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Îñíîâíûå ïðåäñòàâëåíèÿ î Âñåëåííîé: ðàñøèðÿåòñÿ

Äîïïëåðîâñêîå �ïîêðàñíåíèå� ñâåòà:
λïðè¼ìíèê

λèñòî÷íèê
> 1 L ∝ a(t)

n ∝ a−3(t)

H(t) = ȧ(t)
a(t)

ïàðàìåòð
Õàááëà

çàêîí
Õàááëà

H(t0) r = vr
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Íàøà Âñåëåííàÿ: îäíîðîäíà è èçîòðîïíà
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Âñåëåííàÿ çàïîëíåíà �ãîðÿ÷èìè� ôîòîíàìè

ñïåêòð fγ (ω) è êîíöåíòðàöèÿ nγ ñîãëàñîâàíû. . .

fγ (ω) =
1

eω/T0 −1
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T0 = 2.726 Ê

ργ =
∫

ω3

π2 dω fγ (ω)

=
π2

15
T 4

0 = 4σ T 4
0

nγ =
∫

ω2

π2 dω fγ (ω)

= 411 ñì−3

ãäå σ åñòü êîíñòàíòà

èç çàêîíà

Ñòåôàíà�Áîëüöìàíà

P = σ S T 4
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Âûâîäû èç íàáëþäåíèé

Èòàê, Âñåëåííàÿ îäíîðîäíà, èçîòðîïíà,
ðàñøèðÿåòñÿ è �ãîðÿ÷àÿ�...

Âûâîäû
èíòåðâàë ìåæäó ñîáûòèÿìè ìîäèôèöèðóåòñÿ

∆s2 = c2 ∆t2−a2 (t)∆~x2

â ÎÒÎ ðàñøèðåíèå îïèñûâàåòñÿ óðàâíåíèåì Ôðèäìàíà

(
ȧ
a

)2

= H2 (t) =
8π

3
G ρ

ïëîòíîñòü
ýíåðãèè

ρ
ïëîòíîñòü
ýíåðãèè = ρðàäèàöèÿ + ρ

îáû÷íàÿ
ìàòåðèÿ + ρ

ò¼ìíàÿ
ìàòåðèÿ + . . .

â ïðîøëîì Âñåëåííàÿ áûëà �ïëîòíåå� è �ãîðÿ÷åå�, áûëà
ýëåêòðîìàãíèòíàÿ ïëàçìà

ρìàòåðèÿ ∝ 1/a3(t) , ρðàäèàöèÿ ∝ 1/a4(t)

íàä¼æíî çíàåì âïëîòü äî T ∼ 1ÌýÂc2/k ∼ 10ìëðä.Ê
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Èçìåðåíèå a(t) äà¼ò ñîñòàâ ñîâðåìåííîé Âñåëåííîé

∆s2 = c2 ∆t2−a2 (t)∆~x2 Èçìåíÿåòñÿ çàêîí ðàñïðîñòðàíåíèÿ ñâåòà
Êàê ìû åãî ïðîâåðÿåì?
Èçìåðÿÿ ðàññòîÿíèå L äî îáúåêòà!

Èçìåðÿÿ óãëîâîé ðàçìåð θ îáúåêòà èçâåñòíîãî ðàçìåðà d
íå çàâèñÿùåãî îò âîçðàñòà

� îäíîòèïíûå ãàëàêòèêè

θ =
d
L

èçìåíÿþùåãîñÿ ñî âðåìåíåì ïî èçâåñòíîìó çàêîíó, íàïðèìåð: d(t) ∝ a(t)
� êðóïíîìàñøòàáíûå íåîäíîðîäíîñòè â ñòðóêòóðàõ ãàëàêòèê

� àíèçîòðîïèÿ ðåëèêòîâîãî èçëó÷åíèÿ íà áîëüøèõ óãëàõ

θ(t) =
d(t)

L

Èçìåðÿÿ ÿðêîñòü îáúåêòà J çàäàííîé ñâåòèìîñòè F � �ñòàíäàðòíûå ñâå÷è�

J =
F

4π L2

Â ðàñøèðÿþùåéñÿ Âñåëåííîé âñå ýòè çàêîíû ìîäèôèöèðóþòñÿ
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Ðåçóëüòàòû �èçìåðåíèé ðàññòîÿíèé�
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óäàë¼ííîãî îáúåêòà θ(z) ξz(s) = 〈nz(~x)nz(~x +~s)〉~x
öâåò ñîîòâåòñòâóåò êðàñíîìó ñìåùåíèþ

