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Description of neutrino oscillations (I)

Two bases: gauge |να〉, α = e, µ, τ and mass |νi〉, i = 1,2,3

|νi〉= Uα i |να〉 with unitary PMNS 3×3 matrix Uα i

Neutrino mass matrix is then

Mαβ = 〈να |M|νβ 〉= (UM(m)U†)αβ , where M(m)
ij = miδij .

Free neutrino evolution in time and space

|νj(t)〉= e−imj t |νj(0)〉 → |νj(t ,L)〉= e−i(Ej t−pj L)|νj(0)〉 ,

in ultrarelativistic case −→ Hamiltonian

pj =
√

E2−m2
j = E −m2

j /2E → |νj(L)〉= e−i
m2

j
2E L|νj(0)〉 .
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Description of neutrino oscillations (II)

Neutrino e�ective Hamiltonian

|νj (L)〉= e−i
m2

j
2E L|νj (0)〉 → Heff =

M2

2E

Transition amplitude of neutrino να to neutrino νβ is

A(α → β ) = ∑
j
〈νβ |νj (L)〉〈νj (0)|να 〉= ∑

j
〈νβ |νj 〉e−i

m2
j

2E L〈νj |να 〉= ∑
j

Uβ je
−i

m2
j

2E LU∗
α j

Transition probability ∆m2
ji ≡m2

j −m2
i

P(να → νβ ) = |A(α → β )|2

= δαβ −4∑
j>i

Re[U∗
α jUβ jUα iU

∗
β i ] sin2

(
∆m2

ji

4E
L

)

+ 2∑
j>i

Im[U∗
α jUβ jUα iU

∗
β i ] sin

(
∆m2

ji

2E
L

)
,
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Description of neutrino oscillations (III)

Two-neutrino oscillations: transition probability

P(να → νβ 6=α ) = sin2 2θ · sin2
(

∆m2

4E
L
)

,

Two-neutrino oscillations: survival probability

P(να → να ) = 1− sin2 2θ · sin2
(

∆m2

4E
L
)

Oscillation length

Losc =
4πE
∆m2 = (2.5 km) · E

GeV

eV2

∆m2
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Neutrino matter e�ect

Mikheev�Smirnov�Wolfenstein e�ect
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Fermi charged currents

L =−2
√

2GF ν̄eγ
µ e ·ēγµ νe

only matter, no
currents

〈〈ēk γ
0
kl el 〉〉= 〈〈e†e〉〉= ne,

〈〈ēk γ
i
kl el 〉〉= 0.

〈〈ek ēl 〉〉=−1
4

γ
0
kl ·ne

Fermi interaction gives

Leff =−
√

2GF ne ν̄eγ
0
νe.

iγ0
∂0→ iγ0

∂0−
√

2GF neγ
0,

e�ective potential

i∂0−V , with V =
√

2GF ne

competes with
Heff = ∆m2/2E
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Sterile neutrinos: NEW ingredients

One of the optional physics beyond the SM:

sterile: new fermions uncharged under the SM gauge group

neutrino: explain observed oscillations by mixing with SM (active)

neutrinos

Attractive features:

possible to achieve within renormalizable theory

only N = 2 Majorana neutrinos needed

baryon asymmetry via leptogenesis

dark matter (with N ≥ 3 at least)

light(?) sterile neutrinos might be responsible for neutrino

anomalies. . . ?

Disappointing feature:

Major part of parameter space is UNTESTABLE
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Seesaw mechanism: MN � 1 eV

With mactive . 1 eV we work in the seesaw (type I) regime:

LN = Ni/∂N− f L
c
eH̃N− MN

2
N

c
N +h.c.

Higgs gains 〈H〉= v/
√

2 and then

VN =
1
2

(
νe , N

c
)( 0 v f√

2
v f√

2
MN

)(
νe
N

)
+h.c.

