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Áåçîïàñíîñòü áóäóùèõ êîëëàéäåðîâ ñ ýíåðãèåé 100 ÒýÂ â êîíòåêñòå îáðàçîâàíèÿ ñòàáèëüíûõ ìèêðîñêîïè÷åñêèõ ÷¼ðíûõ äûð

Ìîòèâàöèÿ

Ïëàíû

HL-LHC (The High-Luminosity LHC) ê 2025 ãîäó

Óâåëè÷åíèå ñâåòèìîñòè â 10 ðàç

FCC (The Future Circular Collider) ê 2035 ãîäó. Ïîâûøåíèå

ýíåðãèè ñòîëêíîâåíèé äî 100 ÒýÂ



Áåçîïàñíîñòü áóäóùèõ êîëëàéäåðîâ ñ ýíåðãèåé 100 ÒýÂ â êîíòåêñòå îáðàçîâàíèÿ ñòàáèëüíûõ ìèêðîñêîïè÷åñêèõ ÷¼ðíûõ äûð

Ìîòèâàöèÿ

Âîïðîñ áåçîïàñíîñòè

LHC Safety Assessment Group

Îáçîð: ìàãíèòíûå ìîíîïîëè, âàêóóìíûå ïóçûðè,

ìèêðîñêîïè÷åñêèå ÷¼ðíûå äûðû (J. Ellis, G. Giudice, M.L.

Mangano, I. Tkachev, U. Wiedemann, 'Review of the Safety of

LHC Collisions'; arXiv:0806.3414)

Steven B. Giddings and Michelangelo L. Mangano,

'Astrophysical implications of hypothetical stable TeV-scale

black holes' (arXiv:0806.3381)

Èäåè: êîñìè÷åñêèå ëó÷è, ïëîòíûå îáúåêòû
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Ìèêðîñêîïè÷åñêèå ÷¼ðíûå äûðû

Ìèêðîñêîïè÷åñêèå ÷¼ðíûå äûðû

Ìàññà ÷¼ðíîé äûðû

2M/M2
Pl = RSch & 1/M ⇒ Mmin & MPl

MPl w 1019 ÃýÂ, íî â òåîðèÿõ ñ äîïîëíèòåëüíûìè

èçìåðåíèÿìè ìîæíî äîñòè÷ü MD ∼ 1 ÒýÂ

PDG:

MD > 3.8 ÒýÂ, CL = 95% (pp → e+e−, µ+µ−)

Èñïàðåíèå: íåò ñîõðàíÿþùèõñÿ êâàíòîâûõ ÷èñåë,

çàïðåùàþùèõ ðàñïàä,

tD ∼ 1/MD ∼ 10−27 ñ
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Ìèêðîñêîïè÷åñêèå ÷¼ðíûå äûðû

Ìèêðîñêîïè÷åñêèå ÷¼ðíûå äûðû

Èçëó÷åíèå Õîêèíãà (ãèïîòåòè÷åñêèé ïðîöåññ, íå ïîäõîäèò

äëÿ óâåðåííîãî îáîñíîâàíèÿ áåçîïàñíîñòè)

Øâèíãåðîâñêèé ìåõàíèçì ðàçðÿäêè: íåçàâèñèìî îò

èçëó÷åíèÿ Õîêèíãà ⇒ áóäåì ðàññìàòðèâàòü íåéòðàëüíûå è

çàðÿæåííûå ×Ä

Ýíòðîïèÿ S � 1

S =
RD−2ΩD−2

4GD
=
[

2M
(D−2)MD

](D−2)/(D−3) [ (2π)(2D−7)

ΩD−2

]1/(D−3)

D = 6, M = 5MD : S ' 24 (1)
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Ìèêðîñêîïè÷åñêèå ÷¼ðíûå äûðû

Äîïîëíèòåëüíûå èçìåðåíèÿ

S =
1

8πGD

∫
dDx
√
−g · 1

2
R, (2)

ds2 = e2A(y)dxµdxµ + gmn(y)dymdyn. (3)

Áóäåì ðàññìàòðèâàòü òåîðèè ñ D = 5− 11. Ýêñïåðèìåíò:

RD < 30µì (PDG).

