêè.
F. Zwicky. 1937, ApJ, 86, 217.

2. Ïëîñêèå êðèâûå âðàùåíèÿ ãàëàêòèê

Îæèäàåòñÿ V ∝
√
R

Tóìàííîñòü Àíäðîìåäû (Õîðåñ Áýáêîê, 1939)

Ìëå÷íûé Ïóòü



3. Ñèëüíîå ãðàâèòàöèîííîå ëèíçèðîâàíèå
ñêîïëåíèÿìè 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.

4. Óäåðæàíèå ãîðÿ÷åãî ãàçà ýëëèïòè÷åñêèìè
ãàëàêòèêàìè

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



5. Êàðëèêîâûå ãàëàêòèêè íèçêîé ïîâåðõíîñò-
íîé ÿðêîñòè

Ñîñòîÿò íà > 95% èç íåâèäèìîãî âåùåñòâà.

Êàðëèêîâàÿ íåïðàâèëüíàÿ ãàëàêòèêà â Ñòðåëüöå.

Ìëå÷íûé ïóòü èìååò íå ìåíåå 6 ultra-faint ñïóòíèêîâ
ñ îòíîøåíèåì äîëåé ìàññû òåìíîãî âåùåñòâà 99.9%
(arXiv:0706.0516).

6. Ñòàëêèâàþùèåñÿ êëàñòåðû ãàëàêòèê: ðàñ-
ïðåäåëåíèå ìàññ âèäèìîãî âåùåñòâà îòëè÷à-
åòñÿ îò ðàñïðåäåëåíèÿ ìàññ, îïðåäåëåííîãî
ïî ãðàâèòàöèîííîìó ëèíçèðîâàíèþ:
ìîäåëüíî-íåçàâèñèìîå äîêàçàòåëüñòâî
ñóùåñòâîâàíèÿ òåìíîé ìàòåðèè.

1E0657-558 (z=0.296)
Íèæíÿÿ êàðòèíêà: ðàñïðåäåëåíèå ãîðÿ÷åãî ãàçà
(ìàññ-äîìèíèðóþùàÿ êîìïîíåíòà), X-ray

Astrophys.J.648:L109-L113,2006 (astro-ph/0608407)



×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.
Èëè äàæå òîëüêî ãðàâèòàöèîííî.

Îñíîâíûå êàíäèäàòû

� Íåéòðàëèíî � ëåã÷àéøàÿ SUSY ÷àñòèöà, ñìåñü
ñóïåðïàðòí¼ðîâ Z-áîçîíà, ôîòîíà è áîçîíà
Õèããñà.
MX ∼ n×GeV

� Ñíåéòðèíî � ëåã÷àéøèé ñóïåðïàðòíåð íåéòðèíî.
MX ∼ n×GeV

� Ãðàâèòèíî � ñóïåðïàðòíåð ãðàâèòîíà (⇒ ãðàâè-
òàöèÿ � êàëèáðîâî÷íàÿ òåîðèÿ ïî ãðóïïå Ïóàí-
êàðå ⇒ òåîðèÿ Ýéíøòåéíà-Êàðòàíà).
MX ∼ n×GeV

� Àêñèîíîïîäîáíûå ÷àñòèöû (àêñèîí � ðåøàåò
ïðîáëåìó âîçìîæíîãî ñèëüíîãî íàðóøåíèÿ CP-
èíâàðèàíòíîñòè â õðîìîäèíàìèêå).
MX ∼ n× keV

� Âñÿêàÿ ýêçîòèêà. Òîïîëîãè÷åñêèå ñîëèòîíû, çåð-
êàëüíàÿ ìàòåðèÿ, ìèêðî/ìèíè-äûðû. . .MX =?

Çäåñü X îçíà÷àåò ÷àñòèöó ò¼ìíîé ìàòåðèè,
íå áîçîí GUT!



Õîëîäíàÿ, òåïëàÿ è ãîðÿ÷àÿ ÒÌ

ÒÌ â êàêîé-òî ìîìåíò çàìîðàæèâàåòñÿ (âûõîäèò èç
ÒÄ ðàâíîâåñèÿ) ïîäîáíî íåéòðèíî è íåéòðîíàì (çà-
êàëêà êàíàëà àííèãèëÿöèè).