For a hierarchy MN �MD = v f√
2
we have

�avor state νe = U ν1 + θ N with U ≈ 1 and

active-sterile mixing: θ =
MD

MN
=

v f
2MN

� 1

and mass eigenvalues

≈MN and −mactive = θ
2 MN ≪ MN
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Sterile neutrino: a vast region of mass

Within the seesaw paradigm, as far as

ma ∼
f 2v2

M2
N

MN ∼ θ
2MN

Any set

(mass scale MN , Yukawa coupling f )
is viable

And with special tunning or symmetry larger (but not smaller) mixing

3 sterile neutrinos is

viable

m̂a ∼ f̂ T 1
M̂N

f̂ v2
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Light sterile neutrinos and cosmology

Analysis of CMB & LSS (e.g., Planck, SDSS):

Mixing θ ∼ 0.1-1, mass ∼ 1 eV
NONE (or, may be, one)

� there are 2σ discrepancies in H0, σ8, lensing, . . .

small scale crisis, SPT vs Planck, . . .

Explanation of the combined anomalous results

needs TWO or MORE

� of course, some anomalies may be just anomalies. . .

Production in the early Universe can be e�ciently suppressed, e.g.,

by scalar �eld

L = φ N̄cN +h.c.

or if the reheating scale is low, Treh ∼ 10MeV
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Description of neutrino oscillations

Oscillation length small Losc ↔ big ∆m

Losc =
4πE
∆m2 = (2.5 m) · E

MeV

eV2

∆m2

Oscillation probability:

P(να → νβ) =

∣∣∣∣∣δαβ − sin2 2θαβ sin2

(
L∆m2

41
4E

)∣∣∣∣∣ , sin2 2θαβ = 4 |Uα4|2
∣∣∣δαβ −

∣∣Uβ4
∣∣2
∣∣∣

transition probability appearance

P(να → νβ 6=α) = sin2 2θαβ sin2

(
L∆m2

41
4E

)
, sin2 2θαβ = 4 |Uα4|2

∣∣Uβ4
∣∣2

survival probability disappearance

P(να → να ) = 1− sin2 2θαα · sin2

(
∆m2

41
4E

L

)
, sin2

θαα = |Uα4|2
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Reactor anomaly: recent results. . . 1809.10516

PROSPECT (USA, 2018-. . . )
85MWth compact reactor
segmented detector covering
L = 6−7.5m
measures �ux ratios
STEREO (France, 2018-. . . ):
58MWth compact reactor
segmented detector covering
L = 9.4−11.1m
measures �ux ratios

NEUTRINO-4 (Russia,
2018-. . . ): 100MWth

extracompact
reactor SM-3 (Dimitrovgrad)
segmented movable detector at
L = 6−12m
measures �ux ratios
best �t

∆m2 ' 7.2eV2

sin2 2θee ' 0.35

1801.06467
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Consistencey of Gallium and NEUTRINO-4 anomalies

1809.10561

b.f. SAGE + GALLEX

b. f. Neutrino 4

SAGE + GALLEX + Neutrino 4 Overlap

1905.07437 almost 4σ anomaly
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Baksan Experiment on Sterile Transition

proposal: 1006.2103, 1204.5379, ...

arti�cial dichromatic source:
51Cr of 3 MCi (∆W/W < 0.5%)

neutrino �ux measurment:
71Ga + νe→ 71Ge + e−

2 detector volumes:
for the �ux cross check

geometry is chosen:
to search for ' 1 eV neutrino

data taking:
July�September 2019

τ51Cr = 27.7d
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BEST: R1 = 0.791±0.050, R2 = 0.766±0.050 2109.11482

0.0 0.2 0.4 0.6 0.8 1.0
sin2(2 )

0
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m
2 [
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2 ]

1 2 3 4 5

5-σ evidence for νs 2109.14654

con�rmation of Gallium anomaly

consistent with NEUTRINO-4
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2109.14654 BEST combined with others

10 2 10 1 100

sin2(2 )

2

4

6

8

m
2 [

eV
2 ]

Combine 
 BEST 
 SAGE 

 GALLEX 
 DANSS

Sun 95% C.L. (Giunti 2021)
PROSPECT 95% C.L. FC
STEREO 95% C.L.
RAA 95% C.L.
b. f. p.