MD ∼ 10ÒýÂ⇒ R5 ∼ 107êì (4)

Ñëó÷àé D = 5 âîçìîæåí òîëüêî ïðè ∆A & 16.
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Ìèêðîñêîïè÷åñêèå ÷¼ðíûå äûðû

Âðåìåíà àêêðåöèè

Phases Subatomic
Macroscopic

a . RB . RD RD . RB . RC RB > RC

D = 5,
t & 2.3 · 10−5 · T

2
4
χ m3

5 s t . 3.6 · 10−2 1
λ5
m3
5 s t > 3 · 105 yr t ∼ 3 · 105 yr

∆A ∼ f (M5)

D = 6 t & 4.5 · 103 · T
2
4
χ m4

6 s t = 5.5 · 104 1
λ6
m2
6 yr t = 2.4 · 105 1

λ6
m2
6 yr t = 9.7 · 104 1

λ4
m2
6 yr

D = 7 t & 3.0 · 1011 · T
2
4
χ m5

7 s t = 8.6 · 108 1
λ7
m
5/3
7 yr t = 9.1 · 109 1

λ7
m
5/3
7 yr t = 1.3 · 1010 1

λ4
m
5/3
7 yr

D = 8 t & 5.4 · 106 · T
2
4
χ m

−3/2
8 yr +t ′

t = 1.2 · 1012 · 1
λ4

yr (a < RB < 2a)
D = 9 t & 2.0 · 104 · T

2
4
χ m

−7/5
9 yr +t ′

D = 10 t & 2.2 · 102 · T
2
4
χ m

−4/3
10 yr +t ′

D = 11 t & 4.8 · T
2
4
χ m

−9/7
11 yr +t ′

f (M5) = 19− 1.5 lnm5, t ′ = 3.1 · 1011 · T
2
4
χ yr, mD = MD/M0, M0 = 1 TeV, T4 = TDeb/400 K, a = 1 �A,

χ ' 1, 4 6 λ4 < 18, 3 < λD < 6.6, ∆A � warp factor
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Ìèêðîñêîïè÷åñêèå ÷¼ðíûå äûðû

Âðåìÿ àêêðåöèè äëÿ D = 6

Â òåîðèÿõ ñ D = 5 ìàëûå (ìåíüøå âðåìåíè æèçíè ÑÑ) âðåìåíà

àêêðåöèè äîñòèãàþòñÿ ëèøü ïðè:

19− 1.5 ln
M5

M0
< ∆A < 24− 1.5 ln

M5

M0
. (5)

Ñëó÷àé D = 6:

5 10 15 20

5×105

1×106

5×106

1×107
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Ìèêðîñêîïè÷åñêèå ÷¼ðíûå äûðû

Ñå÷åíèå

Ïî òåîðåìå ôàêòîðèçàöèè:

σBH(M > Mmin) =
∑
ij

1∫
τmin

dτ

1∫
τ

dx

x
fi (x)fj(τ/x)σ′(

√
s ′), (6)

ãäå fi (x) � ïàðòîííûå ôóíêöèè ðàñïðåäåëåíèÿ (CT14qed,

ìàñøòàá ∼ 10ÒýÂ), τmin =
M2

min
y2s

, Mmin = 5MD , τ = x1x2,

s ′ = s · τ , y ∼ 0.5− 0.7 � ïàðàìåòð íåóïðóãîñòè.

σ′(
√
s ′) = πR2(

√
τs)/4, R(

√
τs) =

1

M6
·
(
3
√
τs

4M6

)1/3

(7)



Áåçîïàñíîñòü áóäóùèõ êîëëàéäåðîâ ñ ýíåðãèåé 100 ÒýÂ â êîíòåêñòå îáðàçîâàíèÿ ñòàáèëüíûõ ìèêðîñêîïè÷åñêèõ ÷¼ðíûõ äûð

Ìèêðîñêîïè÷åñêèå ÷¼ðíûå äûðû

×èñëî ÷¼ðíûõ äûð

L = 10 аб-1

y = 0.7

y = 0.5
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Ôàêòîð ïîäàâëåíèÿ

Ðàñ÷¼ò ôàêòîðà ïîäàâëåíèÿ

Áîëüøèíñòâî îáðàçîâàâøèõñÿ ×Ä áóäóò èìåòü îãðîìíûå

ñêîðîñòè è áëàãîïîëó÷íî ïîêèíóò Çåìëþ. Ðàññ÷èòàåì äîëþ

îñòàâøèõñÿ ×Ä.

Èñïîëüçóåì ïàðòîííûå ôóíêöèè TMDPDF èç áèáëèîòåêè

tmdlib-1.0.7 äëÿ ó÷¼òà ïîïåðå÷íîé ñîñòàâëÿþùåé èìïóëüñà.

