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Îñíîâíûå óòâåðæäåíèÿ ýòîãî äîêëàäà:

Ôîðìà èçîáðàæåíèÿ (ñèëóýòà) àñòðîôèçè÷åñêîé ÷åðíîé äûðû
çàâèñèò îò òåîðèè ãðàâèòàöèè â ðåæèèìå ñèëüíîãî ïîëÿ, êîãäà
ãðàâèòàöèîííûé ïîòåíöèàë ïîðÿäêà êâàäðàòà ñêîðîñòè ñâåòà.
Íåäàâíèå ïåðâûå íàáëþäåíèÿ èçîáðàæåíèé ñâåðõìàññèâíûõ
÷åðíûõ äûð SgrA* â öåíòðå íàøåé ãàëàêòèêè Ìëå÷íûé Ïóòü è
M87* â öåíòðå ãèãàíòñêîé ýëëèïòè÷åñêîé ãàëàêòèêè M87
ðàäèîèíòåðôåðîìåòðîì Òåëåñêîï Ãîðèçîíòà Ñîáûòèé (Event
Horizon Telescope, EHT) ïîäòâåðæäàþò ïðàâèëüíîñòü ÎÒÎ
Ýéíøòåéíà ëèøü êà÷åñòâåííî (ñ íåáîëüøîé òî÷íîñòüþ, ∼ 2σ).

Â áëèæàéøèå äåñÿòèëåòèÿ åäèíñòâåííûé ìåòîä âûáîðà
ïðàâèëüíîé òåîðèè ãðàâèòàöèè (ìåæäó ÎÒÎ Ýéíøòåéíà è åå
ìîäèôèêàöèÿìè) - ýòî äåòàëüíîå íàáëþäåíèå èçîáðàæåíèé
÷åðíûõ äûð ñ íàíîñåêóíäíûì óãëîâûì ðàçðåøåíèåì.

Î÷åíü áûñòðûé ïðîãðåññ ýêñïåðèìåíòàëüíîé òåõíèêè ïîçâîëèò
ïðîâåñòè òàêîå íàáëþäåíèå ïðè ðåàëèçàöèè ìåæäóíàðîäíîãî
ïðîåêòà Êîñìè÷åñêîé Îáñåðâàòîðèè Ìèëëèìåòðîí,
ðàçðàáîòàííîãî ðîññèéñêèìè ó÷åíûìè.



Ôîðìû èçîáðàæåíèé ÷åðíûõ äûð çàâèñÿò îò ðàñïðåäåëåíèÿ
èçëó÷àþùåãî âåùåñòâà, êîòîðîå èõ ïîñâå÷èâàåò.

Âîçìîæíû äâà àñòðîôèçè÷åñêèõ ñëó÷àÿ:

Añòðîôèçè÷åñêèé Ñëó÷àé 1 : èçëó÷åíèå âíå ôîòîííûõ

ñôåð (îïðåäåëåíèå áóäåò äàíî äàëüøå)
ßðêèé ôîí äàëåêî ïîçàäè ÷åðíîé äûðû:
Íàáëþäàåòñÿ êëàññè÷åñêàÿ òåíü ÷åðíîé äûðû, êîòîðàÿ

ÿâëÿåòñÿ ñå÷åíèåì çàõâàòà ôîòîíîâ ÷åðíîé äûðîé.

Añòðîôèçè÷åñêèé Ñëó÷àé 2 : èçëó÷åíèå âíóòðè
ôîòîííûõ ñôåð
ßðêèé àêêðåöèîííûé ïîòîê âáëèçè ÷åðíîé äûðû
Íàáþäàåòñÿ òåíü ãîðèçîíòà ñîáûòèé ÷åðíîé äûðû,

êîòîðàÿ ÿâëÿåòñÿ ëèíçèðîâàííûì èçîáðàæåíèåì

ãëîáóñà ãîðèçîíòà ñîáûòèé ÷åðíîé äûðû.