5.7-σ combined evidence for νs
BEST b.f.p. is excluded by reactor neutrino experiments

Combined 2-σ region is consistent with Reactor Anomaly

Combined 2-σ region is excluded

from solar neutrinos

and from cosmology
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Light sterile neutrinos in cosmology

Impact on processes

Big Bang Nucleosynthesis: increase of expansion rate

H2 =
8π

3
Gρ , ρ =

π2

30

(
2×T 4

γ + 2× (3 + ∆Nν )×T 4
ν

)

with ∆Nν > 0 higher H neutrons freeze out earlier giving more

Helium

expansion rate at Equality, ρrad = ρmat , and at CMB epoch

change of CMB anisotropy −0.34 < ∆Nν < 0.33 (95% CL)

become non-relativistic, but have high velocity

free streaming leads to washing out of low-scale perturbations

change galaxy spectrum limits on ∆Nν & neutrino masses
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Sterile neutrino production in cosmology

P (να → νs) = sin2 2θα · sin2
(

t
2tvac

α

)
,

tvac
α =

2Eν

∆m2 , ∆m2 = m2
s −m2

1 'm2
s .

H = U ·diag
(

m2
1

2Eν

,
m2

2
2Eν

)
·U† + Vint ,

U =

(
cosθα sinθα

−sinθα cosθα

)
, Vint =

(
Vαα 0

0 0

)
.

Vττ =−14π

45α
sin2

θW cos2
θW ·G2

F T 4 ·Eν ≈−25 ·G2
F T 4 ·Eν ,
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Sterile neutrino production in cosmology

P (να → νs) = sin2 2θ
pl
α · sin2

(
t

2tplα

)
,

tplα =
tvac
α√

sin2 2θα + (cos2θα −Vαα · tvac
α )2

, sin2θ
pl
α =

tplα

tvac
α

· sin2θα ,

∂

∂ t
fs−Hp

∂

∂p
fs =

1
4

Γα sin2 2θ
pl
α fα (t ,p) .

Ωνs ' 0,2 ·
(

sin2θα

10−4

)2

·
(

ms

1 keV

)2

.

Spectrum is exactly Fermi�Dirac
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Limits from cosmology 1905.11290
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10 2

10 1

100

101

102

m
2 41
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= e
=
=

10 6 10 5 10 4 10 3 10 2 10 1

|U 4|2
10 4

10 3

10 2

10 1

100

101

102

m
2 41

 [e
V2 ]

Neff 3.1 Neff 3.3 Neff 3.9

= e
=
=

Dmitry Gorbunov (INR) Problems with �tting the cosmological data in ΛCDM24.02.2022, PNPI 21 / 80



ИI
ЯN
ИR

Sterile neutrino production with asymmetry

P (να → νs) = sin2 2θ
pl
α · sin2

(
t

2tplα

)
,

tplα =
tvac
α√

sin2 2θα + (cos2θα −Vαα · tvac
α )2

, sin2θ
pl
α =

tplα

tvac
α

· sin2θα ,

∂

∂ t
fs−Hp

∂

∂p
fs =

1
4

Γα sin2 2θ
pl
α fα (t ,p) .

V sym
αα ∝ GF T 2GF T 2Eν , V asym

αα ∝ GF T 2LT

tvac =
4Eν

m2
s

BBN, CMB: asymmetry L < 10−2-10−3 , realistic models (νMSM) L < 10−4

Spectrum is not like Fermi�Dirac
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Limits from cosmology (must be updated) 1607.00032
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BBN: extra-radiation and lepton asymmetry 2104.04381
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Asymmetry changes the thermal neutron density

Extra radiation changes the expansion rate
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COULD BE ONE OF THE SOLUTIONS...

(NEED TO EXPLAIN THE LEPTON ASYMMETRY)

JUST DO IT
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COULD BE ONE OF THE SOLUTIONS...

(NEED TO EXPLAIN THE LEPTON ASYMMETRY)

JUST DO IT
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AND NOW
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WE TURN TO

PROBLEMS IN COSMOLOGY
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Âñåëåííàÿ ðàñøèðÿåòñÿ !

