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Ïî÷åìó ïðîèñõîäèò àêêðåöèÿ?

Lesur & Longaretti (2005) � äîêðèòè÷åêàÿ
òóðáóëåíòíîñòü â êåïëåðîâñêèõ ïîòîêàõ
ïî-âèäèìîìó ñëèøêîì ñëàáà

Shen & Stone (2006) � Çàòóõàíèå
êîëìîãîðîâñêîé òóðáóëåíòíîñòè â
êåïëåðîâñêîì ïîòîêå

Rincon et. al (2007) � îòñóòñòâèå ïåðåõîäà ê
òóðáóëåíòíîñòè â àíòèöèêëîíè÷åñêîì
ïîòîêå (rdΩ/dr < 0), îãðàíè÷åííîì
ñòåíêàìè

Lesur & Papaloizou (2010) � ñëàáûé îòâîä
óãëîâîãî ìîìåíòà áëàãîäàðÿ âîçáóæäåíèþ
âèõðÿìè âîëí ïëîòíîñòè

Òîëüêî ëîêàëüíûå ÃÄ-ñèìóëÿöèè.
Â ÌÃÄ-ñèìóëÿöèÿõ ïåðåõîä ê áîëüøèì
ìàñøòàáàì ñòàâèò ïîä âîïðîñ ëîêàëüíîñòü
òóðáóëåíòíîñòè â äèñêàõ

Edlund & Ji (2014)
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Ïî÷åìó ïðîèñõîäèò àêêðåöèÿ?

Beckwith, Armitage & Simon (2011) �
80% Wrϕ äàþò âîçìóùåíèÿ íà
àçèìóòàëüíûõ ìàñøòàáàõ & 40o

Simon, Beckwith & Armitage (2012) �
Àâòîêîððåëÿöèÿ ìàêñâåëëîâñêîãî è
ðåéíîëüäñîâà íàïðÿæåíèé íà ìàñøòàáàõ
� H äèñêà íà óðîâíå ∼20% è 8%.

Ä. Ðàçäîáóðäèí & Â. Æóðàâëåâ Òðàíçèåíòíûé ðîñò



Êîíòåêñò
Öåëü ðàáîòû

Ìîäåëè, ìåòîäû è ïðèáëèæåíèÿ
Ðåçóëüòàòû è âûâîäû

Êðóã âîïðîñîâ
Òðàíçèåíòíàÿ äèíàìèêà â ëîêàëüíîì ïðèáëèæåíèè
Ñòîõàñòè÷åñêàÿ äèíàìèêà êåïëåðîâñêîãî ïîòîêà

Ãåíåðàöèÿ âîëí ïëîòíîñòè òóðáóëåíòíîñòüþ

Bodo et. al (2005) � ãåíåðàöèÿ âèõðåì
âîëíû ïëîòíîñòè íà ÿçûêå ñäâèãîâûõ
ãàðìîíèê, ïðîèñõîäÿùàÿ ïðè ñâèíãå
ãàðìîíèêè.

Papaloizou & Heinemann (2009a) �
ëèíåéíàÿ àíàëèòè÷åñêàÿ òåîðèÿ, ðàñ÷åò
àìïëèòóäû è ôàçû ðîæäàþùåéñÿ âîëíû,
ìàêñèìóì ïðè λy ∼ H.

Papaloizou & Heinemann (2009a) �
ÌÃÄ-ñèìóëÿöèè òóðáóëåíòíîñòè, ñîãëàñèå ñ
àíàëèòèêîé, ïåðåíîñ óãëîâîãî ìîìåíòà íà
óðîâíå ∼ 10% îò òóðáóëåíòíîãî.

Ïåðåíîñ óãëîâîãî ìîìåíòà â �ìåðòâûõ
çîíàõ� ïðîòîïëàíåòíûõ äèñêîâ, Gammie
(1996).

Ðîëü â âîçíèêíîâåíèè êâàçè-ïåðèîäè÷åñêèõ
îñöèëëÿöèé?