Ýòà òåíü ìåíüøå êëàññè÷åñêîé òåíè ÷åðíîé äûðû.



Àñòðîôèçè÷åñêèé Ñëó÷àé 1 êëàññè÷åñêàÿ òåíü ÷åðíîé äûðû

ßðêèé ôîí äàëåêî ïîçàäè ÷åðíîé äûðû âíå ôîòîííûõ
ñôåð rph = const
Ïóðïóðíàÿ îáëàñòü íà íåáåñíîé ñôåðå � êëàññè÷åñêàÿ òåíü
÷åðíîé äûðû (ñå÷åíèå çàõâàòà ôîòîíà ÷åðíîé äûðîé).

Ñèíèé äèñê � èçîáðàæåíèå ãîðèçîíòà ñîáûòèé â ïðîñòðàíñòâå

Ýâêëèäà (áåç ãðàâèòàöèè). Ìíîãîöâåòíûå êðèâûå � ÷èñëåííî

âû÷èñëåííûå (ãåîäåçè÷åñêèå) òðàåêòîðèè ôîòîíîâ.

Schwarzschild Kerr (near extreme)



Àñòðîôèçè÷åñêèé Ñëó÷àé 1 êëàññè÷åñêàÿ òåíü ÷åðíîé äûðû

Êîíòóð (ãðàíèöà) òåíè ÷åðíîé äûðû Êåððà íà ÿðêîì ôîíå

Èçëó÷åíèå âíå ôîòîííûõ ñôåð rph
Óäàëåííûé íàáëþäàòåëü ðàñïîëîæåí â ýêâàòîðèàëüíîé

ïëîñêîñòè ÷åðíîé äûðû Êåððà ñî ñïèíîì |a| ≤ 1

a = 1 a = 0.65
Ïàðàìåòðè÷åñêîå óðàâíåíèå äëÿ òåíè: (λ,Q) = (λ(r),Q(r)):

λ =
(3 − r)r2 − a2(r + 1)

a(r − 1)
, q2 =

r3[4a2 − r(r − 3)2]

a2(r − 1)2
Bardeen 1973, Chandrasekhar 1983

Ïðèöåëüíûå ïàðàìåòðû ôîòîííîé ãåîäåçè÷åñêîé:
λ � ãîðèçîíòàëüíûé è q =

√
Q � âåðòèêàëüíûé,

Q � ïîñòîÿííàÿ Êàðòåðà , ñòðåëêà � îñü âðàùåíèÿ ÷åðíîé äûðû

ïóíêòèðíàÿ îêðóæíîñòü � ãîðèçîíò ñîáûòèé rh = (1+
√
1 − a2)



Äâà ïàðàìåòðà äëÿ ôîòîííûõ ãåîäåçè÷åñêèõ:
λ = Φ/E, q = Q1/2/E
Ãîðèçîíòàëüíûé α è âåðòèêàëüíûé β ïðèöåëüíûé ïàðàìåòð íà íåáåñíîé

ñôåðå äëÿ óäàëåííîãî íàáëþäàòåëÿ ïðè ïîëÿðíîì óãëå θ0:
α = −λ/ sinθ0, β = q + a2 cos2 θ0 − λ2 cot2 θ0



Ìåòðèêà Êåððà-Íüüþìåíà â êîîðäèíàòíîé ñèñòåìå
Áîéåðà-Ëèíäêâèñòà (t, r, θ, ϕ)

ds2 =
ρ2∆

A
dt2 −

A sin2 θ

ρ2
(dϕ − ωdt)2 −

ρ2

∆
dr2 − ρ2dθ2

Ýëåêòðîìàãíèòíîå ïîëå (1 è 2-ôîðìà):
A = eρ−2r(du − a sin2 θdϕ), F = 2dA, u = t + r