(óäàë¼ííîñòè) ãàëàêòèê
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Ñîâìåñòíûé àíàëèç ðàçëè÷íûõ äàííûõ
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(
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= H2 (t) =
8π

3
G ρ

ïëîòíîñòü
ýíåðãèè

ρ
ïëîòíîñòü
ýíåðãèè = ρðàäèàöèÿ +ρ

îáû÷íàÿ
ìàòåðèÿ +ρ

ò¼ìíàÿ
ìàòåðèÿ +ρΛ

ρðàäèàöèÿ ∝ 1/a4(t) ∝ T 4(t) , ρìàòåðèÿ ∝ 1/a3(t)

ρΛ = const

3H2
0

8πG
= ρ

ïëîòíîñòü
ýíåðãèè (t0)≡ ρc ≈ 0.53×10−5 ÃýÂc2

ñì3

âêëàä ÐÈ: Ωγ ≡
ργ

ρc
= 0.5×10−4

Âêëàä áàðèîíîâ (âîäîðîä, ãåëèé): ΩB ≡ ρB
ρc

= 0.046

Âêëàä íåéòðèíî: Ων ≡
∑ρνi

ρc
< 0.01

Âêëàä ò¼ìíîé ìàòåðèè: ΩDM ≡ ρDM
ρc

= 0.23
Âêëàä ò¼ìíîé ýíåðãèè: ΩΛ ≡ ρΛ

ρc
= 0.73
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Áóäóùåå: t ↗ è a(t)↗
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îáû÷íîå
âåùåñòâî +ρ

ò¼ìíàÿ
ìàòåðèÿ +ρΛ

ρðàäèàöèÿ ∝ 1/a4(t) , ρâåùåñòâî ∝ 1/a3(t)

ρΛ = const , ΩΛ ≡
ρΛ

ρc
= 0.73

(
ȧ
a

)2

= H2 (t) =
8π

3
G ρ

ïëîòíîñòü
ýíåðãèè → const

Â áóäóùåì ïîëó÷àåì:

ȧ = const ·a =⇒ a(t) ∝ eHt

ñ õàðàêòåðíûì âðåìåíåì ðîñòà

t ∼ 1/H ' 1/H0 ≈ 14ìëðä. ëåò

ñâåò ëåòèò ∆x = ct , îáúåêòû ðàçëåòàþòñÿ: ∆x ∝ eHt

Â ïðåäåëàõ âèäèìîñòè îñòàíóòñÿ òîëüêî
ãðàâèòàöèîííî ñâÿçàííûå ñ íàìè îáúåêòû !!!

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 5 Íîÿáðÿ 2013 CERN, Æåíåâà 11 / 32



Àñòðîíîìè÷åñêèå íàáëþäàåìûå è êîñìîëîãè÷åñêèå
ñëåäñòâèÿ

ИI
ЯN
ИR

×òî çà ò¼ìíûå êîìïîíåíòû è ãäå îíè ñåãîäíÿ?

Ò¼ìíàÿ ýíåðãèÿ (ïëîòíîñòü ýíåðãèè âàêóóìà...?) åñòü âåçäå!!!
(c = h̄ = 1)

−pΛ = ρΛ = const≈
(

2.5×10−3 ýÂ
)4

> 0

íå ñâÿçàííûé è ôèçèêîé ÷àñòèö è ãðàâèòàöèåé íîâûé
ýíåðãåòè÷åñêèé ìàñøòàá...?

Ò¼ìíàÿ ìàòåðèÿ pDM = 0, ρDM ∝ 1/a3

(êàê ïûëü, îáû÷íîå âåùåñòâî) ñîáèðàåòñÿ â ñòðóêòóðû:
ãàëàêòèêè, ñêîïëåíèÿ ãàëàêòèê, ôèëàìåíòû, . . .

