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VLSR(BH) êàê ôóíäàìåíòàëüíûé ïàðàìåòð Ãàëàêòèêè

VLSR(BH) � ëó÷åâàÿ ñêîðîñòü ñâåðõìàññèâíîé ÷åðíîé äûðû
â öåíòðå Ãàëàêòèêè (Sgr A*) îòíîñèòåëüíî ÌÑÏ.
Íîâûé ôóíäàìåíòàëüíûé ïàðàìåòð Ãàëàêòèêè?

Ôóíäàìåíòàëüíîå çíà÷åíèå VLSR(BH).
Íàõîäèòñÿ ëè Sgr A* òî÷íî â áàðèöåíòðå Ãàëàêòèêè? =⇒
Ìîæíî ëè ñâÿçàòü ñ Sgr A* èíåðöèàëüíóþ ñèñòåìó
Ãàëàêòîöåíòðè÷åñêèõ êîîðäèíàò?
Åñëè äà, ñ êàêîé òî÷íîñòüþ è íà êàêèõ ìàñøòàáàõ?

Ïðèêëàäíîå çíà÷åíèå VLSR(BH):
ýòî ÿâíûé èëè íåÿâíûé ïàðàìåòð â ðÿäå ìîäåëüíûõ çàäà÷,
âêëþ÷àþùèõ, â ÷àñòíîñòè, îïðåäåëåíèå ðàññòîÿíèÿ îò
Ñîëíöà äî öåíòðà Ãàëàêòèêè (R0) è ìàññû öåíòðàëüíîé
÷åðíîé äûðû.
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Íàõîäèòñÿ ëè Sgr A* (òî÷íî) â áàðèöåíòðå Ãàëàêòèêè? I

Sgr A*: (l, b) = (−0.◦056,−0.◦046) (Reid & Brunthaler, 2004)
=⇒ Z(BH) = (−6.4 ïê) · (R0/8 êïê).
Z0 = 25± 5 ïê (Juri�c+, 2008).

Åñòü ðàçíûå òî÷êè çðåíèÿ.

Reid (2003), Reid & Brunthaler (2004), Reid (2008),
Bland-Hawthorn & Gerhard (2016) è äð.:
Sgr A* ïîêîèòñÿ îòíîñèòåëüíî äèíàìè÷åñêîãî öåíòðà
Ãàëàêòèêè (â ïðåäåëàõ íåîïðåäåëåííîñòåé).

Àðãóìåíòû:

V 0
b (BH) ≡ Vb(BH)− (−w�) = (−0.4± 0.9 êì/ñ) · (R0/8 êïê)

(Reid & Brunthaler, 2004)
ïðè w� = 7.17± 0.38 êì/ñ (Dehnen & Binney 1998).

È. È. Íèêèôîðîâ, À. Â. Âåñåëîâà Î ëó÷åâîé ñêîðîñòè ÷åðíîé äûðû â öåíòðå Ãàëàêòèêè



Ââåäåíèå
Feldmeier+ (2014)

Ïàðàìåòðè÷åñêîå ìîäåëèðîâàíèå è èíòåðïðåòàöèÿ

Íàõîäèòñÿ ëè Sgr A* (òî÷íî) â áàðèöåíòðå Ãàëàêòèêè? II

µ0
l (BH) = µl(BH)− (−ω�).

Reid, Brunthaler (2004): µl(BH) = −30.24± 0.12 êì/ñ/êïê.

Reid+ (2014) ïî 80 ìàçåðàì: ω� = 30.57± 0.43 êì/ñ/êïê
=⇒ µ0

l (BH) = +0.33± 0.45 êì/ñ/êïê,
V 0

l (BH) = (+2.6± 3.6 êì/ñ) · (R0/8 êïê).

