
Ëåêöèÿ 13

Ìåõàíèçìû ãåíåðàöèè àíèçîòðîïèè CMB: Òåíçîðíûå âîçìóùåíèÿ
ìåòðèêè. À ïëîñêàÿ ëè Âñåëåííàÿ? Ïîëÿðèçàöèÿ ðåëèêòîâîãî
èçëó÷åíèÿ.
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Ìåõàíèçìû ãåíåíðàöèè àíèçîòðîïèè CMB.
2.Òåíçîðíûå âîçìóùåíèÿ ìåòðèêè

Ëåãêî ñ÷èòàåòñÿ:

γ0
ij = −h′ij/2⇒ (13.1)

Èç îáùåãî óðàâíåíèÿ äëÿ P 0 (12.54):
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P 0(η′′)− P 0(η′)

P 0(η′)
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∫ η′′

η′
nih′ijn

j dη (13.3)

Ñ òåíçîðíûìè ìîäàìè íå ñâÿçàíû âàðèàöèè ñêîðîñòè
ñðåäû, ò.å. íàäî ñ÷èòàòü U 0 = 1, U i = 0⇒
Èçìåðÿåìàÿ ÷àñòîòà

Ω(η′′) = P 0(η′′)⇒ δω

ω
=
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T
=
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⇒ (13.4)
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nj dη (13.5)

� òåíçîðíûé âàðèàíò èíòåãðàëüíîãî ýôôåêòà Ñàêñà-
Âîëüôà.

Òåíçîðíûå ìîäû ïîñëå âõîäà ïîä ãîðèçîíò ïàäàþò
êàê 1/a ⇒
Îæèäàåòñÿ âêëàä òîëüêî ìîä, ïîçäíî âîøåäøèõ ïîä
ãîðèçîíò ⇒
Áîëüøèå ìàñøòàáû íåîäíîðîäíîñòåé

Òåíçîðíûå ìîäû ïðîùå îáíàðóæèòü ïî âêëàäó â ïî-
ëÿðèçàöèþ CMB (ñì. äàëåå)



Çàâèñèìîñòü àíèçîòðîïèè îò êîñìîëîãè÷åñêèõ
ïðàìåòðîâ

Ëèíçèðîâàíèå óãëîâîãî ìàñøòàáà àêóñòè÷åñêèõ ïè-
êîâ!



Îòêðûòûé êîä CAMB äëÿ âû÷èñëåíèÿ
ñïåêòðà ìîùíîñòè àíèçîòðîïèè CMB:
camb.info



CAMB online

https://lambda.gsfc.nasa.gov/toolbox/tb_camb_form.cfm



Ïëîñêàÿ ëè Âñåëåííàÿ?

4 íîÿáðÿ 2019 ã., Nature astronomy

Êîñìîëîãè÷åñêèå ïàðàìåòðû, îïðåäåëåííûå ïî ðàç-
íûì óãëàì:

Ωc ≡ ΩCDM

σ8 � ñîâðåìåííûé êîíòðàñò íåîäíîðîäíîñòè ïëîòíî-
ñòè ìàòåðèè íà ìàñøòàáå 8h−1 Ìïê (ñòàíäàðòíàÿ âå-
ëè÷èíà ïî èñòîðè÷åñêèì ïðè÷èíàì)



Äàííûå îáñåðâàòîðèè Planck ïëîõî ñîãëàñóþòñÿ ñ ðå-
çóëüòàòàìè äðóãèõ êîñìîëîãè÷åñêèõ íàáëþäåíèé

BAO � Baryon Acoustic Oscillations

BBN � Big Bang Nucleosynthesis

Âàðèàíòû îáúÿñíåíèÿ ðåçóëüòàòîâ Planck:

1. Íîâàÿ ôèçèêà

2. Ñèñòåìàòèêà Planck

3. Ñòàòèñòè÷åñêàÿ ôëóêòóàöèÿ ∼ 3σ

Ïîëÿðèçàöèÿ ðåëèêòîâîãî èçëó÷åíèÿ

Òîìñîíîâñêîå ðàññåÿíèå:

dσ

dΩ
=

3σT
8π

cos2(ε′, ε) (13.6)

• Åñëè ñ íàïðàâëåíèÿ n′ ïðèõîäèò íåïîëÿðèçîâàí-
íîå èçëó÷åíèå, òî â íàïðàâëåíèè n èçëó÷åíèå áó-
äåò ÷àñòè÷íî ëèíåéíî ïîëÿðèçîâàíî ïåðïåíäèêóëÿð-
íî ïëîñêîñòè (n′,n).
⇒
• Åñëè èçëó÷åíèå, ïðèõîäÿùåå â òî÷êó B íåèçîòðîï-
íî, òî ðàññåÿíîå èçëó÷åíèå â íàïðàâëåíèè n áóäåò
÷àñòè÷íî ïîëÿðèçîâàíî.
•Ïîòîê ôîòîíîâ âáëèçè ïîâåðõíîñòè ïîñëåäíåãî ðàñ-
ñåÿíèÿ àíèçîòðîïåí⇒ ïîñëåäíåå ðàññåÿííîå èçëó÷å-
íèå ÷àñòè÷íî ïîëÿðèçîâàíî.



Ìàñøòàá âåëè÷èíû ïîëÿðèçàöèè

d � äëèíà ïðîáåãà ôîòîíîâ, λ/4 � ìàñøòàá äëèíû
íåîäíîðîäíîñòåé
d� λ/4⇒ ïîëÿðèçàöèè íåò.
d� λ⇒ ïîëÿðèçàöèè íåò (ýôôåêò Ñèëêà)
Âáëèçè ïåðâîãî àêóñòè÷åñêîãî ïèêà, l ∼ 150

kηr ∼ 1⇒ k ∼ 1

ηr
(ñì. (10.30)�(10.32)) (13.7)

λ =
2π

k
∼ 2πηr (13.8)

λ

4
∼ π

2
ηr ∼ ηr (13.9)

Ïðîáåã ôîòîíîâ âáëèçè ðåêîìáèíàöèè ìàñøòà-
áà òîëùèíû ïîâåðõíîñòè ïîñëåäíåãî ðàññåÿíèÿ
∆ηr ∼ 0.1ηr ⇒

P ∼ ∆ηr
ηr

δT

T
∼ 0.1 · 5 · 10−5 ∼ 5 · 10−6 ∼ 10−5 (13.10)

Òåíçîð ïîëÿðèçàöèè.

1. Ïîëÿðèçàöèÿ óçêîãî ïó÷êà

xa

xb

s

• Ïîëÿðèçàöèÿ � íå âåêòîð:
- Ïðîåêöèÿ âåêòîðà íà îñü ìåíÿåòñÿ îò íóëÿ äî ìàê-
ñèìàëüíîãî çíà÷åíèÿ
- Èíòåíñèâíîñòü ñâåòà, ïðîõîäÿùåãî ÷åðåç ïîëÿðè-
ìåòð, íå îáðàùàåòñÿ â íóëü.
- Ïîëÿðèçàöèÿ íå èìååò íàïðàâëåíèÿ

• Ïîëÿðèçàöèÿ � 2-òåíçîð

I(s) = 〈|E · s|2〉 = 〈(Easa)(Ebsb)
∗〉 = sa〈EaE

∗
b 〉sb
(13.11)

Iab = 〈EaE
∗
b 〉 (13.12)

I = 〈|Ea|2〉 + 〈|Eb|2〉 (13.13)

Òåíçîð ïîëÿðèçàöèè:

Pab =
Iab
I

(13.14)