ρ2 = r2+a2 cos2 θ, ∆ = r2−2r+a2+e2, A = (r2+a2)2−a2∆ sin2 θ

ω = (2Mr − e2)
a

A
� óãëîâàÿ ñêîðîñòü ìåòðèêè

Ãîðèçîíòû: ∆ = 0, r± = 1 ±
√

1 − a2 − e2

R-îáëàñòè (∆ > 0): r > r+ è 0 < r < r− < r+

T-îáëàñòü (∆ < 0): r− < r < r+

Ëîêàëüíî íåâðàùàþùàÿñÿ ñèñòåìà îòñ÷åòà (ËÍÂÑ, LNRF):

r = const, θ = const, ϕ0 = ω t + const J.M. Bardeen 1970



Óðàâíåíèÿ äâèæåíèÿ ïðîáíûõ ÷àñòèö I B. Carter 1968

D2xi

Dτ2
=
ε
µ
Fi
k

Dxk

Dτ

Ëàãðàíæèàí: 1
2
gijẋ

iẋj + εAiẋ
i

( ˙) � ïðîèçâîäíàÿ ïî àôôèííîìó ïàðàìåòðó λ = τ/mu
Íîðìèðîâàíèå (íîðìàëèçàöèÿ) ïî ñîáñòâåííîìó âðåìåíè:

τ = µλ ⇐⇒ gijẋ
iẋj = −µ2

Ìîìåíòû (èìïóëüñû): pi = gijẋ
j + εAi

Ãàìèëüòîíèàí: H = 1
2
gij(pi − εAi)(pj − εAj) ⇒ H = −1

2
µ2

Ñëåäñòâèå ñèììåòðèé : pu = −E, pϕ = Φ
Òðè ïåðâûõ èíòåãðàëà äâèæåíèÿ: pu = −E, pϕ = Φ, µ = const

Íåîáõîäèì ÷åòâåðòûé ïåðâûé èíòåãðàë äâèæåíèÿ!

Ïðåèìóùåñòâî íåîæèäàííîãî ôàêòîðà:

Óðàâíåíèå Ãàìèëüòîíè-ßêîáè ìîæåò áûòü ðåøåíî ñ

ïîìîùüþ ðàçäåëåíèÿ ïåðåìåííûõ â ñïåöèàëüíîé

êîîðäèíàòíîé ñèñòåìå!
∂S
∂λ

=
1

2
gij

[
∂S

∂xi
− εAi

] [
∂S

∂xj
− εAj

]



Óðàâíåíèÿ äâèæåíèÿ ïðîáíûõ ÷ïñòèö II B. Carter 1968

Óðàâíåíèå Ãàìèëüòîíè-ßêîáè äëÿ äåéñòâèÿ ßêîáè S

∂S
∂λ

=
1

2
gij

[
∂S

∂xi
− εAi

] [
∂S

∂xj
− εAj

]
Åñëè åñòü ðåøåíèå ñ ðàçäåëåíèåì ïåðåìåííûõ:

S = −
1

2
µ2λ − Eu + Φϕ+ Sθ + Sr

pθ =
∂S
∂θ
, pr =

∂S
∂r

p2θ +
(
aE sinθ+

Φ

sinθ

)2
+ a2µ2 cos2 θ =

= ∆p2r − 2[(r2 + a2)E − aΦ + εer]pr + µ2r2 ⇒ = K = const

pθ = dS
dθ =

√
Vθ, pr = dS

dθ = 1
∆

√
Vr, ∆ = r2 − 2r + a2 + e2



Óðàâíåíèÿ äâèæåíèÿ ïðîáíûõ ÷àñòèö III B. Carter 1968

S =
1

2
µ2τ − Et + Φϕ+

∫ θ √
Vθdθ+

∫ r √Vr

∆
dr

Vθ = Q+ a2(E2
−µ2) cos2 θ−Φ2 cot2 θ, ∆ = r2 − 2r+ a2 + e2

Vr = r[r(r2 + a2) + 2a2]E2
− 4arEΦ − (r2 − 2r)Φ2

−∆(r2µ2 + Q)? r dr
√
Vr

=

? θ dθ
√
Vθ
, τ =

? θ a2 cos2
√
Vθ

dθ+

? r r2
√
Vr

dr

t =

? θ a2E2 cos2 θ
√
Vθ

dθ+

? r r2(r2 + a2)E + 2ar(aE − Φ)