Rastorguev+ (2016) ïî 123 ìàçåðàì:
ω� = 30.98±≤0.55 êì/ñ/êïê
=⇒ µ0

l (BH) = +0.74±≤0.56 êì/ñ/êïê,
V 0

l (BH) = (+5.9±≤4.5 êì/ñ) · (R0/8 êïê).
Merritt+ (2007): áðîóíîâñêîå äâèæåíèå îáúåêòà Sgr A*
âñëåäñòâèå âîçìóùåíèé îò áëèçêèõ ê íåìó çâåçä ∼0.2 êì/ñ.
Sgr A* � öåíòðàëüíàÿ ÷åðíàÿ äûðà =⇒
èç-çà äèíàìè÷åñêîãî òðåíèÿ äîëæíà áûëà áûñòðî ïîòåðÿòü
îðáèòàëüíûé ìîìåíò è ïî ñïèðàëè ïîïàñòü â áàðèöåíòð
Ãàëàêòèêè (êàê è â äðóãèõ ãàëàêòèêàõ).
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Íàõîäèòñÿ ëè Sgr A* (òî÷íî) â áàðèöåíòðå Ãàëàêòèêè? III

Òî÷íîå ñîâïàäåíèå Sgr A* ñ áàðèöåíòðîì Ãàëàêòèêè íå
äîêàçàíî.
Blitz (1994): íà ñòàòóñ äèíàìè÷åñêîãî öåíòðà ìîãóò
ïðåòåíäîâàòü è äðóãèå öåíòðàëüíûå êîíöåíòðàöèè ìàññ,
íàïðèìåð, Sgr B2. Íåëüçÿ èñêëþ÷èòü, ÷òî îíè ñîâåðøàþò
îñöèëëÿöèè îòíîñèòåëüíî òî÷êè ìèíèìóìà ïîòåíöèàëà
äèñêà è ñôåðîèäà Ãàëàêòèêè. Öåíòðàëüíîñòü Sgr A*, ïî
êðàéíåé ìåðå íà óêàçàííûõ ìàñøòàáàõ, îáúåêòèâíî íåëüçÿ
ñ÷èòàòü áåññïîðíîé.

Àðãóìåíòû:

Íóëåâàÿ âåðòèêàëüíàÿ ñêîðîñòü V 0
b (BH) íå îáÿçàòåëüíî

îçíà÷àåò îòñóòñòâèå âåðòèêàëüíûõ îñöèëëÿöèé Sgr A*.
Ñîâðåìåííûå èçìåðåíèÿ íå èñêëþ÷àþò |V 0

l (BH)| ïîðÿäêà
íåñêîëüêèõ êì/ñ.
V 0

b (BH) = V 0
l (BH) = 0 êì/ñ íå èñêëþ÷àþò íåíóëåâóþ

ëó÷åâóþ ñêîðîñòü V 0
r (BH).
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Íàõîäèòñÿ ëè Sgr A* (òî÷íî) â áàðèöåíòðå Ãàëàêòèêè? IV

Êîíäðàòüåâ, Îðëîâ (2008): çà ñ÷åò ñáëèæåíèé ñ øàðîâûìè
ñêîïëåíèÿìè àìïëèòóäà äðåéôà öåíòðàëüíîé ÷åðíîé äûðû
íàøåé Ãàëàêòèêè ìîæåò äîñòèãàòü íåñêîëüêèõ ïàðñåê.

Batcheldor+ (2010): ÷åðíàÿ äûðà â M87 ñìåùåíà íà
6.8± 0.8 ïê îò öåíòðà.

Comerford & Greene (2014): àêòèâíûå ÿäðà ãàëàêòèê,
èñïûòûâàþùèå ìåðäæåð, èìåþò êèíåìàòè÷åñêèå ñìåùåíèÿ
ÿäðà îòíîñèòåëüíî âìåùàþùåé ãàëàêòèêè
(50 < |v| < 410 êì/ñ).
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Ïàðàìåòð VLSR(BH) â çàäà÷å ìîäåëèðîâàíèÿ
îðáèòàëüíîãî äâèæåíèÿ S-çâåçä âîêðóã Sgr A*. I

UCLA group (Ghez+ 2003, 2005), MPE�Cologne group
(îöåíèâàíèå R0; Eisenhauer+, 2003, 2005; Trippe+ 2006):
â ïðåäïîëîæåíèè VLSR(BH) = 0 êì/ñ.

