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Äâîéíûå àñòåðîèäû
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Äâîéíûå àñòåðîèäû

Áîëüøèå äâîéíûå Ìàëåíüêèå äâîéíûå

Îñíîâíîé êîìïîíåíò ≳ 100 km Îñíîâíîé êîìïîíåíò ≲ 10 km
≈ 2-3% îò êîë-âà àñòåðîèäîâ ≈ 15% îò êîë-âà àñòåðîèäîâ
Îáðàçîâàíèå:
a) ñòîëêíîâåíèÿ (ìàëåíüêèé
ñïóòíèê)
b) èçíà÷àëüíîå (ðàâíûå êîìïî-
íåíòû)
Íàáëþäàþòñÿ íà èçîáðàæåíè-
ÿõ â òåëåñêîï

Created by:
YORP ðàñêðóòêà + âûáðîñû +
ðåêîíôèãóðàöèÿ
Íàáëþäàþòñÿ ÷åðåç îáðàáîòêó
ñâåòîâûõ êðèâûõ
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Äâîéíûå àñòåðîèäû
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Ýôôåêò ßðêîâñêîãî

https://www.gazeta.ru/science/2008/07/10_a_2778860.shtml
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YORP (ßðêîâñêîãî � Î'Êèôà � Ðàäçèåâñêîãî �
Ïýääýêà) ýôôåêò

Àâòîð: Rinby - Ñîáñòâåííàÿ ðàáîòà, GFDL 1.2+, [link]
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https://ru.wikipedia.org/w/index.php?curid=3340788


Ñòðîåíèå àñòåðîèäà
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YORP spin-up and recon�guration
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https://www.youtube.com/watch?v=nzyettXkIqY


Íåìíîãî î ìàëåíüêèõ äâîéíûõ àñòåðîèäàõ

Èõ ≈ 15% îò îáùåãî ÷èñëà àñòåðîèäîâ ðàçìåðîì áîëåå
300 m.

Îñíîâíîé êîìïîíåíò ≲ 10 km.

Îòíîøåíèå äèàìåòðîâ êîìïîíåíòîâ îêîëî 0.3.

Áîëüøàÿ ïîëóîñü ê äèàìåòðó ãëàâíîãî êîìïîíåíòà îêîëî 4.

Ïëîñêîñòü âðàùåíèÿ êîìïîíåíò áëèçêà ê
ãåëèîöåíòðè÷åñêîé ïëîñêîñòè.

Ñêîðîñòü âðàùåíèÿ ãëàâíîãî êîìïîíåíòà áëèçêà ê
áàðüåðíîé.

Îòêðûâàþòñÿ è íàáëþäàþòñÿ â îñíîâíîì ñ ïîìîùüþ
íàáëþäåíèÿ ñâåòîâûõ êðèâûõ.
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Crater
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Òèïû äâîéíûõ êðàòåðîâ
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Ïî÷åìó 15% äâîéíûõ àñòåðîèäîâ è íå 15% äâîéíûõ
êðàòåðîâ

Miljkovi�c et al. (2013) îáúÿñíèëà ýòî
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Separation to main crater diameter ratio

0.0

0.2

0.4

0.6

0.8

1.0

Ra
tio

 o
f c

ra
te

r d
ia

m
et

er
s

Circular Elliptical

Tear drop

Peanut

Overlapping

Doublet

Doublet
Peanut
Overlap
Tear
Elliptic
Circular

0 2 4 6 8 10 12
Semi-major axis to primary diameter ratio

0.0

0.2

0.4

0.6

0.8

1.0
Ra

tio
 o

f c
om

po
ne

nt
 d

ia
m

et
er

s
Circular Elliptical

Tear drop

Peanut

Overlapping

Doublet

MBA
MCA
NEA

Ìíîãèå èç êðàòåðîâ íà Ìàðñå â åå áàçå äàííûõ áûëè
îðèåíòèðîâàíû Ñåâåð-Þã, à íå Âîñòîê-Çàïàä.
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Îáçîð êðàòåðîâ

Áûëî íàéäåíî 31,778 êðàòåðîâ íà Ìàðñå, ðàçìåðîì áîëåå 4
êì â äèàìåòðå è ðàñïîëîæåííûå ìåæäó 50◦ øèðîòàìè.