σBH(M, p, k) =
1

2π

∑
ij

2π∫
0

dα

∫
R(p,k,α)

dk1dk2dx1dx2·gi (x1, k1)gj(x2, k2)σ(x1, x2),

(8)

R(p, k, α) =

{
M
√

s
≤ x1, x2 ≤ 1,

√
s

2
|x1 − x2| ≤ p,

√
k2
1

+ k2
2

+ 2k1k2 cosα ≤ k

}
. (9)
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Ôàêòîð ïîäàâëåíèÿ

Ðàñ÷¼ò ôàêòîðà ïîäàâëåíèÿ

vmax = 11.2 · 10−3 · l
d

(
M0

M6

)8/3(
M0

M

)1/3

, (10)

v < vmax ⇒ p2 + k2 < 11.2 · 10−3
(
M0

M6

)8/3(M0

M

)1/3

kM cosφ.

(11)

Òîãäà ôàêòîð ïîäàâëåíèÿ îïðåäåëÿåòñÿ âûðàæåíèåì:

s(M6) =
1

2πσtot(M6)

π/2∫
−π/2

dφ

∫
D(M6,φ)

∣∣∣∣d3σBH(M6)

dpdkdM

∣∣∣∣ dpdkdM.

(12)
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Ôàêòîð ïîäàâëåíèÿ

Ôàêòîð ïîäàâëåíèÿ
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Ôàêòîð ïîäàâëåíèÿ

×èñëî îñòàâøèõñÿ ÷¼ðíûõ äûð

L = 10 аб-1

y = 0.5

y = 0.7
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Àñòðîôèçèêà

Çàõâàò ÷¼ðíûõ äûð ïëîòíûìè îáúåêòàìè

Êîëîíî÷íàÿ ïëîòíîñòü, íåîáõîäèìàÿ äëÿ çàõâàòà:

δmin = 0.27 ·
(
M6

M0

)3(γiM
M6

)1/3

M3
0 , γiM = yxE/A. (13)

Óñëîâèå çàõâàòà:

δ > δmin ⇒ xE <

(
δ

0.27M3
0

)3(M0

M6

)9

·M6 ·
A

y
. (14)

ÍÇ çàïðîñòî ñìîæåò îñòàíîâèòü äëÿ ëþáûõ äîïóñòèìûõ xE :

δ ∼ ρ · d ∼ 1020ã/ñì2. Äëÿ áåëîãî êàðëèêà íåîáõîäèì ó÷¼ò

óñëîâèÿ (15): δWD = 3.8 · 1016 ã/ñì2.
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Àñòðîôèçèêà

Ìèêðî ÷¼ðíûå äûðû âî Âñåëåííîé

Ñòîëêíîâåíèÿ ÊË ñ ïîâåðõíîñòüþ çâåçäû

ÍÇ, ìàãíèòíîå ïîëå çàìåäëÿåò ÊË: Emax ∼ 1017ýÂ

Ñòîëêíîâåíèÿ ÊË ñ áàðèîíàìè çà ïåðèîä z = 0− 1.

Ñòîëêíîâåíèÿ ÊË ñ äâîéíûìè ñèñòåìàìè (FCE = 3 · 107

ëåò), x6.5, ñèñòåìàòèêà

Ñòîëêíîâåíèÿ ÊË ñ ãàçîì â ãàëàêòèêå, /4.6

Ñòîëêíîâåíèÿ ÊË ñ CMZ, íî òàì íåò ñòàðûõ ïóëüñàðîâ.
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Êîñìè÷åñêèå ëó÷è

Ðàñ÷¼ò ïîòîêà ÷¼ðíûõ äûð

φBH = b

Emax∫
Emin

A(E )J(E )dE
∑
ij

1∫
τmin

dτ

1∫
τ

dx

x
fi (x)fj(τ/x)σ′(

√
s ′),

(15)

ãäå

τmin =
25M2

6A

2mpy2E
,

y = max [0.5, 5M6/100ÒýÂ], b � ïàðàìåòð, çàâèñÿùèé îò ñïîñîáà

îáðàçîâàíèÿ ×Ä
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Êîñìè÷åñêèå ëó÷è

Êîëè÷åñòâî ÷¼ðíûõ äûð, çàñòðÿâøèõ â ÁÊ

Âîçüì¼ì ÁÊ ñ ðàäèóñîì 5600 êì è âðåìåíåì æèçíè 1 ìëðä

ëåò: M6 > 7.31ÒýÂ

100 % p
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Оже
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Êîñìè÷åñêèå ëó÷è

