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Ìîòèâàöèÿ

I Îòêðûòà ïîñëåäíÿÿ ÷àñòèöà Ñòàíäàðòíîé ìîäåëè ôèçèêè
÷àñòèö � ñêàëÿðíûé áîçîí.

I ÑÌ îñòàåòñÿ ôåíîìåíîëîãè÷åñêè íåïîëíîé:
I ìàññà è îñöèëëÿöèè íåéòðèíî
I òåìíàÿ ìàòåðèÿ
I ãåíåðàöèÿ ïåðâè÷íûõ âîçìóùåíèé (êðîìå Õèããñ-èíôëÿöèè)
I áàðèîííàÿ àñèììåòðèÿ
I . . .



Ìîòèâàöèÿ

I Ïðåäåëû ðîñòà äëÿ ýêñïåðèìåíòîâ ôèçèêè ÷àñòèö �
ðàçìåðû Çåìëè, Ñîëíå÷íîé ñèñòåìû, ñîëíå÷íàÿ ýíåðãèÿ.

I Íîâàÿ ôèçèêà ìîæåò ïðîÿâëÿòüñÿ âî Âñåëåííîé íà
íåäîñòóïíûõ â ëàáîðàòîðèè ïðîñòðàíñòâåííûõ è
ýíåðãåòè÷åñêèõ ìàñøòàáàõ.

I Äèôôóçíîå èçëó÷åíèå ìîæåò áûòü íåïîñðåäñòâåííûì
ó÷àñòíèêîì èëè ñâèäåòåëåì ïðîòåêàþùèõ âî Âñåëåííîé
ïðîöåññîâ.

⇒ Èíòåðåñíî èñêàòü íîâûå ÿâëåíèÿ, íàáëþäàÿ
Âñåëåííóþ



Ñïåêòð íàáëþäàåìîãî ýëåêòðîìàãíèòíîãî
èçëó÷åíèÿ



Ñîäåðæàíèå äèññåðòàöèè

Ãëàâà I Îãðàíè÷åíèÿ íà ìîäåëè íîâîé ôèçèêè ÷àñòèö èç
íàáëþäåíèé ðåëèêòîâîãî èçëó÷åíèÿ WMAP, Planck

Ãëàâà II Ãàììà-èçëó÷åíèå áëàçàðîâ è ìîäåëè àêñèîíîïîäîáíûõ
÷àñòèö Fermi LAT, H.E.S.S., MAGIC, VERITAS

Ãëàâà III Îãðàíè÷åíèÿ íà ìîäåëè ïðîèñõîæäåíèÿ êîñìè÷åñêèõ
ëó÷åé óëüòðàâûñîêèõ ýíåðãèé ïî äàííûì ßêóòñêîé
óñòàíîâêè

Ãëàâà IV Êîñìè÷åñêîå èçëó÷åíèå óëüòðàâûñîêèõ ýíåðãèé ïî
äàííûì îáñåðâàòîðèè Telescope Array



Ïëàí äîêëàäà

Ãëàâà I Ðåëèêòîâîå èçëó÷åíèå (ÐÈ)
I ïîèñê ÷àñòèö ñ äðîáíûì ýëåêòðè÷åñêèì çàðÿäîì â

ñîñòàâå òåìíîé ìàòåðèè
I ïðîâåðêà ñöåíàðèÿ êîíôîðìíîãî ñêàòûâàíèÿ,

àëüòåðíàòèâíîãî èíôëÿöèè

Ãëàâà II Âíåãàëàêòè÷åñêîå ôîíîâîå èçëó÷åíèå è
ãàììà-èçëó÷åíèå âûñîêèõ ýíåðãèé

I èññëåäîâàíèå àíîìàëüíîãî ïîãëîùåíèÿ
ãàììà-èçëó÷åíèÿ è ïîèñê àêñèîíîïîäîáíûõ ÷àñòèö

Ãëàâà III Ïîèñê ãàììà-èçëó÷åíèÿ óëüòðàâûñîêèõ ýíåðãèé íà
ßêóòñêîé óñòàíîâêå

I îãðàíè÷åíèÿ íà ïîòîê ôîòîíîâ âûøå 1018 ýÂ
I ïîèñê ñâåðõòÿæåëîé òåìíîé ìàòåðèè

Ãëàâà IV Êîñìè÷åñêîå èçëó÷åíèå óëüòðàâûñîêèõ â
îáñåðâàòîðèè Telescope Array

I ãîðÿ÷åå ïÿòíî íà êàðòå êîñìè÷åñêèõ ëó÷åé
I îãðàíè÷åíèÿ íà ïîòîê ôîòîíîâ âûøå 1019 ýÂ



Ãëàâà I. Ðåëèêòîâîå èçëó÷åíèå

I ÐÈ � äèôôóçíîå ìèêðîâîëíîâîå êîñìè÷åñêîå èçëó÷åíèå,
ñôîðìèðîâàííîå â ýïîõó ðåêîìáèíàöèè.

I Ñïåêòð áëèçîê ê ñïåêòðó àáñîëþòíî ÷åðíîãî òåëà ñ
òåìïåðàòóðîé 2.725Ê. Òåìïåðàòóðà íåîäíîðîäíà ïî íåáó,
ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå ∼ 0.1ìÊ.

Âñåëåííàÿ â âîçðàñòå 380 òûñ. ëåò â îáúåêòèâå

ïîçäíåé ýâîëþöèè, 50 Ìïèêñ

I Ïëàíê, 12 àâãóñòà 2009 �
23 îêòÿáðÿ 2013,
Åâðîïåéñêîå êîñìè÷åñêîå
àãåíòñòâî

I Íàèáîëåå òî÷íîå
èçìåðåíèå êàðòû
òåìïåðàòóðû ÐÈ

I Âûñîêàÿ ÷óâñòâèòåëüíîñòü
äî ìóëüòèïîëåé l ∼ 2500



I.1 Ïîèñê ÷àñòèö ñ äðîáíûì ýëåêòðè÷åñêèì çàðÿäîì

Îïèñàíèå íîâîé ôèçèêè

I ÌÇ× � ãèïîòåòè÷åñêèå ÷àñòèöû, íåñóùèå ýëåêòðè÷åñêèé
çàðÿä e ′ = εe, ε� 1

I Òàêèå ÷àñòèöû ìîãóò åñòåñòâåííî âîçíèêàòü â ìîäåëÿõ ñî
ñêðûòûì ñåêòîðîì ñ êàëèáðîâî÷íîé ñèììåòðèåé U'(1),
åñëè òåìíûé ôîòîí êèíåìàòè÷åñêè ñâÿçàí ñ îáû÷íûì
ôîòîíîì

Lmix = ε
2F
′
µνF

µν .
Okun 1983, Holdom 1986

I ÌÇ× ìîãóò ñîñòàâëÿòü ÷àñòü õîëîäíîé òåìíîé ìàòåðèè

Ã.È. Ðóáöîâ, ÈßÈ ÐÀÍ Äèôôóçíîå èçëó÷åíèå îò 10−4 äî 1020 ýÂ 8



I.1 Ïîèñê ÷àñòèö ñ äðîáíûì ýëåêòðè÷åñêèì çàðÿäîì

Êàê óâèäåòü?
I ÌÇ× ðàññåèâàþòñÿ íà ýëåêòðîíàõ è ïðîòîíàõ ïëàçìû
ýïîõè ðåêîìáèíàöèè

θ̇b = − ȧ

a
θb + c2

s k
2δb +

4ρ̄γ
3ρ̄b

aneσT (θγ − θb)

+ aΓmcpΩmcp(θmcp − θb),

θ̇mcp = − ȧ

a
θmcp + c2

s,mcpk
2δmcp + aΓmcpΩb(θb − θmcp),

I Ïðè óñëîâèè ñèëüíîé ñâÿçè Γmcp(Ωb + Ωmcp)H−1 & 250 ,
ÌÇ× äî ðåêîìáèíàöèè äâèãàþòñÿ âìåñòå ñ �áàðèîííîé�
êîìïîíåíòîé ïëàçìû.

