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Layered-disc: basic idea (Gammie, 1996)
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e angular momentum transfer - MRl (Balbus & Hawley, 1991)

e parts of the disc are not ionized enough to be well coupled to the
magnetic field

e inner active region (IAR) - collisional ionization

e layered accretion region (LAR) - surface active layers (ASL) ionized by
cosmic rays shield the dead zone (DZ) near the mid-plane

e outer active region (OAR) - low surface density, CR are able to ionize
whole disc
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Layered-disc: physical processes

e MRI occurs for: Reyy VAH > 1

e Alfven velocity related to a-viscosity: V4 = al/?c,

e resistivity n related to the ionization degree = = n./ny:
n=6.5x 10°z"tcm?s™!
e using H = ¢,/{) magnetic Reynolds number:

13, 1/2 3/2 (T a )P
Reyr = 7.4 x 103zal/ (AU) <5OOK) (M@)

e collisional ionization: x = x(p,T) (Umebayashi, 1983)
10716 for T <800 K
x ~ log(p), r(T)=4{ 1071 for T ~900 K
10~ for T >1000 K

o CR jonization: stopping depth ¥, ~ 100 g/cm”
(Umebayashi & Nakano, 1981)

CIJZ(L)l/Q—IGXlO 12(T)1/4(#)1/2(H—H)_1/2

Bn g 500K 10— 17s—1 1013cm—3
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Properties of the layered accretion

o description of the layered accretion region:
M = 6wr1/2%(22aw‘1/2), v = acs i Hg, %ZQVQQ = o1
T} = 35ak(0i, T;)TY, 2, = Hy(H, + Hpz)Q?

o solution: M (r), T.(r), T;(r), ... — power-laws, exponents
dependent on the opacity x = k(p;, T;)

e ¥, =const = M = M(r) increasing with r

. accumulation of mass in DZ: ¥, = L2
wr T
e accretion cannot be steady - when | (s
Ypz is high enough, DZ mass is ac- ,/19 -
creted in an outburst like event _ o
i DZ
= suggested as mechanism for FU | o L

Orionis outbursts (Gammie, 1996)
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Numerical model

e RHD code TRAMP: (Klahr et al., 1999)

(Three-dimensional RAdiation-hydrodynamical Modeling Project)
o solves set of Navier-Stokes equations:
0
5+ V.- (pv) =0
v 4 (v.V)pv=—-VP —pVP+V-T p =k

ot pmg P
cop [+ (v-V)T| = =PV -v+T:(Vv)
o radiation transfer: flux limited diffusion approximation

oLy = _V.F, where E,=al*, F=-2¢VE,

o 2D axially symmetric in spherical (r,8) coords.
o initial conditions: analytical model (vertically isothermal)

e ViSCOSity:
> a, = 1072 - surface layers (X, = 100gcm™?) and inner region (T > 1000K)
> apz = 0,107%,107° - elsewhere (dead zone)
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Ring instability - mechanism

o dead zone decomposes into rings
e ring instability mechanism:

Haal
> thickness of surface layer H, depends on = Ha2
the dead zone thickness Hpy (due to dif-
ferent vertical gravity) H

> H, is smaller in the ring-like perturbation
= v is smaller there, too = — —'— — — — —— — —

>~ M depends on derivative of v = it is - ——vp
smaller in inner edge and higher in outer

edge of the ring :
> enhanced mass accumulation in the ring = M)

positive feedback

e rings may work as traps for the
dust — formation of planets

N == e rings may decay due to the hy-
L ae | drodynamic instability, if ¢ > /3
R (€2 ~r~19)

o (Papaloizou & Pringle, 1985)
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Ring instability - analytical description

o thickness of the dead zone important for M (Huré, 2002)

H,+Hpy
H,

o rotational velocity corrected to mid-plane pressure:

2 _ 02, 18Py,

o dimensionless disc thickness: § =

o ring-like perturbation of J:
0 = 09 + 0 cos(kR), where R=1r —rg
do - unperturbed disc thickness, ry - position of the ring,
k - wavenumber

o inserting into equations of layered disc, linearization

o — perturbation growth rate given by the equation:
Or = w(r0, 00, k)0r
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Ring instability - dispersion relation

o w diverges for k — oo (A — 0) = the thinnest rings are the
most unstable

o radial extent of rings is given by thermal motion of parti-

cles Ao~ 3

o radial extent of rings in
simulation in agreement

with analytical model T f
. . s w0tp — ] gt ]
(~ vertical thickness) s | |

o growth rate is smaller in O e 2 22 24 26 V.
simulation because of the R R =
_ 1 e 1 3 3
rocesses that make the s | w0t} f
P . . * ) T ] e T— ]
radial temperature profile S N .
shallower (convection, ra- . e

diation transport)
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Ring instability - influence of irradiation

analytical approximative approach: 7' — %Tj + WT?
o changes the vertical structure of the unperturbed disc

. . 3 . .
> conical disc: W = £ (£)” — viscous term always dominates

> flaring disc: W = a, (%)2, for H/r ~ r2/7
— irradiation important for » > 10 AU

o smoothes the temperature = suppresses the ring instability

> grazing angle of the inner edge of
the ring: ag, ~ —l(5o+5k) —+ 32% RT,*
— V(5k7 507 r, l)

(631

\Y

(C2 N

CORRPNNWWA
ol

> perturbation of the disc thickness
has to reach a certain value, then
the instability can grow

0.5

lerj 2 2.5
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Viscosity in the dead zone - motivation

(Fleming & Stone, 2003)
o indications for a small viscosity in the dead zone
e non-ideal MHD (n # 0), shearing box, isothermal EQOS

e Maxwell stress van-
ishes in DZ - MHD
turbulence decays

e Reynolds stress
non-zero in DZ - HD
turbulence survives
due to perturbations
from active layers
(10% of Maxwell s.)
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Mini-outbursts - properties, accretion rate

o models with different » computed for several 1000 orb.:

>~ definition of v: v = ac,H, V5. v = ac’/Q
> viscosity in active parts «, = 0.005,0.01, 0.02
> viscosity in the dead zone apyz = 0,0.01 and 0.1,

e rings growth rate cca 10x faster for v = ac,H,
e apy, = 0,0.0lat, — rings, apyz = 0.1r, — mMini-outbursts
e high viscosity (o, = 0.02) — regular mini-outbursts, narrow
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Layered disc with apy # 0

o analytical description of layered disc with apy # O:

_ 1/20r 4 40a¥g+opz pz (Spz+25a)
M = 127r /"5 (v, X4 + vpz2XDZ), T, = §rT1, aaratapzipy

T. = 20° (1., + uDzEDz)

o mid-plane temperature 7,, depends on the surface density
Y, =2(3q + Xpz) (contrary to LD with apz = 0)

o ignition surface density

Zign — 9 (3200 ETH T5/2 — aa_aDZZ2) i

27 kaQOéDZ lim any

o surface density necessary to maintain the disc active

Y [ 12800 umy 1/2 T5/4
mtn — 27k goa ) lim
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Stationary states

o wWe search for stationary surface density profiles using 1D
code similar to Stepinski (1999) or Armitage et al. (2001)

. numerically solve equation ¥ — ;L 2\
T T

o determines 7, from X, decides if LD or aD, computes M,
advects mass between cells

> stationary solution exist above R;

> part of DZ between R, and R, can be 10%
ignited externally

(\lg 3 7
> It contains mass 510

2.0x10""Mg for M =10"° Mg yr '
2.7x10"*Mg for M = 107" Mgyr '
0.01Mg for M = 107% Mg yr™!
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Conclusions

o the dead zone with zero viscosity is a subject of the ring
instability

o the instability occurs since the local enhancement of the
disc thickness leads to a drop of the viscosity and the ac-
cretion rate profile which increases the original disc thick-
ness enhancement



Conclusions

o the dead zone with zero viscosity is a subject of the ring
instability

o the instability occurs since the local enhancement of the
disc thickness leads to a drop of the viscosity and the ac-
cretion rate profile which increases the original disc thick-
ness enhancement

o With apy # 0 the oscillations of the inner edge of DZ occur
- continuously remove mass from the inner part of DZ

o« a stationary accretion (M = const) may occur at higher
radii; part of this area is combustible - can be made
active and part of its mass accreted in an outburst type
event
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Future

o going to 3D (to see what happens with rings and mini-
outbursts without the assumption of spherical symmetry)

o irradiation by the central star
o more complicated ionization structure (ionization by X-rays,

)
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