Heinemann & Papaloizou (2009b)
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Ìèãðàöèÿ ïëàíåò â òóðáóëåíòíîì äèñêå, Nelson & Papaloizou (2004) .
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Òðàíçèåíòíàÿ äèíàìèêà â ëîêàëüíîì ïðèáëèæåíèè

Òðàíçèåíòíàÿ äèíàìèêà ⇒ îòêàç îò ìîäàëüíîãî ïîäõîäà
â ëèíåéíîé òåîðèè âîçìóùåíèé.
Ìåòîäû íåìîäàëüíîãî àíàëèçà: ïîèñê íàèáîëåå áûñòðî ðàñòóùèõ âîçìóùåíèé.

Áîëüøèíñòâî ðàáîò â ýòîì íàïðàâëåíèè ñäåëàíî â ëîêàëüíîì ïðèáëèæåíèè äëÿ
âîçìóùåíèé ñ λ� H (íåñæèìàåìàÿ æèäêîñòü):

Ëîìèíàäçå è äð. (1988) � î òðàíçèåíòíîì ðîñòå äâóìåðíûõ âèõðåâûõ
âîçìóùåíèé â íåâÿçêîé æèäêîñòè

Yecko (2004, Afshordi et al. (2005), Mukhopadhyay et al. (2005) � àíàëîãè÷íîå
äåòàëüíîå èññëåäîâàíèå òðåõìåðíûõ âîçìóùåíèé

Â îñíîâå òðàíçèåíòíîãî ðîñòà âèõðåé - çàêîí ñîõðàíåíèÿ çàâèõðåííîñòè.
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Òðàíçèåíòíàÿ àêòèâíîñòü òóðáóëåíòíûõ äèñêîâ

Îïòèìàëüíûå ãëîáàëüíûå âîçìóùåíèÿ, λ ∼ r

Ioannou & Kakouris (2001) � èññëåäîâàëè äâóìåðíûé ïîòîê âÿçêîé
íåñæèìàåìîé æèäêîñòè ñ êåïëåðîâñêèì ïðîôèëåì âðàùåíèÿ, íàøëè
îïòèìàëüíûå íà÷àëüíûå âîçìóùåíèÿ è ...

Îïòèìàëüíûå
âèõðåâûå
âîçìóùåíèÿ
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...è ñòàöèîíàðíûé îòêëèê òå÷åíèÿ íà âíåøíåå ñòîõàñòè÷åñêîå âîçáóæäåíèå.

Ðàäèàëüíûé ïðîôèëü ∼Wrϕr
2
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Íî êàêîé ðåçóëüòàò ïîëó÷èì, åñëè
ðàññìîòðèì êåïëåðîâñêèé
ãèïåðçâóêîâîé òîíêèé äèñê

(λ & H, íî λ ∼ r èëè λ� r)?
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Ìîäåëü

Ñòàöèîíàðíûé òîíêèé äèñê ñ Ω = Ω0(r/r0)−3/2, ãäå r0 - âíóòðåííÿÿ ãðàíèöà
äèñêà. δ ≡ H/r � 1.

Â âîçìóùåííîì ïîòîêå ñîõðàíÿåòñÿ ãèäðîñòàòè÷åñêîå ðàâíîâåñèå.
ρ⇒ Σ, a⇒ a2∗ = na2eq/(n + 1/2).

Ëîêàëüíàÿ çàäà÷à, λ� r

(r , ϕ)⇒ (x , y)

Σ = const, a∗ = const, Ω = const,
ñäâèã Uy (x) = −qΩx , q = 3/2.

Ãëîáàëüíàÿ çàäà÷à, λ ∼ r

�Îäíîðîäíûé� äèñê �
Σ = const, aeq = δ/

√
2n.

äèñê Øàêóðû-Ñþíÿåâà �
Σ ∝ r−3/5(1− r−1/2)3/5,
aeq =

(δ/
√
2n) Ω r21/20(1− r−1/2)1/5.
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Àíàëèç ìàëûõ âîçìóùåíèé

∂q
∂t

= Aq, âåêòîð ñîñòîÿíèÿ q ≡ {δvr , δvϕδh}.

A =

 −imΩ 2Ω −∂r
−κ2/(2Ω) −imΩ −im/r

−a2∗
(

(rΣ)−1∂r (rΣ) + ∂r
)
−a2∗ im/r −imΩ


Ýâîëþöèè âîçìóùåíèé ìîæíî ïðèïèñàòü äèíàìè÷åñêèé îïåðàòîð,
âîçäåéñòâóþùèé íà íà÷àëüíîå âîçìóùåíèå: q(t) = U(t) q(0).