I ÌÇ×, â îòëè÷èå îò áàðèîíîâ, íå âíîñÿò âêëàä â
íåïðîçðà÷íîñòü ïëàçìû â ìîìåíò ðåêîìáèíàöèè, òàê êàê
êîìïòîíîâñêîå ðàññåÿíèå ïîäàâëåíî ε4.
⇒ ñèëüíåå ïîäàâëåíèå ñïåêòðà ìîùíîñòè ÐÈ
ïðè áîëüøèõ ìóëüòèïîëüíûõ ìîìåíòàõ



I.1 Ïîèñê ÷àñòèö ñ äðîáíûì ýëåêòðè÷åñêèì çàðÿäîì

Ïðîöåññ

I Ìîäåëüíûé ñïåêòð ìîùíîñòè âû÷èñëÿåòñÿ ñ ïîìîùüþ
ïàêåòà CAMB ñ ó÷åòîì ìîäèôèöèðîâàííûõ óðàâíåíèé

I Ñïåêòð ìîùíîñòè ñîïîñòàâëÿåòñÿ ñ äàííûìè Planck ñ
ïîìîùüþ êîäà, âû÷èñëÿþùåãî ôóíêöèþ ïðàâäîïîäîáèÿ
Ïëàíê plc-1.0

I Ïðîñòðàíñòâî ïàðàìåòðîâ èññëåäóåòñÿ ìåòîäîì
Ìîíòå-Êàðëî ìàðêîâñêèõ öåïåé ñ ïîìîùüþ ïàêåòà
COSMOMC
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I.1 Ïîèñê ÷àñòèö ñ äðîáíûì ýëåêòðè÷åñêèì çàðÿäîì

Ðåçóëüòàòû

I Ïîëó÷åíî îãðàíè÷åíèå íà ðåëèêòîâóþ ïëîòíîñòü ÌÇ×. Îíè
ñîñòàâëÿþò íå áîëåå ïðîöåíòà îò CDM.

Ωmcph
2 < 0.001 (95%CL)

Dolgov et al. Phys.Rev.D 88:117701 (2013)

I Ïðèñóòñòâèå äàæå ìàëîé äîëè ÌÇ× âëèÿåò íà îöåíêó
íàêëîíà ñïåêòðà ñêàëÿðíûõ âîçìóùåíèé.
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I.2 Ïðîâåðêà ñöåíàðèÿ êîíôîðìíîãî ñêàòûâàíèÿ

Îïèñàíèå íîâîé ôèçèêè

I Ìîäåëü êîíôîðìíîãî ñêàòûâàíèÿ ïîçâîëÿåò ñãåíåðèðîâàòü
ñêàëÿðíûå âîçìóùåíèÿ áåç èíôëÿöèîííîãî ðàñøèðåíèÿ
Âñåëåííîé V.A. Rubakov, JCAP 0909 (2009) 030

I Òåîðèÿ äî Áîëüøîãî âçðûâà çàïèñûâàåòñÿ â âèäå:

S = SG+M + Sφ

SG+M - äåéñòâèå ãðàâèòàöèè è äîìèíèðóþùåé ìàòåðèè,

Sφ =

∫
d4x
√−g

[
gµν∂µφ

∗∂νφ+
R

6
φ∗φ+ h2|φ|4

]
φ ñêàòûâàåòñÿ âíèç ïî ïåðåâåðíóòîìó ïîòåíöèàëó 4-îé ñòåïåíè
îò |φ| = 0 äî |φ| = f0, ãäå êîíôîðìíàÿ ñèììåòðèÿ íàðóøàåòñÿ
χ = aφ

Sχ =

∫
d3xdη(ηµν∂µχ

∗∂νχ+ h2|χ|4)

ηµν � ìåòðèêà Ìèíêîâñêîãî, η � êîíôîðìíîå âðåìÿ



Re χ = χc + δχ1/
√

2

Im χ = δχ2/
√

2

χc(η) =
1

h(η∗ − η)

θ ≡
√

2 Im χ

Re χ
=
δχ2

χc

∂

∂η
(χ2

cθ
′(η)) = 0

⇒ ýâîëþöèÿ
ïðîèñõîäèò âäîëü
ðàäèàëüíîãî
íàïðàâëåíèÿ

I âîçìóùåíèÿ ôàçû â áóäóùåì äîëæíû áóäóò
ïðåîáðàçîâàòüñÿ â àäèàáàòè÷åñêèå âîçìóùåíèÿ
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Ðàäèàëüíûå âîçìóùåíèÿ

(δχ1)
′′ − ∂i∂iδχ1 − 6h2χ2

cδχ1 = 0

(δχ1)
′′ − ∂i∂iδχ1 −

6

(η∗ − η)2
δχ1 = 0

Âîçìóùåíèÿ ôàçû

(δχ2)
′′ − ∂i∂iδχ2 − 2h2χ2

cδχ2 = 0

(δχ2)
′′ − ∂i∂iδχ2 −

2

(η∗ − η)2
δχ2 = 0

Íàêëàäûâàåì óñëîâèÿ íà âðåìÿ íà÷àëà è êîíöà êîíôîðìíîãî
ñêàòûâàíèÿ ηi ,ηf :

k(η∗ − ηi )� 1

k(η∗ − ηf )� 1

δχ
(−)
1 =

1

4π

√
(η∗ − η)

2
H

(1)
5/2[k(η∗ − η)] δχ

(−)
2 =

1

4π

√
(η∗ − η)

2
H

(1)
3/2[k(η∗ − η)]

Â ïîçäíèå âðåìåíà k(η∗ − η)� 1 èìååì:

δχ
(−)
1 =

3

4π3/2

1

k5/2(η∗ − η)2

Pχ1 =
9

4π2k2(η∗ − η)4

Êðàñíûé ñïåêòð

δχ
(−)
2 =

i

2π3/2

1

k3/2(η∗ − η)

Pχ2 =
1

4π2(η∗ − η)2

Ïëîñêèé ñïåêòð



I.2 Ïðîâåðêà ñöåíàðèÿ êîíôîðìíîãî ñêàòûâàíèÿ

Êàê óâèäåòü?

I Âîçìóùåíèÿ ôàçû â áóäóùåì ïðåâðàòÿòñÿ â âîçìóùåíèÿ
ïëîòíîñòè

I Ðàäèàëüíûå âîçìóùåíèÿ δχ1 îïðåäåëÿþò âðåìÿ
çàâåðøåíèÿ ñêàòûâàíèÿ

I Êàê ñëåäñòâèå, ñïåêòð ìîùíîñòè çàâèñèò îò íàïðàâëåíèÿ
âîëíîâîãî âåêòîðà � ñòàòèñòè÷åñêàÿ àíèçîòðîïèÿ

< ζ(k)ζ∗(k′) > =
(2π)6

4πk2
δ(k− k′)

Pζ(k)

k

Pζ(k) = P0(k)

[
1 + a(k)

∑
LM

qLMYLM(k̂)

]
k̂ ≡ k/k

I {qLM} � ïàðàìåòðû ñòàòèñòè÷åñêîé àíèçîòðîïèè



I.2 Ïðîâåðêà ñöåíàðèÿ êîíôîðìíîãî ñêàòûâàíèÿ

Ïðîöåññ

I {qLM} â ìîäåëè � ãàóññîâûå ñëó÷àéíûå âåëè÷èíû,
îïðåäåëÿåìûå êîíñòàíòîé ñàìîäåéñòâèÿ h (ñöåíàðèé ñ
ïðîìåæóòî÷íîé ñòàäèåé):