Äîïïëåðîâñêîå �ïîêðàñíåíèå� ñâåòà:
λïðè¼ìíèê

λèñòî÷íèê
> 1
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Èçìåðåíèå ñêîðîñòåé óäàë¼ííûõ îáúåêòîâ

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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Ðàñøèðÿþùàÿñÿ Âñåëåííàÿ: ìàñøòàáíûé ôàêòîð

Äîïïëåðîâñêîå �ïîêðàñíåíèå� ñâåòà:
λïðè¼ìíèê

λèñòî÷íèê
> 1 L ∝ a(t)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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Ðàñøèðåíèå: êðàñíîå ñìåùåíèå z λabs./λem. ≡ 1 + z

z� 1 çàêîí Õàááëà : c z = H0r
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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

Dmitry Gorbunov (INR) Problems with �tting the cosmological data in ΛCDM24.02.2022, PNPI 33 / 80



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

Dmitry Gorbunov (INR) Problems with �tting the cosmological data in ΛCDM24.02.2022, PNPI 35 / 80



ИI
ЯN
ИR

◼

◼ ◼ ◼
◼ ◼ ◼ ◼

◆
◆

◆
◆ ◆

◆◆ ◆ ◆

◼ Distance Ladder (Cepheids) ◆ ΛCDM

WMAP1

WMAP3 WMAP5
WMAP7

WMAP9

P13
P15

BAO P18

KP

SH0ES

SH0ES
CHP

SH0ES

SH0ES

SH0ES
SH0ES

2000 2005 2010 2015 2020

65

70

75

80

85

Year

H
0

[k
m
s-
1
M
p
c
-
1
]

2105.05208

Dmitry Gorbunov (INR) Problems with �tting the cosmological data in ΛCDM24.02.2022, PNPI 36 / 80



ИI
ЯN
ИR

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 !
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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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Åù¼ äàëüøå � êâàçàðû 2110.03671
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1907.10625
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Èçìåðèâ H(z) óçíàåì ìíîãî ÷åãî....

Âñåëåííàÿ îäíîðîäíà, èçîòðîïíà, ðàñøèðÿåòñÿ

è �ãîðÿ÷àÿ�...

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÷íîå
âåùåñòâî + ρ

ò¼ìíàÿ
ìàòåðèÿ + ρ

ò¼ìíàÿ
ýíåðãèÿ

â ïðîøëîì Âñåëåííàÿ áûëà �ïëîòíåå� è �ãîðÿ÷åå�,
è çàïîëíåíà ýëåêòðîìàãíèòíîé ïëàçìîé

ρâåùåñòâî ∝
1

a3(t)
, ρðàäèàöèÿ ∝

1
a4(t)

, ρ
ò¼ìíàÿ
ýíåðãèÿ= const

íàä¼æíî çíàåì âïëîòü äî T ∼ 1ÌýÂc2/k ∼ 10ìëðä.Ê
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Àëüòåðíàòèâà: ðàññòîÿíèå óãëîâîãî ðàçìåðà

Èçìåðÿÿ óãëîâîé ðàçìåð θ îáúåêòîâ èçâåñòíîãî ðàçìåðà d
� îäíîòèïíûå ãàëàêòèêè

θ =
d
L

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

θ(t) =
d(t)

L
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Äàííûå èç àñòðîôèçèêè è êîñìîëîãèè ñõîäÿòñÿ

0.0 0.5 1.0

0.0

0.5

1.0

1.5

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 ≈ 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

= 0.25
Âêëàä ò¼ìíîé ýíåðãèè: ΩΛ ≡ ρΛ

ρc
= 0.70
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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 ′)
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Ñòàíäàðòíàÿ ëèíåéêà: ñòàðòóåì èç ðàííåé Âñåëåííîé