• Äëÿ ëèíåéíî ïîëÿðèçîâàííîãî ñâåòà
E � äåéñòâèòåëüíûé âåêòîð ⇒
P äåéñòâèòåëüíûé, ñèììåòðè÷íûé, ñî ñëåäîì 1 ⇒
âñåãî 2 íåçàâèñèìûõ ïàðàìåòðà
• Íåïîëÿðèçîâàííîå èçëó÷åíèå

Pab =
δab
2
⇒ detP =

1

4
(13.15)

• Ïîëíîñòüþ ïîëÿðèçîâàííîå èçëó÷åíèå

Pab =
EaEb

E2
⇒ detP = 0 (E−ôèêñ. âåêòîð) (13.16)

P = |E〉 ⊗ 〈E| ≡ |E〉〈E| (13.17)

|E〉 =
(
Ea
Eb

)
, 〈E| = (E∗a, E

∗
b ) ≡ (Ea, Eb) (13.18)

• Ñòåïåíü ïîëÿðèçàöèè

P =
√

1− 4 detPab; 0 ≤ P ≤ 1 (13.19)

Ïóñòü s(1), s(2) � íîðìèðîâàííûå ñîáñòâåííûå âåêòî-
ðû Pab. Òîãäà

P = λp|s(1)〉〈s(1)| + (1− λp)|s(2)〉〈s(2)| =
= \ïóñòü λp < 1/2\ =

= λp|s(1)〉〈s(1)| + λp|s(2)〉〈s(2)|−
− λp|s(2)〉〈s(2)| + (1− λp)|s(2)〉〈s(2)| =

= λp1̂ + (1− 2λp)|s(2)〉〈s(2)| ⇒ (13.20)

Pab = λpδab + (1− 2λp)s
(2)
a s

(2)
b =

Iab
I
⇒ (13.21)

Iab ≡
1

2
δabI

(np) + E(p)
a E

(p)
b (13.22)

Ìîæíî íàðèñîâàòü ïîëå âåêòîðà E

Pab ≡ Pab −
1

2
δab (13.23)

Ëåãêî ïîêàçàòü F:

detPab = detPab −
1

4
⇒ P =

√
−4 detPab (13.24)

Òåíçîð Pab ñèììåòðè÷íûé, áåññëåäîâûé⇒ äâà ïàðà-
ìåòðà.

Äëÿ íåïîëÿðèçîâàííîãî èçëó÷åíèÿ Pab = 0

2. Ïîëå ïîëÿðèçàöèè íà åäèíè÷íîé ñôåðå

Îáîáùåíèå (13.23):

Pab = Pab −
1

2
gab (13.25)

ãäå gab ìåòðè÷åñêèé 2-òåíçîð íà åäèíè÷íîé ñôåðå
(êîîðäèíàòû ëþáûå, ìîæíî (θ, ϕ)).



Çàäàííûé íà ñôåðå ñèììåòðè÷íûé áåññëåäîâûé òåí-
çîð ìîæíî ïðåäñòàâèòü ÷åðåç ñêàëÿðíûé è ïñåâäî-
ñêàëÿðíûé ¾ïîòåíöèàëû¿:

Pab = {∇a∇b}PE − {Ec
a∇b∇c}PB (13.26)

ãäå ∇a è Eab � êîâàðèàíòíàÿ ïðîèçâîäíàÿ è àíòè-
ñèììåòðè÷íûé òåíçîð íà ñôåðå (ñì. (2.52)):

Eab =
√
−gεab (13.27)

{. . . } îçíà÷àåò âûäåëåíèå ñèììåòðè÷íîé è áåññëåäî-
âîé ÷àñòè:

{∇a∇b} =
1

2
(∇a∇b +∇b∇a − gab∆) (13.28)

{Ec
a∇b∇c} =

1

2
(Ec

a∇b∇c + Ec
b∇a∇c) (13.29)

Îáðàòíîå ïðåîáðàçîâàíèå:

−∆(∆ + 2)PE = 2{∇a∇b}Pab (13.30)

−∆(∆ + 2)PB = 2{Ea
c∇c∇b}Pab (13.31)

∇aPab � ÷èñòûé ãðàäèåíò (êàê E), åñëè PB = 0,
∇aPab � ÷èñòî âèõðåâîé (êàê B), åñëè PE = 0.