� 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. ×àñòèöû ÿâëÿþò-
ñÿ ðåëÿòèâèñòñêèìè íà ìîìåíò çàìîðàæèâàíèÿ
(Tf &MX), íî ÿâëÿþòñÿ íåðåëÿòèâèñòñêèìè íà
ìîìåíò ïåðåõîäà îò ÐÄ ê ÄÌ ñòàäèè (Teq ∼ 1 ýÂ).
Ìàññû ìåæäó &1 ýÂ è 30ÊýÂ
(ðåàëüíî MX < 1 êýÂ èñêëþ÷åíû).

� Ãîðÿ÷àÿ òåìíàÿ ìàòåðèÿ. MX < 1 ýÂ. ×àñòè-
öû ÓÐ íà ìîìåíò ïåðåõîäà îò ÐÄ ê ÄÌ ñòàäèè.
Èñêëþ÷åíà, ò.ê. íå äîïóñêàåò îáðàçîâàíèÿ ãðàâè-
òàöèîííî ñâÿçàííûõ îáúåêòîâ (ñì. íèæå).

Îãðàíè÷åíèå ïî ìàññå ñíèçó äëÿ ÷àñòèö òåï-
ëîé òåìíîé 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, íèæå êîòîðîãî âîçìóùåíèÿ ïëîòíî-
ñòè ïîäàâëåíû.

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

lHor ∼
1

H
=
M ∗

Pl

T 2
∼ M ∗

Pl

M 2
X

(8.1)

Ýòîò ðàçìåð ñåé÷àñ:

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

T0
∼ M ∗

Pl

MXT0
(8.2)

Ýëåêòðîíû óæå íåðåëÿòèâèñòñêèå (T . 30 êýÂ):

g∗ = 2 +
7

8
· 3 · 2 ·

(
4

11

)1/3

= 3.36⇒ (8.3)

M ∗
pl =

MPl

1.66
√
g∗

= 4 · 1018 ÃýÂ. (8.4)

MX ∼ 1 ýÂ⇒ lHor,0 ∼ 100Ìïê (8.5)

� ñëèøêîì ìíîãî (íåò êàðëèêîâûõ ãàëàêòèê).

MX ∼ 1 êýÂ⇒ lHor,0 ∼ 0.1Ìïê (8.6)



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

MX & 1 êýÂ (8.7)

Òåïëàÿ òåìíàÿ ìàòåðèÿ 1 êýÂ < MX < 30 êýÂ íå èñ-
êëþ÷åíà! (Ãîðÿ÷àÿ ÒÌ èñêëþ÷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 (ïî÷òè) íèêàêèõ ïðèçíàêîâ êàñïîâ
â Ãàëàêòèêå íå îáíàðóæåíî (èõ ñèëüíî ìåíüøå, ÷åì
îæèäàåòñÿ)

Çàêàëêà ÷èñëà ÷àñòèö õîëîäíîé òåìíîé ìà-
òåðèè îòíîñèòåëüíî àííèãèëÿöèè

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

• nX − nX̄ = 0 èëè ÷àñòèöû èñòèííî íåéòðàëüíûå
⇒ µX = 0

Âîïðîñ: Ïî÷åìó ÷àñòèöû òåìíîé ìàòåðèè âûæèëè
ïîñëå îõëàæäåíèÿ, íî íå ïðîàííèãèëèðîâàëè âñå?

Ïðè T < MX , â ðàâíîâåñèè

nX = nX̄ = gX

(
MXT

2π

)3/2

e−MX/T , µX = 0 (8.8)

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. Tf =?

Âðåìÿ ïðîáåãà äî àííèãèëÿöèè

τ =
1

nX

1

〈σannv〉
(8.9)

Óñëîâèå çàêàëêè ÷èñëà ÷àñòèö X :

τ (Tf) =
1

nX(Tf)

1

〈σann(Tf)v(Tf)〉
=

1

H(Tf)
(8.10)

Àííèãèëÿöèÿ â s-âîëíå (çàêîí Áåòå):

σann(v) =
σ0

v
; σ0 = const⇒ 〈σannv〉 = σ0 ⇒ (8.11)



1

nX

1

σ0
=

1

H(Tf)
=

(
T 2
f

M ∗
pl

)−1

(ÐÄ ñòàäèÿ!) (8.12)

Ïîäñòàâëÿåì (8.8) â (8.12):

1

σ0

1

gX

(
2π

MXTf

)3/2

eMX/Tf =
M ∗

Pl

T 2
f

⇒ (8.13)

MX

Tf
= ln

[
gX

(2π)3/2
σ0MXM

∗
Pl ·
(
MX

Tf

)1/2
]

(8.14)

Óðàâíåíèå òèïà
x = ln(Axα) (8.15)

Îöåíèì ïî ìàñøòàáó A =?