N. (2008, 2012): èãíîðèðîâàíèå íåíóëåâîé ëó÷åâîé ñêîðîñòè
ôîêóñà îðáèòû (Sgr A*) âåäåò ê ïðîïîðöèîíàëüíîìó
ñìåùåíèþ R0 (ïî åäèíñòâåííîìó èçìåðåíèþ ëó÷åâîé ñêîðîñòè
çâåçäû VLSR):

δsys ≡
σsys(VLSR)
|VLSR|

=
VLSR(BH)
|VLSR|

=
σsys(R0)
R0

. (1)

VSgr A* = 20÷ 60 êì/ñ =⇒
σsys(R0) = 1.3÷ 5.6 % = (0.1÷ 0.45 êïê) · (R0/8 êïê).
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Ïàðàìåòð VLSR(BH) â çàäà÷å ìîäåëèðîâàíèÿ
îðáèòàëüíîãî äâèæåíèÿ S-çâåçä âîêðóã Sgr A*. II

Ghez et al. (2008, UCLA group) ïî 16 Vr è 27 (l, b) äëÿ S0-2 (S2):
VLSR(BH) = −20+29

−37 êì/ñ, R0 = 7.96+0.57
−0.70 êïê,

M(BH) = (4.07+0.52
−0.78) · 106M� ;

VLSR(BH) = (0 êì/ñ) =⇒ R0 = 8.36+0.30
−0.44 êïê,

M(BH) = (4.53+0.34
−0.55) · 106M� .
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Ïàðàìåòð VLSR(BH) â çàäà÷å ìîäåëèðîâàíèÿ
îðáèòàëüíîãî äâèæåíèÿ S-çâåçä âîêðóã Sgr A*. III

Gillessen et al. (2009, MPE�Cologne group):
ïî 6 S-çâåçäàì, âêëþ÷àÿ S2
VLSR(BH) = (0± 5 êì/ñ)⇒ R0 = 8.33± 0.17 êïê,

M(BH) = (4.31± 0.22) · 106M� ;
òîëüêî ïî S2
VLSR(BH) = (0± 5 êì/ñ)⇒ R0 = 8.48± 0.38 êïê,

M(BH) = (4.45± 0.41) · 106M� ;
VLSR(BH) = +29± 36 êì/ñ, R0 = 8.80± 0.53 êïê,

M(Sgr A∗) = (4.93± 0.75) · 106M� ;
òîëüêî ïî S2 (áåç äàííûõ 2002 ã.)
VLSR(BH) = (0± 5 êì/ñ)⇒ R0 = 7.31± 0.45 êïê,

M(BH) = (3.51± 0.36) · 106M� ;
VLSR(BH) = −42± 44 êì/ñ, R0 = 6.63± 0.91 êïê,

M(BH) = (2.85± 0.74) · 106M�.
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Ïàðàìåòð VLSR(BH) â çàäà÷å ìîäåëèðîâàíèÿ
îðáèòàëüíîãî äâèæåíèÿ S-çâåçä âîêðóã Sgr A*. IV

Âûâîäû ïî ðåçóëüòàòàì ìîäåëèðîâàíèÿ îðáèòàëüíîãî
äâèæåíèÿ S-çâåçä:

Îöåíêè VLSR(BH) çíà÷èìî îò íóëÿ íå îòëè÷àþòñÿ.

Ñîâðåìåííàÿ òî÷íîñòü èçìåðåíèÿ VLSR(BH) äîïóñêàåò
çíà÷åíèÿ ïîðÿäêà íåñêîëüêèõ äåñÿòêîâ êì/ñ.

