
×èñëåííîå ìîäåëèðîâàíèå òóðáóëåíòíîñòè â

àñòðîôèçè÷åñêèõ ñäâèãîâûõ ïîòîêàõ.

Äìèòðèé Ðàçäîáóðäèí

19 Ìàðòà 2018



Èçîáðàæåíèå ïðîòîïëàíåòíîãî äèñêà (îáñåðâàòîðèÿ ALMA).



Èçîáðàæåíèå àêêðåöèîííîãî äèñêà ñ äæåòîì (ôàíòàçèÿ
õóäîæíèêà).



×òî íå òàê ñ äèñêàìè?

Èç-çà ãèãàíòñêèõ ðàçìåðîâ (∼ ìëðä. êì. äëÿ ïðîòîïëàíåíòíîãî
äèñêà) õàðàêòåðíûå ÷èñëà Ðåéíîëüäñà â àêêðåöèðóþùèõ
ïîòîêàõ äîñòèãàþò 1010.

Ýòî ñëèøêîì ìíîãî!

Ïðè òàêîå ìàëîé âÿçêîñòè âðåìÿ ôîðìèðîâàíèÿ ïëàíåò èç
ïðîòîïëàíåòíîãî äèñêà ïðåâûøàëî áû âîçðàñò Âñåëåííîé.



Ýôôåêòèâíàÿ âÿçêîñòü
Ðåøåíèå � òóðáóëåíòíîñòü. Ýíåðãèÿ ïåðåðàñïðåäåëÿåòñÿ ê
ôëóêòóàöèÿì ìàëûõ ìàñøòàáîâ, ãäå ýôôåêòèâíî
äèññèïèðóåòñÿ. (8415 ññûëîê ïî NASA ADS íà 19 ìàðòà 2018
ãîäà).
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Êàê âîçíèêàåò òóðáóëåíòíîñòü?

Ïðè íàëè÷èè âíåøíåãî ìàãíèòíîãî ïîëÿ òóðáóëèçàöèÿ
ïðîèñõîäèò çà ñ÷¼ò ìàãíèòîðîòàöèîííîé íåóñòîé÷èâîñòè (MRI).
Îäíàêî:

1. MRI íå ðàáîòàåò â ñëàáîèîíèçîâàííûõ îáëàñòÿõ
(âíóòðåííèå ÷àñòè ïðîòîïëàíåòíûõ äèñêîâ).

2. MRI íå ðàáîòàåò ïðè ðàñòóùåé ïðîòèâ âåêòîðà ñèëû
òÿãîòåíèÿ óãëîâîé ñêîðîñòè âðàùåíèÿ ïîòîêà
(ïîãðàíè÷íûå ñëîè âîêðóã íåéòðîííûõ çâ¼çä (NS), áåëûõ
êàðëèêîâ (WD) èëè ìîëîäíûõ çâ¼çä (YSO)).



Ïðîñòåéøàÿ ìîäåëü. Ñäâèãîâûé ÿùèê

(èñòî÷íèê Afshordi, Mukhopadhyay and Narayan, ApJ, 2005)



Êëàññèôèêàöèÿ âðàùàòåëüíûõ ñäâèãîâûõ ïîòîêîâ

q0 2

Cyclonic flows Anticyclonic flows

Linearly stable Linearly unstable



Äîêðèòè÷åñêàÿ òóðáóëåíòíîñòü.

Ïîòîê ÿâëÿåòñÿ ëèíåéíî óñòîé÷èâûì (íåò ýêñïîíåíöèàëüíî
ðàñòóùèõ ëèíåéíûõ âîçìóùåíèé).

1. Òóðáóëåíòíîñòü â ïîäîáíûõ ïîòîêàõ íàçûâàåòñÿ
äîêðèòè÷åñêîé.

2. Òóðáóëåíòíñòü ïîääåðæèâàåòñÿ çà ñ÷¼ò òðàíçèåíòíîãî
ðîñòà ëèíåéíûõ âîçìóùåíèé.

Èññëåäîâàòü òóðáóëåíòíîñòü â ïîäîáíûõ òå÷åíèÿõ î÷åíü
ñëîæíî èç-çà ãèãàíòñêîãî ÷èñëà Ðåéíîëüäñà. Â ëàáîðàòîðíûõ
óñòàíîâêàõ íåîáõîäèìû áîëüøèå ðàçìåðû è/èëè áûñòðîå
âðàùåíèå. Â ÷èñëåííûõ ýêñïåðèìåíòàõ � âûñîêîå
ïðîñòðàíñòâåííîå ðàçðåøåíèå.
Ìû èñïîëüçîâàëè ñóïåðêîìïüþòåð Ëîìîíîñîâ è ñâîáîäíûé êîä
äëÿ ãèäðîäèíàìè÷åñêèõ ñèììóëÿöèé Athena.