Òàêèì îáðàçîì, ìîæíî èñêàòü å¼ âëèÿíèå íà äèíàìèêó ýòèõ
îáúåêòîâ!!!
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Ò¼ìíîå ãàëî ãàëàêòèê: ïîëîãèå �êðèâûå âðàùåíèÿ�

v(R) =

√
G

M(R)

R

M(R) = 4π

∫ R

0
ρ(r)r2dr

1 kpc= 103 ïàðñåê =

3.3 òûñ.ñâ.ëåò

íàáëþäåíèÿ: v(R)' const

Âèäèìàÿ ìàòåðèÿ: âíóòðåííèå îáëàñòè v(R) ∝
√

R
âíåøíèå (�ïóñòûå�) îáëàñòè v(R) ∝ 1/

√
R
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Ñòðîåíèå Ìëå÷íîãî Ïóòè: äèñê âíóòðè ãàëî

ãàëî òàêæå ïîìîãàåò
ñòàáèëèçèðîâàòü ñòðóêòóðó
äèñêà . . .
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Ò¼ìíàÿ ìàòåðèÿ â ñêîïëåíèÿõ ãàëàêòèê
X -ëó÷è îò ãîðÿ÷åãî ãàçà èç öåíòðîâ ñêîïëåíèé

∆P
∆R

=−µne(R)mp
GM(R)

R2 , M(R) = 4π

∫ R

0
ρ(r)r2dr , P(R) = ne(R)Te(R)

ãàëàêòèêè â ñêîïëåíèÿõ
ãàëàêòèêè âèðèàëèçîâàíû,

U + 2Ek = 0

3M〈υ2
r 〉= G

M2

R

υr � ïðîåêöèÿ ñêîðîñòè íà ëó÷

çðåíèÿ

Ãàëàêòèêà Ìëå÷íûé ïóòü: äâèæåíèå ê öåíòðó ñâåðõñêîïëåíèÿ Äåâû
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Ãðàâèòàöèîííîå ëèíçèðîâàíèå ÎÒÎ: α = 4GM/(c2 b)

~η =
Ds

Dl

~ξ −Dls~α
(
~ξ
)

îáû÷íàÿ ëèíçà
ñî ñïåöèôè÷åñêèì
êîýôôèöèåíòîì
ïðåëîìëåíèÿ

~α
(
~ξ
)

=
4G
c

∫ ~ξ −~ξ ′∣∣∣ξ −~ξ ′∣∣∣2 d2
ξ
′
∫

ρ

(
~ξ ′,z

)
dz

Êðåñò Ýéíøòåéíà

èñòî÷íèê: êâàçàð Ds = 8 ìëðä.ñâ.ëåò

ëèíçà: ãàëàêòèêà Dl = 0.4 ìëðä.ñâ.ëåò
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Ò¼ìíàÿ ìàòåðèÿ â öåíòðàõ ñêîïëåíèé ãàëàêòèê

ãðàâèòàöèîííîå ëèíçèðîâàíèå âîññòàíîâëåíèå ëèíçû ïî èçîáðàæåíèþ
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Ñòîëêíóâøèåñÿ ñêîïëåíèÿ (Bullet cluster) 1E0657-558

Ãðàâèòàöèîííîå ëèíçèðîâàíèå Ðåíòãåíîâñêîå èçëó÷åíèå
M ' 10×m

ïðèâåä¼í ìàñøòàá â 700 òûñ.ñâ.ëåò

ñêîïëåíèÿ óäàëåíû íà ðàññòîÿíèå 5 ìëðä.ñâ.ëåò
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Ñâîéñòâà ÷àñòèö ò¼ìíîé ìàòåðèè
ИI
ЯN
ИR

Ñâîéñòâà ò¼ìíîé ìàòåðèè

Åñëè ÷àñòèöû (X ): òàêèõ íåò â ÑÌ !!!
1 ñòàáèëüíûå íà êîñìîëîãè÷åñêèõ âðåìåíàõ (t � 14 ìëðä. ëåò)
2 íåðåëÿòèâèñòñêèå (èíà÷å íå ñîáèðóòñÿ ãàëàêòèêè!
Ìëå÷íûé ïóòü: vX ∼ vçâ¼çäû ∼ 10−3 c ' 300êì/ñ )

3 ýëåêòðè÷åñêè íåéòðàëüíû
4 áåññòîëêíîâèòåëüíû

(êâàíòîâîå!) óñëîâèå ëîêàëèçàöèè â ãàëàêòèêàõ:

äëÿ ôåðìèîíîâ ïðèíöèï Ïàóëè: 1 ñîñòîÿíèå ≤ 1 ÷àñòèöà
äèñêðåòíîñòü óðîâíåé ýëåêòðîíîâ â àòîìå (îðáèòàëè)

çàäà¼ò ñòðóêòóðó òàáëèöû Ìåíäåëååâà
ò¼ìíûå ôåðìèîíû â ãàëàêòèêå MX & 750 ýÂ/ñ2

f (p,x) =
ρX(x)