Îáëàñòü âçàèìîäåéñòâèÿ a2 ∼ σ0 äëÿ àííèãèëÿöèè
¾ìàëà¿ èç-çà áîëüøîé ïåðåäà÷è èìïóëüñà (îïðåäå-
ëÿåòñÿ êîìòîíîâñêîé äëèíîé âîëíû)

a ∼ λC(MX) =
1

MX
⇒

⇒ σ0MXM
∗
Pl ∼

M ∗
Pl

MX
∼ 1013; ln(A) ∼ 30 (8.16)

Ðåøàåì (8.15) ìåòîäîì èòåðàöèé, α = 1/2:

x0 = 1 (8.17)
x1 = ln(A) (8.18)
x2 = ln(A) + 0.5 ln(ln(A)) (8.19)

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

]
⇒ (8.20)

Tf =
MX

ln

[
gX

(2π)3/2
σ0MXM

∗
Pl

]
(8.21)

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

Ïî ôîðìóëå (8.21), 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

Ñå÷åíèå àííèãèëÿöèè ÷àñòèö òåìíîé ìàòåðèè

Òåìíàÿ ìàòåðèÿ íå óñïåëà ïðîàííèãèëèðîâàòü âñÿ,
ïðåæäå ÷åì ïðîèçîøëà çàêàëêà. Ñêîëüêî îñòàëîñü �
çàâèñèò îò σ0 è Tf . ΩX = ΩCDM èçâåñòíî!

Ñíà÷àëà íàéäåì nX(t0) è ΩX , ïîòîì âûðàçèì èç íèõ
σv = σ0 = const.

Óñëîâèå çàìîðàæèâàíèÿ ÒÌ ïðîòèâ àííèãèëÿöèè
(8.10):

τ (Tf) =
1

nX(Tf)

1

〈σann(Tf)v(Tf)〉
=

1

H(Tf)
⇒ (8.22)

nX(Tf) =
H(Tf)

〈σannv〉
=

1

σ0

T 2
f

M ∗
Pl

(8.23)



Íàñòîÿùåå âðåìÿ:

nX(t0) =

(
a(tf)

a(t0)

)3

nX(Tf) (8.24)

sa3 = const⇒ s ∼ 1

a3
⇒ (8.25)

nX(t0) =
s0

s(tf)
nX(tf) (8.26)

s0 =
4π2

90
(2T 3

γ +
7

8
2 · 3 · T 3

ν ) ≈ 2.8 · 103 ñì−3 (8.27)

s(tf) = g∗(tf)
4π2

90
T 3
f ⇒ (8.28)

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)

(8.29)

nX(t0) = 3.8
s0

Tfσ0MPl

√
g∗(tf)

(8.30)

Íàéäåì ΩX . Ïîäñòàâëÿÿ â (8.30) Tf èç (8.21):

Tf =
MX

ln

[
gX

(2π)3/2
σ0MXM

∗
Pl

] ⇒ (8.31)

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
F

(8.32)

Óðàâíåíèå (8.32) ïåðåïèøåì êàê óðàâíåíèå äëÿ σ0:

σ0 =
1

ΩX
× 3 · 10−10√

g∗(tf)
ln

[
gX

(2π)3/2
σ0MXM

∗
Pl

]
1

2h2
(8.33)

ΩX = 0.26 � èçâåñòíî.
g∗ = 10÷ 100 � â çàâèñèìîñòè îò Tf

Êàê æå íàéòè ÷èñëåííóþ âåëè÷èíó σ0, åñëè íè MX ,
íè g∗ òî÷íî íå èçâåñòíû?

(8.33) 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

(8.34)

σ0 ∼ a2 ∼ 1

M 2
X

⇒MX ∼
1
√
σ0
∼ 10ÒýÂ (8.35)

⇒ Òÿæåëàÿ ÷àñòèöà. Òÿæåëàÿ ÷àñòèöà ñî ñëàáûì
âçàèìîäåéñòâèåì � WIMP.



