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Àíèçîòðîïèÿ ÐÈ

Êàðòà ìàëûõ ôëóêòóàöèé

òåìïåðàòóðû ÐÈ ïîñëå âû÷åòà

ìíîãî÷èñëåííûõ ôîíîâ.
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Ñâîéñòâà

I Âîçìóùåíèÿ ãàóññîâû.

I Ìåòîä îïèñàíèÿ: ñïåêòð

ìîùíîñòè.

I Àìïëèòóäà âîçìóùåíèé ïðè

a ∼ 10−3: δ ∼ 10−5.
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Êîððåëÿöèîííàÿ ôóíêöèÿ

ξ(r) =
DD

RR
− 1.

DD(r) è RR(r) � ïîäñ÷åòû ÷èñëà ïàð

â èíòåðâàëå îò r äî r+dr â ðåàëüíîì è

èñêóññòâåííîì êàòàëîãå.

Äëÿ íàáëþäàåìûõ ãàëàêòèê

ξ = (r/r0)γ, γ ≈ 1.5, r0 ≈ 7Mpc.
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Ïîëå ïëîòíîñòè

δ(r) =
ρ(r)− 〈ρ〉
〈ρ〉

,

〈ρ〉 � ñðåäíÿÿ ïëîòíîñòü Âñåëåííîé.

Êîððåëÿöèîííàÿ ôóíêöèÿ:

ξρ(r) = 〈δ(r1)δ(r1 + r)〉.
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Ñïåêòð ìîùíîñòè

ρ(x)↔ A(k) =
∫
ρ(x)e−ikxd3x

P(k) = 〈|A(k)|2〉

Èçîòðîïíàÿ Âñåëåííàÿ: P(k).
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Ñïåêòð ìîùíîñòè

ξ(r) =
1

2π2

∫ ∞
0

k3P(k)
sin kr

kr

dk

k
,

P(k) = 4π

∫ ∞
0

ξ(r)
sin kr

kr
r 2dr .
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Ðåçóëüòàò

Figure by M. Tegmark
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Òåîðèÿ Äæèíñà


∂ρ
∂t + div(ρv) = 0,
∂v
∂t + (vgrad)v + 1

ρgradP + gradφ = 0,

div gradφ = 4πGρ,
∂S
∂t + (vgrad)S = 0,

ρ � ïëîòíîñòü, v � ñêîðîñòü, S �

óäåëüíàÿ ýíòðîïèÿ, φ ãðàâ. ïîòåíöèàë,

P � äàâëåíèå. Èäåàëüíûé ãàç.
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Ëèíåéíîå ïðèáëèæåíèå

Àäèàáàòè÷åñêèé ñëó÷àé

ρ = ρ0[1 + δ(t)e ikx],

v = 0 + w(t)e ikx = w(t)kk e
ikx,

φ = φ0 + f (t)e ikx,

P = P0 + ∂P
∂ρ (ρ− ρ0)

= P0 + b2δ(t)e ikx

b2 = ∂P
∂ρ � ñêîðîñòü çâóêà.



Êîñìîëîãèÿ

Ââåäåíèå

Êîððåëÿöèîí-
íàÿ
ôóíêöèÿ

Òåîðèÿ
Äæèíñà

Èíôëÿöèÿ,
âîçíèêíîâå-
íèå
âîçìóùåíèé

Áàðèîííûå
îñöèëëÿöèè

Àíèçîòðîïèÿ
ÐÈ

Çàäà÷è

Ëèíåéíîå ïðèáëèæåíèå


δ̇ + ikw = 0,

ẇ + ikf + ikb2δ = 0,

k2f = −4πGρ0δ.

èëè:

δ̈ − (4πGρ0 − k2b2)δ = 0

Ðåøåíèå:

δ = δ0e
ωt .
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Ðåøåíèå

ρ = ρ0[1 + δ(t)e ikx],

δ = δ0e
ωt

ω = ±
√

4πGρ0 − k2b2.

λJ = b

√
π

Gρ0

λ < λJ : ω = i |ω| çâóêîâûå âîëíû.
λ > λJ : ãðàâ. íåóñòîé÷èâîñòü.
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Ó÷¼ò ðàñøèðåíèÿ

k = κ
a(t), κ = const.

v = w(t)kk e
ikx.

Óðàâíåíèÿ:
δ̇ = −ikw ,
ẇ + Hw = −i δk (4πGρ0 − k2b2),

f = 4πGρ0δ
k2

.

k(t),H(t), ρ0(t), b(t)
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Ó÷¼ò ðàñøèðåíèÿ

δ̈ + 2H δ̇ − (4πGρ0 − k2b2)δ = 0.

Ðåøåíèÿ çàâèñÿò îò a(t). Íàïðèìåð,

äëÿ a = t2/3:

δ = δ1t
n(b1,k1), λc =

6

5
2πbt,(

λJ =

√
3

2
2πbt

)
.
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Ó÷¼ò ðàñøèðåíèÿ

Âèõðåâûå âîçìóùåíèÿ:

L = vr = const, r ∝ a, v ∝ 1/a.

áûñòðî ñïàäàþò, èõ ìîæíî íå

ó÷èòûâàòü.
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Âûâîäû

I Äëÿ ÒÌ b = 0, ðîñò îäèíàêîâûé

íà âñåõ ìàñøòàáàõ.