Ìû íàøëè 150 êðàòåðîâ, îñòàâëåííûõ äâîéíûìè
àñòåðîèäàìè.
Òèïà êðàòåðà Êîëè÷åñòâî (% îò âñåõ)

Doublet 28 (0.088%)
Peanuts 44 (0.138%)
Overlapping 17 (0.053%)
Tear 23 (0.072%)
Elliptical 13 (0.041%)

Âñåãî 125 (0.393%)
Åùå 25 áûëè íàéäåíû, ïðàâäà ïî êëàññèôèêàöèè Miljkovi�c
et al. îíè îòíîñÿòñÿ ê êðóãîâûì, õîòÿ äâîéíàÿ ñòðóêòóðà
çàìåòíà
Ïðèáëèçèòåëüíî 20% èç íàéäåííûõ êðàòåðîâ øèðîêèå
(ðàññòîÿíèå ìåæäó êîìïîíåíòàìè àñòåðîèäà > 10
äèàìåòðîâ ãëàâíîãî êîìïîíåíòà)
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Ðàçìåð êðàòåðà

Collins et al. (2005):

Dt = 1.161

(
ρi
ρt

) 1
3

L0.78 v0.44i g−0.22 sin
1
3 (θ) (1)

ãäå Dt äèàìåòð òðàíçèòíîãî êðàòåðà, ρi è ρt ïëîòíîñòè ñíàðÿäà
(âçÿòàÿ êàê 1.9 g/cm3, ïëîòíîñòü àñòåðîèäà Itokawa, òèïè÷íàÿ
äëÿ ìàëûõ àñòåðîèäîâ Fujiwara et al. 2006; Carry 2012), è
ïîâåðõíîñòè Ìàðñà (3.0 g/cm3, Archinal et al. 2018), , L ðàçìåð
ñíàðÿäà, vi ñêîðîñòü ñòîëêíîâåíèÿ ó ïîâåðõíîñòè, g
ãðàâèòàöèîííàÿ ïîñòîÿííàÿ Ìàðñà, è θ óãîë ñòîëêíîâåíèÿ
(45◦).
Ðàçìåð êðàòåðîâ, êîòîðûå áûëè íàéäåíû, íàõîäÿòñÿ â ïðåäåëàõ
1.5 km < Dm < 40.5 km
×òî äàåò ðàçìåðû àñòåðîèäîâ ìåæäó 70m and 3.8 km.
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×òî ìû èçìåðÿåì?
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Îñíîâíàÿ èäåÿ

Ñâîéñòâà ðåàëüíûõ
äâîéíûõ ñèñòåì

Íàáëþäàåìûå ñâîéñòâà
êðàòåðîâ

Ïðåäïîëàãàåìûå ñâîéñòâà
äâîéíûõ ñèñòåì

Ìîäåëèðîâàííûå ñâîéñòâà
êðàòåðîâ

=

=

Èñïîëüçóåì íàáëþäàåìûå ñâîéñòâà 'ìàëûõ' äâîé-
íûõ àñòåðîèäîâ, êîòîðûå â îñíîâíîì ïîëó÷åíû ÷å-
ðåç íàáëþäåíèÿ ñâåòîâûõ êðèâûõ
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×èñëåííîå ìîäåëèðîâàíèå. 'Ïðîñòîé' ïîäõîä

×òîáû ïîëó÷èòü ñâîéñòâà ìîäåëèðîâàííûõ êðàòåðîâ ìû:

Ðàññìàòðèâàåì âñå èçâåñòíûå àñòåðîèäû ñ Mars MOID
< 0.05 au.

Ïðåäïîëàãàåì, ÷òî îíè âñå äâîéíûå.

Ïðåäïîëàãàåì, ÷òî îðáèòà êîìïîíåíòîâ âîêðóã äðóã äðóãà
ëåæèò â òîé æå ïëîñêîñòè, ÷òî è ãåëèîöåíòðè÷åñêàÿ
îðáèòà.

Ïðåäïîëàãàåì êðóãîâóþ ñîâìåñòíóþ îðáèòó.

Êàæäóþ äâîéíóþ ñèñòåìó ìû ïîìåùàåì â òî÷êó MOID.

Ïåðåáèðàåì âñå âîçìîæíûå âçàèìíûå ïîëîæåíèÿ
êîìïîíåíò

Ïîëîæåíèÿ êîìïîíåíò ïðîåêòèðóåì íà ïëîñêîñòü öåëè

Âû÷èñëÿåì óãîë θ.