Êîëè÷åñòâî ÷¼ðíûõ äûð, çàñòðÿâøèõ â ÍÇ

Âîçüì¼ì ÍÇ ñ ðàäèóñîì 10 êì è âðåìåíåì æèçíè 10 ìëðä ëåò:

M6 > 5.43ÒýÂ (100% p äî ïðåäåëà ÃÇÊ)

100% p

50% p10% p
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Âûâîäû

×èñëî îñòàâøèõñÿ ÷¼ðíûõ äûð

L = 10 аб-1

y = 0.5

y = 0.7

астрофизические 
ограничения (БК)
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Âûâîäû

Çàêëþ÷åíèå

Îáðàçîâàíèå ×Ä, êîòîðûå ìîãëè áû àêêðåòèðîâàòü Çåìëþ çà âðåìÿ,

ìåíüøåå æèçíè Ñîëíå÷íîé ñèñòåìû, íåâîçìîæíî âî âñåõ òåîðèÿõ,

êðîìå òåîðèé ñ 5 è 6 ïðîñòðàíñòâåííûìè èçìåðåíèÿìè, â êîòîðûõ

ïîäîáíîå òðåáóåò î÷åíü æ¼ñòêîãî ïîäáîðà ïàðàìåòðîâ (íåò

èçëó÷åíèÿ Õîêèíãà, íî åñòü Øâèíãåðîâñêàÿ ðàçðÿäêà, MD = 7− 10

ÒýÂ, îãðàíè÷åíèÿ íà ∆A). Äëÿ óëó÷øåíèÿ îöåíîê íåîáõîäèìî:

Èçó÷èòü ñîñòàâ êîñìè÷åñêèõ ëó÷åé, íàéòè ñòàðûå ïóëüñàðû â

CMZ

Èñêàòü îãðàíè÷åíèÿ íà M6

Èññëåäîâàòü íåéòðèíî âûñîêèõ ýíåðãèé

Èññëåäîâàòü èçëó÷åíèå Õîêèíãà

... (íàïðèìåð, îãðàíè÷åíèÿ èç ðàííåé Âñåëåííîé)
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Âûâîäû

Ñïàñèáî çà âíèìàíèå!
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Äîïîëíèòåëüíî

Àêêðåöèÿ

Îáùåå óðàâíåíèå àêêðåöèè:

dM

dt
= πr2c F = πr2c ρv , (16)

äëÿ ñâîáîäíîé ÷àñòèöû rc ≈ R/v . Òðè ôàçû:

rc < rN = 1 ôì, íåçíà÷èòåëüíà:

REM(M ∼ MD ,D = 6) ∼ 10−12ñì

rN < rc < a ∼ 1 �A, rc ≡ REM

rc > a, rc ≡ RB , àêêðåöèÿ Áîíäè

Ïðè D=4: î÷åíü ìåäëåííàÿ àêêðåöèÿ ⇒ âàæíû ïåðåõîäû ïðè

rc = RD ÷ RC .
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Äîïîëíèòåëüíî

Ïîãëîòèò ëè?

Íà ÍÇ íåò ôàçû ñóáàòîìíîé àêêðåöèè, tmicro = 6 · 10−3ñ.
Äëÿ ìàêðîñêîïè÷åñêîé àêêðåöèè: t ∝ cs/ρ, ïîýòîìó

tWD = 5 · 10−5tEarth, tNS = 1.8 · 10−10tEarth.
Òîãäà

tNS ' 4 · 10−3ëåò ' 1.5äíÿ, (17)

tWD = 102 · (M6/M0)2 ëåò < 4 · 104 ëåò (18)

Íåéòðîííàÿ çâåçäà è áåëûé êàðëèê áóäóò ïîãëîùåíû ïðè

ïîïàäàíèè î÷åíü áûñòðî!
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Äîïîëíèòåëüíî

Ñïåêòð ÊË

J(E ) = J0

(
E

EAnkle

)−γ2 [
1 +

(
EAnkle

Es

)∆γ
][

1 +

(
E

Es

)∆γ
]−1
(19)
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Äîïîëíèòåëüíî

Ñîñòàâ

Íóæíî ó÷åñòü ñîñòàâ ÊË A(E)
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Äîïîëíèòåëüíî

Îãðàíè÷åíèå èç íåéòðèíî
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