U ≡ eAt , U† ≡ eA
†t

UU† = U†U,

Uq = e iωtq

UU† 6= U†U,

Uv = σu, U†u = σv

Íàëè÷èå ñäâèãà ñêîðîñòè â ãàçîâîì ïîòîêå äåëàåò äèíàìè÷åñêèé îïåðàòîð
íåíîðìàëüíûì, åãî ñîáñòâåííûå ìîäû ñòàíîâÿòñÿ íåîðòîãîíàëüíûìè äðóã äðóãó,
÷òî äåëàåò âîçìîæíûì ñóùåñòâîâàíèå ñïåöèôè÷åñêèõ òðàíçèåíòíûõ âîçìóùåíèé
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Øìèä (2007)
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=⇒

=⇒

âûñòðàèâàåò ñîáñòâåííûå ìîäû
â ñîîòâåòñòâèè ñ èõ ñîáñòâåííûìè
çíà÷åíèÿìè // èíòåðâàë âðåìåíè íå âàæåí

âûñòðàèâàåò ñèíãóëÿðíûå âåêòîðà
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ïîäîáíî ñèñòåìå ñîáñòâåííûõ âåêòîðîâ ýðìèòîâà îïåðàòîðà

Íàéòè îïòèìàëüíîå âîçìóùåíèå - îçíà÷àåò íàéòè íàèáîëüøåå ñèíãóëÿðíîå

çíà÷åíèå è ñîîòâåòñòâóþùèé ñèíãóëÿðíûé âåêòîð.
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Äâà ìåòîäà ïîèñêà îïòèìàëüíûõ âîçìóùåíèé

Ìàòðè÷íûé ìåòîä.

Îñíîâàí íà ïîèñêå ëèíåéíîé
êîìáèíàöèè ñîáñòâåííûõ ìîä,
ïîêàçûâàþùåé íàèáîëüøèé
òðàíçèåíòíûé ðîñò.

Æóðàâëåâ & Øàêóðà (2009),
Ðàçäîáóðäèí & Æóðàâëåâ (2012)

q =
N∑
n=1

κnq̂n, (q, q) =
N∑

i,j=1

κ∗i κjMij ,

ãäå Mij = (q̂i , q̂j )

Òîãäà M = F†F è

G(T ) = σ21

(
Fe

ΛT
F
−1
)

Èòåðàöèîííûé ìåòîä.

Ïîçâîëÿåò èñêàòü îïòèìàëüíîå
âîçìóùåíèå áåç íàõîæäåíèÿ
ñîáñòâåííûõ ìîä, ðåøàÿ
íà÷àëüíî-êðàåâóþ çàäà÷ó äëÿ
ïðÿìîé è ñîïðÿæåííîé ñèñòåìû
óðàâíåíèé íà âîçìóùåíèÿ.

L (q;~q) = ||q (T ) ||2

||q (0) ||2 −
T∫
0

(
~q,
∂q

∂t
− Aq

)
dt

Âàðüèðîâàíèå L äàåò ñèñòåìó

q̇ = Aq

˙̃q = −A† q̃
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Ñîâìåñòíàÿ ñèñòåìà íà ïðÿìîé è ñîïðÿæåííûé âåêòîð ðåøàåòñÿ
ìåòîäîì ïðÿìûõ èòåðàöèé

q0(0)

q̃n(T) = 2
qn(T)

||qn(0)||2

qn+1(0) =
1
2
||qn(0)||4

||qn(T)||2
q̃n(0)

qn(T) = eATqn(0)

q̃n(0) = eA†T q̃n(T)

Äàííàÿ ñõåìà ýêâèâàëåíòíà èòåðàöèè qn+1 = U†U · qn,
ãäå U†U = e (A†+A) t åñòü íåîòðèöàòåëüíûé ýðìèòîð îïåðàòîð.
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1
2
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×åì ìåðèòü âîçìóùåíèÿ?

Ïîëíàÿ àêóñòè÷åñêàÿ ýíåðãèÿ

||q||2
1

= π

∫
Σ

(
|δvr |2 + |δvϕ|2 +

|δh|2

a2∗

)
r dr (1)

(1) íå èñêëþ÷àåò îñöèëëÿöèè îñåñèììåòè÷íûõ âîçìóùåíèé.