Ýìïèðè÷åñêîå ñîîòíîøåíèå ìåæäó VLSR(BH) è
ñèñòåìàòè÷åñêèì ñìåùåíèåì îöåíêè R0 ýòèì ìåòîäîì:

∆R0 ≈ +[0.01÷ 0.02 êïê/(êì/ñ)] · VLSR(BH). (2)

Äëÿ äîñòèæåíèÿ òî÷íîñòè σ[VLSR(BH)] = 1 êì/ñ íóæíî
óâåëè÷åíèå ÷èñëà èçìåðåíèé ëó÷åâûõ ñêîðîñòåé S-çâåçä
â ∼103 ðàç (ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ). . .
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Feldmeier+ (2014). I

A. Feldmeier, N. Neumayer, A. Seth, R. Sch�odel,
N. L�utzgendorf, P. T. de Zeeuw, M. Kissler-Patig,
S. Nishiyama, C. J. Walcher. �Large scale kinematics and
dynamical modelling of the Milky Way nuclear star cluster.�
A&A, 570, A2 (2014).

Íàáëþäåíèÿ çâåçäíîãî ñêîïëåíèÿ â ÿäðå Ãàëàêòèêè
[ýôôåêòèâíûé ðàäèóñ re� ∼ 110÷ 127′′ = 4.2÷ 5 ïê, ìàññà
(2÷ 3) · 107M�] íà ñïåêòðîãðàôå ISAAC (VLT) ñ äëèííîé
ùåëüþ â ÈÊ-äèàïàçîíå =⇒ Ñïåêòðîñêîïè÷åñêàÿ êàðòà
èíòåãðàëüíîãî èçëó÷åíèÿ äëÿ ïîëÿ öåíòðàëüíîé ïëîùàäêè
∼9.5× 8 ïê è äëÿ 6 ìåíüøèõ ïîëåé äî 19 ïê âäîëü
Ãàëàêòè÷åñêîé ïëîñêîñòè. Êèíåìàòè÷åñêèé àíàëèç âûïîëíÿëñÿ
äëÿ äèàïàçîíà ∼2.2902 �2.365 ìêì, ñîäåðæàùåãî 4 ëèíèè
ïîãëîùåíèÿ CO, íàèáîëåå çàìåòíûå â ñïåêòðàõ õîëîäíûõ çâåçä
ïîçäíèõ òèïîâ c âîçðàñòîì íåñêîëüêî ìèëëèàðäîâ ëåò.
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Feldmeier+ (2014). II
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Feldmeier+ (2014). III

Êèíåìàòèêà ñêîïëåíèÿ îêà-
çàëàñü ñëîæíîé: ïîäñòðóê-
òóðû.

I. ½Õîëîäíàÿ� ñ îðòîãîíàëü-
íûì âðàùåíèåì
íà r ≤ 20′′ ∼ 0.8 ïê.

II. Ñ âðàùåíèåì ∼9◦ ± 3◦ ê
ïëîñêîñòè Ãàëàêòèêè, qkin =
0.17�0.37,
r ∼ 30�70′′.
III. Ñ âðàùåíèåì ïîä òåì íà-
êëîíîì, qkin = 0.57�0.74,
r ∼ 70�100′′.
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Feldmeier+ (2014). IV

Ðàäèàëüíûå ïðîôèëè ñêîðîñòè

Àáñîëþòíûå ñêîðîñòè íà âîñòî÷íîé ñòîðîíå íà >10 êì/ñ âûøå,
÷åì íà çàïàäíîé.
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Çàäà÷è ðàáîòû

Ïàðàìåòðè÷åñêîå ìîäåëèðîâàíèå ðàäèàëüíûõ ïðîôèëåé
ñêîðîñòè çâåçäíîãî ñêîïëåíèÿ â ÿäðå.

Âîçìîæíûå èíòåðïðåòàöèè àñèììåòðèè ñêîðîñòè
âîñòîê�çàïàä.

Íåíóëåâàÿ ñêîðîñòü Sgr A* îòíîñèòåëüíî Ìåñòíîãî
ñòàíäàðòà ïîêîÿ?
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VLSR(r) =

{
V 0
LSR + k(r − r0)α, r ≥ r0;
V 0
LSR − k(r − r0)α, r ≤ r0;

α < 1; (3)

p = (V 0
LSR, r0, α).