Èçìåðÿÿ óãëîâîé ðàçìåð θ îáúåêòà

èçâåñòíîãî ðàçìåðà r � õàðàêòåðíûé ðàçìåð ïÿòíà â

àíèçîòðîïèè ðåëèêòîâîãî èçëó÷åíèÿ

θ =
r
L

èçìåíÿþùåãîñÿ ñî âðåìåíåì ïî èçâåñòíîìó çàêîíó, íàïðèìåð:

d(z) ∝ a(z)
� ñâÿçàííûå íåîäíîðîäíîñòè â ðàñïðåäåëåíèè ãàëàêòèê

θ(z) =
d(z)

L

I ïðè ýòîì r � çâóêîâîé ãîðèçîíò

ýïîõè ðåêîìáèíàöèè

I d(zrec)≈ r
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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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Ïåðâûå ðåçóëüòàòû ýêñïåðèìåíòà Planck (2013)

∆T
T ∼ 1

1000 Ñïåêòð îñòà¼òñÿ ïëàíêîâñêèì !!
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Îòêóäà âçÿëàñü àíèçîòðîïèÿ ??

Ýïîõà îáðàçîâàíèÿ âîäîðîäà: p+ + e−→ H + γ

Ïðîïàëè ñâîáîäíûå ýëåêòðîíû: Âñåëåííàÿ ïðîçðà÷íà äëÿ

ôîòîíîâ

Èäåÿ àíèçîòðîïèè: íåáîëüøèå δne/ne ∝ ∆T/T ∼ 10−4

íåîäíîðîäíîñòè â ðàñïðåäåëåíèè ìàòåðèè

Áîëüøå ëîêàëüíàÿ ïëîòíîñòü � ïîçæå îáðàçîâàíèå âîäîðîäà �

õîëîäíåå ôîòîíû

Ýâîëþöèÿ íåîäíîðîäíîñòåé â ïëàçìå � ðàñïðîñòðàíåíèå

çâóêîâûõ âîëí !!

Ôëóêòóàöèè ñëó÷àéíû (ãàóññîâû), íî èõ âåëè÷èíà, ôîðìà,

ñòðóêòóðà ñîäåðæàò èíôîðìàöèþ î ñêîðîñòè çâóêà, ÷èñëå

áàðèîíîâ è äð.

Ýêñïåðèìåíò: ãàóññîâû àäèàáàòè÷åñêèå ôëóêòóàöèè ñ

�ïëîñêèì� ñïåêòðîì, äàþò íà÷àëî ñòðóêòóðàì
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Ðàçëîæåíèå ïî ãàðìîíèêàì

ÇÂÓÊ

Òåìïåðàòóðà íà

íåáåñíîé ñôåðå
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Òðàäèöèîííàÿ ôîðìà ïðåäñòàâëåíèÿ (Planck 2013)
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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
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Ðàñïîëîæåíèå ãàëàêòèê âî Âñåëåííîé
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Áàðèîííûå àêóñòè÷åñêèå (�ñàõàðîâñêèå�) îñöèëëÿöèè

ïèê ïðè rs ≈ 147Ìïê

ξz (s) ∝
〈nz (~x)nz (~x +~z)〉~x

nz nz
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1807.06209
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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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�Íåäàâíèå� Íîáåëåâñêèå ïðåìèè �çà êîñìîëîãèþ�

Çà àíèçîòðîïèþ ðåëèêòîâîãî èçëó÷åíèÿ (ÐÈ)

2006: jointly to John C. Mather and George F. Smoot �for their

discovery of the blackbody form and anisotropy of the cosmic

microwave background radiation�

Çà óñêîðåííîå ðàñøèðåíèå (ò¼ìíàÿ ýíåðãèÿ)

2011: one half awarded to Saul Perlmutter, the other half jointly to

Brian P. Schmidt and Adam G. Riess �for the discovery of the

accelerating expansion of the Universe through observations of distant

supernovae�
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70.3
73.8
73.5

Haridasu (2018)
Abbott (2018)

Dutta (2019)
Wong (2020)

Baxter (2020)

76.12
71

Wang (2017)
Fernandez-Arenas (2018)

68.3
67
67.06

Chen (2017)
Yu (2018)

