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Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

äàëüíîäåéñòâèå

10−13 ñì êîðîòêîäåéñòâèå 10−16 ñì
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�Åñòåñòâåííàÿ� ñèñòåìà åäèíèö â ôèçèêå ÷àñòèö

h̄ = c = kB = 1

èçìåðÿþò â ÃýÂ: ýíåðãèÿ E , ìàññà M, òåìïåðàòóðà T

mp = 0.938 ÃýÂ, 1 Ê= 8.6 ·10−14 ÃýÂ

èçìåðÿþò â ÃýÂ−1: âðåìÿ t , äëèíà L

1 ñ= 1.5×1024 ÃýÂ−1, 1 ñì= 5.1×1013 ÃýÂ−1
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Ìèð ýëåìåíòàðíûõ ÷àñòèö
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Ñòàíäàðòíàÿ ìîäåëü: óñïåõè è ïðîáëåìû

Êàëèáðîâî÷íûå ïîëÿ (âçàèìîäåéñòâèÿ): γ , W±, Z , g
Òðè ïîêîëåíèÿ ìàòåðèè: L =

(
νL
eL

)
, eR ; Q =

(
uL
dL

)
, dR , uR

Îïèñûâàåò
▶ âñå ýêñïåðèìåíòû ñ ó÷àñòèåì ñèëüíûõ è ýëåêòðîñëàáûõ
âçàèìîäåéñòâèé

Íå îïèñûâàåò (ÿâëåíèÿ) Íå îáúÿñíÿåò (ïðîáëåìû)
▶ Íåéòðèííûå îñöèëëÿöèè

▶ Áàðèîííàÿ àñèììåòðèÿ (ΩB)

▶ Ò¼ìíàÿ ìàòåðèÿ (ΩDM)

▶ Ò¼ìíàÿ ýíåðãèÿ (ΩΛ)

▶ Ïî÷åìó Âñåëåííàÿ
îäíîðîäíàÿ è ïëîñêàÿ

▶ Îòêóäà âçÿëèñü
íåîäíîðîäíîñòè

▶ Îòêóäà è çà÷åì òàê ìíîãî
ïàðàìåòðîâ?

▶ CP-ïðîáëåìà â ÊÕÄ

▶ Èåðàðõèÿ êàëèáðîâî÷íûõ
ìàcøòàáîâ

▶ Óíèòàðíîñòü è ÷¼ðíûå äûðû

▶ Êâàíòîâàÿ ãðàâèòàöèÿ
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Ïðîâåðêè Ñòàíäàðòíîé ìîäåëè

ðàñïàäû ÷àñòèö: µ → eν̄eνµ , Z → µ+µ−

ðàññåÿíèÿ ÷àñòèö:

Ïðîâåðêè ïðåäñêàçàíèé ÑÌ
Ïðîâåðêè ïðåäñêàçàíèé å¼ ìîòèâèðîâàííûõ îáîáùåíèé

Ðåãóëÿðíî îáíîâëÿåìàÿ äîñòîâåðíàÿ èíôîðìàöèÿ

http://pdg.lbl.gov
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Ïåðâè÷íûé íóêëåîñèíòåç
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Áàðèîííàÿ àñèììåòðèÿ: îòñóòñòâèå àíòèâåùåñòâà

Óñëîâèÿ Ñàõàðîâà óñïåøíîãî áàðèîãåíåçèñà
n → pe ν̄e η ≡ nB/nγ

B (or L)-íàðóøåíèå 1801.08023

C- & CP-íàðóøåíèÿ

ýòè ïðîöåññû íåðàâíîâåñíû SDSS 0.23
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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 υ⃗

Ïîçâîëÿåò íàéòè ñêîðîñòü âðàùåíèÿ âíå

çàâèñèìîñòè îò ñêîðîñòè öåíòðà âðàùåíèÿ!
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Çâ¼çäû è îáëàêà õîëîäíîãî ãàçà â ñïèðàëüíûõ ãàëàêòèêàõ
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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

ãàëî òàêæå ïîìîãàåò
ñòàáèëèçèðîâàòü ñòðóêòóðó
äèñêà . . .
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Ãðàâèòàöèîííîå ëèíçèðîâàíèå ÎÒÎ: α = 4GM/(c2 b)