Vavilov D.E., Carry B., Lagain A. et al. Íåèçâåñòíàÿ ïîïóëÿöèÿ äâîéíûõ àñòåðîèäîâ 19 / 31



×èñëåííîå ìîäåëèðîâàíèå. 'Ïðîñòîé' ïîäõîä

×òîáû ïîëó÷èòü ñâîéñòâà ìîäåëèðîâàííûõ êðàòåðîâ ìû:

Ðàññìàòðèâàåì âñå èçâåñòíûå àñòåðîèäû ñ Mars MOID
< 0.05 au.

Ïðåäïîëàãàåì, ÷òî îíè âñå äâîéíûå.

Ïðåäïîëàãàåì, ÷òî îðáèòà êîìïîíåíòîâ âîêðóã äðóã äðóãà
ëåæèò â òîé æå ïëîñêîñòè, ÷òî è ãåëèîöåíòðè÷åñêàÿ
îðáèòà.

Ïðåäïîëàãàåì êðóãîâóþ ñîâìåñòíóþ îðáèòó.

Êàæäóþ äâîéíóþ ñèñòåìó ìû ïîìåùàåì â òî÷êó MOID.

Ïåðåáèðàåì âñå âîçìîæíûå âçàèìíûå ïîëîæåíèÿ
êîìïîíåíò

Ïîëîæåíèÿ êîìïîíåíò ïðîåêòèðóåì íà ïëîñêîñòü öåëè

Âû÷èñëÿåì óãîë θ.
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×èñëåííîå ìîäåëèðîâàíèå. 'Ïðîñòîé' ïîäõîä
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À ýòî êîððåêòíî?

1 Ãðàâèòàöèÿ Ìàðñà ìîæåò èçìåíèòü âçàèìíóþ îðáèòó
êîìïîíåíò

2 Óãîë θ ìîæåò îòëè÷àòüñÿ â ðàçíûõ òî÷êàõ ñòîëêíîâåíèÿ ñ
Ìàðñîì

Ñðàâíåíèå 'ïðîñòîãî' ïîäõîäà ñ àêêóðàòíûì

Ãðàâèòàöèÿ Ìàðñà íå èçìåíÿåò íàêëîí è ðàññòîÿíèå
ìåæäó êîìïîíåíòàìè.
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Result
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Òåñò Êîëìîãîðîâà-Ñìèðíîâà:
p-value äëÿ òåêóùåãî íàêëîíà Ìàðñà 0.01%
p-value äëÿ ñóììàðíîãî íàêëîíà Ìàðñà 1.8%
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Ïðîìåæóòî÷íîå çàêëþ÷åíèå

Ìû íàøëè ïîïóëÿöèþ äâîéíûõ àñòåðîèäîâ ñî ñëåäóþùèìè
ñâîéñòâàìè:

Áîëüøîå ðàññòîÿíèå ìåæäó êîìïîíåíòàìè.

Ïðèáëèçèòåëüíî îäèíàêîâîãî ðàçìåðà êîìïîíåíòû.

Ïî-âèäèìîìó, èçîòðîïíîå ðàñïðåäåëåíèå íàêëîíà
âçàèìíîé îðáèòû.
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Ïî÷åìó ìû èõ íå âèäèì?

Âåðîÿòíîñòü îáíàðóæèòü, íàáëþäàÿ â òå÷åíèè 8 íî÷åé ïîäðÿä
(6 ÷àñîâ â êàæäîé)
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Ìîæíî ëè óëó÷øèòü íàáëþäàòåëüíóþ ïðîãðàììó?

Íàáëþäàÿ â òå÷åíèè 4 íî÷åé ïîäðÿä è çàòåì ÷åðåç 1 ìåñÿö åùå
4 íî÷è (6 ÷àñîâ â êàæäîé)
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Ðàäàðíûå íàáëþäåíèÿ?

Îòâåòñòâåííû çà áîëüøå ïîëîâèíû îòêðûòèé äâîéíûõ
àñòåðîèäîâ, ñáëèæàþùèõñÿ ñ Çåìëåé.

Íå èìåþò ïðîáëåì, åñëè íàêëîí âçàèìíîé îðáèòû
áîëüøîé.

Ìîãóò íàáëþäàòü òîëüêî íà íåáîëüøîì ðàññòîÿíèè îò
Çåìëè, ò.å. îêîëîçåìíûå îáúåêòû.

Îêîëîçåìíûå àñòåðîèäû, â îñíîâíîì, ïðèøëè èç
âíóòðåííåé ÷àñòè ãëàâíîãî ïîÿñà ÷åðåç ðåçîíàíñ ν6 (Bottke
et al. 2002; Granvik et al. 2017), êóäà ïîïàëè ñ ïîìîùüþ
ýôôåêòà ßðêîâñêîãî (Vokrouhlick�y et al. 2015).

