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Òåêóùèå îãðàíè÷åíèÿ íà ìàññó íåéòðèíî

Ïðÿìûå ïîèñêè∑
mν < 2 ýÂ (Aseev et al., 1108.5034)

Îãðàíè÷åíèÿ èç êîñìîëîãèè∑
mν < 0.26 ýÂ Planck2018 TT,TE,EE+lowTE∑
mν < 0.12 ýÂ Planck2018 TT,TE,EE+lowTE+lensing+BAO∑
mν < 0.12 ýÂ Lyα

∑
mν > 0.06 ýÂ

∑
mν > 0.1 ýÂ
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CMB/LSS

σ ∼ 1√
N

NCMB ∼ l2max ∼ 107 NLSS ∼
(
λmax

λmin

)3
∼ 109
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Ñòàòèñòè÷åñêèå íàáëþäàåìûå

ρm(~x, t) = ρ̄m(t)(1 + δm(~x, t))
⇓

Îäíîìîìåíòíûå êîððåëÿöèîííûå ôóíêöèè

〈δk1δk2〉 = (2π)3 δ(k1 + k2)P (k)
〈δk1δk2δk3〉 = (2π)3 δ(k1 + k2 + k3)B(k1,k2,k3)
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Ñòàòèñòè÷åñêîå ñìåùåíèå

δg = b1δ + b2
2 δ

2 + bG2G2 + bΓ3Γ3

G2(Φ) ≡ (∂i∂jΦ)2 − (∂2Φ)2

Γ3(Φg, φv) ≡ G2(Φg)− G2(Φv)

Ñïåêòð ìîùíîñòè ãàëàêòèê

P (k)→ Pg(k) = b21P (k) + b1b2Iδ2 (k) + 2b1bG2IG2 (k)+
(2b1bG2 + 0.8b1bΓ3 )FG2 (k) + 0.25b22Iδ2δ2 (k) + b2G2IG2G2 (k)+

0.5b2bG2Iδ2G2 (k)
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Ïðîñòðàíñòâî êðàñíûõ ñìåùåíèé

H = aH f = lnD+/ ln a δL = D+δ0 µ ≡ kz/k

z = Hr + vz

r→ s + ẑvzH δk → δ
(s)
k (1 + fµ2)

Ôîðìóëà Êàéçåðà

Pg(k)→ P (s)
g (k) = Pg(k)

(
1 + f

b1
µ2
)2

=
∞∑
l=0

Pl(k)Ll(µ)

P0(k) =
[

1 + 2
3
f

b1
+ 1

5

(
f

b1

)2
]
Pg(k)

P2(k) =
[

4
3
f

b1
+ 4

7

(
f

b1

)2
]
Pg(k)

P4(k) =
[

8
35

(
f

b1

)2
]
Pg(k)
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Èñêàæåíèå ïðîñòðàíñòâà êðàñíûõ ñìåùåíèé
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Ýôôåêò íåëèíåéíîñòåé

∆2 = k3

2π2P (k)
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Ýéëåðîâà ãèäðîäèíàìèêà äëÿ èäåàëüíîé æèäêîñòè

θ ≡ −∇v/(fH)

∂δ

∂τ
+∇[(1 + δ)v] = 0

∂v
∂τ

+Hv + (v · ∇)v = −∇Φ

∇2Φ = 4πGa2ρ̄δ

ËÎ: θ = −fδ

Ñòàíäàðòíàÿ òåîðèÿ âîçìóùåíèé

δ(q) =
∑
n

∫
Fn(q1, ...,qn)δL(q1)...δL(qn), θ(q) =

∑
n

∫
Gn(q1, ...,qn)δL(q1)...δL(qn)

Z[J ] = N−1
∫
Dδ0 exp

{
− δ2

0
2P0

+ J · δt
}

δ0 → δNL,vNL

P1−loop = PL(k) +
∫∞

0 d3q1PL(q1, t)
∫∞

0 d3q2PL(q2, t)
[
2F 2

2 (q1,q2) + 6F3(q1,−q1,q2)
]

=
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Ýâîëþöèÿ ôóíêöèè ðàñïðåäåëåíèÿ

∂tP + ∂

∂δ

(
δ̇P
)

= 0

P[δ]|t=0 =N−1 exp
[
−1

2

∫
δ0(k)δ0(−k)
P (k, t0)

]

Òåîðèÿ âîçìóùåíèé íà âðåìåííûõ ðàññëîåíèÿõ

P(δ, t) = N−1 exp

{
−
∑
n=1

1
n!

∫
[dq]nΓn(t, {qj})δn

}

Z[J ] = N−1
∫
DδtP[δt] exp {J · δt} P[δ0]→ P[δNL,vNL, ...]

P1−loop =
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¾Åâêëèä¿: ñòàòèñòè÷åñêàÿ íåîïðåäåëåííîñòü

Pozzetti et al., 2016 [arXiv:1603.01453]

zi V h3, Ãïê3 ng 103/h3, Ìïê−3

0.6 4.59 38.24
0.8 6.46 20.77
1.0 8.02 11.8
1.2 9.26 6.95
1.4 10.18 3.91
1.6 10.84 2.1
1.8 11.29 1.17
2.0 11.57 0.68

Ckk′ = (2π)3

V (zi)
1

2πk2dk

(
Pg(k, zi) + 1

ng(zi)

)2
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ÒÂÂÐ: òåîðåòè÷åñêàÿ íåîïðåäåëåííîñòü

Ei(z) =
(
D+(z)
D+(0)

)2l

Pg(ki, z)