Â ñîâðåìåííóþ ýïîõó, äëÿ àñòîôèçè÷åñêèõ nX :

τann =
1

nX

1

〈σannv〉
(8.36)

rann =
1

τann
× nX = n2

X〈σannv〉 (8.37)

〈σannv〉 = σ0 ∼ 10−8 ÃýÂ−2 (8.38)

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

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

Ôèçèêà êîñìè÷åñêèõ ëó÷åé è ãàììà-àñòðîíîìèÿ:

� Ïîèñê ãàììà-ëèíèè àííèãèëÿöèè ÷àñòèö òåì-
íîé ìàòåðèè â ñïåêòðàõ êîñìè÷åñêîãî ãàììà-
èçëó÷åíèÿ (äåñÿòêè - ñîòíè ÃýÂ).

� Ïîèñê ïðîäóêòîâ ðàñïàäà ÷àñòèö òåìíîé ìàòå-
ðèè (ïîçèòðîíû, àíòèïðòîíû, ãàììà)

� Ïðîáëåìà èçáûòêà ïîçèòðîíîâ â êîñìè÷åñêèõ ëó-
÷àõ.

Çàìå÷àíèå

Êèíåòè÷åñêîå ðàâíîâåñèå X-÷àñòèö ïî ñëàáîìó âçà-
èìîäåéñòâèþ ñ îêðóæåíèåì íàðóøàåòñÿ çíà÷èòåëü-
íî ïîçæå çàêàëêè ïðîòèâ àííèãèëÿöèè: íà øêàëå
ñëàáîãî âçàèìîäåéñòâèÿ, êàê íåéòðèíî è íåéòðîíû:
T ∼ 1ÌýÂ, t ∼ 1 ñåê.

Nature, V. 458 (2009), P.607-609

Ñå÷åíèÿ (8.38) íà 2-3 ïîðÿäêà íå õâàòàåò, ÷òîáû îáú-
ÿñíèòü íàáëþäàåìûé ïîòîê ïîçèòðîíîâ â êîñìè÷å-
ñêèõ ëó÷àõ ⇒ íóæåí ¾áóñò-ôàêòîð¿ 100÷ 1000.



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 (8.39)

np = gp

(
mpT

2π

)3/2

e(µp−mp)/T ; gp = 2 (8.40)

nH = gH

(
mHT

2π

)3/2

e(µH−mH)/T ; gH = 4(8.41)

1. Òåìïåðàòóðà ðåêîìáèíàöèè îïðåäåëÿåòñÿ óñëîâè-
åì:

np(Tr) = nH(Tr) (8.42)

Ýòî îäíî óðàâíåíèå, íî íåèçâåñòíûõ 3:
Tr, µp, µH (è µe òîæå íåèçâåñòíî)
Íóæíû åùå óðàâíåíèÿ.

2. Ñîõðàíåíèå nB:

np + nH = nB = ηBnγ(T ) (8.43)

ηB ≈ (6.1× 0.75) · 10−10 (8.44)

nγ(T ) = 2
ζ(3)

π2
T 3 ⇒ (8.45)

np + nH = 6.1 · 10−10 · 2ζ(3)

π2
T 3 (8.46)

3. Õèìè÷åñêîå ðàâíîâåñèå:

µp + µe = µH [p + e↔ H + γ] (8.47)

4. Ýëåêòðîíåéòðàëüíîñòü (ñîõðàíåíèå çàðÿäà)

np = ne (8.48)

Ïîëó÷èëîñü 4 óðàâíåíèÿ, 4 íåèçâåñòíûõ.

