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Ïîñòîÿííàÿ Õàááëà

Ñâåðõíîâûå òèïà Ia ¾Ïëàíê¿ TT+TE+EE+lowP

H0 = 73.24± 1.74 A. G. Riess et. al, 2016 H0 = 67.27± 0.6 P. A. R. Ade et al., 2015

Åäèíèöû èçìåðåíèÿ êì/c/Ìïê, îøèáêà 1σ.
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Àìïëèòóäà ëèíåéíûõ âîçìóùåíèé ïëîòíîñòè ìàòåðèè

Êàòàëîã ñêîïëåíèé ãàëàêòèê ¾Ïëàíê¿ ¾Ïëàíê¿ TT+TE+EE+lowP

σ8 = 0.782± 0.010 P. A. R. Ade et al., 2015 σ8 = 0.831± 0.013 P. A. R. Ade et al., 2015

Îãðàíè÷åíèå ïî êàòàëîãó ñêîïëåíèé ãàëàòèê ¾Ïëàíê¿ ïîëó÷åíî äëÿ Ωm = 0.27, îøèáêè 1σ.
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Áàðèîííûå àêóñòè÷åñêèå êîëåáàíèÿ â ðàñïðåäåëåíèè îáëàêîâ

íåéòðàëüíîãî âîäîðîäà íà zeff = 2.4
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Êîñìîëîãè÷åñêàÿ ìîäåëü ñ ðàñïàäàþùåéñÿ òåìíîé ìàòåðèåé

F = Ωddmh
2

Ωsdmh
2 + Ωddmh

2 - äîëÿ íåñòàáèëüíîé õîëîäíîé òåìíîé ìàòåðèè

Γ [êì/ñ/Ìïê] - øèðèíà ðàñïàäà íåñòàáèëüíîé ÷àñòèöû

ρ̇ddm + 3Hρddm = −Γρddm

ρ̇rd + 4Hρrd = Γρddm
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Ãðàâèòàöèîííîå ëèíçèðîâàíèå ¾Ïëàíê¿
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Ìîäåëèðîâàíèå Ìîíòå-Êàðëî ìàðêîâñêèõ öåïåé

Ïàðàìåòð Îïèñàíèå

Ωbh
2 Ïëîòíîñòü áàðèîííîé ìàòåðèè

Ωch
2 Ïëîòíîñòü õîëîäíîé òåìíîé ìàòåðèè

100 · θ∗ Óãëîâîé ðàçìåð çâóêîâîãî ãîðèçîíòà â ìîìåíò z = z∗
τ Îïòè÷åñêàÿ òîëùà ðåèîíèçàöèè
ns Íàêëîí ñïåêòðà íà÷àëüíûõ âîçìóùåíèé

ln(1010As) Àìïëèòóäà ñïåêòðà íà÷àëüíûõ âîçìóùåíèé

F Äîëÿ íåñòàáèëüíîé õîëîäíîé òåìíîé ìàòåðèè
Γ Øèðèíà ñîîòâåòñòâóþùåãî ðàñïàäà

Íàáîð Îïèñàíèå

TT,TE,EE
TT, TE, EE ñïåêòðû ¾Ïëàíê¿ íà l ≥ 30, à òàêæå TT â îáëàñòè
l ≤ 29

lowP TE, EE ñïåòðû íà l ≤ 29

lens Èçìåðåíèå Cφφl ïî êàðòàì ¾Ïëàíê¿ TTTT,TTEE,...

H0
Èçìåðåíèå ïîñòîÿííîé Õàááëà H0 = 73.24± 1.74 ïî ñâåðõíîâûì
òèïà Ia A. G. Riess et. al, 2016

CL
Èçìåðåíèå σ8( Ωm

0.27
)0.3 = 0.782 ± 0.01 ïî êàòàëîãó ñêîïëåíèé ãà-

ëàêòèê ¾Ïëàíê¿ P. A. R. Ade et al., 2015
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Ðåçóëüòàò ïî äàííûì ¾Ïëàíê¿ è ñâåðõíîâûì òèïà Ia