(
ki/h
0.31

)1.8
l = 1 äëÿ PL(

ki/h
0.45

)3.3
l = 2 äëÿ P1−loop

Cij = EiρijEj

ρij = exp
{
− (ki − kj)2

2∆k

}
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Ðåàëüíîå ïðîñòðàíñòâî: ñïåêòð ìîùíîñòè
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Íàõîæäåíèå àïîñòåðèîðíîãî ðàñïðåäåëåíèÿ ìåòîäîì MCMC

Pg(k, z)→ Pg(k, z)− 2c2sk2P 2
g (k, z)

Ñâîáîäíûé ïàðàìåòð Îïèñàíèå

h Ïîñòîÿííàÿ Õàááëà
Ωbh2 Ïëîòíîñòü áàðèîííîé ìàòåðèè
Ωch2 Ïëîòíîñòü õîëîäíîé ò¼ìíîé ìàòåðèè
ns Íàêëîí ñïåêòðà
As Àìïëèòóäà ñïåêòðà

b1(z1), ..., b1(z8) Ëèíåéíîå ñìåùåíèå
b2(z1), ..., b2(z8) Íåëèíåéíîå ñìåùåíèå
bG2 (z1), ..., bG2 (z8) Ïðèëèâíîå ñìåùåíèå
bΓ3 (z1), ..., bΓ3 (z8) Ñìåùåíèå Γ3
c2s(z1), ..., c2s(z8) Îòêëèê êîðîòêîâîëíîâûõ ìîä

Pshot(z1), ..., Pshot(z8) Ñòàòèñòè÷åñêèé øóì

Ïðîñòðàíñòâî êðàñíûõ ñìåùåíèé

c2s,0(z1), ..., c2s,0(z8) Îòêëèê êîðîòêîâîëíîâûõ ìîä (ìîíîïîëü)
c2s,2(z1), ..., c2s,2(z8) Îòêëèê êîðîòêîâîëíîâûõ ìîä (êâàäðóïîëü)
c2s,4(z1), ..., c2s,4(z8) Îòêëèê êîðîòêîâîëíîâûõ ìîä (ãåêñàäåêàïîëü)

Áèñïåêòð

Pshot,b(z1), ..., Pshot,b(z8) Ñòàòèñòè÷åñêèé øóì (áèñïåêòð)
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Ïðîñòðàíñòâî êðàñíûõ ñìåùåíèé: ìîíîïîëüíûé ñïåêòð ìîùíîñòè
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Ïðîñòðàíñòâî êðàñíûõ ñìåùåíèé: êâàäðóïîëüíûé ñïåêòð ìîùíîñòè
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Ïðîñòðàíñòâî êðàñíûõ ñìåùåíèé: ãåêñàäåêàïîëüíûé ñïåêòð
ìîùíîñòè
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Ïðîñòðàíñòâî êðàñíûõ ñìåùåíèé: ìàññà íåéòðèíî

σ∑mν = 2.7 · 10−2
ýÂ
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Ðåàëüíîå ïðîñòðàíñòâî: áèñïåêòð
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Ðåàëüíîå ïðîñòðàíñòâî: áèñïåêòð
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Ïðîñòðàíñòâî êðàñíûõ ñìåùåíèé: ìàññà íåéòðèíî

σ∑mν = 2.7 · 10−2
ýÂ σ∑mν = 2.4 · 10−2
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Àìïëèòóäà ñïåêòðà: ¾Ñïåêòð-Ðåíòãåí-Ãàììà¿ vs Planck

(Aghanim et al.,2018)

〈σAsAs
〉Planck = 1 %

(Vikhlinin et al.,2009)

σ8

(
Ωm
0.3
)0.47

= 0.746± 0.022(sys)± 0.012(stat)

⇓

〈σAsAs
〉CPΓ = 6 % δM/M = 0.09

〈σAsAs
〉CPΓ = 2 % δM/M = 0.03
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Ïðîñòðàíñòâî êðàñíûõ ñìåùåíèé: ìàññà íåéòðèíî

σ∑mν
= 2.7 · 10−2 ýÂ σ∑mν

= 2.4 · 10−2 ýÂ σ∑mν
= 1.9 · 10−2 ýÂ
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Çàêëþ÷åíèå

ÒÂÂÐ ïîçâîëÿåò ýôôåêòèâíî ñîâåðøàòü ïðîöåäóðó ÈÊ-ïåðåñóììèðîâàíèÿ
è îáëàäàåò åñòåñòâåííûì ôîðìàëèçìîì äëÿ ó÷åòà êîðîòêîâîëíîâîé ôèçèêè

ÒÂÂÐ ïîçâîëÿåò âû÷èñëÿòü îäíîâðåìåííûå êîððåëÿöèîííûõ ôóíêöèè ñ
òî÷íîñòüþ . 1% íà ìàñøòàáå k/h = 0.1 Ìïê−1 ÷òî íåîáõîäèìî äëÿ àíàëèçà
äàííûõ ïðåäñòîÿùèõ ãëóáîêèõ îáçîðîâ íåáà

Îòêðûòèå ìàññû íåéòðèíî
∑

mν = 0.06 ýÂ ïî P
(s)
g íà óðîâíå äîñòîâåðíîñòè 2σ,

à ïî P
(s)
g +Bg(k1, k2, k3) + Planck/CPΓ ñ äîñòîâåðíîñòüþ 3σ

Ïëàíèðóåòñÿ ó÷åñòü îäíîïåòëåâîé âêëàä â áèñïåêòð, êîòî-
ðûé ïîçâîëèò îïðåäåëèòü ìàññó íåéòðèíî ñ áîëüøåé òî÷íî-
ñòüþ
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Ñïàñèáî çà âíèìàíèå
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