Ðåøåíèå

npne = gpge

(
mpT

2π

)3/2(
meT

2π

)3/2

e(µp+µe−mp−me)/T

(8.49)
mp + me = mH + ∆H , ∆H = 13.6 ýÂ (8.50)

(8.48), (8.47) ⇒

n2
p = gpge

(
mpT

2π

)3/2(
meT

2π

)3/2

e(µH−mH)/Te−∆H/T

(8.51)
Èç (8.41):

e(µH−mH)/T =
nH

gH

(
mHT

2π

)3/2
⇒ (8.52)

n2
p =

(
meT

2π

)3/2

nHe
−∆H/T (8.53)



Ê ôîðìå Ñàõà:

Xp =
np
nB
, XH =

nH
nB
, Xp + XH = 1 (8.54)

Èç (8.53)

X2
p

(
2π

meT

)3/2

e∆H/T = XH
1

nB
= (1−Xp)

1

nB
⇒

(8.55)

Xp + nBX
2
p

(
2π

meT

)3/2

e∆H/T = 1 (8.56)

nB = ηB · 2
ζ(3)

π2
T 3 (8.57)

Xp +
2ζ(3)

π2
X2
pηB

(
2πT

me

)3/2

e∆H/T = 1 (8.58)

Xp = 0.5⇒

ζ(3)

π2
ηB

(
2πT

me

)3/2

e∆H/T = 1 (8.59)

Ìàëûé ìíîæèòåëü:

ηB

(
2πT

me

)3/2

∼ 10−17 ⇒ (8.60)

ñðàçó âèäíî, ÷òî Tr � ∆H .

Óðàâíåíèå ïðèâîäèòñÿ ê âèäó x = ln(Axα):

∆H

T
= ln

[ √
π

ζ(3)ηB2
√

2

(
me

∆H

)3/2(
∆H

T

)3/2
]

(8.61)

Â ëîãàðèôìè÷åñêîì ïîðÿäêå (ïåðâàÿ èòåðàöèÿ):

T (1)
rec = 0.37 ýÂ (8.62)

Òî÷íîå ðåøåíèå (ìåòîä èòåðàöèé)

Trec = 0.321 ýÂ (8.63)

Ïûëåâèäíàÿ ñòàäèÿ (T < 1 ýÂ)

Êîãäà?

Êðàñíîå ñìåùåíèå:

T (t) = T0
a0

a(t)
= T0(z + 1)⇒ (8.64)

zrec =
T

T0
− 1 ≈ 1370 (8.65)

Êðàñíîå ñìåùåíèå ÐÄ-ÄÌ ïåðåõîäà

z ≈ 3 · 103 ⇒ (8.66)

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

t =
2

3H
(8.67)

H2 =
8π

3
Gρ (îáùåå óðàâíåíèå Ôðèäìàíà) (8.68)

trec =

√
1

6πGρM(trec)
=

√
M 2

Pl

6πρM(Trec)
(8.69)



ρM(Trec) = 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 ⇒ (8.70)

(Çäåñü ñíîâà ηB = 6.1 · 10−10)

trec =

√
π

12ζ(3)

ΩB

ΩM

M 2
Pl

ηBmpT 3
rec

≈ 350 òûñ. ëåò (8.71)

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
(8.72)

Ðåøåíèå F:

µp = mp −∆H + Trec ln

[
1

2

(
me

mH

)3/2
]

(8.73)

µe = me −∆H + Trec ln

[
1

2

(
mp

mH

)3/2
]

(8.74)

µH = mH −∆H + Trec ln

[
1

4

(
me

mp

)3/2
]

(8.75)

Âî âñåõ ñëó÷àÿõ

µi = mi − δµi; δµi � mi (8.76)

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 (8.77)

e(µH−mH)/T0 = \gH = 4\ =
1

2
ηB
ζ(3)√
π

(
2T0

mH

)3/2

⇒

(8.78)

µH = mH + T0 ln

[
1

2
ηB
ζ(3)√
π

(
2T0

mH

)3/2
]

=

= mH − δµ0
H ; δµ0

H = 1.5 · 10−11 ÃýÂ (8.79)



Äëèòåëüíîñòü ðåêîìáèíàöèè

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

T ±∆T
− ∆H

Trec

∣∣∣∣ = 1⇒ ∆T

Trec
≈ Trec

∆H
=

0.32

13.6
≈ 0.02

(8.80)

T =
const

a
⇒ ∆a

arec
=

∆T

Trec
= 0.02� 1 (8.81)

Âðåìÿ ðåêîìáèíàöèè ìíîãî ìåíüøå õàááëîâñêîãî
âðåìåíè.

Ïîñëåäíåå ðàññåÿíèå ôîòîíîâ
(çàêàëêà ôîòîíîâ)

Íå òî æå ñàìîå, ÷òî ðåêîìáèíàöèÿ � ïîçæå!