Îáîçíà÷åíèå Íàáîð Óëó÷øåíèå

Pol (TT,TE,EE + H0 + CL) + lowP 1.86σ

Lens (TT,TE,EE + H0 + CL) + lens 2σ

Pol + Lens (TT,TE,EE + H0 + CL) + lowP + lens 1.17σ
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Äàííûå 6dFGS è SDSS BOSS DR12

DA(z) = (1 + z)−1

∫ z

0

dz′/H(z′) DH(z) = 1/H(z) f(z) =
d lnδ

d lna

Èçîòðîïíûå èçìåðåíèÿ DV /rs ≡ D2/3
A D

1/3
H /rs:

z = 0.106 6dFGS F. Beutler et. al, 2011
z = 0.15 MGS A. J. Ross et. al, 2015

Àíèçîòðîïíûå èçìåðåíèÿ DA/rs è DH/rs íà 0.2 < z < 0.75

P (~k) íà (z1, z2, z3) Cuesta A. J. Cuesta et. al, 2016
ξ(~s) íà (z1, z2, z3) Gil-Marin(a) H. Gil-Marin et. al, 2016

P (~k) + ξ(~s) íà (z1, z2, z3) Alarm S. Alam et. al, 2016

P (~k) íà (z1, ..., z9) Zhao G.-B. Zhao et. al, 2017
ξ(~s) íà (z1, ..., z9) Wang Y. Wang et. al, 2016

Èçìåðåíèÿ DA/rs, DH/rs è fσ8 íà 0.2 < z < 0.75

ξ(~s) íà (z1, z2) Chuang(a) C.-H. Chuang et. al, 2016
ξ(~s) íà (z1, ..., z4) Chuang(b) C.-H. Chuang et. al, 2016

P (~k) (z1, z2) Gil-Marin(b) H. Gil-Marin et. al, 2016

P (~k) + ξ(~s) íà (z1, z2, z3) Alarm S. Alam et. al, 2016

Èçìåðåíèÿ DA/rs è DH/rs íà 2 < z < 3.4

Lyα-quasar Bourboux H. M. Bourboux et. al, 2017
Lyα-Lyα Bautista J. E. Bautista et. al, 2017
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Ðåçóëüòàò ïî äàííûì ¾Ïëàíê¿, ñâåðõíîâûì Ia, 6dGS è SDSS BOSS

DR12

Îáîçíà÷åíèå Íàáîð Óëó÷øåíèå
Zhao+lowz (TT,TE,EE+H0+CL)+lowP+lens+Zhao+6dFGS+MGS 0.14σ

Chuang+lowz (TT,TE,EE+H0+CL)+lowP+lens+Chuang+6dFGS+MGS 0.86σ
Lyα (TT,TE,EE+H0+CL)+lowP+lens+Bourboux+Bautista 1.48σ
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Àìïëèòóäà Cφφl â êà÷åñòâå ñâîáîäíîãî ïàðàìåòðà

ee

Cφφl → ALC
φφ
l

Íàáîð Óëó÷øåíèå
Zhao+lowz 0.14σ

Chuang+lowz 0.86σ
Lyα 1.48σ

Zhao+lowz+AL 1.65σ
Chuang+lowz+AL 1.78σ

Lyα+AL 3.26σ
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F ' 3− 9 %
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Ìîòèâàöèÿ θ ' mD/M = yα〈H〉/M

LN = iN̄ ∂̂N +
M

2
N̄cN + yαL̄αNH̃+ h.c.

ma '
m2
D

M
=

(yα〈H〉)2

M
∼
√

∆m2
sol,

√
∆m2

atm

ΓN→3ν =
G2
FM

5

96π3
sin2 θ < H0

M < 50 êýÂ

(
1.1 · 10−7

θ2

)1/5

N → νeγ

M
?
= 7.1 êýÂ

Ïðîáëåìû õîëîäíîé òåìíîé ìàòåðèè íà ìàëûõ ìàñøòàáàõ

• íåäîñòàòîê ãàëàêòèê-ñïóòíèêîâ • to-big-to-fail • ïðîáëåìà ñèíãóëÿðíîãî ãàëî
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Îñöèëëÿöèè íåéòðèíî â ðàííåé Âñåëåííîé y ≡ E/T