〈qLMq∗L′M′〉 = δLM′δMM′
3h2

π

1

(L− 1)(L + 2)
M. Libanov, S. Ramazanov, V. Rubakov, JCAP 1106 (2011) 010

I Êàðòà òåìïåðàòóðû ÐÈ � ñëó÷àéíîå ãàóññîâî ïîëå:

Ĉlml ′m′ ≡< âlmâ
∗
l ′m′ >= BlBl ′(Clδll ′δmm′+δSlml ′m′(q))+Nlml ′m′

Bl � ïðèáîðíàÿ ôóíêöèÿ, N � êîâàðèàöèÿ øóìà,
δSlml ′m′(q) � èñêîìûé ýôôåêò

I Îöåíêà ïàðàìåòðîâ {qLM} � ìåòîäîì íàèáîëüøåãî
ïðàâäîïîäîáèÿ:

P(â|q) =
1√
detĈ

exp

(
−1

2
â+

Ĉ−1â
)



I.2 Ïðîâåðêà ñöåíàðèÿ êîíôîðìíîãî ñêàòûâàíèÿ

Ðåçóëüòàòû

Òàáëèöà : Îãðàíè÷åíèÿ íà ïàðàìåòð ñàìîäåéñòâèÿ â ìîäåëÿõ
êîíôîðìíîãî ñêàòûâàíèÿ ïî äàííûì Planck

Ìîäåëü Îãðàíè÷åíèå

Ñöåíàðèé áåç ïðîìåæóòî÷íîé ñòàäèè (LO) h2 < 3.0

Ñöåíàðèé áåç ïðîìåæóòî÷íîé ñòàäèè (LO) h2 ln H0
Λ < 0.52

Ñöåíàðèé ñ ïðîìåæóòî÷íîé ñòàäèåé h2 < 0.0013

Àíèçîòðîïíàÿ èíôëÿöèÿ Watanabe (2009) |g∗| < 0.026

GR,Ramazanov Phys.Rev.D 91:043514 (2015)

I Ñòàòèñòè÷åñêàÿ àíèçîòðîïèÿ íå íàéäåíà, ïàðàìåòðû
ñöåíàðèÿ îãðàíè÷åíû.

I Çàìå÷àíèå: ñòàòèñòè÷åñêàÿ àíèçîòðîïèÿ ÷óâñòâèòåëüíà ê
ôèçèêå íà ïðèíöèïèàëüíî áîëåå ðàííèõ, ÷åì
ðåêîìáèíàöèÿ, ñòàäèÿõ ðàçâèòèÿ Âñåëåííîé.



II. Àíîìàëüíîå ïîãëîùåíèå γ-èçëó÷åíèÿ è àêñèîíû

Îïèñàíèå íîâîé ôèçèêè

I Ãàììà-èçëó÷åíèå ñ ýíåðãèåé ÒýÂ âçàèìîäåéñòâóåò ñ
âíåãàëàêòè÷åñêèì ôîíîâûì èçëó÷åíèåì, ðîæäàÿ ïàðû
e+e−

I ïðîöåññ ÷èñòî ýëåêòðîìàãíèòíûé è, êàê ìû äóìàåì,
ïîëíîñòüþ îïèñàí

I äîëæíî íàáëþäàòüñÿ ñìÿã÷åíèå ñïåêòðà ïðè âûñîêèõ
ýíåðãèÿõ

I Íåêîòîðûå îáúåêòû íå äåìîíñòðèðóþò îæèäàåìîãî
ñìÿã÷åíèÿ ñïåêòðà

ñì., íàïðèìåð: H.E.S.S. Nature 440:1018-1021,2006

1. ñîáñòâåííûé ñïåêòð èìååò èçëîì ââåðõ
2. îøèáêà â îïðåäåëåíèè êðàñíîãî ñìåùåíèÿ (äâà

íàëîæåííûõ îáúåêòà)
3. îøèáêà â ìîäåëè ïîãëîùåíèÿ íà âíåãàëàêòè÷åñêîì ôîíå

⇒ íîâàÿ ôèçèêà èëè àñòðîôèçèêà



II. Àíîìàëüíîå ïîãëîùåíèå γ-èçëó÷åíèÿ è àêñèîíû

Îïèñàíèå íîâîé ôèçèêè

Íåñêîëüêî ðàçëè÷èìûõ òåîðåòè÷åñêèõ ìîäåëåé:
I Íîâàÿ ôèçèêà ÷àñòèö

I Ôîòîíû îñöèëëèðóþò â ãèïîòåòè÷åñêèå àêñèîíîïîäîáíûå
÷àñòèöû (ALP)

I òóäà è îáðàòíî â ìåæãàëàêòè÷åñêèõ ìàãíèòíûõ ïîëÿõ
(> 10−9 G) De Angelis et al., Phys.Lett.B 659, 847 (2008)

I êîíâåðñèÿ â ALP â èñòî÷íèêå, à íàçàä â Ìëå÷íîì Ïóòè
Simet, Hooper, Serpico, Phys.Rev. D77, 063001 (2008)

Fairbairn, Rashba, Troitsky, Phys. Rev., D84, 125019 (2011)

I Ëîðåíö-íàðóøåíèå
Îñòîðîæíî: àòìîñôåðà òàêæå áóäåò áîëåå ïðîçðà÷íîé

GR, Satunin, Sibiryakov, Phys.Rev. D89 (2014) 123011

I Íîâàÿ àñòðîôèçèêà
I Äîïîëíèòåëüíîå ãàììà-èçëó÷åíèå ïðîèçâîäèòñÿ

êîñìè÷åñêèìè ëó÷àìè óëüòðàâûñîêèõ ýíåðãèé îò òîãî æå
èñòî÷íèêà Essey, Kusenko, Astropart. Phys. 33 81-85 (2010)

I Äðóãèå ìîäåëè ìåæãàëàêòè÷åñêîãî ôîíà è ýâîëþöèè
ãàëàêòèê



II. Àíîìàëüíîå ïîãëîùåíèå γ-èçëó÷åíèÿ è àêñèîíû

Îïèñàíèå íîâîé ôèçèêè

Âçàèìîäåéñòâèå àêñèîíîïîäîáíûõ ÷àñòèö ñ
ôîòîíàìè

Laγγ =
gaγγ

4 aFµνF̃
µν

ALP↔ γ îñöèëëÿöèè â ìàãíèòíîì ïîëå

ðàâíîâåñèå (2 ôîòîíà):(1 àêñèîí) // ïîäñ÷åò ñòåïåíåé ñâîáîäû



II. Àíîìàëüíîå ïîãëîùåíèå γ-èçëó÷åíèÿ è àêñèîíû

Ïðîöåññ

I Èñïîëüçóåì âñå äîñòóïíûå íàáëþäåíèÿ áëàçàðîâ
ñïóòíèêîì Fermi LAT è ×åðåíêîâñêèìè òåëåñêîïàìè
(VERITAS, HESS, MAGIC)

