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Ðîæäåíèå ïðîòîïëàíåòíîãî äèñêà

1) Ìèíèìàëüíîå âðàùåíèå ÃÌÎ

M ∼ 106M�, l ∼ 20 ïê:

ΩC '
∆v
∆r

=
d(rΩ)

dr
= Ω + r

dΩ

dr
.

Ïîñòîÿííûå Îîðòà

A ≡ −
r
2

dΩ

dr
= 14.5 êì/c êïê−1,

B ≡ −Ω + A = −12 êì/c êïê−1

äàþò ΩC ' −A− B = −2.5êì/c êïê−1.
Äëÿ ôðàãìåíòà M ∼ 1M�, l ∼ 0.2 ïê:

J ∼ Ml2ΩC ' 6 · 1052 ã ñì2ñ−1

è

β ≡
Erot

Egrav
∼

JΩC l
2GM2

' 10−5.

Âðàùåíèå ãëîáóë: Goodman et. al (1993)

Ðàäèóñ öèðêóëÿðèçàöèè:

acirc ∼
J2

GM3
' 0.5

(
β

10−5

)
à.å.
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Ðîæäåíèå ïðîòîïëàíåòíîãî äèñêà

2) Õàðàêòåðíîå âðåìÿ ñæàòèÿ âäîëü îñè âðàùåíèÿ.

Âðåìÿ ñâîáîäíîãî ïàäåíèÿ: tff (M ∼ 1M�, l ∼ 1000 à.å.) ' 104 ÷ 105 ëåò.

Âðåìÿ îñåäàíèÿ â ãèäðîñòàòè÷åñêîì ðåæèìå:

ths ∼
U
L

=

∫
(γ − 1)−1pdz

2σT 4
=

(γ − 1)−1γ3k4

2σ(µmH )4

Σ

(hΩ)6
,

ãäå èñïîëüçîâàíî, ÷òî

c2
s =

γkT
µmH

è cs ' hΩ.

Â ÷èñëàõ:

ths ' 10

(
Σ

1000 ã/ñì2

)(
1
δ

)6 ( T
1ãîä

)6
ñ

(Âûâîä è ñðàâíåíèå ñ õàðàêòåðíûì âðåìåíåì âûñâå÷èâàíèÿ â
òóðáóëåíòíîì äèñêå - íà ñåìèíàðå).

⇒ îòñþäà, ïî êðàéíåé ìåðå, δ < 0.1.
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Windmark (2013).
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Ðîæäåíèå ïðîòîïëàíåòíîãî äèñêà

Dullemond & Monnier (2010).
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Ïðîòîïëàíåòíûé äèñê - êàê àêêðåöèîííûé äèñê

Óðàâíåíèÿ ãèäðîäèíàìèêè â ñëó÷àå àêñèàëüíîé ñèììåòðèè ∂/∂ϕ = 0):

∂ρ

∂t
+

1

r

∂

∂r
(ρ vr r) +

∂

∂z
(ρ vz ) = 0 . (1)

∂vr

∂t
+ vr

∂vr

∂r
+ vz

∂vr

∂z
−

v2
ϕ

r
= −

∂Φ

∂r
−

1

ρ

∂P

∂r
+ Nr , (2)

∂vϕ

∂t
+ vr

∂vϕ

∂r
+ vz

∂vϕ

∂z
+

vr vϕ

r
= Nϕ, (3)

∂vz

∂t
+ vr

∂vz

∂r
+ vz

∂vz

∂z
= −

∂Φ

∂z
−

1

ρ

∂P

∂z
+ Nz , (4)

ρ T

(
∂s

∂t
+ vr

∂s

∂r
+ vz

∂s

∂z

)
= D − divQQQ , (5)

D = η

[
4

(
∂vr

∂r

)2
+2

(
∂vz

∂z

)2
+

(
∂vϕ

∂r
−

vϕ

r

)2
+

(
∂vϕ

∂z

)2
+

+

(
∂vz

∂r
+
∂vr

∂z

)2 ]
−

2

3
η

(
∂vr r

r∂r
+
∂vz

∂z

)2
. (6)

c

3κRρ
∇(aT4) = −Q. (7)

κR = κR(ρ, T ); η = η(ρ, T ), ζ = ζ(ρ, T ).