Γ ≈ 1.27 ·G2
F yT

5

Veff ≈ −
14π

45α
G2
F yT

5(2 + cos2 θW ) sin2 θW

−HT ∂fN
∂T

∣∣∣∣
y=const

=
sin2 2θ

sin2 2θ + (cos 2θ − Veff2yT/M2)2

Γ

4
fA

Íåðåçîíàíñíîå ïðîèçâîäñòâî 〈〈p〉〉 = 3.15T

fN
fA

=
2.9
√
g∗

(
θ2

10−6

)(
M

1 êýÂ

)
π

4

ΩNh
2 =

M · nN
ρcrit/h2

=
1

10.5

(
M

1 êýÂ

)( nN
1 ñì−3

)
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Àñòðîôèçè÷åñêèå è êîñìîëîãè÷åñêèå îãðàíè÷åíèÿ y ≡ p/T
• Ïðÿìûå ïîèñêè (¾Òðîèöê íþ-ìàññ¿) θ2 . 10−3

• Ïëîòíîñòü òåìíîé ìàòåðèè (¾Ïëàíê¿) ΩN < ΩDM

• Îãðàíè÷åíèå íà òåìï ðàäèàöèîííûõ ðàñïàäîâ ΩN sin2 2θ . 3 · 10−5

(
1 êýÂ
M

)5

• Îãðàíè÷åíèå èç ñòðóêòóð (Lyα ëåñ Boyarsky et. al, 2009) M > 8 êýÂ 〈〈y〉〉3.15
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Ôàçîâûé ïåðåõîä I ðîäà â ñêðûòîì ñåêòîðå

L = iN̄ ∂̂N + yαL̄αNH̃+ h.c. + LφN + Lφ

LφN =
f

2
φN̄cN + h.c.

〈〈φ〉〉|T>Tc = 0, M = 0

〈〈φ〉〉|T<Tc = vφ, M = fvφ

Îñöèëëÿöèè ïðè T . Tc � 100ÌýÂ 〈〈p〉〉 = 4.1T

fN,osc

fA
= 0.13× θ2

(
10.75

g∗

)1/2(
Tc
ÌýÂ

)3

y

Ïðèìåñü ïðàâîêèðàëüíîé êîìïîíåíòû N ïðè T & Tc 〈〈p〉〉 = 1.28T

fN,in
fA

' m2
D

4y2T 2
c

=
0.25× 10−6θ2

y2

(
M

êýÂ

)2(
ÌýÂ

Tc

)2
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Ïðîèçâîäñòâî ñòåðèëüíûõ íåéòðèíî â ìîäåëè ñ ôàçîâûì ïåðåõîäîì

h2ΩN,osc ≈ 4.3× θ2

(
10.75

g∗

)1/2(
Tc
ÌýÂ

)3(
M

êýÂ

)
h2ΩN,in ' 10−6θ2

(
M

êýÂ

)3(
ÌýÂ

Tc

)2

Tc,min ' 0.05ÌýÂ

(
M

êýÂ

)2/5

Ìèíèìàëüíàÿ äîëÿ ñòåðèëüíûõ íåéòðèíî â îáùåé ïëîòíîñòè Âñåëåííîé

h2ΩN,min ' h2ΩN,osc + h2ΩN,in ' 0.9× 10−3θ2

(
M

êýÂ

)11/5
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Äîëÿ ñòåðèëüíûõ íåéòðèíî ΩN/ΩDM

0.01 ýÂ ≈
√

∆m2
sol < ma <

∑
mν ≈ 0.2 ýÂ Planck

100 101

M, keV

10−10

10−9

10−8

10−7

10−6

10−5

10−4

10−3

10−2

10−1

si
n
2
(2
θ)

10−5

10−4

10−3

10−2

10−1

100
ΩN/ΩDM

sin2 2θNRP

sin2 2θX−ray

sin2 2θmaxX−ray

F. Bezrukov et. al, 2017

ÈßÈ ÐÀÍ 16 ìàÿ 2019 ã. 20 / 40



Ñîäåðæàíèå

1 Êîñìîëîãè÷åñêàÿ ìîäåëü ñ ðàñïàäàþùåéñÿ òåìíîé ìàòåðèåé
Ïðîáëåìû íàáëþäàòåëüíîé êîñìîëîãèè
Ãðàâèòàöèîííîå ëèíçèðîâàíèå
Êðóïíîìàñøòàáíàÿ ñòðóêòóðà Âñåëåííîé