Ïðè m = 0 âèä A äàåò èíòåãðàë äâèæåíèÿ:

Ec = π

∫
Σ

(
|δvr |2 +

4Ω2

κ2
|δvϕ|2 +

|δh|2

a2∗

)
r dr ,

êîòîðûé åñòü íå ÷òî èíîå, êàê

ò.å. êàíîíè÷åñêàÿ ýíåðãèÿ âîçìóùåíèé, Friedman & Schutz (1978)

||q||2
2

= Ec (2)
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Äëÿ âîçìóùåíèé, èçìåðÿåìûõ íîðìîé (1):

A† =

 imΩ −κ2/(2Ω) ∂r
2Ω imΩ im/r

a2∗
(

(rΣ)−1∂r (rΣ) + ∂r
)

a2∗ im/r imΩ



Äëÿ âîçìóùåíèé, èçìåðÿåìûõ íîðìîé (2):

A† =

 imΩ −2Ω ∂r

κ2/(2Ω) imΩ im
r

κ2

4Ω2

a2∗
(

(rΣ)−1∂r (rΣ) + ∂r
)

a2∗
im
r

4Ω2

κ2
imΩ


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Ñõîäèìîñòü èòåðàöèé

Ïðåâðàùåíèå äâóõ ðàçíûõ ïðîèçâîëüíûõ íà÷àëüíûõ âîçìóùåíèé â
åäèíñòâåííîå îïòèìàëüíîå íà÷àëüíîå âîçìóùåíèå, ñîîòâåòñòâóþùåå
çàäàííîìó ïðîìåæóòêó âðåìåíè

Ñëåâà

Ìãíîâåííûå ïðîôèëè
âîçìóùåíèÿ ýíòàëüïèè
â ìîìåíò âðåìåíè
T = 0.

Ñïðàâà

Ìãíîâåííûå çíà÷åíèÿ
ôàêòîðà ðîñòà
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Ïðîëîã: ëîêàëüíûå âèõðè àíàëèòè÷åñêè

Ïðè λ� r âîçìóùåíèÿ ñóùåñòâóþò â âèäå ñäâèãîâûõ ãàðíîìèê:

f = f̂ (kx , ky , t) exp(ikx (t)x + ikyy), ãäå kx (t) = kx (0) + kyqΩt.

Óðàâíåíèå äëÿ àçèìóòàëüíîé êîìïîíåíòû âîçìóùåíèÿ ñêîðîñòè:

d2ûy

dt2
+ ω2ûy = kx (t)a2∗I , (3)

ãäå ω2 ≡ κ2 + a2∗kx (t)2,

IΩ−1 ≡ kx (t)ûy − ky ûx + i(2− q)Ŵ = const � ãàðìîíèêà âîçìóùåíèÿ
ïîòåíöèàëüíîé çàâèõðåííîñòè ( Bodo et. al 2005 ).

Ïîëíîå ðåøåíèå åñòü: ûy = û
(vortex)
y + û

(wave)
y .

û
(vortex)
y ñ kx (0) < 0 (ëèäèðóþùàÿ ñïèðàëü) ïîðîæäàåò âîëíó ïëîòíîñòè ñ

I 6= 0 â ìîìåíò ñâèíãà (kx (t) = 0), ïðè óñëîâèè λy ∼ H ( Heinemann &
Papaloizou 2009a ).

Âíå ýïîõè ñâèíãà, êîãäà λx (t)q/H � 1 (äîçâóêîâîé ïîòîê),

û
(vortex)
y ïðåäñòàâëÿåò èç ñåáÿ âèõðü.
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Ïðîëîã: ëîêàëüíûå âèõðè àíàëèòè÷åñêè

Ðåøåíèå äëÿ âèõðÿ � óðàâíåíèå (3) ñ d2ûy/dt2 äàåò:

û
(vortex)
y =

kx (t)

k2y + kx (t)2 + κ2/Ω2
I . (4)

Çíàÿ íîðìó âîçìóùåíèÿ, îöåíèâàåì îïòèìàëüíûé (ìàêñèìàëüíî

âîçìîæíûé) ðîñò âèõðåé (îáîçíà÷èì êàê G (vortex)(t)), êàê ôàêòîð ðîñòà
âèõðÿ (g(t) ≡ ||q(t)||2/||q(0)||2), ñâèíãóþùåãî â ìîìåíò âðåìåíè t.