ρNr =
1

r

∂

∂r
(rwrr ) −

wϕϕ

r
+
∂wrz

∂z
, (8)

ρNϕ =
1

r2

∂

∂r
(r2wϕr ) +

∂wϕz

∂z
, (9)

ρNz =
1

r

∂

∂r
(rwzr ) +

∂wzz

∂z
, (10)

wrr = 2η
∂vr

∂r
+

(
ζ −

2

3
η

)
div vvv, (11)

wrϕ = wϕr = η

[
r
∂

∂r

( vϕ

r

)]
, (12)

wrz = wzr = η

(
∂vz

∂r
+
∂vr

∂z

)
, (13)

wϕϕ = 2η
vr

r
+

(
ζ −

2

3
η

)
div vvv, (14)

wϕz = wzϕ = η
∂vϕ

∂z
, (15)

wzz = 2η
∂vz

∂z
+

(
ζ −

2

3
η

)
div vvv , (16)

div vvv ≡
1

r

∂

∂r
(rvr ) +

∂vz

∂z
.
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Ïðîòîïëàíåòíûé äèñê - êàê àêêðåöèîííûé äèñê

Áàçîâûå ïðåäïîëîæåíèÿ ìîäåëè ñòàíäàðòíîãî àêêðåöèîííîãî äèñêà:

Ãåîìåòðè÷åñêè òîíêèé ïîòîê � δ(r) ≡ h(r)/r � 1.

Àçèìóòàëüíîå äâèæåíèå ãàçîâûõ ýëåìåíòîâ áëèçêî ê êðóãîâîìó.

Âñå ôèçè÷åñêèå âåëè÷èíû, õàðàêòåðèçóþùèå äèñê, ïëàâíî ìåíÿþòñÿ â
ðàäèàëüíîì íàïðàâëåíèè.

Ýôôåêòèâíîå âÿçêîå íàïðÿæåíèå â àçèìóòàëüíîì íàïðàâëåíèè, wrϕ,
ïàðàìåòðèçóåòñÿ êàê Wrϕ = αp, ãäå 0 < α < 1.

Òîãäà ñèñòåìà óðàâíåíèé (1-16) ñèëüíî óïðîùàåòñÿ, è â ãëàâíîì
ïîðÿäêå ïî δ äèíàìèêà ïîòîêà â âåðòèêàëüíîì è ðàäèàëüíîì
íàïðàâëåíèÿõ ðàçäåëÿåòñÿ:

Â àçèìóòàëüíîì íàïðàâëåíèè äâèæåíèå âåùåñòâà áëèçêî ê êðóãîâîìó
êåïëåðîâñêîìó äâèæåíèþ, Ω ≡ vϕ/r ' ΩK , îïèñûâàåìîìó îðáèòàëüíîé

÷àñòîòîé ΩK =
√

GM∗
r .

Â ðàäèàëüíîì íàïðàâëåíèè ïðîöåññ àêêðåöèè îïèñûâàåòñÿ
äèôôóçèîííûì óðàâíåíèåì íà ïîâåðõíîñòíóþ ïëîòíîñòü
Σ(r) ≡

∫
ρ(r , z)dz.

Â âåðòèêàëüíîì íàïðàâëåíèè ñîõðàíÿåòñÿ ãèäðîñòàòè÷åñêîå ðàâíîâåñèå,
à ñòðóêòóðà äèñêà îïèñûâàåòñÿ áàëàíñîì âÿçêîãî ýíåðãîâûäåëåíèÿ è
(ëó÷èñòûì) ïåðåíîñîì òåïëà íà ïîâåðõíîñòü äèñêà.
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Ïðîòîïëàíåòíûé äèñê - êàê àêêðåöèîííûé äèñê

Äèíàìèêà â ðàäèàëüíîì íàïðàâëåíèè:

Óñëîâèå âåðòèêàëüíîãî ãèäðîñòàòè÷åñêîãî ðàâíîâåñèÿ (ñì. ñëåä. ñëàéä)

äàåò, ÷òî p/ρ ∼ v2
ϕδ

2, è òîãäà èç ðàäèàëüíîãî áàëàíñà ñèë:

Ω '
√

GM∗

r3
∼ r−3/2.

Ýâîëþöèÿ ïîâåðõíîñòíîé ïëîòíîñòè äèñêà:

Çàêîí ñîõðàíåíèÿ ìàññû �
∂Σ

∂t
=

1
r
∂

∂r
Ṁ
2π
, ãäå Ṁ ≡ −2πrΣvr .

Çàêîí ñîõðàíåíèÿ ìîìåíòà èìïóëüñà �
∂Σ

∂t
=

3
2r3/2

∂

∂r

[
r1/2

(
Ṁ
3π
− νΣ

)]
(∗)

⇒ ÝâîëþöèÿΣ:
∂Σ

∂t
=

3
r
∂

∂r

[
r1/2 ∂

∂r
(νΣr1/2)

]
. (∗)

Áàëàíñ ýíåðãèè:

2σT 4
d =

9
4
νΣΩ2. (∗)
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Ïðîòîïëàíåòíûé äèñê - êàê àêêðåöèîííûé äèñê

Âåðòèêàëüíàÿ ñòðóêòóðà äèñêà:

Âåðòèêàëüíîå ãèäðîñòàòè÷åñêîå ðàâíîâåñèå:

1
ρ

∂p
∂z

= −Ω2z ⇒ cs ' hΩ. (∗)

c2
s (z) =

γ − 1
2

(hΩ)2

(
1−

z2

h2

)
äëÿ ñëó÷àÿ p(z) = Kρ(z)γ .