η⃗ =
Ds

Dl
ξ⃗ −Dls α⃗

(
ξ⃗

)
îáû÷íàÿ ëèíçà
ñî ñïåöèôè÷åñêèì
êîýôôèöèåíòîì
ïðåëîìëåíèÿ

α⃗

(
ξ⃗

)
=

4G
c

∫
ξ⃗ − ξ⃗ ′∣∣∣ξ − ξ⃗ ′

∣∣∣2 d2
ξ
′
∫

ρ

(
ξ⃗
′,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 öåíòðå ñêîïëåíèé ãàëàêòèê

ãðàâèòàöèîííîå ëèíçèðîâàíèå âîññòàíîâëåíèå ëèíçû ïî èçîáðàæåíèþ
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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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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 ò¼ìíîé ìàòåðèè

Åñëè íîâûå ÷àñòèöû (X ):
1 ñòàáèëüíûå íà êîñìîëîãè÷åñêèõ âðåìåíàõ (t ≫ 14 ìëðä. ëåò)
2 íåðåëÿòèâèñòñêèå (èíà÷å ïîêèíóò ãàëàêòèêè!
Ìëå÷íûé ïóòü: vX ∼ vçâ¼çäû ∼ 10−3 c ≃ 300 êì/ñ )

3 (ïî÷òè) áåññòîëêíîâèòåëüíû
4 (ïî÷òè) ýëåêòðè÷åñêè íåéòðàëüíû

(êâàíòîâîå!) óñëîâèå ëîêàëèçàöèè â ãàëàêòèêàõ:

âîëíà äå Áðîéëÿ äëÿ áîçîíîâ
λ = h/(MXvX), λ ≲Lãàëàêòèêà −→ MX ≳ 3×10−22 ýÂ/ñ2

äëÿ ôåðìèîíîâ
ïðèíöèï Ïàóëè: 1 ñîñòîÿíèå ≤ 1 ÷àñòèöà 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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Îñíîâíûå ïðåäñòàâëåíèÿ î Âñåëåííîé: ðàñøèðÿåòñÿ

Äîïïëåðîâñêîå �ïîêðàñíåíèå� ñâåòà L ∝ a(t)

n ∝ a−3(t)

H(t) = ȧ(t)
a(t)

ïàðàìåòð
Õàááëà

çàêîí
Õàááëà

H(0) r = vr
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Íàøà Âñåëåííàÿ: îäíîðîäíà è èçîòðîïíà
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South

12434 galaxies

cz (1000 km/s)

RA
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z ≡ λïðè¼ìíèê
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−1
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×òî íàñ áåñïîêîèò â êîñìîëîãèè Ò¼ìíàÿ ìàòåðèÿ â ðàííåé Âñåëåííîé
ИI
ЯN
ИR

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

j = σ T 4
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×òî íàñ áåñïîêîèò â êîñìîëîãèè Ò¼ìíàÿ ìàòåðèÿ â ðàííåé Âñåëåííîé
ИI
ЯN
ИR

Âûâîäû èç íàáëþäåíèé

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

Âûâîäû
èíòåðâàë ìåæäó ñîáûòèÿìè ìîäèôèöèðóåòñÿ

∆s2 = c2∆t2 −a2 (t)∆x⃗2

â ÎÒÎ ðàñøèðåíèå îïèñûâàåòñÿ óðàâíåíèåì Ôðèäìàíà

(
ȧ
a

)2

= H2 (t) =
8π

3
G ρ

ïëîòíîñòü
ýíåðãèè

ρ
ïëîòíîñòü
ýíåðãèè = ρðàäèàöèÿ+ρ

îáû÷íîå
âåùåñòâî +ρ

ò¼ìíàÿ
ìàòåðèÿ+ . . .