2 Ñòåðèëüíûå íåéòðèíî êàê ÷àñòü òåìíîé ìàòåðèè
Ìîòèâàöèÿ
Ôàçîâûé ïåðåõîä â ñêðûòîì ñåêòîðå

3 Êîãåðåíòíî îñöèëëèðóþùåå ñëàáî âçàèìîäåéñòâóþùåå ñêàëÿðíîå ïîëå
Ïàðàìåòðè÷åñêèé ðåçîíàíñ
Îñöèëëÿöèè íåéòðèíî â ðåæèìå áîëüøîãî ïîëÿ
Ðîæäåíèå âíåøíèì ïîëåì

4 Ïîëîæåíèÿ, âûíîñèìûå íà çàùèòó

ÈßÈ ÐÀÍ 16 ìàÿ 2019 ã. 21 / 40



Ýâîëþöèÿ ëåãêîãî ñêàëÿðíîãî ïîëÿ â ðàñøèðÿþùåéñÿ Âñåëåííîé

L = iN̄ ∂̂N +
M

2
N̄cN + yαL̄αNH̃+ h.c. + LφN + Lφ

LφN =
f

2
φN̄cN + h.c.

Lφ =
1

2
(∂φ)2 − 1

2
m2
φφ

2

mφ < H

φi ' const

MN,i = fφi

mφ > H

|φ| ∝ a−3/2

MN = MA sinmφt

MA = MN,i

(ai
a

)3/2

• Ïðèâîäèò ê ýôôåêòèâíîé ìàññå ñòåðèëüíîãî íåéòðèíî M →Meff ≡M +MN

• Âîçìîæíî êâàíòîâîå ðîæäåíèå ÷àñòèö âíåøíèì îñöèëëèðóþùèì ïîëåì
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Óðàâíåíèå Øðåäèíãåðà äëÿ äâóõóðîâíåâîé ñèñòåìû âî âíåøíåì ïîëå

Meff ≡M +MA sinmφt
M

MA
� 1

M2
A

4p
> mφ

∆m2 = Meff

√
M2

eff + 4m2
D tg θeff =

2mD

Meff +
√
M2

eff + 4m2
D

i
∂

∂t

(
ψ1

ψ2

)
=

∆m2

4p

(
− cos 2θeff sin 2θeff

sin 2θeff cos 2θeff

)(
ψ1

ψ2

)
y1(t) = Aνa→νa = 〈ψa|ψ(t)〉
y2(t) = Aνa→νs = 〈ψs|ψ(t)〉

y1(0) = 1 y2(0) = 0


∂y1(t)
∂t

= −iM
2
A

2p
mD
MA

(
M
MA

+ sinmφt
)
e−iM

2
A/(2p)

∫ t
0 (z+sinmφζ)

2dζy2(t)

∂y2(t)
∂t

= −iM
2
A

2p
mD
MA

(
M
MA

+ sinmφt
)
eiM

2
A/(2p)

∫ t
0 (z+sinmφζ)

2dζy1(t)

Àäèàáàòè÷íîñòü èçìåíåíèÿ è ìàëîñòü óãëà ñìåøèâàíèÿ∣∣∣∣ θ̇eff
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Ìåòîä ñòàöèîíàðíîé ôàçû ñ M2
A/(2pmφ) > 1

∂2y2

∂t2
−
∂y2

∂t
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i
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2p

( M

MA

+sinmφt
)2
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D
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(
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)
e
iM2

A/(2p)·
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√
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Ðåøåíèå â ðåçîíàíñå
M2
A+2M2

4p = nm

PN→νa ' sin2(ωrest/2)

ωres ≈ 1.3mφ
mD

MA
n1/3

{
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Ýôôåêò äåêîãåðåíöèè è ðàñøèðåíèÿ Âñåëåííîé

∆m2 = Meff

√
M2

eff + 4m2
D tg θeff =

2mD

Meff +
√
M2

eff + 4m2
D

H =
∆m2

4p
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sin 2θeff cos 2θeff

)
ΓA =
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Γ 0
0 0
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(
fFD 0

0 fFD
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i
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∂t
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2
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Ñòåðèëüíûå íåéòðèíî òåìíîé ìàòåðèè MA ≡M
(
T
Te