∆
√
Vr

dr

ϕ =

? θ Φ cot2 θ
√
Vθ

dθ+

? r r2Φ + 2ar(aE − Φ)

∆
√
Vr

dr

Ïåðå÷åðêíóòûå èíòåãðàëû: Êðèâîëèíåéíûå èíòåãðàëû

âòîðîãî ðîäà âäîëü òðàåêòîðèè ïðîáíîé ÷àñòèöû.

Çíàê ïåðå÷åðêíóòîãî èíòåãðàëà ïðèäóìàë

Andrew Strominger � MNRAS 475, 3829 (2018)



Èíòåãðàëüíûå óðàâíåíèÿ äâèæåíèÿ C.T. Cunninghan, J.M. Bardeen 1973? θ dθ
√
Vθ

=

? r dr
√
Vr

, Vθ(θmin) = 0, Vr(rmin) = 0

Ïåðå÷åðêíóòûå èíòåãðàëû ÿâëÿþòñÿ èíòåãðàëàìè âòîðîãî ðîäà
âäîëü òðàåêòîðèè ôîòîíà ñ ïðèöåëüíûìè ïàðàìåòðàìè λ = Φ/E
and q = Q1/2/E.
Ïðèìåð èíòåãðàëüíîãî óðàâíåíèÿ äëÿ ïåðâîãî ñâåòîâîãî ýõà:∫ θmax

θs

dθ
√
Vθ

+

∫ θmax

θmin

dθ
√
Vθ

+

∫ θmin

θ0

dθ
√
Vθ

=

∫ rmin

rs

dr
√
Vr

+

∫ r0

rmin

dr
√
Vr
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Àñòðîôèçè÷åñêèé Ñëó÷àé 2: îáùåðåëÿòèâèñòñêàÿ ÌÃÄ àêêðåöèÿ

Èçëó÷åíèå âíóòðè ôîòîííûõ ñôåð rph = const

Ïðîöåññ (ìåõàíèçì) Áëåíäôîðäà-Çíàéåêà (1977):

Ñèìóëÿöèè íà ñóïåðêîìïüþòåðàõ ïîäòâåðæäàþò ÷òî çà ñ÷åò ÌÃÄ
íåóñòîé÷èâîñòåé â àêêðöèðóåìîé ïëàçìå ãåíåðèðóåòñÿ
ýëåêòðè÷åñêèé òîê, ïðîòåêàþùèé ÷åðåç ÷åðíóþ äûðó è ïîòîê
ýëåêòðîìàãíèòíîé ýíåðãèè Ïîéíòèíãà âäîëü îñè âðàùåíèÿ ÷åðíîé
äûðû: J.C.McKinney, A.Tchekhovskoy, R.D.Blandford (2012)



SgrA*, a = 0.9982: Ïðÿìûå (áåç òî÷åê âîçâðàòà) òðàåêòîðèè

ôîòîíîâ, ñòàðòóþùèõ íà ðàäèóñå r = 1.01rh è äîñòèãîþùèõ óäàëåííîãî

íàáëþäàòåëÿ â ýêâàòîðèàëüíîé ïëîñêîñòè ÷åðíîé äûðû.

Ëèíçèðîâàííûé ãëîáóñ ãîðèçîíòà ñîáûòèé ÷åðíîé äûðû âèäåí ñðàçó ñî âñåõ
ñòîðîí!