Â ïðåäåëå ìàëûõ äëèí âîëí, ò.å.λy � H, ýòî äàåò:

G ≈ 1 + (qΩt)2 ñì. Afshordi et. al (2005), íåñæèìàåìàÿ æèäêîñòü

Â ïðåäåëå áîëüøèõ äëèí âîëí, ò.å. λy � H, è áîëüøèõ âðåìåí (tΩ� λy/H)
ýòî äàåò:

G ≈
4Ω6

κ4
(qHky t)2 (5)
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Ïðîëîã: ëîêàëüíûå âèõðè àíàëèòè÷åñêè

Âëèÿíèå âÿçêîñòè íà îöåíêó (5): Áîëüøèå âðåìåíà ñâèíãà âèõðÿ îçíà÷àþò, ÷òî
ïðè t = 0 åãî ñïèðàëü ñèëüíî çàêðó÷åíà, ò.å. λx (0)� λy .

Âðåìÿ âÿçêîé äèññèïàöèè íà÷àëüíîãî âèõðÿ, ∆tν ∼ λx (0)2/ν, äîëæíî áûòü
áîëüøå, ÷åì âðåìÿ òðàíçèåíòíîãî ðîñòà, ∆tTG = −kx/(qΩky ).
Â ïðåäåëüíîì ñëó÷àå: ∆tν = ∆tTG , îòêóäà

max(∆ttg ) & Ω−1(α)−1/3(qH|ky |)−2/3, (6)

ãäå ïðèíÿòî, ÷òî ν = αa∗H.

Ïîäñòàâëÿÿ (6) â âûðàæåíèå (5), ïîëó÷àåì îöåíêó ìàêñèìàëüíî äîñòèæèìîãî
ðîñòà êðóïíîìàñøòàáíîãî âèõðÿ (r � λy � H) âÿçêîì äèñêå:

Gmax ≈
4Ω4

0

κ4

(
qH|ky |
α

)
2/3

. (7)

Èç (7) âèäíî, ÷òî ïðè α ∼ δ Gmax & 1 ôîðìàëüíî äàæå äëÿ λy ∼ r .

Ä. Ðàçäîáóðäèí & Â. Æóðàâëåâ Òðàíçèåíòíûé ðîñò



Êîíòåêñò
Öåëü ðàáîòû

Ìîäåëè, ìåòîäû è ïðèáëèæåíèÿ
Ðåçóëüòàòû è âûâîäû

Ïðîëîã: ëîêàëüíûå âèõðè àíàëèòè÷åñêè
Îïòèìàëüíûå âîçìóùåíèÿ - âèõðè èëè âîëíû?
Ðàñòóùèå áûñòðåå âñåãî
Ãëîáàëüíûå âèõðè

Ëîêàëüíûå îïòèìàëüíûå âîçìóùåíèÿ

Èñïîëüçóåì èòåðàöèîííóþ ñõåìó èíòåãðèðîâàíèÿ ïðÿìûõ è ñîïðÿæåííûõ
óðàâíåíèé äëÿ ñäâèãîâûõ ãàðìîíèê � ðåøåíèå 2x3 ëèíåéíûõ ÎÄÓ ïî âðåìåíè.

Îïòèìàëüíûé ðîñò G(kx (0)/ky )
äëÿ topt = 10Ω−1, q = 3/2.
Íîðìà - àêóñòè÷åñêàÿ ýíåðãèÿ.
Ñïëîøíàÿ, øòðèõîâàÿ,
øòðèõ-ïóíêòèðíàÿ è
øòðèõ-øòðèõ-ïóíêòèðíàÿ ëèíèè
ñîîòâåòñòâóþò
R = 0.1, 0.5, 1.0, 4.0, ãäå
R ≡ q/(H|ky |)
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Îïòèìàëüíûå âîçìóùåíèÿ - âèõðè èëè âîëíû?

Âûäåëèì èç íà÷àëüíîãî îïòèìàëüíîãî âîçìóùåíèÿ âèõðü (àëãîðèòì èç Bodo et.
al 2005), îïðåäåëÿåìûé ïîëó÷åííûì ïî ôàêòó çíà÷åíèåì I .
Îñòàâøàÿñÿ ÷àñòü � áåçâèõðåâàÿ âîëíà ïëîòíîñòè.