Ïàðàìåòð r0 îáóñëîâëåí ïëîõî =⇒ Ïðèíÿòî r0 = 0′′

(íàïðàâëåíèå íà Sgr A*).
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Âàðèàíò V 0
LSR, k α
êì/ñ êì/ñ/(ñäα)

Ñêàí 22� äëÿ íàêëîíà 9◦,
σr = 0

+10.6± 2.9 18.9± 1.8 0.12+0.35
−0.20

Ñêàí 22� äëÿ íàêëîíà 9◦,
σr 6= 0

+10.6± 1.9 18.7± 1.1 0.13+0.19
−0.12

Ñêàí 22� äëÿ íàêëîíà 0◦,
σr = 0

+7.0± 2.4 23.0 0.06+0.12
−0.11

Ñêàí 22� äëÿ íàêëîíà 0◦,
σr 6= 0

+7.0± 1.5 23.0± 1.2 0.059+0.161
−0.068

Ñêàí 20� äëÿ íàêëîíà 0◦,
σr = 0

+5.8± 1.9 13.8+4.8
−5.8 0.180+0.100

−0.087

Ñêîðîñòü äâèæåíèÿ öåíòðà âðàùåíèÿ (Sgr A*) îòíîñèòåëüíî
ÌÑÏ çíà÷èìî îòëè÷àåòñÿ îò íóëÿ è äëÿ ðàçíûõ âàðèàíòîâ
ïðîôèëåé ñêîðîñòè ñîñòàâëÿåò
VLSR(BH) = (+6÷+11)± 2 êì/ñ.
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Âîçìîæíûå èíòåðïðåòàöèè. I

Ýêñöåíòðè÷íîñòü öåíòðàëüíîãî ñêîïëåíèÿ.

M31 èìååò ýêñöåíòðè÷íûé äèñê â ÿäðå: P1, P2, P3 (÷åðíàÿ
äûðà); P2 è P3 áëèçêè ê ôîòîìåòðè÷åñêîìó öåíòðó
áàëäæà. Ðàññòîÿíèå îò P1 äî P2+P3 â ïðîåêöèè 0.5 ñä,
÷òî äëÿ ðàññòîÿíèÿ äî M31 770 êïê äàåò 1.9 ïê.
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Âîçìîæíûå èíòåðïðåòàöèè. II
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Âîçìîæíûå èíòåðïðåòàöèè. III
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Âîçìîæíûå èíòåðïðåòàöèè. IV

Àðãóìåíòû ïðîòèâ.

Ðàçíîðîäíûå ïî êèíåìàòèêå ó÷àñòêè ïðîôèëÿ ïðèâîäÿò ê
ñõîäíîé âåëè÷èíå V 0

LSR
.

I: V 0
LSR

= +7.7± 3.2 êì/ñ.
II: V 0

LSR
= +12.0± 1.7± 3.8 êì/ñ.

III: V 0
LSR

= +11.4± 1.7± 1.8 êì/ñ.

Ñðåäíåå (I + II + III): V 0
LSR

= +10.14± 1.1± 1.7 êì/ñ.
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Âîçìîæíûå èíòåðïðåòàöèè. V
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Âîçìîæíûå èíòåðïðåòàöèè. VI

Îðòîãîíàëüíàÿ ñòðóêòóðà òàêæå èìååò àñèììåòðè÷íóþ
êèíåìàòèêó: ñêîðîñòü ñåâåðíîé ÷àñòè ∼35 êì/ñ, ñêîðîñòü
þæíîé ÷àñòè ∼− 25 êì/ñ =⇒ V 0

LSR
= +5 êì/ñ.

Äîëæíà áûòü àñèììåòðèÿ â ôîòîìåòðèè: çàïàäíàÿ
(¾àïîöåíòðè÷åñêàÿ¿) ÷àñòü äîëæíà áûòü ÿð÷å è áûòü
ñìåùåííîé âïðàâî îòíîñèòåëüíî Sgr A*. ×åãî íå
íàáëþäàåòñÿ.
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Âîçìîæíûå èíòåðïðåòàöèè. VI
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Âîçìîæíûå èíòåðïðåòàöèè. VII
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Âîçìîæíûå èíòåðïðåòàöèè. VIII