SgrA* Àñòðîôèçè÷åñêèé Ñëó÷àé 2 :
Âûëåò ôîòîíîâ ñ ðàäèóñà r = 1.01rh â ýêâàòîðèàëüíîé ïëîñêîñòè ÷åðíîé äûðû

Èçëó÷åíèå âíóòðè ôîòîííûõ ñôåð rph = const a = 0.9982,
θ0 = 82.2◦: Ôîðìà òåìíîãî ïÿòíà (÷åðíàÿ îáëàñòü), âîññòàíîâëåíà
ïî èçëó÷åíèþ âíóòðåííåé ÷àñòè òîíêîãî àêêêðåöèîííîãî äèñêà.

Òðàåêòîðèÿ îäíîãî èç ôîòîíîâ, èçëó÷åííîãî â ýêâàòîðèàëüíîé

ïëîñêîñòè ÷åðíîé äûðû ñ ïðèöåëüíûìè ïàðàìåòðàìè λ = −1.493 è
q = 3.629 (ïðàâàÿ ïàíåëü):
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Àñòðîôèçè÷åñêèé Ñëó÷àé 2: ÌÃÄ ñèìóëÿöèÿ

Èçëó÷åíèå êàê âíå, òàê è âíóòðè ôîòîííûõ ñôåð rph

Kα ëèíèÿ Fe 6.4 keV Armitage & Reynolds 2003



Àñòðîôèçè÷åñêèé Ñëó÷àé 2 :
Ýìèññèîííàÿ ëèíèÿ îò àêêðåöèîííîãî äèñêà

Èçëó÷åíèå êàê âíå, òàê è âíóòðè ôîòîííûõ ñôåð rph

B.C.Bromley, K.Chen, W.A.Miller ApJ 475 57 (1997)



Ïðàâàÿ ïàíåëü: ×èñëåííàÿ ÌÃÄ ñèìóëÿöèÿ àêêðåöèè íà ÷åðíóþ äûðó

Hotaka Shiokawa EHT; https://eventhorizontelescope.org/simulations-gallery

Ëåâàÿ ïàíåëü: Ïàäåíèå êîìïàêòíîãî çîíäà íà âðàùàþùóþñÿ ÷åðíóþ äûðó:
V.I. Dokuchaev & N.O. Nazarova JETP 2019; https://youtu.be/fps-3frL0AM



Ñóïåðïîçèöèÿ: ×èñëåííàÿ ìîäåëü òåìíûõ ïÿòåí
ñâåðõìàññèâíîé ÷åðíîé äûðû SgrA* è èçîáðàæåíèå Òåëåñêîïà

äëÿ Ãîðèçîíòà Ñîáûòèé (EHT)

a = 0.9982 a = 0.65



3D èçîáðàæåíèå ñâåðõìàññèâíîé ÷åðíîé äûðû M87*,
θ0 = 17◦, a = 1: Àêêðåöèîííûé äèñê è ñèëóýò þæíîé ïîëóñôåðû

ãîðèçîíòà ñîáûòèé (âíóòðåííîñòü ñåðîé çàìêíóòîé êðèâîé), êîòîðàÿ íà íåáåñíîé

ñÿåðå ïðîåêòèðóåòñÿ âíóòðè êëàññè÷åñêîé òåíè ÷åðíîé äûðû (ïóðïóðíàÿ

çàìêíóòàÿ êðèâàÿ)



Òåìíîå ïÿòíî â ñëó÷àå M87* (θ0 = 17◦)
ïðîåöèðóåòñÿ âíóòðè âíåøíåé ãðàíèöû êëàññè÷åñêîé òåíè
÷åðíîé äûðû

a = 1 a = 0.75 a = 0

Òåìíîå ïÿòíî â ñëó÷àå M87* ÿâëÿåòñÿ ëèíçèðîâàííûì
èçîáðàæåíèåì þæíîé ïîëóñôåðû ãëîáóñà ãîðèçîíòà
ñîáûòèé ÷åðíîé äûðû