Òîìñîíîâñêîå ñå÷åíèå ðàññåÿíèÿ ôîòîíîâ (íå Êëåéí-
Íèøèíà):

σT =
8π

3

α2

m2
e

≈ 0.67 · 10−24 ñì2 (8.82)

Âðåìÿ ñâîáîäíîãî ïðîáåãà ôîòîíà ïî îòíîøåíèþ ê
òîìñîíîâñêîìó ðàññåÿíèþ:

τγ =
1

σTne(T )
(8.83)

Èç (8.53):

n2
e(T ) = n2

p(T ) =

(
meT

2π

)3/2

nHe
−∆H/T =

= \nH ∼= ηB · nγ ò.ê. ðåêîìáèíàöèÿ
ïðàêòè÷åñêè çàâåðøåíà\ =

=

(
meT

2π

)3/2

ηB
2ζ(3)

π2
T 3e−∆H/T (8.84)

Âðåìÿ ïîñëåäíåãî ðàññåÿíèÿ îïðåäåëÿåòñÿ

τγ(Tf) ' 1

H(Tf)
' tf (8.85)

tf ìàëî îòëè÷àåòñÿ îò trec = 350 òûñ.ëåò, ïîýòîìó äëÿ
îöåíêè Tf ìîæíî â ïðàâîé ÷àñòè óðàâíåíèÿ èñïîëü-
çîâàòü trec âìåñòî tf :

1

σT

1[(
meTf

2π

)3/2

ηB
2ζ(3)
π2 T

3
f e
−∆H/Tf

]1/2
= trec (8.86)

e∆H/Tf = σ2
T t

2
rec

(
meTf

2π

)3/2

ηB
2ζ(3)

π2
T 3
f (8.87)

∆H

Tf
= ln

[
σ2
T t

2
rec

(
meTf

2π

)3/2

ηB
2ζ(3)

π2
T 3
f

]
(8.88)

Â ï.÷. Tf → Trec ⇒

∆H

Tf
∼= ln

[
σ2
T t

2
rec

(
meTrec

2π

)3/2

ηB
2ζ(3)

π2
T 3
rec

]
(8.89)



Trec = 0.32 ýÂ (8.90)

ηB = (0.75× 6.1) · 10−10 (8.91)

trec = 3.5 · 105 ëåò⇒ (8.92)

Tf = 0.27 ýÂ (8.93)

Àíàëîãè÷íî (8.71)

tf =

√
π

12ζ(3)

ΩB

ΩM

M 2
Pl

ηBmpT 3
f

≈ 460 òûñ. ëåò (8.94)

zf =
0.27 ýÂ

2.73× 8.6 · 10−5 ýÂ
= 1140 ≈ 1100 (8.95)

Ãîðèçîíò íà ìîìåíò ïîñëåäíåãî ðàññåÿíèÿ
(z ≈ 1100)

Ìîìåíò ïîñëåäíåãî ðàññåÿíèÿ îáû÷íî îòîæäåñòâëÿ-
þò ñ ðåêîìáèíàöèåé: f → r

Ìîæíî (äîâîëüíî ãðóáî) íàéòè, ñ÷èòàÿ, ÷òî Âñåëåí-
íàÿ âñåãäà áûëà ïûëåâèäíîé:

lH,r =
2

Hr(tr)
(8.96)

Èç óðàâíåíèÿ Ôðèäìàíà:

H2
r =

8π

3
GρM(tr) (8.97)

ρM(tr) = ρM,0

(
a0

ar

)3

= ρM,0(1 + zr)
3 (8.98)

ρM,0 = ρcΩM (8.99)

lH,r =
2√

8π
3 GρcΩM(1 + zr)3

=

∖
ρc =

H2
0

8π
3 G

∖
=

=
2

H0

√
ΩM

1

(1 + zr)3/2
(8.100)

lH,r =
2

H0

√
ΩM

1

(1 + zr)3/2 (8.101)

Ñåé÷àñ ýòîò ðàçìåð ðàñòÿíóò â a0/ar = 1 + zr ðàç:

lH,r(t0) =
2

H0

1√
ΩM(1 + zr)

(8.102)

Ñîâðåìåííûé ãîðèçîíò:

lH,0 = a0

∫ t0

0

dt

a(t)
=

= a0

∫ t0

0

dt

a0

(
ΩM
ΩΛ

)1/3 [
sh
(

3
2

√
ΩΛH0t

)]2/3 =
2

H0
× 1.8

(8.103)