Ïîëîæèòåëüíàÿ öåíòðàëüíàÿ ñêîðîñòü íàáëþäàåòñÿ è ïî
ýìèññèè H2 (Feldmeier+, 2014) ïðè îòñóòñòâèè àñèììåòðèè
ïî îòíîøåíèþ ê Sgr A*.
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Âîçìîæíûå èíòåðïðåòàöèè. IX
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Âîçìîæíûå èíòåðïðåòàöèè. X

Ïîëîæèòåëüíàÿ ñêîðîñòü V 0
LSR ∼ 10 êì/ñ � ñêîðîñòü ÌÑÏ

îòíîñèòåëüíî áàðèöåíòðà â ñòîðîíó àíòèöåíòðà Ãàëàêòèêè
u0
LSR ∼ −10 êì/ñ.

Íî òîãäà ãëîáàëüíî îïðåäåëåííàÿ êîìïîíåíòà ïåêóëÿðíîãî
äâèæåíèÿ Ñîëíöà (u�) äîëæíà áûòü ìåíüøå ëîêàëüíîé
(u� = 10± 1 êì/ñ). ×åãî íå íàáëþäàåòñÿ (Reid+ 2014;
Rastorguev+ 2016; Bland-Hawthorn & Gerhard, 2016).

Òîãäà ñêîðîñòü V 0
LSR ∼ 10 êì/ñ � ñêîðîñòü äâèæåíèÿ

Sgr A* îòíîñèòåëüíî áàðèöåíòðà Ãàëàêòèêè:
VLSR(BH) = (+6÷+11)± 2 êì/ñ.
Íàèëó÷øàÿ îöåíêà: VLSR(BH) = +10.6± 1.9 êì/ñ.
Vhel(BH) = +10.6 + 10.3 = +20.9± 1.9 êì/ñ.
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Êîððåêöèè îöåíîê R0

∆R0 ≈ +[0.01÷ 0.02 êïê/(êì/ñ)] · VLSR(BH).

Òîãäà îæèäàåìûå ïîïðàâêè:

äëÿ ðåçóëüòàòà Ghez+ (2008)
R0 = 8.36 + (0.11÷ 0.21) = (8.47÷ 8.57)+0.30

−0.44 êïê;

äëÿ ðåçóëüòàòà Gillessen+ (2009):
R0 = 8.33 + (0.11÷ 0.21) = (8.44÷ 8.54)± 0.17 êïê.
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Âûâîäû

Íàèáîëåå âåðîÿòíîé ïðè÷èíîé àñèììåòðèè âîñòîê-çàïàä
ïðîôèëåé ñðåäíåé ëó÷åâîé ñêîðîñòè, ïðèâåäåííîé ê ÌÑÏ,
äëÿ çâåçäíîãî ñêîïëåíèÿ â ÿäðå Ãàëàêòèêè ïðåäñòàâëÿåòñÿ
ïîëîæèòåëüíàÿ ëó÷åâàÿ ñêîðîñòü äâèæåíèÿ öåíòðàëüíîé
÷åðíîé äûðû (Sgr A*) Ãàëàêòèêè îòíîñèòåëüíî ÌÑÏ.

Íàèëó÷øàÿ îöåíêà ýòîé ñêîðîñòè ïî ïðîôèëÿì
öåíòðàëüíîãî ñêîïëåíèÿ: VLSR(BH) = +10.6± 1.9 êì/ñ.

Îæèäàåìûå ïîïðàâêè îöåíîê R0, ïîëó÷åííûõ ðàíåå â
ðåçóëüòàòå ìîäåëèðîâàíèÿ îðáèò S-çâåçä, + ∼0.1÷ 0.2 êïê,
÷òî ïðèâîäèò ê çíà÷åíèÿì R0 ≈ 8.4÷ 8.6 êïê.

Ïîëó÷åííûå ðåçóëüòàòû ìîãóò îçíà÷àòü, ÷òî öåíòðàëüíàÿ
÷åðíàÿ äûðà íàøåé Ãàëàêòèêè íå íàõîäèòñÿ òî÷íî â
áàðèöåíòðå ïîñëåäíåé.
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