MX
· 1(√

2πMXvX

)3 ·e
− p2

2M2
Xv2

X

∣∣∣∣∣
p=0

≤gX

h3
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Ñâîéñòâà ÷àñòèö ò¼ìíîé ìàòåðèè
ИI
ЯN
ИR

ÑÅÃÎÄÍß2.7 Ê 14 ìëðä.ëåò
óñêîðåííîå ðàñøèðåíèå

4.1 Ê ïûëåâèäíàÿ ñòàäèÿ 7.1 ìëðä.ëåò

0.26 ýÂ ðåêîìáèíàöèÿ 370 òûñ.ëåò e + p→ H + γ

ïûëåâèäíàÿ ñòàäèÿ
0.76 ýÂ 57 òûñ.ëåò

ðàäèàöèîííî-äîìèíèðîâàííàÿ ñòàäèÿ

80 êýÂ 3 ìèí 3H + 4He→ 7Li + γ

ïåðâè÷íûé íóêëåîñèíòåç 2H + 2H→ n + 3He

1 ÌýÂ 1 ñ p + p→ 2H + γ

îòùåïëåíèå íåéòðèíî2.5 ÌýÂ 0.1 ñ

ôàçîâûé ïåðåõîä ÊÕÄ êîíôàéíìåíò ↔ ñâîáîäíûå êâàðêè200 ÌýÂ 10 µs

Ýëåêòðîñëàáûé ïåðåõîä100 ÃýÂ 0.1 íñ
âàæíû

èññëåäîâàíèÿ íà LHC
ãîðÿ÷àÿ Âñåëåííàÿ

ðàçîãðåâ

èíôëÿöèÿ

ïðîèçâîäñòâî ò¼ìíîé ìàòåðèè

áàðèîãåíåçèñ
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Ñâîéñòâà ÷àñòèö ò¼ìíîé ìàòåðèè
ИI
ЯN
ИR

Weakly Interacting Massive Particles (WIMPs)

Ìàññèâíûå ñëàáîâçàèìîäåéñòâóþùèå ÷àñòèöû
Ïðåäïîëîæåíèÿ:

1 íåò X − X̄ àñèììåòðèè nX = nX̄

2 ïðè T < MX îíè â òåðìàëüíîì ðàâíîâåñèè â ïëàçìå Áîëüöìàí!

nX = nX̄ = gX

(
MX c2 k T

2π

)3/2

e−
MX c2

k T

Òîãäà:

Âñåëåííàÿ ðàñøèðÿåòñÿ =⇒ T ↘, nX ↘
T k �Mx c2: ïåðåñòàþò ðîæäàòüñÿ, îñòàâøèåñÿ ÷àñòè÷íî àííèãèëèðóþò

X + X̄ −→ ë¼ãêèå ÷àñòèöû Ñòàíäàðòíîé ìîäåëè

τ
−1
àííèãèëÿöèè ∝ nX

àííèãèëÿöèÿ çàâåðøàåòñÿ ïðè òåìïåðàòóðå Tf , êîãäà

τ
−1
àííèãèëÿöèè . H
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Ïîèñêè ÷àñòèö ò¼ìíîé ìàòåðèè (WIMPs)
ИI
ЯN
ИR

Ïëàí

1 Àñòðîíîìè÷åñêèå íàáëþäàåìûå è êîñìîëîãè÷åñêèå ñëåäñòâèÿ

2 Ò¼ìíàÿ ìàòåðèÿ â ñîâðåìåííîé Âñåëåííîé

3 Ñâîéñòâà ÷àñòèö ò¼ìíîé ìàòåðèè

4 Ïîèñêè ÷àñòèö ò¼ìíîé ìàòåðèè (WIMPs)

5 Áàðèîííàÿ àñèììåòðèÿ Âñåëåííîé

6 Êîñìîëîãèÿ è ôèçèêà ÷àñòèö

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 5 Íîÿáðÿ 2013 CERN, Æåíåâà 24 / 32



Ïîèñêè ÷àñòèö ò¼ìíîé ìàòåðèè (WIMPs)
ИI
ЯN
ИR

WIMPs X âçàèìîäåéñòâóþò ñ âåùåñòâîì!