Íàáëþäàåìàÿ òóðáóëåíòíîñòü

q-6.67 1.93

Turbulence TurbulenceNo turbulence

(ñì. Lesur & Longaretti, A&A, 2005 è Rincon, Ogilvie & Cossu,
A&A, 2007)



Òðàíçèòíîå ÷èñëî Ðåíîëüäñà
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Lesur & Longaretti, A&A, 2005

Âîçìîæíî òóðáóëåíòíîñòü ïðè q > −6.67 íå íàáëþäàëàñü èç-çà
íåäîñòàòî÷íîãî ÷èñëåííîãî ðàçðåøåíèÿ?



Îïðåäåëåíèå òðàíçèòíîãî ÷èñëà Ðåéíîëüäñà
Ðàçâèòàÿ òóðáóëåíòíîñòü õàðàêòåðèçóåòñÿ ñóùåñòâåííûì
îòòîêîì ìîìåíòà èìïóëüñà (α) îò öåíòðà ïîòîêà (íà ðèñóíêå
q = −10).
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Îïðåäåëåíèå òðàíçèòíîãî ÷èñëà Ðåéíîëüäñà
Óñðåäí¼ííûé ïî âðåìåíè ïîòîê ìîìåíòà èìïóëüñà ïðè
ðàçëè÷íûõ ÷èñëàõ Ðåéíîëüäñà.
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Ñèìóëÿöèè â êóáè÷åñêîì ÿùèêå
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Lesur & Longaretti, A&A, 2005
Nx=Ny=Nz=128

Óâåëè÷åíèå ðàçðåøåíèÿ ïîçâîëèëî ñäâèíóòü ãðàíèöó
íàáëþäàåìîé òóðáóëåíòíîñòè. Âàæíû ìåëêîìàñøòàáíûå
ôëóêòóàöèè.



Ñèìóëÿöèè â âûòÿíóòîì ïî âåðòèêàëè ÿùèêå

Âûòÿãèâàíèå ÿùèêà ïî âåðòèêàëè óìåíüøàåò òðàíçèòíîå ÷èñëî
Ðåéíîëüäñà. q = −4, Lz = 1 ñîîòâåòñâóåò êóáè÷åñêîìó ÿùèêó,
Nx = Ny = 128, Nz = 128Lz .
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Ñèìóëÿöèè â âûòÿíóòîì ïî âåðòèêàëè ÿùèêå
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Lesur & Longaretti, A&A, 2005
Cubic box

Elongated box

Âêëþ÷åíèå êðóïíîìàñøòàáíûõ â âåðòèêàëüíîì íàïðàâëåíèè
ôëóêòóàöèé ñóùåñòâåííî óïðîùàåò òóðáóëèçàöèþ.



Ñèìóëÿöèè â âûòÿíóòîì ïî âåðòèêàëè ÿùèêå è ëèíåéíûå

âîçìóùåíèÿ
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Ïîñêîëüêó çà ïåðåäà÷ó ýíåðãèè ê ôëóêòóàöèÿì îòâå÷àåò
ëèíåéíûé ìåõàíèçì äîëæíà ñóùåñòâîâàòü êîððåëÿöèÿ ìåæäó
ïîòåðåé íåëèíåéíîé óñòîé÷èâîñòè è ôàêòîðîì ìàêñèìàëüíîãî
òðàíçèåíòíîãî óñèëåíèÿ ëèíåéíûõ âîçìóùåíèé îïðåäåë¼ííîãî
òèïà.



Ñèìóëÿöèè â âûòÿíóòîì ïî âåðòèêàëè ÿùèêå è ëèíåéíûå

âîçìóùåíèÿ
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Ìû îáíàðóæèëè òàêîé êëàññ ëèíåéíûõ âîçìóùåíèé.



Òóðáóëåíòíîñòü â Êåïëåðîâñêîì òå÷åíèè áåç ìàãíèòíîãî

ïîëÿ?
Åñëè îáíàðóæåííàÿ êîððåëÿöèÿ ìîæåò áûòü ïðîäëåíà â îáëàñòü
q > 0, òî òóðáóëåíòíîñòü êåïëåðîâñêîãî òå÷åíèÿ (q = 3/2)
ìîæåò áûòü îáíàðóæåíà ïðè ÷èñëåí Ðåéíîëüäñà R ∼ 108.
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Ñòàòüÿ ñ ðåçóëüòàòàìè ðàáîòû ïðîõîäèò ðåöåíçèþ â âåäóùåì
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Subcritical transition to turbulence in accretion disc boundary
layer