I Ïðîâåðÿåì îïèñûâàåòñÿ ëè ñïåêòð ìîäåëüþ ïîãëîùåíèÿ

I Èùåì ïðîÿâëåíèÿ íîâîé ôèçèêè



II. Ñïèñîê èññëåäóåìûõ èñòî÷íèêîâ (20 èñòî÷íèêîâ)

Name Redshift Class Instrument

1ES 1959+650 0.048 BLL VERITAS

PKS 2005−489 0.071 BLL HESS

RGB J0152+017 0.080 BLL HESS

W Com 0.102 BLL VERITAS

1ES 1312−423 0.105 BLL HESS

PKS 2155−304 0.116 BLL HESS

RGB J0710+591 0.125 BLL VERITAS

1ES 1215+303 0.130 BLL MAGIC

1ES 0229+200 0.140 BLL VERITAS

H 2356−309 0.165 BLL HESS

1ES 1101−232 0.186 BLL HESS

1ES 0347−121 0.188 BLL HESS

1ES 0414+009 0.287 BLL HESS

4C +21.35 0.432 FSRQ MAGIC

3C 279 0.536 FSRQ MAGIC

PKS 0454−234 1.003 FSRQ LAT

PKS 0426−380 1.110 BLL LAT

RGB J1448+361 1.508 BLL LAT

PKS J0730−1141 1.591 FSRQ LAT

B3 1307+433 2.156 BLL LAT

both BL Lacs and
FSRQ

×
both Fermi and IACT
(high and low redshifts)

Åùå 39 èñòî÷íèêîâ ðàññìîòðåíû äëÿ èñêëþ÷åíèÿ îøèáêè îòáîðà. Äëÿ íèõ

èçâåñòíà òîëüêî îöåíêà ñâåðõó íà ïîòîê â èññëåäóåìîé îáëàñòè



Íàáëþäàåìûé è âîññòàíîâëåííûé ñïåêòð äëÿ äâóõ îáúåêòîâ:

3C 279 (z = 0.536, áîëüøèå òî÷êè) è PKS J0730-1141

(z = 1.591, ìàëåíüêèå òî÷êè).

ÃÐ, Òðîèöêèé, Ïèñüìà â ÆÝÒÔ, 100, 6 (2014) 397. arXiv:1406.0239

// èçëîì âîññòàíîâëåííîãî ñïåêòðà íà ýíåðãèè áëèçêîé ê
ýíåðãèè, íà êîòîðîé ïîãëîùåíèå ñòàíîâèòñÿ ñóùåñòâåííûì E0



II. Èññëåäóåì ïîëîæåíèå èçëîìà

I Äëÿ 10 èñòî÷íèêîâ ìîäåëü ñ èçëîìîì ëó÷øå, ÷åì
ñòåïåííîé ñïåêòð

line - E0(z)

ïîëîæåíèå
èçëîìà íå
çàâèñèò îò òèïà
èñòî÷íèêà

log10(Ebr/E0(z)) =
0.18± 0.32



II. Èçìåíåíèå íàêëîíà ñïåêòðà ∆Γ â èçëîìå

ïðåäïîëàãàåì èçëîì
ïðè E0(z)

íàõîäèì ëó÷øåå
çíà÷åíèå ∆Γ

∆Γ =
(5.08± 0.37) log10 z +
(4.05± 0.29)

∆Γ = const èñêëþ÷åíà
íà óðîâíå 12.4σ

Èñòî÷íèêè ñ âåðõíèìè
îãðàíè÷åíèÿìè
èñêëþ÷àþò îøèáêó
îòáîðà



II. Àíîìàëüíîå ïîãëîùåíèå γ-èçëó÷åíèÿ è àêñèîíû

Ðåçóëüòàòû

ÃÐ, Òðîèöêèé, Ïèñüìà â ÆÝÒÔ, 100, 6 (2014) 397. arXiv:1406.0239



II. Àíîìàëüíîå ïîãëîùåíèå γ-èçëó÷åíèÿ è àêñèîíû

Îïèñàíèå ðåçóëüòàòà â ìîäåëÿõ íîâîé ôèçèêè

I (I) àêñèîí-ôîòîííûå îñöèëëÿöèè â ýêñòðàãàëàêòè÷åñêèõ
ìàãíèòíûõ ïîëÿõ

I ýôôåêòèâíî 2/3 ÷àñòèö â ñîñòîÿíèè ôîòîíà: τ → 2/3τ
I 12σ ⇒ 6σ, ýôôåêò îïèñàí íå ïîëíîñòüþ

I (II) êîíâåðñèÿ â ALP â èñòî÷íèêå, à çàòåì íàçàä âáëèçè
Ìëå÷íîãî Ïóòè

I 1/3 ôîòîíîâ ïðåâðàùàåòñÿ â ALP â èñòî÷íèêå. Â èòîãå,
2/3 × 1/3 = 2/9 èñõîäíîãî ïîòîêà ïðåîáðàçóåòñÿ íàçàä è
ïðèõîäèò íà Çåìëþ áåç ïîãëîùåíèÿ. Äîïîëíèòåëüíî, 2/3
× 2/3 = 4/9 ôîòîíîâ ïðèõîäÿò ñî ñòàíäàðòíûì
ïîãëîùåíèåì.

I 12σ ⇒ 2σ, ïîëíîå îïèñàíèå íàáëþäàåìîãî ýôôåêòà

I (III) Äîïîëíèòåëüíîå ãàììà-èçëó÷åíèå ïðîèçâîäèòñÿ
êîñìè÷åñêèìè ëó÷àìè óëüòðàâûñîêèõ ýíåðãèé îò òîãî æå
èñòî÷íèêà

I Òðåáóåòñÿ äåòàëèçàöèÿ ìîäåëè. Â ðàáîòå.



III,IV. Íîâàÿ ôèçèêà íà óëüòðàâûñîêèõ ýíåðãèÿõ

Îïèñàíèå íîâîé ôèçèêè

I Íåèçâåñòíûå èñòî÷íèêè ïðîèñõîæäåíèÿ êîñìè÷åñêèõ ëó÷åé
óëüòðàâûñîêèõ ýíåðãèé

I ïðîèñõîæäåíèå ìîæåò áûòü ñâÿçàíî ñ íîâîé ôèçèêîé
I àñòðîôèçè÷åñêîå ïðîèñõîæäåíèå óêàæåò íà ñïðàâåäëèâîñòü

ôóíäàìåíòàëüíûõ çàêîíîâ ïðè ïðåäåëüíûõ ýíåðãèÿõ
(Ëîðåíö-èíâàðèàíòíîñòü, áåçîïàñíîñòü áóäóùèõ
êîëëàéäåðîâ)

I Ñâåðõòÿæåëàÿ òåìíàÿ ìàòåðèÿ
I M & 1021 ýÂ
I ìîæåò ðàñïàäàòüñÿ

Ã.È. Ðóáöîâ, ÈßÈ ÐÀÍ Äèôôóçíîå èçëó÷åíèå îò 10−4 äî 1020 ýÂ 28



III,IV. Íîâàÿ ôèçèêà íà óëüòðàâûñîêèõ ýíåðãèÿõ

Êàê óâèäåòü?