Îðèãèíàëüíûå ñòàòüè:

astro-ph/9609132
astro-ph/9609169
astro-ph/9611125

Ðàçëîæåíèå PE è PB:

PE =
√

2
∑
lm

√
(l − 2)!

(l + 2)!
aElmYlm(n) (13.32)

PB =
√

2
∑
lm

√
(l − 2)!

(l + 2)!
aBlmYlm(n) (13.33)

(13.34)

(íîðìèðîâêà èç ñîîáðàæåíèé óäîáñòâà).

Êîýôôèöèåíòû aElm è aBlm âû÷èñëÿþòñÿ ïî ðåçóëüòà-
òàì íàáëþäåíèé:

aElm = −
∫
dn
[
Y

(E)ab
lm (n)

]∗
Pab(n) (13.35)

aBlm = −
∫
dn
[
Y

(B)ab
lm (n)

]∗
Pab(n) (13.36)

ãäå

Y
(E)
lm,ab =

√
2(l − 2)!

(l + 2)!

(
∇a∇bYlm −

1

2
gab∇c∇cYlm

)
(13.37)

Y
(B)
lm,ab =

√
(l − 2)!

2(l + 2)!
(∇a∇cYlmE

c
b +∇c∇bYlmE

c
a) (13.38)

Ðàçíûå êîìïîíåíòû àíèçîòðîïèè (E,B) ìîãóò êîð-
ðåëèðîâàòü ìåæäó ñîáîé è âñå îíè ìîãóò êîððåëèðî-
âàòü ñ òåìïåðàòóðîé.
Ïîýòîìó îïðåäåëÿåòñÿ íàáîð êîððåëÿòîðîâ

CXY
l =

1

2l + 1

∑
m

〈
aXlma

Y ∗
lm

〉
, (13.39)



ãäå X, Y = T,E,B.

Â ñèëó ñèììåòðèè ïî ÷åòíîñòè CTB ≡ 0, CEB ≡ 0.

Îñòàþòñÿ íåòðèâèàëüíûå êîððåëÿòîðû:

CTT
l ≡ Cl, C

TE
l , CEE

l , CBB.

• Êîñìîëîãè÷åñêèå ñêàëÿðíûå ìîäû äàþò âêëàä
òîëüêî â E-ìîäó ïîëÿðèçàöèè.
• Òåíçîðíûå ìîäû äàþò âêëàä è â E-ìîäó,
è â B-ìîäó
⇒
• Îáíàðóæåíèå B-ìîäû ïîëÿðèçàöèè (âáëèçè l ∼
100) åñòü ñïîñîá îáíàðóæåíèÿ òåíçîðíûõ ìîä è èç-
ìåðåíèÿ òåíçîðíî-ñêàëÿðíîãî îòíîøåíèÿ r

Адиабатические 
скалярные

моды

Тензорные 
моды

r = 0.38

Ýêñïåðèìåòàëüíûå TE- è EE-ñïåêòðû ìîùíîñòè
ïîëÿðèçàöèè (PLANCK-2018)

Ïðîáëåìà ôîíîâ:
• Ðàññåÿíèå íà ñâîáîäíûõ ýëåêòðîíàõ ðåèîíèçàöèè
• Ñëàáîå ãðàâèòàöèîííîå ëèíçèðîâàíèå
(äàåò B-ìîäó)
•Ôàðàäååâñêîå âðàùåíèå (ïëàçìà + ìàãíèòíîå ïîëå)
• Ðàññåÿíèå íà ïûëè (äàåò B-ìîäó)
Ïîñëåäíèå ðåçóëüòàòû äëÿ B-ìîäû:
arXiv:1807.06209, p.39: r < 0.058 (95%)