Ýòî â ∼ 30 ðàç áîëüøå, ÷åì lH,r(t0) � âèäèìàÿ ÷àñòü
Âñåëåííîé ñîäåðæèò ∼ 3 ·104 ïðè÷èííî íå ñâÿçàííûõ
îáëàñòåé íà ìîìåíò ðåêîìáèíàöèè.
Îò÷åãî æå ìèêðîâîëíîâîé ôîí îäíîðîäåí ñ òî÷íî-
ñòüþ ∼ 10−4 âåçäå? � ¾ïðîáëåìà ãîðèçîíòà¿.



Ýïîõà ðåèîíèçàöèè

Ëàéìàí-àëüôà-ëåñ (Lyman-alpha forest)
â ñïåêòðàõ êâàçàðîâ

Îñíîâíîé ïèê � Lyα, Ëèíèè ïîãëîùåíèÿ - òîæå Lyα

квазар
облака водорода

zz1z2z3z4z5

мы

• Lyα-ëèíèÿ ïîãëîùåíèÿ ñäâèíóòàÿ ðàçíûì êðàñíûì
ñìåùåíèåì îáëàêîâ âîäîðîäà.

• ×åì äàëüøå êâàçàð, òåì ãóùå ëåñ.

• Ïðè z > 6 ãóñòîòà ëåñà ïåðåñòàåò ðàñòè. Ïî÷åìó?

• Êóäà äåëñÿ âîäîðîä, êîòîðûé ñîçäàåò ëèíèþ ïîãëî-
ùåíèÿ Lyα, ïðè z > 6?

• Âîäîðîä áûë èîíèçîâàí!
• Ðåèîíèçàöèÿ âîäîðîäà ñâåòîì ïåðâûõ çâåçä
(çâåçäíîå íàñåëåíèå III òèïà),
6 < z < 20, 150 · 106 − 1000 · 106 ëåò.

• Îñòàòî÷íàÿ îïòè÷åñêàÿ òîëùèíà τ ' 0.066± 0.012



Êðàòêàÿ èñòîðèÿ Âñåëåííîé (13.8 ìëäð. ëåò)

Ñîáûòèå T z t

Ãîðÿ÷èé
Áîëüøîé
âçðûâ

− − 0

GUT-ïåðåõîä
(?) ∼ 1016 ÃýÂ ∼ 1030 ∼ 10−39 ñåê

GUT-
áàðèîãåíåçèñ
(?)

∼ 1016 ÃýÂ ∼ 1030 ∼ 10−39 ñåê

Ýëåêòðîñëà-
áûé ïåðåõîä 100ÃýÂ 1015 10−11 ñåê

Çàêàëàêà
òåìíîé
ìàòåðèè(?)

0.05÷300ÃýÂ 1011÷1015 2 · 10−12÷10−4 ñåê

Àäðîíèçàöèÿ:
êîíôàéíìåíò
êâàðêîâ

170ÌýÂ 7 · 1011 10−5 ñåê

Çàêàëàêà
íåéòðèíî 1.5ÌýÂ 5 · 109 0.3 ñåê

Çàêàëàêà
íåéòðîíîâ 0.75ÌýÂ 3 · 109 1.2 ñåê

Àííèãèëÿöèÿ
ïîçèòðîíîâ 0.5ÌýÂ 2 · 109 1.5 ñåê

Ñîáûòèå T z t

Íóêëåîñèíòåç 65êýÂ 2.6 · 108 4.5ìèí

ÐÄ → ÌÄ
ïåðåõîä 1 ýÂ 3000 120 òûñ. ëåò

Ðåêîìáèíàöèÿ
ýëåêòðîíîâ 0.32 ýÂ 1370 350 òûñ. ëåò

Ïîñëåäíåå
ðàññåÿíèå
ôîòîíîâ

0.27 ýÂ 1140 460 òûñ. ëåò

Ðåîèíèçàöèÿ 50÷15 Ko 20÷6 150÷1000ìëí.ëåò

Íà÷àëî ýðû
ÄåÑèòòåðà 4.5 Ko 0.65 7.6ìëðä.ëåò

Ñåé÷àñ 2.73 Ko 0.0 13.8ìëðä.ëåò