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

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

íàä¼æíî çíàåì âïëîòü äî T ∼ 1ÌýÂc2/k ∼ 10ìëðä.Ê
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×òî íàñ áåñïîêîèò â êîñìîëîãèè Ò¼ìíàÿ ìàòåðèÿ â ðàííåé Âñåëåííîé
ИI
ЯN
ИR

Äàííûå èç àñòðîôèçèêè è êîñìîëîãèè ñõîäÿòñÿ

0.0 0.5 1.0
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1.0
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2.0

F
la
tBAO

CMB

SNe

No Big Bang
(

ȧ
a

)2

= H2 (t) =
8π

3
G ρ

ïëîòíîñòü
ýíåðãèè

ρ
ïëîòíîñòü
ýíåðãèè = ρðàäèàöèÿ+ρ

îáû÷íîå
âåùåñòâî +ρ

ò¼ìíàÿ
ìàòåðèÿ+ρΛ

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

ρΛ = const

3H2
0

8πG
= ρ

ïëîòíîñòü
ýíåðãèè (t0)≡ ρc ≈ 5.3×10−6 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

= 0.25
Âêëàä ò¼ìíîé ýíåðãèè: ΩΛ ≡ ρΛ

ρc
= 0.70
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×òî íàñ áåñïîêîèò â êîñìîëîãèè Ò¼ìíàÿ ìàòåðèÿ â ðàííåé Âñåëåííîé
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

ãîðÿ÷àÿ Âñåëåííàÿ

ðàçîãðåâ

èíôëÿöèÿ

ïðîèçâîäñòâî ò¼ìíîé ìàòåðèè

áàðèîãåíåçèñ
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×òî íàñ áåñïîêîèò â êîñìîëîãèè Ò¼ìíàÿ ìàòåðèÿ â ðàííåé Âñåëåííîé
ИI
ЯN
ИR

Èçìåðåíèå a(t) äà¼ò ñîñòàâ ñîâðåìåííîé Âñåëåííîé

∆s2 = c2∆t2 −a2 (t)∆x⃗2 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
ïÿòíà â àíèçîòðîïèè ðåëèêòîâîãî èçëó÷åíèÿ

θ =
d
L

èçìåíÿþùåãîñÿ ñî âðåìåíåì ïî èçâåñòíîìó çàêîíó, íàïðèìåð: d(t) ∝ a(t)
� áàðèîííûå àêóñòè÷åñêèå îñöèëëÿöèè

θ(t) =
d(t)

L

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

J =
F

4π L2 −→ J =
F

4π L2(1+z)(1+z)
ýíåðãèÿ

âðåìÿ×ïëîùàäü

Â ðàñøèðÿþùåéñÿ Âñåëåííîé âñå ýòè çàêîíû ìîäèôèöèðóþòñÿ
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×òî íàñ áåñïîêîèò â êîñìîëîãèè Ò¼ìíàÿ ìàòåðèÿ â ðàííåé Âñåëåííîé
ИI
ЯN
ИR

Ðåçóëüòàòû �èçìåðåíèé ðàññòîÿíèé�
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×òî íàñ áåñïîêîèò â êîñìîëîãèè Ò¼ìíàÿ ìàòåðèÿ â ðàííåé Âñåëåííîé
ИI
ЯN
ИR

Ó íèõ îäíà ïðèðîäà... è îíà êâàíòîâàÿ

Êðóïíîìàñøòàáíàÿ ñòðóêòóðà Àíèçîòðîïèÿ ÐÈ
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×òî íàñ áåñïîêîèò â êîñìîëîãèè Ò¼ìíàÿ ìàòåðèÿ â ðàííåé Âñåëåííîé
ИI
ЯN
ИR

Ðîñò íåîäíîðîäíîñòåé â ðàñøèðÿþùåéñÿ Âñåëåííîé
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×òî íàñ áåñïîêîèò â êîñìîëîãèè Ò¼ìíàÿ ìàòåðèÿ â ðàííåé Âñåëåííîé
ИI
ЯN
ИR
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

Ïëàí

1 Ìèð ýëåìåíòàðíûõ ÷àñòèö

2 ×òî íàñ áåñïîêîèò â êîñìîëîãèè
Áàðèîííàÿ àñèììåòðèÿ Âñåëåííîé
Ò¼ìíàÿ ìàòåðèÿ â ñîâðåìåííîé Âñåëåííîé
Ò¼ìíàÿ ìàòåðèÿ â ðàííåé Âñåëåííîé

3 Íîâûå äàííûå � íîâûå çíàíèÿ (?)
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

Ïåðâûå ðåçóëüòàòû ýêñïåðèìåíòà Planck (2013)

∆T
T ∼ 1

1000 Ñïåêòð îñòà¼òñÿ ïëàíêîâñêèì !!
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