I Â ðàííåé Âñåëåííîé äëÿ áàðèîíîâ

b = c/
√

3, λJ ïîðÿäêà ãîðèçîíòà.
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Ñïåêòð
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Ìîäåëü ïåðåìåííûõ
ïàðàìåòðîâ

Òî æå ðåøåíèå äëÿ ñëó÷àÿ λ� λc
ìîæíî ïîëó÷èòü, åñëè ðàññìîòðåòü

Íüþòîíîâñêèå ñôåðè÷åñêèå ìîäåëè ñ

Ω = Ω0(1 + δ).
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Ìû ïîñòðîèëè òåîðèþ ðîñòà

âîçìóùåíèé, íî îòêóäà îíè âçÿëèñü?

Êàêóþ èíôîðìàöèþ íåñåò èõ ñïåêòð?

Â ðàííåé Âñåëåííîé îíè áûëè áîëüøå

ãîðèçîíòà...

Ãîðèçîíò:

RH = ct.

Íà ãîðÿ÷åé ñòàäèè a ∝ t1/2 �

ìåäëåííåå, ⇒ âåùåñòâî è âîçìóùåíèÿ

¾âõîäÿò¿ ïîä ãîðèçîíò.
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Âîçìóùåíèÿ âíå ãîðèçîíòà

Âîçìóùåíèÿ ñ ìàñøòàáîì áîëüøå

ãîðèçîíòà íå ðàñòóò ñî âðåìåíåì.
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Èíôëÿöèÿ

Áûëà ñòàäèÿ, íà êîòîðîé a ðàñòåò

áûñòðåå, ÷åì t (ò.å. ä > 0). Ìíîãèå

ìîäåëè äàþò a(t) ∝ eHt .

Êàê äîëãî äîëæíà ïðîäîëæàòüñÿ ýòà

ñòàäèÿ? Ðàçìåð ãîðèçîíòà ñåãîäíÿ íà

60 e-ôîëäîâ áîëüøå ðàçìåðà Âåëèêîãî

îáúåäèíåíèÿ (14 ÃýÂ), ⇒ íå ìåíüøå

60 e-ôîëäîâ.
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Ðîæäåíèå âîçìóùåíèé

Âîçìîæíûé ïðîöåññ � íóëåâûå

êîëåáàíèÿ. E = 1
2}ω. Ñëåäñòâèå:

ãàóññîâîñòü.

Èíôëÿöèÿ ïðîèñõîäèò ðàâíîìåðíî, ⇒
ñïåêòð âîçìóùåíèé �

ìàñøòàáíî-èíâàðèàíòíûé P(k) ∝ kn.
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Ñïåêòð
Ãàððèñîíà-Çåëüäîâè÷à

P(k) ∝ k.

k2f = −4πGρ0δ ⇒ ñïåêòð

âîçìóùåíèé ïîòåíöèàëà Pφ = k−4P .

Áåçðàçìåðíàÿ õàðàêòåðèñòèêà:

∆2(k) = 1
2π2

k3P(k).

∆2
φ(k) ∝ kn−1 = const � íå ðàñõîäèòñÿ.
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Äèññèïàòèâíûå ïðîöåññû

Òîìñíîíîâñêîå ñå÷åíèå:

σT = 8π
3 r

2
e = 8π

3
e4

m2c4
≈ 0.665 · 10−24ñì2.

Ñâîáîäíûé ïðîáåã ôîòîíîâ:

lγ = (σTne)−1 = 2.5 · 1029a3ñì.

Âîçìóùåíèÿ ñ λ < lγ áûñòðî çàòóõàþò.

lmax ∼ 3·1020ñì ∼ 0.1ñîïóòñòâ. Ìïê.
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Ñàõàðîâñêèå îñöèëëÿöèè

cs = 1√
3
c � ñêîðîñòü çâóêà.

tcs � çâóêîâîé ãîðèçîíò.

Çâóêîâûå âîëíû êîãåðåíòíû.

Ôàçà φ = kcst.

Â ìîìåíò ðåêîìáèíàöèè êîëåáàíèÿ

ïðåêðàùàþòñÿ. Âîëíû ñ φ = πn

îñòàþòñÿ â ìàêñèìóìå, ñ φ = πn + π
2 �

â ìèíèíìóìå.
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Òåîðåòè÷åñêèé ñïåêòð (ÁÀÎ)
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Àíèçîòðîïèÿ ÐÈ

Êàðòà ìàëûõ ôëóêòóàöèé

òåìïåðàòóðû ÐÈ ïîñëå âû÷åòà

ìíîãî÷èñëåííûõ ôîíîâ.
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Ñâîéñòâà

I Âîçìóùåíèÿ ãàóññîâû.

I Ìåòîä îïèñàíèÿ: ñïåêòð

ìîùíîñòè.

I Àìïëèòóäà âîçìóùåíèé ïðè

a ∼ 10−3: δ ∼ 10−5.
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Äâóìåðíûé ñïåêòð

Keisler è äð., 2011



Êîñìîëîãèÿ

Ââåäåíèå

Êîððåëÿöèîí-
íàÿ
ôóíêöèÿ

Òåîðèÿ
Äæèíñà

Èíôëÿöèÿ,
âîçíèêíîâå-
íèå
âîçìóùåíèé

Áàðèîííûå
îñöèëëÿöèè

Àíèçîòðîïèÿ
ÐÈ

Çàäà÷è

Çàäà÷à
Ïîêàæèòå, ÷òî ðàñïðåäåëåíèÿ îáúåêòîâ íà

ðèñóíêå èìåþò îäèíàêîâóþ êîððåëÿöèîííóþ

ôóíêöèþ.
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