Ïîèñêè íà ÁÀÊ ïðîöåññîâ ñ �ïîòåðåé� ýíåðãèè è èìïóëüñà

p + p→ X + X̄ +îáû÷íûå ÷àñòèöû

Ïîèñêè â ëàáîðàòîðèè ïðîöåññîâ ñ �ïîëó÷åíèåì� ýíåðãèè è
èìïóëüñà

ßäðî+ X →ßäðî+ X

Ïîèñêè �òåëåñêîïàìè� îáû÷íûõ ÷àñòèö îò àííèãèëÿöèè èëè
ðàñïàäà ÷àñòèö ò¼ìíîé ìàòåðèè

X + X̄ → îáû÷íûå ÷àñòèöû X → îáû÷íûå ÷àñòèöû
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Ïîèñêè ÷àñòèö ò¼ìíîé ìàòåðèè (WIMPs)
ИI
ЯN
ИR

Ïðÿìûå ïîèñêè WIMPs

Ïîèñêè â ëàáîðàòîðèè ïðîöåññîâ ñ
�ïîëó÷åíèåì� ýíåðãèè è èìïóëüñà

ßäðî+ X →ßäðî+ X

ïðîñòàÿ êèíåìàòèêà íåðåëÿòèâèñòñêèõ
÷àñòèö (ÿäðî ïîêîèòñÿ, vX ∼ 10−3 c)

∆E = 2MX v2
X

Mßäðî/MX

(1 + Mßäðî/MX )2

Tmax ≈ 2 MAc2β2

Recoil

WIMP

WIMP

Target Atom
(mass MA)

β ≈ 10-3
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Ïîèñêè ÷àñòèö ò¼ìíîé ìàòåðèè (WIMPs)
ИI
ЯN
ИR

Ìåòîäû ðåãèñòðàöèè âûäåëåííîé ýíåðãèè

Ýòî âñ¼ �òðåíèå� !

Ðàçîãðåâ âåùåñòâà äåòåêòîðà:
ïåðåâîä ïîãëîù¼ííîé ýíåðãèè
÷àñòèö â òåïëî

Èîíèçàöèÿ âåùåñòâà äåòåêòîðà:
ðåãèñòðàöèÿ �îòîðâàâøèõñÿ� îò
àòîìîâ ýëåêòðîíîâ

Ñöèíòèëëÿöèÿ ñâåòà âåùåñòâîì
äåòåêòîðà: ïåðåâîä ïîãëîù¼ííîé
ýíåðãèè ÷àñòèö â ñâåò
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Ïîèñêè ÷àñòèö ò¼ìíîé ìàòåðèè (WIMPs)
ИI
ЯN
ИR

Ñîâðåìåííûå îãðàíè÷åíèÿ

mWIMP (GeV/c2)

W
IM

P−
nu

cl
eo

n 
cr

os
s 

se
ct

io
n 

(c
m

2 )

101 102 103

10−45

10−44

 6 8 10 12

10−44

10−42

10−40

LUX 1310.8214

σWIMP−íóêëîí<10−44ñì2

ñâÿçü ñ ÁÀÊ:
ïðåäñêàçàíèÿ
êîíêðåòíûõ
ôèçè÷åñêèõ ìîäåëåé

äîëæíû áûòü ãîäîâûå
ìîäóëÿöèè ñèãíàëà. . .

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 5 Íîÿáðÿ 2013 CERN, Æåíåâà 28 / 32



Áàðèîííàÿ àñèììåòðèÿ Âñåëåííîé
ИI
ЯN
ИR

Ïëàí

1 Àñòðîíîìè÷åñêèå íàáëþäàåìûå è êîñìîëîãè÷åñêèå ñëåäñòâèÿ

2 Ò¼ìíàÿ ìàòåðèÿ â ñîâðåìåííîé Âñåëåííîé

3 Ñâîéñòâà ÷àñòèö ò¼ìíîé ìàòåðèè

4 Ïîèñêè ÷àñòèö ò¼ìíîé ìàòåðèè (WIMPs)

5 Áàðèîííàÿ àñèììåòðèÿ Âñåëåííîé

6 Êîñìîëîãèÿ è ôèçèêà ÷àñòèö
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Áàðèîííàÿ àñèììåòðèÿ Âñåëåííîé
ИI
ЯN
ИR

Îòñóòñòâèå àíòèâåùåñòâà: nB/nγ ∼ 10−9 óæå â BBN

Óñëîâèÿ Ñàõàðîâà óñïåøíîãî
áàðèîãåíåçèñà

B (or L)-íàðóøåíèå

C- & CP-íàðóøåíèÿ

ýòè ïðîöåññû íåðàâíîâåñíû �������������3He/H p

4He

2 3 4 5 6 7 8 9 101

0.01 0.02 0.030.005

C
M

B

B
B

N

Baryon-to-photon ratio η × 1010

Baryon density Ωbh2

D___
H

0.24

0.23

0.25

0.26

0.27

10−4

10−3

10−5

10−9

10−10

2

5
7Li/H p

Yp

D/H p
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Êîñìîëîãèÿ è ôèçèêà ÷àñòèö
ИI
ЯN
ИR