Ðàçëîæåíèå ïî ãàðìîíèêàì

ÇÂÓÊ

Òåìïåðàòóðà íà
íåáåñíîé ñôåðå
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

Ñïåêòð àíèçîòðîïèè ÐÈ, Planck 1502.01582
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⟨alma∗
l ′m′⟩= Clδll ′δmm′

C(θ)≡ ⟨T (⃗n1)T (⃗n2)⟩

= ∑l
(2l+1)Cl

4π
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

Àíèçîòðîïèÿ íà áîëüøèõ óãëàõ 1603.09703
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR
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P(k) = k3/(k2 +∆2)2−ns/2 1712.03288
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

SPTPole with critical l = 1000 1707.09353
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

Impact of BAO: Galaxies vs Ly-α 1707.06547
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

Ðàñøèðåíèå: êðàñíîå ñìåùåíèå z λabs./λem. ≡ 1+z

z ≪ 1 çàêîí Õàááëà : c z = H0r
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

Ðàñøèðåíèå: êðàñíîå ñìåùåíèå z λabs./λem. ≡ 1+z

z ≪ 1 çàêîí Õàááëà

c z = H0r

Èçìåðåíèÿ Ý.Õàááëà (1929)

H0 ≈ 550±100
êì

c ·Ìïê
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

Ðàñøèðåíèå: êðàñíîå ñìåùåíèå z λabs./λem. ≡ 1+z

z ≪ 1 çàêîí Õàááëà

c z = H0r

Èçìåðåíèÿ Ý.Õàááëà (1929)

H0 ≈ 550±100
êì

c ·Ìïê

Èçìåðåíèÿ.. íà ðóáåæå âåêîâ

H0 ≈ 73±7
êì

c ·Ìïê
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Ðàñøèðåíèå: êðàñíîå ñìåùåíèå z λabs./λem. ≡ 1+z

çàêîí Õàááëà : c z = H0r

ñòàíäàðòíûå ñâå÷è
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Ëåñòíèöà ðàññòîÿíèé... ñòàðòóåì îò íàáëþäàòåëÿ

ÈÇÌÅÐßÅÌ ðàçìåð îðáèòû Çåìëè

2πR = v ×1ãîä

ðàññòîÿíèå ïî óãëó (ãîäè÷íûé ïàðàëëàêñ)

L = θ ×2R

ñâåòèìîñòü F ïî ÿðêîñòè J è ðàññòîÿíèþ

J =
F

4π L2

íàøëè ñâÿçü F è äðóãîé íàáëþäàåìîé
(÷àñòîòà âñïûøåê, òåìï çàòóõàíèÿ, ...) �
îïðåäåëèëè ñòàíäàðòíóþ ñâå÷ó !

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 24 ìàðòà 2026 ÊÔ×Ê, Ôèçôàê, ÌÃÓ 46 / 66



Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

Ëåñòíèöà ðàññòîÿíèé... ñòàðòóåì îò íàáëþäàòåëÿ

Èçìåðÿåì ñâåòèìîñòü ïî ÿðêîñòè è ðàññòîÿíèþ
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Ëåñòíèöà ðàññòîÿíèé... îò öåôåèä ê ñâåðõíîâûì

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

J =
F

4π L2 −→ J =
F

4π L2(1+z)(1+z)
ýíåðãèÿ

âðåìÿ×ïëîùàäü

Äëÿ ðàñøèðÿþùåéñÿ Âñåëåííîé ôîðìóëà ìîäèôèöèðóåòñÿ

J =
F

4π dL
2 , ãäå dL = c(1+z)

∫ z

0

dz ′

H(z ′)
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Hamuy et al. (1996)
Krisciunas et al. (2005)
Riess et al. (1999)
Jha et al. (2006)
Kowalski et al. (2008) (SCP)
Hicken et al. (2009)
Contreras et al. (2010) Holtzman et al. (2009)

Riess et al. (1998) + HZT
Perlmutter et al. (1999) (SCP)
Barris et al. (2004)
Amanullah et al. (2008) (SCP)
Knop et al. (2003) (SCP)
Astier et al. (2006)
Miknaitis et al. (2007)