Êàê ðåçóëüòàò ïîïóëÿöèÿ ÎÇÎ ñîñòîèò èç àñòåðîèäîâ, ñ
áëèçêèì ê ïåðïåíäèêóëÿðíûì îñÿì âðàùåíèÿ è
ðåòðîãðàäíûì âðàùåíèåì (La Spina et al. 2004).

Òàêèì îáðàçîì áîëüøèíñòâî îêîëîçåìíûõ îáúåêòîâ óæå
îðèåíòèðîâàíû òàêèì îáðàçîì, ÷òîáû ñîçäàòü äâîéíîé
àñòåðîèä ÷åðåç YORP spin-up ýôôåêò.
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Êàíäèäàòû â øèðîêèå äâîéíûå àñòåðîèäû

Åñòü íåñêîëüêî íàáëþäàåìûõ îáúåêòîâ, êîòîðûå ÿâëÿþòñÿ
êàíäèäàòàìè â òàêèå øèðîêèå äâîéíûå àñòåðîèäû.
(1509) Esclangona, (3749) Balam, (4674) Pauling, (22899) 1999
TO14, (17246) 2000 GL7, (317) Roxane.

Ðàññòîÿíèÿ > 20 ðàäèóñîâ ãëàâíîãî êîìïîíåíòà.

Áûñòðîå âðàùåíèå îáîèõ êîìïîíåíò.
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Ïðåäïîëàãàåìûå ìåõàíèçìû îáðàçîâàíèÿ

Escaping Ejecta Binaries (Dudra et.al 2004)

Ïî÷åìó áûñòðî âðàùàþòñÿ?
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Ïðåäïîëàãàåìûå ìåõàíèçìû îáðàçîâàíèÿ

YORP spin-up (Jacobson and Scheeres 2011)
Íî òîãäà íàêëîí âçàèìíîé îðáèòû äîëæåí áûòü áëèçîê ê
íóëþ.

Ñáëèæåíèÿ äâîéíîãî àñòåðîèäà ñ ïëàíåòàìè (Fang and
Margot 2012).
Îäíàêî íåêîòîðûå èç êàíäèäàòîâ áûëè íàéäåíû â çîíå, ãäå
íåò ñáëèæåíèé ñ ïëàíåòàìè.

Binary YORP ýôôåêò (Jacobson et al. 2014).
Ìîæåò îáúÿñíèòü áîëüøîå ðàññòîÿíèå, áûñòðóþ ñêîðîñòü
âðàùåíèÿ, áëèçêèå ðàçìåðû, íàõîæäåíèå â ðàçíûõ
îáëàñòÿõ (ãäå íåò ïëàíåò), îäíàêî íå ìîæåò îáúÿñíèòü
âèäèìîå, áëèçêîå ê ñëó÷àéíîìó, óãëû íàêëîíà âçàèìíûõ
îðáèò.
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Çàêëþ÷åíèå

1 Íåÿâíî íàéäåíà ïîïóëÿöèÿ ìàëûõ äâîéíûõ àñòåðîèäîâ ñî
ñëåäóþùèìè ñâîéñòâàìè:

Áîëüøîå ðàññòîÿíèå ìåæäó êîìïîíåíòàìè.
Áëèçêèå ðàçìåðû êîìïîíåíò.
Ïî-âèäèìîìó, ñëó÷àéíîå ðàñïðåäåëåíèå óãëîâ íàêëîíîâ
âçàèìíûõ îðáèò.

2 Ýòà ïîïóëÿöèÿ íå ïîõîæà íà òå äâîéíûå àñòåðîèäû,
êîòîðûå ìû ïðèâûêëè âèäåòü.

3 Èõ î÷åíü ñëîæíî íàáëþäàòü.

4 Åñòü íåñêîëüêî ïðåäëîæåííûõ ìåõàíèçìîâ îáðàçîâàíèÿ
òàêèõ ñèñòåì, íî îíè íå ìîãóò îáúÿñíèòü âñå ñâîéñòâà.
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Appendix: table

Òàáëèöà: Values of the di�erent parameters used in the numerical
integrations (see text).

Considered values Unit

V 5, 10, 15 (km/s)
M1 109, 1010, 1011, 1012, 1013, 1014, 1015, 1016 kg
γ 1,2,4,6,8,10,20,30,40,50,60,70,80,90,100 %
T 12, 24, 36, 48, 240 h
p -0.9, -0.5, 0, 0.5, 0.9 Rtarget

i 0, 45, 90 ◦
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