Ñóïåðïîçèöèÿ: Èçîáðàæåíèÿ Òåëåñêîïà Ãîðèçîíòà
Ñîáûòèé (EHT) è ÷èñëåííûõ ìîäåëåé òåìíûõ ïÿòåí

SgrA*: 0.65 ≤ a ≤ 0.9 M87*: 0.7 ≤ a ≤ 1



Ðåçóëüòàòû è Âûâîäû

Íàáëþäåíèÿ èçîáðàæåíèé ÷åðíûõ äûð îòêðûâàþò óíèêàëüíóþ
âîçìîæíîñòü ïðîâåðêè (èëè ôàëüñèôèêàöèè) òåîðèé ãðàâèòàöèè â
ðåæèìå ñèëüíîãî ïîëÿ, êîãäà ãðàâèòàöèÿ äîìèíèðóåò íàä
àñòðôèçè÷åñêèìè ôàêòîðàìè. Òàêèå íàáëþäåíèÿ êðèòè÷åñêè
âàæíû äëÿ èíòåðïðåòàöèè àñòðîôèçè÷åñêèõ è êîñìîëîãè÷åñêèõ
äàííûõ Âñåëåííîé è äëÿ ïîíèìàíèÿ ôèçè÷åñêîé ïðèðîäû
çàãàäî÷íîé òåìíîé ìàòåðèè è òåìíîé ýíåðãèè.

Ïåðâûå èçîáðàæåíèÿ ÷åðíûõ äûð SgrA* è M87*, ïîëó÷åííûå
íåäàâíî ìåæäóíàðîäíûì ïðîåêòîì �Òåëåñêîï äëÿ Ãîðèçîíòà
Ñîáûòèé�, áóäóò äåòàëüíî èññëåäîâàíû ïðè ðåàëèçàöèÿ
ìåæäóíàðîäíîãî ïðîåêòà ?Êîñìè÷åñêîé Îáñåðâàòîðèè
Ìèëëèìåòðîí�, ïðåäëîæåííîãî è ðàçðàáîòàííîãî ðîññèéñêèìè
ó÷åíûìè. Öåëüþ ýòîãî ïðîåêòà ÿâëÿåòñÿ íàõîæäåíèå ïðàâèëüíîé
òåîðèè ãðàâèòàöèè, ÷òî îêàæåò ìîùíîå ñòèìóëèðóþùåå âëèÿíèå
íà ðàçâèòèå îòå÷åñòâåííûõ òåõíîëîãèé ïðîèçâîäñòâà ýëåêòðîíèêè,
à òàêæå ìåòîäîâ èñêóññòâåííîãî èíòåëëåêòà è îáðàáîòêè áîëüøèõ
îáúåìîâ äàííûõ.
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Òåëåñêîï ALMA (÷àñòü Òåëåñêîïà Ãîðèçîíòà Ñîáûòèé):

çâåçäà Áåòåëüãåéçå A&A 602, L10 (2017)
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Results and Conclusions
Nowadays the major problem in cosmology is the choice of valid
gravity theory for interpretation of the observational data. Usually in
cosmology it is used the Einstein general theory of relativity and the
corresponding Friedman-Robertson-Walker equations in the strong
�eld limit (when gravitational potential is of the order light velocity
square). Meanwhile, the general theory of relativity is veri�ed and
con�rmed only in the weak �eld limit. Observations of black hole
images (silhouettes) opens a unique possibility for the veri�cation (or
falsi�cation) of modi�ed gravity theories in the strong �eld limit. This
is especially crucial for physical interpretation of astrophysical and
cosmological observations of the far regions of the Universe and for
understanding the physical origin of enigmatic dark matter and dark
energy.

The �rst visual images of supermassive black holes M87* and SgrA*
have been observed recently by the Event Horizon Telescope. These
images demonstrate a qualitative agreement with the general theory
of relativity. In the nearest future it would be possible to
quantitatively scrutinize the known modi�ed gravity theories after
construction of the Space Millimetron Observatory with
nano-arcsecond angular resolution.
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