V. V. Zhuravlev1⋆ and D. N. Razdoburdin1
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ABSTRACT

Context. Enhanced angular momentum transfer through the boundary layer near the surface of weakly magnetised accreting star is
required in order to explain the observed accretion timescales in low-mass X-ray binaries, cataclysmic variables or young stars with
massive protoplanetary discs. Accretion disc boundary layer is locally represented by incompressible homogeneous and boundless
flow of the cyclonic type, which is linearly stable. Its non-linear instability at the shear rates of order of the rotational frequency
remains an issue.
Aims. We argue that hydrodynamical subcritical turbulence in such a flow is sustained by the non-linear feedback from essentially
three-dimensional vortices, which are generated by quasi-two-dimensional trailing shearing spirals grown to high amplitude via the
swing amplification. We refer to those three-dimensional vortices as cross-rolls, since they are aligned in the shearwise direction in
contrast to streamwise rolls generated by the anti-lift-up mechanism in rotating shear flow on the Rayleigh line.
Methods. Transient growth of cross-rolls is studied analytically and further confronted with direct numerical simulations (DNS) of
dynamics of non-linear perturbations.
Results. DNS performed in a tall box show that transition Reynolds number RT as function of shear rate accords with the line of
constant maximum transient growth of cross-rolls. The transition in the tall box has been observed until the shear rate three times
higher than the rotational frequency, when RT ∼ 50000.
Conclusions. Assuming that the cross-rolls are also responsible for turbulence in the Keplerian flow, we estimate RT . 108 in this
case. Our results imply that non-linear stability of Keplerian flow should be verified by extending turbulent solutions found in the
cyclonic regime across the solid-body line rather than entering a quasi-Keplerian regime from the side of the Rayleigh line. The most
favourable shear rate to test the existence of turbulence in the quasi-Keplerian regime may be sub-Keplerian and equal approximately
to 1/2.

Key words. hydrodynamics — accretion, accretion discs — instabilities — turbulence — protoplanetary discs

1. Introduction

Rotating boundary layers are believed to exist in the vicinity
of weakly magnetised stars accumulating the material from ac-
cretion disc. Slowly spinning star surface causes transformation
of the rotational energy of disc into thermal energy inside the
boundary layer. Thus, the boundary layer is expected to have
brightness comparable to that of the accretion disc and be the
main source of radiation in relatively higher frequency band than
the disc itself. The structure of the boundary layer and the adja-
cent disc inner part must be determined together, see Bisnovatyi-
Kogan (1994). A number of boundary layer models have been
developed for various classes of objects. Usually they employ
the slim disc equations (Abramowicz et al. 1988) in order to
match consistently the disc inner part to the boundary layer.
Among them the accreting pre-main sequence stars were stud-
ied by Popham et al. (1993), whereas the accreting white dwarfs
and neutron stars were studied by Narayan & Popham (1993)
and Popham & Sunyaev (2001). In the latter case the formation
of spreading layer is also possible in system with high enough
accretion rate, as was suggested by Inogamov & Sunyaev (1999).

Just as for the formation of an accretion disc, the cornerstone
of boundary layer formation is the origin of effective shear vis-
cosity providing enhanced angular momentum and mass trans-
fer onto the star surface. Conventionally, it is parametrised by

⋆ E-mail: zhuravlev@sai.msu.ru

α, which is kinematic viscosity coefficient scaled by speed of
sound and pressure radial scaleheight, see Shakura & Sunyaev
(1988). This variant of viscosity prescription is similar to what is
done in the disc models, where α is scaled by the disc thickness.
However, the physical process veiled by an effective viscosity as
well as magnitude of α remain a matter of debate, probably, to
a greater extent in the case of boundary layer rather than in the
case of accretion disc. Turbulence is known to be natural solution
to this issue, but its simple (supercritical) variant is discarded by
centrifugal stability of the rotating shear flows, which represent
both accretion discs and boundary layers. A ‘magic wand’ work-
ing in hot magnetised discs, where angular velocity Ω decreases
with distance to the rotation axis r, is a magnetorotational insta-
bility. However, it does not work if dΩ2/dr > 0, which is the
case for the boundary layers. Such flows are locally linearly sta-
ble even in the presence of the magnetic field. In this context, an
alternative mechanism of angular momentum transfer have been
proposed by Belyaev et al. (2013) and more recently by Philip-
pov et al. (2016). It was shown that global sonic instability of
the flow associated with the presence of the star surface excites
global non-axisymmetric acoustic modes, which are responsible
for effective viscosity even in the absence of turbulence.

At the same time, the possibility that astrophysical boundary
layers acquire the effective viscosity through the turbulence is
not ruled out, since flows with shear rates including that of order
of |Ω| may be locally non-linearly unstable. Along with hydro-
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