Gomez-Valent (2018)

64.9
67.4

Zeng (2019)
Dominguez (2019)

75.1
76

Schombert (2020)
Kourkchi (2020)

68.9
68

73
66

73.5
73.9

Reid (2013)
Kuo (2013)

Kuo (2015)
Gao (2016)

Reid (2019)
Pesce (2020)

70
77

68.9
75

69
48

67.6
50.4

75

Abbott (2017)

Hotokezaka (2019)

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

Mukherjee (2020)

76.8
67.4

74.5
74.2

72.8
73.3

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)

73.3
Huang (2020)

72.4
69.8
69.6

72.1

Yuan (2019)
Freedman (2019)
Freedman (2020)

Soltis (2020)

73
72.8
73.48
74.03
73.2

Breuval (2020)
Breuval (2020)
Riess (2018)
Riess (2019)

Riess (2021)

66.98
Addison (2018)

68.36
Zhang (2019)

69.13
Wang (2017)

67.6
67.9

Aiola (2020)
Aiola (2020)

67.36
67.27

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)

50 60 70 80 90 100

H0 [km s-1 Mpc-1]

Constraints on H0

2105.05208

1707.06547
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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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Backup slides
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0.747

0.7

Kazantzidis (2018)

Benisty (2021)

0.83

0.749

0.792

0.785

0.65

0.77

0.79

Pacaud (2018)

Bocquet (2019)

Ade (2015)

Salvati (2018)

Abbott (2020)

Mantz (2015)

Costanzi (2019)

0.78

0.804

0.782

0.773

0.745

0.651

0.737

0.716

0.762

0.755

0.759

Hikage (2019)

Hamana (2020)

Troxel (2018)

Abbott (2018)

Hildebrandt (2017)

Kohlinger (2017)

Hildebrandt (2020)

Wright (2020)

Joudaki (2020)

Asgari (2020)

Asgari (2021)

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

0.4 0.6 0.8 1.0 1.2

S8≡σ8 Ωm /0.3

Flat ΛCDM - Growth Tension

2105.05208

0.20 0.25 0.30 0.35

Ωm

0.7

0.8

0.9

1

σ
8

Planck TT+lowE

Planck TT,TE,EE+lowE

+DES+lensing

DES γt + w

DES (joint)

1807.06209
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CMB anomalies

quadrupole-octopole alignment, p < 0.5%

l = 1,2,3 alignment, p < 0.2%

odd parity preference lmax = 28, p < 0.3%; lmax < 50, p < 2% (lee)

dipolar modulation for l = 2−67, p < 1%

cold spot, p < 1%

low variance (Nside = 16), p < 0.5%

2-correlation χ2(θ > 60◦), p < 3.2%

2-correlation S1/2, p < 0.3%; (larger masks) p < 0.1%

hemispherical variance asymmetry, p < 0.1%

S1/2 ≡
∫ 1/2

−1
C2(θ)d(cosθ)

topology? primordial spectrum with broken scale invariance or isotropy?

ISW from local LSS? ... Foregrounds?
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CMB anisotropy: alignment 1502.01582

Ecliptic Plane

dipole

dipole

Qv

Qv

Qv

Qv

Ov

Ov

Ov

Ov

Ov

Ov

Qa,n̂2 Oa

Oa

Oa

n̂3

n̂2, no DQ

NEP

SEP

-54 48µK
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CMB anisotropy at large angles 1603.09703
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CMB map (Planck) 1502.01582
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SPTPole with critical l = 1000 1707.09353
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1807.06209
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Ôîòîíû äâèæóòñÿ â ðàñøèðÿþùåéñÿ Âñåëåííîé
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Âñ¼ äàâíî íàïèñàíî, äåëî çà ÷èòàòåëåì
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Hubble: extra-radiation and lepton asymmetry 2104.04381
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CMB: 'heavy' neutrinos with long-range force 2101.05804
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CMB: 'heavy' neutrinos with long-range force 2101.05804
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CMB: 'heavy' neutrinos with long-range force 2101.05804
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