I Ìîäåëè ïðîèñõîæäåíèÿ ðàçëè÷àþòñÿ âåëè÷èíîé
ïðåäñêàçàííîãî ïîòîêà ãàììà-êâàíòîâ óëüòðàâûñîêèõ
ýíåðãèé

I Ðàñïàä ñâåðõòÿæåëîé òåìíîé ìàòåðèè ðîæäàåò èçáûòîê
ôîòîíîâ óëüòðàâûñîêèõ ýíåðãèé E & 1018 ýÂ

I Àñòðîôèçè÷åñêèå ìîäåëè óñêîðåíèÿ ïðîòîíîâ
ïðåäñêàçûâàþò óìåðåííûé ïîòîê �êîñìîãåííûõ� ôîòîíîâ

I Àñòðîôèçè÷åñêèå ìîäåëè óñêîðåíèÿ ÿäåð ïðåäñêàçûâàþò
î÷åíü ñëàáûé ïîòîê ôîòîíîâ óëüòðàâûñîêèõ ýíåðãèé

Gelmini,Kalashev,Semikoz JETP 2008

Ã.È. Ðóáöîâ, ÈßÈ ÐÀÍ Äèôôóçíîå èçëó÷åíèå îò 10−4 äî 1020 ýÂ 29



III,IV. Ýêñïåðèìåíòû, ðåãèñòðèðóþùèå êîñìè÷åñêèå ëó÷è
E > 1018 eV

Ã.È. Ðóáöîâ, ÈßÈ ÐÀÍ Äèôôóçíîå èçëó÷åíèå îò 10−4 äî 1020 ýÂ 30



III. ßêóòñêàÿ êîìïëåêñíàÿ óñòàíîâêà ØÀË



IV. Îáñåðâàòîðèÿ Telescope Array

Ðåêîðäíàÿ ñòàòèñòèêà ÊË
â ñåâåðíîì ïîëóøàðèè

I Þòà, 210 êì îò
Ñîëò-Ëåéê-Ñèòè

I 507 íàçåìíûõ
ñòàíöèé, S = 3ì2,
èíòåðâàë 1.2 êì

I 3 ôëóîðåñöåíòíûõ
äåòåêòîðà

I 9 ëåò ñáîðà äàííûõ



IV. Ñòàíöèÿ íàçåìíîé ðåøåòêè Telescope Array

solarpanel
(120w)

wLAN (2.4GHz)

electronics
box

(100Ah)
battery

+

box
scintillator

GPS

< Surface Detector >

• 3m2 (12mm × 2 layers)
• PMTs: ET 9123SA × 2

(2cm separation)
• WLSF: 1.0mmφ

∼200kg

Ã.È. Ðóáöîâ, ÈßÈ ÐÀÍ Äèôôóçíîå èçëó÷åíèå îò 10−4 äî 1020 ýÂ 33



IV. Ôëóîðåñöåíòíûé äåòåêòîð Telescope Array

photo by Oleg Kalashev



IV. Ãîðÿ÷åå ïÿòíî: êàðòà êîñìè÷åñêèõ ëó÷åé E > 57ÝýÂ

TA, ApJ 790 L21 (2014)

Ã.È. Ðóáöîâ, ÈßÈ ÐÀÍ Äèôôóçíîå èçëó÷åíèå îò 10−4 äî 1020 ýÂ 35



IV. Ãîðÿ÷åå ïÿòíî: ñòàòèñòè÷åñêàÿ çíà÷èìîñòü

TA, ApJ 790 L21 (2014)

19 èç 72 ñîáûòèé â êðóãå ðàäèóñîì 20◦, ôîí: 4.5
ñòàòèñòè÷åñêàÿ çíà÷èìîñòü 3.4σ



III,IV. Îãðàíè÷åíèÿ íà ïîòîê ôîòîíîâ ÓÂÝ

Ìåòîä
ØÀË, âûçâàííûå ïðîòîíîì ØÀË, âûçâàííûå ôîòîíîì

ßêóòñêàÿ óñòàíîâêà

I àíàëèç ìþîííûõ äàííûõ

Glushkov et al. Phys.Rev.D 82, 2010

Telescope Array

I ðåêîíñòðóêöèÿ ñîáûòèé

I àíàëèç êðèâèçíû ôðîíòà

Abu-Zayyad et al. Phys.Rev.D 88, 2013



III,IV. Îãðàíè÷åíèÿ íà ïîòîê ôîòîíîâ ÓÂÝ

Ðåçóëüòàòû

In
te

gr
al

 γ
 fl

ux
 fr

ac
tio

n,
 %

Emin, eV

Yakutsk Telescope Array

Haverah Park
AGASA

AG+Yak

Pierre Auger hybrid

Pierre Auger SD

SHDM 
SHDM’

TD
Z-burst

 0.1

 1

 10

 100

1018 1019 1020

Alvarez-Muniz et al., arXiv:1306.4199

I ìîäåëè ðàñïàäà
ñâåðõòÿæåëîé òåìíîé
ìàòåðèè è
òîïîëîãè÷åñêèõ
äåôåêòîâ îãðàíè÷åíû



III,IV. Îãðàíè÷åíèÿ íà ïîòîê ôîòîíîâ ÓÂÝ

Ðåçóëüòàòû

In
te

gr
al

 γ
 fl

ux
, k

m
-2

 s
r-1

 y
r-1

Emin, eV

Telescope Array

Yakutsk
AGASA

Pierre Auger hybrid

Pierre Auger SD

GZK

 0.001

 0.01

 0.1

 1

1018 1019 1020

Alvarez-Muniz et al., arXiv:1306.4199

Gelmini,Kalashev,Semikoz JETP 2008

I ïðåäñêàçàíèÿ
àñòðîôèçè÷åñêèõ
ìîäåëåé óñêîðåíèÿ
ïðîòîíîâ ïîêà íèæå
÷óâñòâèòåëüíîñòè



Çàêëþ÷åíèå

I Óñòàíîâëåíû îãðàíè÷åíèÿ íà ÷àñòèöû ñ äðîáíûì
ýëåêòðè÷åñêèì çàðÿäîì, ìîäåëè ñâåðõòÿæåëîé òåìíîé
ìàòåðèè, êîñìîëîãè÷åñêèå ñöåíàðèè

I Îáíàðóæåíî àíîìàëüíîå ïîãëîùåíèå ãàììà-èçëó÷åíèÿ.
Óêàçàíèå íà àêñèîíîïîäîáíûå ÷àñòèöû èëè íîâûå
àñòðîôèçè÷åñêèå ýôôåêòû

I Íà êàðòå êîñìè÷åñêèõ ëó÷åé óëüòðàâûñîêèõ ýíåðãèé
îáíàðóæåíî ãîðÿ÷åå ïÿòíî

I Óñòàíîâëåíû îãðàíè÷åíèÿ íà ïîòîê ôîòîíîâ
óëüòðàâûñîêèõ ýíåðãèé, óêàçûâàþùèå íà àñòðîôèçè÷åñêîå
ïðîèñõîæäåíèå ÊË



Ñïàñèáî çà âíèìàíèå



Ïîëîæåíèÿ, âûíîñèìûå íà çàùèòó 1/3

1. Ïîñòðåíà ñèñòåìà êèíåòè÷åñêèõ óðàâíåíèé ïëàçìû ýïîõè
ðåêîìáèíàöèè è ðàññ÷èòàí ñïåêòð ðåëèêòîâîãî èçëó÷åíèÿ â
ïðèñóòñòâèè ãèïîòåòè÷åñêèõ ÷àñòèö ñ äðîáíûì ýëåêòðè÷åñêèì
çàðÿäîì. Íà îñíîâàíèè äàííûõ ñïóòíèêà Ïëàíê ïî àíèçîòðîïèè
ìèêðîâîëíîâîãî èçëó÷åíèÿ ïîëó÷åíî îãðàíè÷åíèå íà ðåëèêòîâóþ
ïëîòíîñòü òàêèõ ÷àñòèö. Ïîêàçàíî, ÷òî â øèðîêîì êëàññå ìîäåëåé
ðåëèêòîâàÿ ïëîòíîñòü ÷àñòèö ñ äðîáíûì ýëåêòðè÷åñêèì çàðÿäîì íå
ìîæåò ñîñòàâëÿòü áîëåå 1% îò ïëîòíîñòè õîëîäíîé òåìíîé ìàòåðèè.