Ôàêòîðû ðîñòà, g(t),
âèõðåâîé (ñïëîøíûå ëèíèè) è
âîëíîâîé (øòðèõîâàííûå ëèíèè) ÷àñòåé
îïòèìàëüíûõ âîçìóùåíèé äëÿ
topt = 10Ω−1, q = 3/2, R = 0.5.
Íîðìà - àêóñòè÷åñêàÿ ýíåðãèÿ.
Ïàðû (1), (2), (3) è (4) ñîîòâ.
kx (0)/ky = −20,−10,−2, 2.
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Ãåíåðàöèÿ âîëíû ïëîòíîñòè âèõðåì

Âèäèì, ÷òî ïðè R ∼ λy/H ∼ 1 îïòèìàëüíûå âèõðè ïîðîæäàþò âîëíû.
Àìïëèòóäà âîëíû îïðåäåëÿåòñÿ çíà÷åíèÿìè R è I äëÿ îïòèìàëüíîãî âèõðÿ,
Heinemann & Papaloizou (2009).
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Ðàñòóùèå áûñòðåå âñåãî

Èç âñåõ ñäâèãîâûõ ãàðìîíèê áûñòðåå âñåãî ðàñòóò âèõðè ñ R ∼ 1 (ò.å. λy ∼ H), è
ýòî ïðîèñõîäèò çà ñ÷åò ãåíåðàöèè èìè âîëí ïëîòíîñòè.
Ìîìåíò ñâèíãà ñäâèãàåòñÿ íà áîëåå ðàííåå âðåìÿ, ÷åì ìîìåíò îïòèìèçàöèè.

Ñðàâíåíèå íàèáîëüøèõ ôàêòîðîâ òðàíçèåíòíîãî ðîñòà ñ G(t) â ïðåäåëå λy � H.

0 10 20

500

1000

1500

G

t’

Ä. Ðàçäîáóðäèí & Â. Æóðàâëåâ Òðàíçèåíòíûé ðîñò



Êîíòåêñò
Öåëü ðàáîòû

Ìîäåëè, ìåòîäû è ïðèáëèæåíèÿ
Ðåçóëüòàòû è âûâîäû

Ïðîëîã: ëîêàëüíûå âèõðè àíàëèòè÷åñêè
Îïòèìàëüíûå âîçìóùåíèÿ - âèõðè èëè âîëíû?
Ðàñòóùèå áûñòðåå âñåãî
Ãëîáàëüíûå âèõðè

Êðóïíîìàñøòàáíûå îïòèìàëüíûå âîçìóùåíèÿ: λy � H.

Ãåíåðàöèÿ âîëí ïëîòíîñòè âèõðÿìè ýêñïîíåíöèàëüíî ïîäàâëåíà
∼ 1/exp(λy/H).

Ñðàâíåíèå ëîêàëüíîãî îïòèìàëüíîãî âîçìóùåíèÿ, λy � r ,

ñ àíàëèòèêîé ïî âèõðÿì ⇒ G ≈ 4Ω6

κ4
(qHky t)2

Ñðàâíåíèå ëîêàëüíîãî îïòèìàëüíîãî âîçìóùåíèÿ, λy � r ,
ñ ãëîáàëüíûì îïòèìàëüíûì âîçìóùåíèåì, λy ∼ r .
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Êðóïíîìàñøòàáíûå îïòèìàëüíûå âîçìóùåíèÿ: λy � H.

Ôàêòîðû ðîñòà, g(t). Íîðìà -
àêóñòè÷åñêàÿ ýíåðãèÿ.
Ñïëîøíàÿ ëèíèÿ: ëîêàëüíîå
îïòèìàëüíîå âîçìóùåíèå, ïîëó÷åííîå
äëÿ R = 12, topt = 20Ω−1, q = 3/2.
Øòðèõîâàÿ ëèíèÿ: âèõðü, âûäåëåííûé
èç îïòèìàëüíîãî âîçìóùåíèÿ ïðè t = 0

ïî åãî çíà÷åíèþ I .
Ïóíêòèðíàÿ è øòðèõ-ïóíêòèðíàÿ ëèíèè:
àíàëèòè÷åñêîå ðåøåíèå ïî Heinemann &
Papaloizou (2009a).
Øòðèõ-øòðèõ-ïóíêòèðíàÿ ëèíèÿ:
ãëîáàëüíîå îïòèìàëüíîå âîçìóùåíèå
äëÿ m = 5, R = 12, â �îäíîðîäíîì�
êåïëåðîâñêîì äèñêå.
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Òðàíçèåíòíûé ðîñò êðóïíîìàñøòàáíûõ âèõðåé, λy � H, íå ïàäàåò ñóùåñòâåííî
ïðè ïåðåõîäå îò λy � r ê λ ∼ r .