Tonry et al. (2003)
Riess et al. (2007)
Amanullah et al. (2010) (SCP)
Cluster Search (SCP)
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Åù¼ äàëüøå � êâàçàðû 2110.03671
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1907.10625
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Àëüòåðíàòèâà: ðàññòîÿíèå óãëîâîãî ðàçìåðà

Èçìåðÿåì óãëîâîé ðàçìåð θ îáúåêòîâ èçâåñòíîãî ðàçìåðà d
� îäíîòèïíûå ãàëàêòèêè

θ =
d
L

â ðàñøèðÿþùåéñÿ Âñåëåííîé
ôîðìóëà ìîäèôèöèðóåòñÿ,

L −→ dA(z) =
c

(1+z)

∫ z

0

dz ′

H(z ′)

10
−2

10
−1

10
0

10
1

10
2

10
3

10
0

10
1

10
2

z

θ  
(m

as
)
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Òðàäèöèîííàÿ ôîðìà ïðåäñòàâëåíèÿ (Planck 2013)

2 10 50
0

1000

2000

3000

4000

5000

6000

D `
[µ

K
2 ]

90◦ 18◦

500 1000 1500 2000 2500

Multipole moment, `

1◦ 0.2◦ 0.1◦ 0.07◦
Angular scale

H2 = 8π

3 G
(
ργ +ρν +ρDM +ρB

)
θs = r s

(1+zrec)dA(zrec)

rs =
∫

∞

zrec

cs(z)
H(z) dz

zrec ≈ 1100
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Ïðîòîíû è ôîòîíû nB/nγ ∼ 10−9 óæå â BBN

íåçàâèñèìî èçâëå÷ü ñîñòàâ ïëàçìû

ìîæíî èç ðàñïðîñòðàí¼ííîñòè

ýëåìåíòîâ �������������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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Áàðèîííûå àêóñòè÷åñêèå (�ñàõàðîâñêèå�) îñöèëëÿöèè

ïèê ïðè rs ≈ 147Ìïê

ξz(s) ∝
⟨nz (⃗x)nz (⃗x + z⃗)⟩⃗x

nz nz
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1807.06209
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Riess et al. (2019)

BAO+Pantheon+D/H BBN

BAO+Pantheon+D/H BBN+lensing

BAO+Pantheon+D/H BBN+θMC

Planck TT,TE,EE+lowE

1907.10625
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Abbott (2018)

Dutta (2019)
Wong (2020)

Baxter (2020)

76.12
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Wang (2017)
Fernandez-Arenas (2018)

68.3
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67.06

Chen (2017)
Yu (2018)

Gomez-Valent (2018)

64.9
67.4

Zeng (2019)
Dominguez (2019)
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76

Schombert (2020)
Kourkchi (2020)
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Kuo (2013)

Kuo (2015)
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75
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50.4
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Abbott (2017)

Hotokezaka (2019)

Abbott (2019)
Chen (2020)
Mukherjee (2020)

Mukherjee (2020)

76.8
67.4

74.5
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72.8
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71.8

Chen (2019)
Birrer (2020)

Birrer (2020)
Shajib (2020)

Liao (2020)
Wong (2020)
Denzel (2020)

75.8
deJaeger (2020)

71.9
70.5

73.3

Cantiello (2018)
Khetan (2020)
Blakeslee (2021)
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Zhang (2019)

69.13
Wang (2017)

67.6
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Aiola (2020)

67.36
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Aghanim (2020)
Aghanim (2020) Early (assume ΛCDM)

Late (model independent)

• Planck CMB
• Planck CMB+lensing
• ACT CMB
• ACT+WMAP CMB
• BAO+RSD
• BAO+WMAP CMB
• BAO+BBN

• SnIa-Cepheid

• SnIa-TRGB

• SnIa-Miras

• SnIa-SBF

• SneII

• TD lensing

• GW Standard Sirens

•Masers

• Tully Fisher

• γ-ray attenuation

• Cosmic chronometers

• HII galaxy

• Combinations

Abbott (2020)

Soares-Santos (2019)

Fishbach (2019)
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Constraints on H0
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Çàêëþ÷åíèå: íàäåæäû è ïåðñïåêòèâû

Äâà èçìåðåíèÿ íåñîâìåñòíû (10−6 !! ), ïîñêîëüêó ðàçëè÷àþòñÿ �ëèíåéêè�

Èíòåðåñíîå ðåøåíèå:

âèäèì äèíàìèêó ò¼ìíîé ýíåðãèè � ïîäïðàâëÿåì ΛCDM

âëèÿíèå ñòåðèëüíûõ íåéòðèíî, àêñèîíîâ, ... � ðàñøèðÿåì ôèçèêó ÷àñòèö

Ïîëåçíîå ðåøåíèå:

ñèñòåìàòèêà â àñòðîôèçèêå � ðàçáèðàåìñÿ ñ êàëèáðîâêàìè çâ¼çä

Ôàíòàñòè÷åñêîå ðåøåíèå:

èçìåíÿåì çâóêîâîé ãîðèçîíò ðåêîìáèíàöèè � íîâàÿ êîñìîëîãèÿ ðàííåé
Âñåëåííîé

Îñëîæíåíèèÿ ïðè âûáîðå:

åñòü íåñêîëüêî äðóãèõ íåñòûêîâîê, íå ñòîëü çíà÷èìûõ ñòàòèñòè÷åñêè

Íîâûå íàáëþäàåìûå

Íîâûå äàííûå:

ñòðóêòóðû (EUCLID, SKA, LSST) è ðåëèêòîâîå èçëó÷åíèå (íàçåìíûå è
êîñìè÷åñêèå ïðîåêòû)
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0.747

0.7

Kazantzidis (2018)

Benisty (2021)
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0.785
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Pacaud (2018)

Bocquet (2019)

Ade (2015)
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Wright (2020)

Joudaki (2020)

Asgari (2020)
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0.832

0.834

Aghanim (2020)

Aghanim (2020)• Planck CMB TT,TE,EE+lowE

• Planck CMB TT,TE,EE+lowE+lensing

•WL KiDS-1000

•WL KiDS+VIKING+DES-Y1

•WL KiDS+VIKING+DES-Y1

•WL KiDS+VIKING-450

•WL KiDS+VIKING-450

•WL KiDS-450

•WL KiDS-450

•WL DES Y1 3×2 tpf

•WL DES Y1

•WL HSC-TPCF

•WL HSC-pseudo-Cl

• CC SDSS-DR8

• CC ROSAT

• CC DES Y1

• CC Planck tSZ

• CC Planck tSZ

• CC SPT-tSZ

• CC XMM-XXL

• RSD

• RSD
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Results of DESI: DE evolution p = ω(z)ρ 2503.14738
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(
ȧ
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)2
= 8π

3 ρ

ρ̇ +3H (ρ +p) = 0

ω =−1: p =−ρ

gives ρ = const

ω >−1 gives ρ ↘

ω <−1 gives ρ ↗

ω = 0 is an
oscillator:
⟨Ek ⟩= ⟨Ep⟩
dark matter

δp = c2
s δρ

1
2 φ̇2+V (φ)
1
2 φ̇2−V (φ)

<−1
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ACT and crisis and tensions 2503.14452
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ACT and standard cosmology 2503.14452
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ACT and non-standard cosmology 2503.14454
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Cosmological data and neutrino masses 2503.14454
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Dark Energy: all evidences are from cosmology

Working hypothesis is cosmological constant Λ≈
(
2.5×10−3 eV

)4
:

p = w (t)ρ , w = const =−1, ρ = Λ

SΛ =−Λ
∫

d4x
√

−detgµν

both parts contribute

Sgrav =− 1
16πG

∫
d4x

√
−detgµν R ,

Smatter =
∫

d4x
√

−detgµν

(
1
2

gλρ
∂λ φ∂ρ φ −V (φ)

)
natural values

Λgrav ∼ 1/G2 ∼
(

1019GeV
)4

, Λmatter ∼ V (φvac)∼ (100GeV)4 ,(100MeV)4 , . . .

Why Λ is small? Why Λ∼ ρmatter ? Why ρB ∼ ρDM ∼ ρΛ today?
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Íîâûå äàííûå � íîâûå çíàíèÿ (?)
ИI
ЯN
ИR

List of long-standing problems

What is Dark Energy ?

What is Dark Matter ?

BAU ?

Why the Universe is �at, homogeneous and isotropic?

What is the source of perturbations?

Li7 in BBN...
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