)3/2

fN (y) =
fFD(y)√

1 + 0.8
(
y
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)5

ys ' 0.2

(
1 êýÂ
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max/min θ (mφ, Te)

Γ < ωres

mφ < M
θ < θX−ray 1ÌýÂ < Te < Ts/3

nNσann
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∣∣∣
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f=fmin
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F. Bezrukov et. al, 2018
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Ðåæèì áîëüøîãî ïîëÿ 3Te �M

Meff = MA(z + sinmφt) MA = M

(
T

Te

)3/2

sin θeff ≈
mD

Meff
� 1

Ðåæèì áîëüøîãî ïîëÿ: 3Te �M ⇒ p ∼ 3T �MA ∀T > Te

z ≡M/MA � 1 x̄ ≡ yT/MA � 1 λ ≡ 2mφ/Γ A ≡
√

2yTVeff/MA < x̄

〈∆M 〉 =
〈M2

eff〉
2yT

+ Veff 〈θ2
M 〉 = θ2z2 〈M2

eff〉/M2
A

(A2 + 〈M2
eff〉/M2

A)2

∆tosc = 2x̄m−1
φ

∆tcoh = 2Γ−1 -π/2 0 π/2
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-yT/MA
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tetxt←−→
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Îñöèëëÿöèè â ðåæèìå áîëüøîãî ïîëÿ è ðîæäåíèå âíåøíèì ïîëåì

• 2Γ−1 � ∆tosc

〈θ2
M 〉 ≈ 〈θ

2
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πm−1
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Äâóõêîìïîíåíòíàÿ òåìíàÿ ìàòåðèÿ sin2 2θ = 10−5, M = 1 êýÂ

ΩN + Ωφ = ΩDM
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F. Bezrukov et. al, 2018
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Ñîäåðæàíèå

1 Êîñìîëîãè÷åñêàÿ ìîäåëü ñ ðàñïàäàþùåéñÿ òåìíîé ìàòåðèåé
Ïðîáëåìû íàáëþäàòåëüíîé êîñìîëîãèè
Ãðàâèòàöèîííîå ëèíçèðîâàíèå
Êðóïíîìàñøòàáíàÿ ñòðóêòóðà Âñåëåííîé

2 Ñòåðèëüíûå íåéòðèíî êàê ÷àñòü òåìíîé ìàòåðèè
Ìîòèâàöèÿ
Ôàçîâûé ïåðåõîä â ñêðûòîì ñåêòîðå

3 Êîãåðåíòíî îñöèëëèðóþùåå ñëàáî âçàèìîäåéñòâóþùåå ñêàëÿðíîå ïîëå
Ïàðàìåòðè÷åñêèé ðåçîíàíñ
Îñöèëëÿöèè íåéòðèíî â ðåæèìå áîëüøîãî ïîëÿ
Ðîæäåíèå âíåøíèì ïîëåì

4 Ïîëîæåíèÿ, âûíîñèìûå íà çàùèòó
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Ïîëîæåíèÿ, âûíîñèìûå íà çàùèòó

1 Âûÿñíåíî, ÷òî ìîäåëü ñ îòíîñèòåëüíîé êîíöåíòðàöèåé ðàñïàäàþùåéñÿ
ÒÌ îò 2 äî 7 % íåñêîëüêî ëó÷øå (íà óðîâíå 1.2− 2σ) îïèñûâàåò
ñîâîêóïíûé íàáîð êîñìîëîãè÷åñêèõ äàííûõ.