Èíàÿ ñèòóàöèÿ ñ óæå èññëåäîâàííûì ñëó÷àåì λy � H,
Ioannou & Kakouris (2001).
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Òðàíçèåíòíûé ðîñò êðóïíîìàñøòàáíûõ âèõðåé, λy � H, íå ïàäàåò ñóùåñòâåííî
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Èíàÿ ñèòóàöèÿ ñ óæå èññëåäîâàííûì ñëó÷àåì λy � H,
Ioannou & Kakouris (2001).
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Òðàíçèåíòíûé ðîñò êðóïíîìàñøòàáíûõ âèõðåé, λy � H, íå ïàäàåò ñóùåñòâåííî
ïðè ïåðåõîäå îò λy � r ê λ ∼ r .

Èíàÿ ñèòóàöèÿ ñ óæå èññëåäîâàííûì ñëó÷àåì λy � H,
Ioannou & Kakouris (2001).
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Êðóïíîìàñøòàáíûå îïòèìàëüíûå âîçìóùåíèÿ: λy � H.
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Re ÷àñòü âîçìóùåíèÿ ýíòàëüïèè â ïëîñêîñòè r − ϕ

Äèñê Øàêóðû-Ñþíÿåâà, topt = 20, m = 5, δ = 0.05
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Âûâîäû

Òðàíçèåíòíûé ðîñò ëèíåéíûõ âîçìóùåíèé â êåïëåðîâñêîì äèñêå áûë
èññëåäîâàí âî âñåì äèàïàçîíå àçèìóòàëüíûõ äëèí âîëí: λy vs. ∼ H è λy vs.
∼ r .

Îïòèìàëüíîå âîçìóùåíèå ïðàêòè÷åñêè èäåíòè÷íî âèõðþ â âèäå èçíà÷àëüíî
ëèäèðóþùåé ñïèðàëè.

Íàèáîëåå áûñòðî ðàñòóò âîçìóùåíèÿ ñ λy ∼ H. Ýòî ïðîèñõîäèò çà ñ÷åò
ãåíåðàöèè íà÷àëüíûì âèõðåì âîëíû ïëîòíîñòè â ìîìåíò ñâèíãà. Ðåçóëüòàò
ìîæåò áûòü âàæåí â ñâÿçè ñ ïðîáëåìîé QPO è ìèãðàöèè ïëàíåò.

Ïîëó÷åíû àíàëèòè÷åñêèå îöåíêè òðàíçèåíòíîãî ðîñòà êðóïíîìàñøòàáíûõ
(íî ëîêàëüíûõ) âèõðåé, r � λy � H. Îöåíåíî âëèÿíèå âÿçêîñòè: G > 1 äëÿ
âèõðåé ñ H/α > λy > H.

Ðîñò êðóïíîìàñøòàáíûõ âèõðåé íå ïàäàåò ñóùåñòâåííî ïðè ïåðåõîäå ê
ãëîáàëüíîìó ìàñøòàáó, λy ∼ r , â îòëè÷èå îò óæå èññëåäîâàâøåãîñÿ ñëó÷àÿ
ìåëêîìàñøòàáíûõ âèõðåé, λy � H. Â êåïëåðîâñêèõ äèñêàõ ñ çàòðàâî÷íîé
òóðáóëåíòíîñòüþ òàêèå (íåëîêàëüíûå) âèõðè ìîãóò ïðèâåñòè ê óñèëåíèþ
îòâîäà óãëîâîãî ìîìåíòà èç äèñêà.

Âïåðâûå â òåîðèè àñòðîôèçè÷åñêèõ äèñêîâ äëÿ ïîëó÷åíèÿ îïòèìàëüíûõ
âîçìóùåíèé áûë èñïîëüçîâàí âàðèàöèîííûé ìåòîä.
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