2. Èç äàííûõ ñïóòíèêà Ïëàíê óñòàíîâëåíû íàáëþäàòåëüíûå
îãðàíè÷åíèÿ íà ïàðàìåòðû ãèïîòåòè÷åñêîãî ñêàëÿðíîãî ïîëÿ â
ìîäåëÿõ ïñåâäîêîíôîðìíîé Âñåëåííîé. Ïîêàçàíî íà óðîâíå
äîñòîâåðíîñòè 95%, ÷òî ïàðàìåòð ñàìîäåéñòâèÿ ñêàëÿðíîãî ïîëÿ â
ìîäåëè êîíôîðìíîãî ñêàòûâàíèÿ ñ ïðîìåæóòî÷íîé ñòàäèåé íå
ïðåâûøàåò 1.3 · 10−3, à â ìîäåëè áåç ïðîìåæóòî÷íîé ñòàäèè íå
ïðåâûøàåò 0.52.

3. Íà îñíîâå äàííûõ ñïóòíèêà Fermi èññëåäîâàíî ãàììà-èçëó÷åíèå ñ
ýíåðãèåé âûøå 100 ÌýÂ îò áëàçàðà 3C 279 âî âðåìÿ åãî ñåìè
çàòìåíèé Ñîëíöåì. Ïîëó÷åíû îãðàíè÷åíèÿ íà ðàçìåð è ïîòîê
ïðîòÿæåííîãî ãàììà-èçëó÷åíèÿ áëàçàðà.

Ã.È. Ðóáöîâ, ÈßÈ ÐÀÍ Äèôôóçíîå èçëó÷åíèå îò 10−4 äî 1020 ýÂ 42



Ïîëîæåíèÿ, âûíîñèìûå íà çàùèòó 2/3

4. Èç íàáëþäåíèé ãàììà-èçëó÷åíèÿ äàëåêèõ áëàçàðîâ íàçåìíûìè
ãàììà-òåëåñêîïàìè è îðáèòàëüíûì òåëåñêîïîì Fermi LAT
óñòàíîâëåíà àíîìàëüíàÿ ïðîçðà÷íîñòü Âñåëåííîé äëÿ ôîòîíîâ ñ
ýíåðãèÿìè âûøå 100 ÃýÂ. Ýôôåêò îáíàðóæåí ñ âûñîêîé
ñòàòèñòè÷åñêîé çíà÷èìîñòüþ è óêàçûâàåò íà íîâûå ôèçè÷åñêèå èëè
àñòðîôèçè÷åñêèå ÿâëåíèÿ. Ðåçóëüòàò ìîæåò áûòü èíòåðïðåòèðîâàí â
ìîäåëè ôèçèêè ÷àñòèö ñ íîâûìè àêñèîíîïîäîáíûìè ÷àñòèöàìè.

5. Íà îñíîâàíèè ìþîííûõ äàííûõ ßêóòñêîé óñòàíîâêè ØÀË ïîëó÷åíû
îãðàíè÷åíèÿ íà ïîòîê ôîòîíîâ ñ ýíåðãèÿìè âûøå 1018 ýÂ, 2 · 1018 ýÂ
è 4 · 1018 ýÂ. Ïîêàçàíî, ÷òî äîëÿ ôîòîíîâ ïðè ýòèõ ýíåðãèÿõ íå
ïðåâûøàåò 0.4%, 0.8% è 4.1%, ñîîòâåòñòâåííî, ñ óðîâíåì äîâåðèÿ
95%. Ðåçóëüòàò ïðîòèâîðå÷èò ïðåäñêàçàíèÿì ìîäåëåé ðàñïàäà
òîïîëîãè÷åñêèõ äåôåêòîâ.

6. Ïîëó÷åíû îãðàíè÷åíèÿ íà ïàðàìåòðû ñâåðõòÿæåëîé òåìíîé ìàòåðèè
èç íåíàáëþäåíèÿ ôîòîíîâ óëüòðàâûñîêèõ ýíåðãèé è ôîðìû ñïåêòðà
êîñìè÷åñêèõ ëó÷åé. Ïîêàçàíî, ÷òî ìîäåëü ñâåðõòÿæåëîé òåìíîé
ìàòåðèè íå ìîæåò îïèñàòü âåñü ïîòîê êîñìè÷åñêèõ ëó÷åé ïðè
ýíåðãèÿõ ïîðÿäêà 1020 ýÂ. Óñòàíîâëåíû îãðàíè÷åíèÿ íà äîïóñòèìóþ
äîëþ ïîòîêà, ñâÿçàííóþ ñ òàêîé òåìíîé ìàòåðèåé.
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Ïîëîæåíèÿ, âûíîñèìûå íà çàùèòó 3/3

7. Ïî äàííûì 5 ëåò íàáëþäåíèé íàçåìíîé ðåøåòêè Telescope Array íà
êàðòå êîñìè÷åñêèõ ëó÷åé ñ ýíåðãèÿìè âûøå 5.7 · 1019 ýÂ îáíàðóæåí
èçáûòîê ñîáûòèé èç îïðåäåëåííîé îáëàñòè íåáà (�ãîðÿ÷åå ïÿòíî�). Â
êðóã ðàäèóñà 20 ãðàäóñîâ ïîïàäàþò 19 èç 72 ñîáûòèé ïðè îæèäàíèè
4.5 äëÿ èçîòðîïíîãî ðàñïðåäåëåíèÿ.

8. Ðàçðàáîòàí ìåòîä ïîèñêà ïåðâè÷íûõ ôîòîíîâ óëüòðàâûñîêèõ ýíåðãèé
ïî äàííûì íàçåìíîé ðåøåòêè ñöèíòèëëÿöèîííûõ äåòåêòîðíûõ
ñòàíöèé óñòàíîâêè Telescope Array. Ðàçðàáîòàíà è ïðèìåíåíà ê
ñîáûòèÿì Telescope Array ìåòîäèêà ðåêîíñòðóêöèè, âêëþ÷àþùàÿ
îöåíêó ïàðàìåòðà êðèâèçíû Ëèíñëè äëÿ êàæäîãî ñîáûòèÿ.

9. Óñòàíîâëåíû îãðàíè÷åíèÿ íà ïîòîê ïåðâè÷íûõ ôîòîíîâ ñ ýíåðãèÿìè
âûøå 1019 ýÂ, 1019.5 ýÂ è 1020 ýÂ ïî äàííûì òðåõ ëåò íàáëþäåíèÿ
íàçåìíîé ðåøåòêè Telescope Array. Óñòàíîâëåíî, ÷òî ïîòîê ôîòîíîâ
ïðè ýòèõ ýíåðãèÿõ íå ïðåâûøàåò 1.9 · 10−2, 0.97 · 10−2 è
0.71 · 10−2 km−2sr−1yr−1, ñîîòâåòñòâåííî, ñ óðîâíåì äîâåðèÿ 95%.
Ðåçóëüòàòû ñîãëàñóþòñÿ ñ àñòðîôèçè÷åñêèì ïðîèñõîæäåíèåì
êîñìè÷åñêèõ ëó÷åé ñ ýíåðãèÿìè âûøå 1019 ýÂ.
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I.1 óñëîâèå ñèëüíîé ñâÿçè

Γmcp(Ωb + Ωmcp)H−1 & 250 , (1)

ãäå Ωb è Ωmcp � ðåëèêòîâûå ïëîòíîñòè áàðèîíîâ è ÌÇ×,
ñîîòâåòñòâåííî, H � ïàðàìåòð Õàááëà,à Γmcp � òåìï ïåðåäà÷è
ñêîðîñòè íà ìîìåíò ðåêîìáèíàöèè. Ïîñëåäíÿÿ âåëè÷èíà
çàäàåòñÿ ñëåäóþùèì ñîîòíîøåíèåì:

Γmcp =
4
√

2πα2ε2ρcrit
3mXmpT 3/2

| ln θD |(
√
µX ,e +

√
µX ,p) , (2)

ãäå µX ,e(p) � ïðèâåäåííàÿ ìàññà ÌÇ× è ýëåêòðîíà (ïðîòîíà), α
� ïîñòîÿííàÿ òîíêîé ñòðóêòóðû, T � òåìïåðàòóðà, ρcrit �
êðèòè÷åñêàÿ ïëîòíîñòü â ìîìåíò ðåêîìáèíàöèè,
θD =

√
2παne/T 2me � óãîë Äåáàÿ. Ïîñëåäíèé çàäàåò íèæíþþ

ãðàíèöó óãëà ðåçåðôîðäîâñêîãî ðàññåíèÿ, ñâÿçàííóþ ñ
äåáàåâñêèì ýêðàíèðîâàíèåì.
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I.1 óñëîâèå ñèëüíîé ñâÿçè

Γmcp(Ωb + Ωmcp)H−1 & 250
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I.2 perturbations

Pχ2 =
1

4π2(η∗ − η)2

θ ≡
√

2 Im χ

Re χ
=
δχ2

χc

χc(η) =
1

h(η∗ − η)

δχ1 =
3

4π3/2

1

k5/2(η∗ − η)2

Therefore:

Pθ =
h2

4π2

Pζ ∼ Pθ
�at perturbations

χc + δχ1 =
1

h(η∗ + δη∗(x)− η)

in the �rst approximation doesn't
a�ect θ perturbation
in the next: statistical anisotropy
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I.2 Primordial statistical anisotropy and CMB

I Observed temperature map δT (Ω)

δT (Ω) =
∑
lm

almYlm(Ω) ,

alm = 4πi l
∫

dk

(2π)3
∆l(k)ζ(k)Y ∗lm(k̂) ,

∆l(k)− transfer function

Slml ′m′ ≡< alma
∗
l ′m′ >= Clδll ′δmm′ + δSlml ′m′
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Slml ′m′ = 4πi l−l
′
∫

dk
Pζ(k)

k3
∆l(k)∆l ′(k)Y ∗lm(k̂)Yl ′m′(k̂)

remember Pζ(k) = P0(k)
[
1 + a(k)

∑
LM qLMYLM(k̂)

]
Slml ′m′ = δll ′δmm′ 4π

∫
dk

k
P0(k)∆2

l (k)

+i l−l
′
qLM

∫
dΩYLM(k̂)Y ∗lm(k̂)Yl ′m′(k̂)

×4π

∫
dk

k
P0(k)a(k)∆l(k)∆l ′(k)

= δll ′δmm′ Cl+i l−l
′
qLM(−1)m

′

√
(2l + 1)(2l ′ + 1)

4π(2L + 1)
C L0
l0l ′0C

LM
lm;l ′−m′×Cll ′

I Example: quadrupolar anisotropy q2M 6= 0
I only δSlm l+1m′ and δSlm l+2m′ 6= 0, |m −m′| ≤ 2



I conformal rolling predicts absence of tensor perturbation

I scalar tilt may be a result of conformal symmetry breaking
V.Rubakov, M.Osipov, JETP Lett. 93:52-55 (2011)

I statistical anisotropy is a result of radial perturbations
⇒ parameters qLM are Gaussian random variables.

Two sub-scenarios of the conformal rolling:

Sub-scenario A. The modes of interest are superhorizon at the
end of conformal rolling k/a < H.

M. Libanov, V. Rubakov, JCAP 1011 (2010) 045

Sub-scenario B. They are subhorizon and there exists an
intermediate stage.

M. Libanov, S. Ramazanov, V. Rubakov, JCAP 1106 (2011) 010



I.2 Conformal rolling. Sub-scenario A

The power spectrum in linear and next-to-linear order on h is:

Pζ(k) = P0(k) (1 + Q1(k) + Q2(k))

Q1(k) = −
π

k
k̂i k̂j

(
∂i∂jη? −

1

3
δij∂k∂kη?

)
Q2(k) = −

3

2
(k̂v)2 , where vi ≡ −∂iη∗(x)

I dominated by infrared modes; one may consider Q1,Q2

constant tensor throughout our part of the Universe
I linear order:

〈q2Mq∗2M′〉 = δMM′
πh2H2

0

25
, a(k) = k−1

I next-to-linear order:

q2M = −4πv2

5
Y ?

2M(v̂), a(k) = 1

〈v2〉 =
3h2

8π2
ln

H0

Λ



I.2 Conformal rolling. Sub-scenario A: extension

I One may consider �pseudo-Conformal Universe�, where
conformal �eld drives the cosmological evolution.

K. Hinterbichler, J. Khoury, JCAP 1204 (2012) 023

I Evolution of the Universe is a slow contraction and the metric
is close to Minkowski.

I Main properties of theory are determined by spontaneous
breaking of conformal symmetry so(4, 2) to de Sitter
symmetry so(4, 1).

I Statistical anisotropy prediction is the same up to
reparametrization in di�erent realization of pseudo-Conformal
Universe

I Galilean Genesis and conformal rolling sub-scenario A may be
considered as a special case of general pseudo-conformal
Universe



I.2 Galilean Genesis model

Sπ =

∫
d4x
√−g

[
− f 2e2π(∂π)2 +

f 3

Λ3
(∂π)22π +

f 3

2Λ3
(∂π)4

]
P.Creminelli, A.Nicolis, E.Trincherini, JCAP 1011 (2010) 021

I Conformal invariance is spontaneously broken by solution
eπ = 1

t∗−t .

I Statistical anisotropy is the same up to reparametrization

h2 ↔ 2Λ3

3f 3



I.2 Conformal rolling. Sub-scenario B

I If conformal �eld is spectacular it's possible that the modes of
interest are subhorizon at the end of conformal rolling
k/a > H.

I We assume the intermediate stage is long r ≡ η1 − η∗ � k−1

I To preserve �at spectrum the dynamics of θ must be nearly
Minkowskian at the intermediate stage.

I Statistical anisotropy

Pζ(k) = P0(k)
[
1 + k̂v(x− r k̂)− k̂v(x− r k̂)

]
a(k) = 1

〈qLMq∗L′M′〉 = δLM′δMM′
3h2

π

1

(L− 1)(L + 2)

M. Libanov, S. Ramazanov, V. Rubakov, JCAP 1106 (2011) 010



I.2 Anisotropic in�ation

I In�ation with vector �elds

S =

∫
d4x
√−g

[
1

2κ2
R − 1

2
(∂µφ)2 − V (φ)− 1

4
f 2(φ)FµνF

µν

]
M. Watanabe, S. Kanno, J. Soda Phys.Rev.Lett. 102 (2009) 191302

I Statistical anisotropy:

Pζ(k) = P0(k)
[
1 + gs sin2 θ

]
, θ � zenith angle

gs = 24N2I

N - e-folding number, I � anisotropy parameter; can be derived
from parameters of the model.

J. Soda, Class.Quant.Grav. 29 (2012) 083001

⇒ q20 =
4

3

√
π

5
gs (in prefered coordinate frame)



I.2 Estimator

âlm � observed temperature map // δT̂ (Ω) =
∑
âlmYlm(Ω)

I Estimator: âlm → {qLM}
I Maximum likelihood approach: P(â|q) is a probability
density to observe â given statistical anisotropy
parameters equal to q = {qLM}

I CMB map is a Gaussian random:

Ĉlml ′m′ ≡< âlmâ
∗
l ′m′ >= BlBl ′(Clδll ′δmm′+δSlml ′m′(q))+Nlml ′m′

Bl � beam transfer function, N � noise covariance.