* Èçîòåðìè÷åñêîå ðàñïðåäåëåíèå äàåò ρ = ρce−z2/(2h2), ãäå h ≡ cs/Ω.

Äèôôåðåíöèàëüíûé áàëàíñ ýíåðãèè:

∂Qz

∂z
=

9
4
ρνΩ2.

Óðàâíåíèå ïåðåíîñà ýíåðãèè:

Qz = −
16σT 3

3κRρ

∂T
∂z

. (∗)

Óðàâíåíèå ñîñòîÿíèÿ, çàêîí äëÿ íåïðîçðà÷íîñòè
è ïàðàìåòðèçàöèÿ âÿçêîñòè:

p =
ρkT
µmH

, κR = κR(ρ,T ) è ν = ν(p, cs, ..?)
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Ïðîòîïëàíåòíûé äèñê - êàê àêêðåöèîííûé äèñê

Ñòàöèîíàðíûé àêêðåöèîííûé äèñê â îäíîçîííîé àïïðîêñèìàöèè:

ν = αcsh,

c2
s =

γkTc

µmH
,

ρc '
Σ

h
,

h '
cs

Ω
,

T 4
c '

3
4
τT 4

d ,

τ =
1
2

ΣκR ,

νΣ =
Ṁ
3π
,

σT 4
d =

9
8
νΣΩ2,

κR(Tc).
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Ïðîáëåìà ýôôåêòèâíîé âÿçêîñòè â ïðîòîïëàíåòíîì äèñêå

Ëîêàëüíàÿ óñòîé÷èâîñòü (îäíîðîäíîãî) êåïëåðîâñêîãî ïîòîêà ïî
êðèòåðèþ Ðýëåÿ:

dj
dr

> 0,

ãäå j ≡ Ωr 2 - óäåëüíûé ìîìåíò èìïóëüñà âðàùàþùåãîñÿ âåùåñòâà.

Îäíîðîäíûé êåïëåðîâñêèé ïîòîê - ëèíåéíî óñòîé÷èâ
⇒ ñâåðõêðèòè÷åñêàÿ òóðáóëåíòíîñòü íåâîçìîæíà.

Â ëàáîðàòîðíûõ è ÷èñëåííûõ ýêñïåðèìåíòàõ íå âèäÿò
òóðáóëåíòíîñòè âïëîòü äî Re ≡ hcs/νm ∼ 105 ÷ 106.

Ñì., ê ïðèìåðó, ðàáîòû Ji et al. (2006) è Shen & Stone (2006).

Íî!
Re & 1010.

Äîêðèòè÷åñêàÿ òóðáóëåíòíîñòü ïðè 106 < R < 1010?..

Äà - åñëè òðàíçèåíòíûå âîçìóùåíèÿ ñ g ∼ Re2/3 áóäóò äàâàòü
ïîëîæèòåëüíóþ îáðàòíóþ ñâÿçü (�îáõîäíîé� (bypass) ñöåíàðèé).
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Ïðîáëåìà ýôôåêòèâíîé âÿçêîñòè â ïðîòîïëàíåòíîì äèñêå

Ìàãíèòîðîòàöèîííàÿ íåóñòîé÷èâîñòü.

https://ay201b.wordpress.com/2011/04/11/the-

magnetorotational-instability/
https://ay201b.wordpress.com/2011/04/11/the-

magnetorotational-instability/
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Ïðîáëåìà ýôôåêòèâíîé âÿçêîñòè â ïðîòîïëàíåòíîì äèñêå

Ìàãíèòîðîòàöèîííàÿ íåóñòîé÷èâîñòü.

http://www.dcu.ie http://www.dcu.ie

Â ïðîñòåéøåé ìîäåëè ñ âíåøíèì âåðòèêàëüíûì ìàãíèòíûì ïîëåì ìàëûå
îñåñèììåòðè÷íûå âîçìóùåíèÿ ∝ eωt−kz ðàñòóò ïðè óñëîâèè

k < kcr , ãäå kcr vA =
√

3Ω, à vA ≡
B√
4πρ

.

Ïðè ýòîì,

(kvA)max =

√
15
4

Ω, |ωmax| =
3
4

Ω.
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Ïðîáëåìà ýôôåêòèâíîé âÿçêîñòè â ïðîòîïëàíåòíîì äèñêå

P. Armitage (2011).
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Ïðîáëåìà ýôôåêòèâíîé âÿçêîñòè â ïðîòîïëàíåòíîì äèñêå

P. Armitage (2015).
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