2 Ïîêàçàíà ñîâìåñòíîñòü ðåçóëüòàòîâ ïîñëåäíèõ èçìåðåíèé áàðèîííûõ
àêóñòè÷åñêèõ îñöèëëÿöèé è èñêàæåíèé ïðîñòðàíñòâà êðàñíûõ ñìåùåíèé â
ðàñïðåäåëåíèè ãàëàêòèê ñ ïðåäñêàçàíèÿìè ñòàíäàðòíîé êîñìîëîãè÷åñêîé
ìîäåëè. Ìîäåëü ñ îòíîñèòåëüíîé êîíöåíòðàöèåé ðàñïàäàþùåéñÿ ÒÌ îò 2
äî 5 % íåñêîëüêî ëó÷øå (íà óðîâíå 1.5σ) îïèñûâàåò ðàñïðåäåëåíèå
îáëàêîâ íåéòðàëüíîãî âîäîðîäà âî Âñåëåííîé ïî äàííûì Ñëîàíîâñêîãî
öèôðîâîãî îáçîðà íåáà. Ïðè îòñóòñòâèè èíôîðìàöèè îá àìïëèòóäå
ñïåêòðà ìîùíîñòè ëèíçèðóþùåãî ïîòåíöèàëà äîëÿ íåñòàáèëüíîé ÒÌ
äîñòèãàåò 3− 9 %, ÷òî ñîîòâåòñòâóåò ëó÷øåìó (íà óðîâíå 1.7− 3.3σ)
îïèñàíèþ íàáëþäàòåëüíûõ äàííûõ ïî ñðàâíåíèþ ñî ñòàíäàðòíîé
êîñìîëîãè÷åñêîé ìîäåëüþ.
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Ïîëîæåíèÿ, âûíîñèìûå íà çàùèòó

3 Ïîñòðîåíà ìîäèôèêàöèÿ ìîäåëè ñî ñòåðèëüíûì íåéòðèíî ñ ôàçîâûì
ïåðåõîäîì â ñêðûòîì ñåêòîðå, â êîòîðîé óäàåòñÿ ñäåëàòü îáëàñòü
îòíîñèòåëüíî áîëüøèõ óãëîâ ñìåøèâàíèÿ θ2 . 10−3 ñîâìåñòíîé ñ
òåêóùèìè êîñìîëîãè÷åñêèìè è àñòðîôèçè÷åñêèìè îãðàíè÷åíèÿìè.
Îòêðûòàÿ îáëàñòü ïðîñòðàíñòâà ïàðàìåòðîâ ¾ìàññà-óãîë ñìåøèâàíèÿ¿, â
êîòîðîé ñòåðèëüíîå ñîñòîÿíèå îòâåòñòâåíî çà ôîðìèðîâàíèå ìàëîé
ìàññû àêòèâíûõ íåéòðèíî, äîñòóïíà äëÿ ïðÿìîãî èññëåäîâàíèÿ íà
ïåðñïåêòèâíûõ ýêñïåðèìåíòàëüíûõ óñòàíîâêàõ ¾Òðîèöê íþ-ìàññ¿ è
KATRIN.

4 Ïðåäñêàçàíà âîçìîæíîñòü ðåçîíàíñíîãî óñèëåíèÿ îñöèëëÿöèé â
ïðèñóòñòâèè êîãåðåíòíî îñöèëëèðóþùåãî ñêàëÿðíîãî ïîëÿ,
âçàèìîäåéñòâóþùåãî ñî ñòåðèëüíûì íåéòðèíî. Ïîêàçàíî, ÷òî äàííûé
ìåõàíèçì ìîæåò áûòü îòâåòñòâåíåí çà ïðîèçâîäñòâî ÒÌ èç ñòåðèëüíûõ
íåéòðèíî ñ î÷åíü ìàëûì óãëîì ñìåøèâàíèÿ θ2 & 10−14. Ñïåêòð
îáðàçîâàâøèõñÿ â ðåçîíàíñå ÷àñòèö ïîçâîëÿåò îñëàáèòü òðàäèöèîííûå
äëÿ òåïëîé ÒÌ îãðàíè÷åíèÿ èç ñòðóêòóð.

5 Ïðåäëîæåí ìåõàíèçì ðîæäåíèÿ õîëîäíîé ÒÌ èç ñòåðèëüíûõ íåéòðèíî
âíåøíèì íåñòàöèîíàðíûì ïîëåì. Ïîêàçàíî, ÷òî ñòåðèëüíûå íåéòðèíî ñ
ìàññîé 1 êýÂ è âûøå ìîãóò ñîñòàâëÿòü ÒÌ.
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Ñïàñèáî çà âíèìàíèå
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Îãðàíè÷åíèÿ èç ïðÿìûõ ïîèñêîâ: ¾Òðîèöê íþ-ìàññ¿
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Îãðàíè÷åíèÿ èç ïðÿìûõ ïîèñêîâ: ¾Òðîèöê íþ-ìàññ¿ 2017
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