P(â|q) =
1√
detĈ

exp

(
−1

2
â

+
Ĉ−1

â

)

−L(â|q) ≡ − lnP(â|q) =
1

2
Tr ln Ĉ (q) +

1

2
â

+
Ĉ−1(q)â
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I.2 Quadratic Maximum Likelihood (QML)

∂L
∂q+

= 0

I Ĉ is far from diagonal in both coordinate and harmonic
spaces ⇒ computationally di�cult to solve directly

I Let's expand log-likelihood up to quadratic order of q

∂L
∂q+

=
∂L
∂q+

∣∣∣∣
0

+
∂2L
∂q+∂q

∣∣∣∣
0

q

D.Hanson and A.Lewis, Phys.Rev.D 80 (2009) 063004

I Replace the second derivative by it's expectation value〈
∂2L
∂q+∂q

〉
= −

〈
∂L
∂q+

∂L
∂q

〉
≡ −F

�rst equality follows from normalization
∫

exp(L)d â = 1



∂L
∂q+

∣∣∣∣
0

=
1

2
â

+
Ĉ−1

0

∂Ĉ

∂q+
Ĉ−1

0 â− 1

2
Tr

(
Ĉ−1

0

∂Ĉ

∂q+

)
Note: if x - random with covariance C , TrA =< x+AC−1x >

h ≡ 1

2
ā

+ ∂Ĉ

∂q+
ā

ā ≡ Ĉ−1
0 â

∂L
∂q+

∣∣∣∣
0

= h− < h >iso

where average is over statistically isotropic CMB realizations

q = F−1 (h− < h >iso)

Inverse-variance �ltering � most resource consuming
operation. Performed by conjugate gradient technique with
multigrid preconditioner

K.Smith et. al, Phys.Rev.D. 76 (2007) 043510



II. ALP parameter experimental constraints

A. Ringwald, arXiv:1310.1256



II. Arti�cial reduction of EBL density test

I the arti�cial reduction of the EBL density 2.1 times below the
lower limit, which is far beyond reasonable, reduces the
signi�cance of the e�ect down to 2σ

I the reduction is caused by the depletion of the sample (no
spectral points above the E0)

Ã.È. Ðóáöîâ, ÈßÈ ÐÀÍ Äèôôóçíîå èçëó÷åíèå îò 10−4 äî 1020 ýÂ 63



II. Object selection

I redshift is measured spectroscopically.
De�ne E0: energy for which optical depth is τ = 1.

I mean energy of the last available spectral bin is higher than E0

(see paper for details)

I atmospheric Cerenkov Telescopes:
I TeVCat sources
I spectra from literature; 5 or more points required
I only one spectrum per object; no stacking of spectra obtained

at di�erent time/instrument

I Fermi LAT sources:
I 2FGL blazars with following preselection:

z > 0.7 detected at E > 10GeV with TS> 16 (99 sources)
I spectrum constructed using Pass 7REP data for 5.5 years with

gtlike tool in (2-4), (4-10), (10-30), (30-100) and
(100-300) GeV bins.



II. Spectrum deabsorption

EBL model:

I We use lowest available absorption model. The ��ducial�
model of Gilmore et al.

Gilmore, Somerville, Primack, Dominguez, MNRAS 422, 3189-3207 (2012)

I The main results are also reproduced with another model
Franceschini, Rodighiero, Vaccari, Astron. Astrophys. 487, 837-852 (2008)

Deabsorption procedure:

I tabulated optical density for mean energy is each bin is used

I both bin integral �ux and mean energy are transformed
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II. Additional test: all Fermi blazars with known redshift

224 sources detected
above 10GeV

assume break at
100GeV

break is signi�cant for
distant blazars only,
where E0 ∼ 100GeV



II. Comparison to the preceding result

I Horns and Meyer have tested the points on blazar spectra for
which optical density τ > 2

I Based on 13 spectral points belonging to 7 blazars the
absorption anomaly is identi�ed at 4.2σ

Horns, Meyer, JCAP 1202, 033 (2012)

Di�erence of our approach

I larger sample of sources; Fermi LAT blazars included

I simultaneous data only; weaker smoothing due to variability

I di�erent analysis method
⇒ 12σ



IV. Ïðèìåð ãèáðèäíîãî ñîáûòèÿ Telescope Array











IV. Àâòîêîððåëÿöèîííàÿ ôóíêöèÿ

Ã.È. Ðóáöîâ, ÈßÈ ÐÀÍ Äèôôóçíîå èçëó÷åíèå îò 10−4 äî 1020 ýÂ 73



IV. Front curvature for a typical event, θ = 53.6◦
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IV. Dataset

I Data collected by TA surface detector for the �ve years:
2008-05-11 � 2013-05-04

Cuts:

I 7 or more detectors triggered

I core distance to array boundary is larger than 1200m

I χ2/d.o.f. < 5

I 45◦ < θ < 60◦

I Eγ > 1019 eV
(Eγ is estimated for every event using photon Monte-Carlo)

1458 events after cuts
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IV. Photon Monte-Carlo set

I CORSIKA with QGSJET-II-03, FLUKA and EGS4.
PRESHOWER for geomagnetic �eld cascading

I Thinning with weight optimisation (ε = 10−6)
Kobal, Astropart.Phys.15:259,2001

I Dethinning technique is used
Stokes et al, oral #181, July 3rd, ICRC'13

Stokes et al, Astropart.Phys.35:759,2012

I Detector response is calculated with GEANT sampler

I E ∈ [1018.4, 1020.5] eV , θ ∈ [0◦, 65◦], E−2 spectrum

I Same reconstruction code with exactly same cuts is applied to
both data and Monte-Carlo sets
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Linsley curvature �a�: E > 1019 eV, 45◦ < θ < 60◦

h_gm
Entries  15420
Mean   0.6757
RMS    0.2813
Underflow  0.5684
Overflow    2.274
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h_gm
Entries  15420
Mean   0.6757
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Overflow    2.274

data
Entries  1458
Mean   0.3924
RMS    0.1181
Underflow       0
Overflow        0

data
Entries  1458
Mean   0.3924
RMS    0.1181
Underflow       0
Overflow        0

data photon MC
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IV. Event-by-event method

I For each event with curvature aobs we select photon MC
events compatible by arrival direction and S800.

I We calculate curvature distribution function fγ(a) for MC
photons

I Let's de�ne percentile rank of Linsley parameter a for photon
primaries

C =

aobs∫
−∞

fγ(a)da

I C is de�ned event-by-event (e.g. photon median: C = 0.5)

I For γ events, C is uniformly distributed between 0 and 1.

Gorbunov, GR, Troitsky, Astropart.Phys. 28:28-40

Telescope Array Collaboration, arXiv:1304.5614
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IV. C: E > 1019 eV

45◦ < θ < 60◦
h_gm

Entries  15420
Mean   0.4857
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data
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IV. Results

I Statistical test gives the maximum expected number of
photons in the set N̄γ

I Exposure A is calculated using photon MC

Eγ > 1019.0 eV , N̄γ < 34.8, A = 1254 km2 sr yr

Eγ > 1019.5 eV , N̄γ < 8.7, A = 1540 km2 sr yr

Eγ > 1020.0 eV , N̄γ < 8.7, A = 2091 km2 sr yr

I Fγ = N̄γ/A

Eγ > 1019.0 eV , Fγ < 2.80 · 10−2 km−2sr−1yr−1

Eγ > 1019.5 eV , Fγ < 0.56 · 10−2 km−2sr−1yr−1

Eγ > 1020.0 eV , Fγ < 0.42 · 10−2 km−2sr−1yr−1

(95% CL) /PRELIMINARY/
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IV. Photon �ux limits

/PRELIMINARY/
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