Ïëàí

1 Àñòðîíîìè÷åñêèå íàáëþäàåìûå è êîñìîëîãè÷åñêèå ñëåäñòâèÿ

2 Ò¼ìíàÿ ìàòåðèÿ â ñîâðåìåííîé Âñåëåííîé

3 Ñâîéñòâà ÷àñòèö ò¼ìíîé ìàòåðèè

4 Ïîèñêè ÷àñòèö ò¼ìíîé ìàòåðèè (WIMPs)

5 Áàðèîííàÿ àñèììåòðèÿ Âñåëåííîé

6 Êîñìîëîãèÿ è ôèçèêà ÷àñòèö
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Êîñìîëîãèÿ è ôèçèêà ÷àñòèö
ИI
ЯN
ИR

Êîñìîëîãèÿ è ôèçèêà ÷àñòèö

Óêàçàíèÿ íà íåïîëíîòó ÑÌ:

Áàðèîííàÿ àñèììåòðèÿ

Ò¼ìíàÿ ìàòåðèÿ

Íåéòðèííûå îñöèëëÿöèè

. . .

Èññëåäîâàíèÿ íà LHC ìîãóò ïðîÿñíèòü ïåðâûå äâà âîïðîñà
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Backup slides
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Ðîëü ò¼ìíîé ìàòåðèè â îáðàçîâàíèè ñòðóêòóð

Ðåëèêòîâîå èçëó÷åíèå íå ñîâñåì èçîòðîïíî.

1 Äâèæåíèå Çåìëè îòíîñèòåëüíî
ÐÈ

∆Täèïîëü
T

∼ 10−3

2 Åñòü áîëåå ñëîæíàÿ
àíèçîòðîïèÿ!

∆T
T
∼ 10−4−10−5

Áûëè íåîäíîðîäíîñòè âåùåñòâà ∆ρ/ρ ∼∆T/T
â ýïîõó ðåêîìáèíàöèè � îáðàçîâàíèÿ
âîäîðîäà

Ãðàâèòàöèîííàÿ (äæèíñîâñêàÿ)
íåóñòîé÷èâîñòü ñèñòåìû ïîêîÿùèõñÿ ÷àñòèö
=⇒ ∆ρ/ρ ↗ =⇒ ãàëàêòèêè

Îäíè áàðèîíû íå óñïåëè áû! Ïîñëå
ðåêîìáèíàöèè îíè �ñâàëèâàþòñÿ� â
ãðàâèòàöèîííûå ÿìû, îáðàçîâàííûå ò¼ìíîé
ìàòåðèåé.

10−17
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10−22
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Èçìåðåíèå ñêîðîñòåé îáúåêòîâ â ãàëàêòèêàõ

Ýôôåêò Äîïïëåðà

ω = ω0
1 +

υïðè¼ìíèê

câîëí â ñðåäå

1− υèñòî÷íèê
câîëí â ñðåäå

Ðåëÿòèâèñòñêîå îáîáùåíèå

ω = ω0

√
1− υ2

c2

1 + υ

c cosθ

θ � óãîë ìåæäó íàïðàâëåíèåì íà èñòî÷íèê

è åãî ñêîðîñòüþ ~υ

Ïîçâîëÿåò íàéòè ñêîðîñòü âðàùåíèÿ âíå

çàâèñèìîñòè îò ñêîðîñòè öåíòðà âðàùåíèÿ!
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Ïðîáëåìà íà÷àëüíîé ñèíãóëÿðíîñòè (Âçðûâ!)

(
ȧ
a

)2
=

8π

3
Gρ

ïûëü: p = 0 ñèíãóëÿðíî ïðè t = ts

ρ =
const

a3 , a(t) = const · (t− ts)2/3 , ρ(t) =
const

(t− ts)2

ts = 0 , H(t) =
ȧ
a

(t) =
2
3t

, ρ =
3

8πG
H2 =

1
6πG

1
t2

ðàäèàöèÿ: p = 1
3ρ ñèíãóëÿðíî ïðè t = ts

ρ =
const

a4 , a(t) = const · (t− ts)1/2 , ρ(t) =
const

(t− ts)2

ts = 0 , H(t) =
ȧ
a

(t) =
1
2t

, ρ =
3

8πG
H2 =

3
32πG

1
t2
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