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ABSTRACT

Aims. We present the results of global 3-D MHD simulations of ikt and turbulent protoplanetary disc models. The aim isfwork is to
develop thin disc models capable of sustaining turbulencéohg run times, which can be used for on—going studies afigdl formation in
turbulent discs.

Methods. The results are obtained using two codes written in spHesadinates: GLOBAL and NIRVANA. Both are time—explicihd use
finite differences along with the Constrained Transport algorithmvaéve the equations of MHD.

Results. In the presence of a weak toroidal magnetic field, a thin platwetary disc in hydrostatic equilibrium is destabilidgdthe mag-
netorotational instability (MRI). When the resolution &de enough~ 25 vertical grid cells per scale height), the entire distleginto a
turbulent quasi steady—state after about 300 orbits. Amgubmentum is transported outward such that the standaatameter is roughly
4 -6 x 1073, We find that the initial toroidal flux is expelled from the disidplane and that the disc behaves essentially as a qeasinret
flux disc for the remainder of the simulation. As in previotisdées, the disc develops a dual structure composed of an-titRén turbulent
core around its midplane, and a magnetised corona stabiie tdRI near its surface. By varying disc parameters and bemyncbnditions, we
show that these basic properties of the models are robust.

Conclusions. The high resolution disc models we present in this papereseha quasi—steady state and sustain turbulence for hundfed
orbits. As such, they are ideally suited to the study of autding problems in planet formation such as disc—planetractions and dust
dynamics.
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1. Introduction So far only one mechanism has been shown to work reliably:
MHD turbulence generated by the magnetorotational inkstabi
T (MRI) (Balbus & Hawley 1991; Hawley & Balbus 1991).
iven the cool and dense nature of protoplanetary disces the
re questions about the global applicability of the MRI iatsu

Observational surveys of star forming regions in the Gala
have revealed the ubiquity of rotationally supported difcgms
and dust orbiting young stars (e.g. Beckwith & Sargent 199

O'dell et al. 1993; Statlier et al. 1994; Sicilia-Aguilar et al. environments as the ionisation fraction is low (Blaes & Bilb

f:%;;essler-S;Lac&ef al.'tZOOEfS).IIt IS ;:om;nonlytpelleﬂmt 1994). Models suggest that protoplanetary discs are liteely
ese discs are the likely sites of planetary formationrBuafy Flave both magnetically active zones, where the disc is turbu

1969; Lissauer 1993). The discovery of numerous extrasogﬁt and adjacent magnetically ‘dead-zones’ where the flow
planets has increased the need for greater understandhmgjof . Ia'minar (e.g. Gammie 1996; Fromang et al. 2002; ligner &

: ) [
properties so that accurate models of planet formation eanl\??elson 2006). In this paper we focus on ideal MHD simula-
developed.

iy protoplanetary” di ft h id ; tions of protoplanetary discs. We will examine the dynarics
ese “protoplanetary” discs often show evidence for agr.. 1 - 0as' in future work.

tive accretion with a canonical mass flow rate onto the céntra ] ) ) . .
star of~ 108 M, yr-! (e.g. Sicilia-Aguilar et al. 2004), requir- Non linear numerical simulations performed using the local

ing a source of anomalous viscosity to transport angular myiearing box formalism (e.g. Hawley & Balbus 1991; Hawley
mentum outward. It has long been believed that this is pmi,idet al. 1996; Brandenburg et al. 1996) have shown that the satu

by turbulence within the disc (e.g. Shakura & Sunyaev 197§§l_ted non linear outcome of the MRI is MHD turbulence having
an dfective viscous stress parametdvetween~ 5x 10-3 and

Send gprint requests toS.Fromang ~ 0.1, depending on the magnetic field configuration. Outward




2 S.Fromang & R.P.Nelson: Stratified protoplanetary disodets

angular momentum transport can thus occur at the rate esjuivortices apparently resulting from the turbulence. Ano#tey
to match observed accretion signatures onto T Tauri staes (roblem in planet formation, dust settling in turbulentadis
for example, Hartmann et al. 1998, who quate~ 0.01 as has been studied recently using shearing box models (Jehans
being suggested by the observations). Much of this early sigt al. 2006; Fromang & Papaloizou 2006; Turner et al. 2006).
ulation work was performed in discs with no vertical stratifi Because of the local approach, these analyses had to igrore r
tion, and so was useful in determining the nonlinear outcord&al drift. All of these issues are likely to befacted by the
of the MRI, but did not provide insights into the global strucsimultaneous treatment of radial and vertical stratifarathat
ture of these discs in either the radial or vertical directibhe we consider in this present work.
question of their vertical structure was addressed by Stbak The plan of the paper is as follows: in section 2, we present
(1996) and Miller & Stone (2000) who performed shearing bake basic equations, notations, and diagnostics we usesin th
simulations of vertically stratified discs. A basic resnlcbme work. The set-up of our simulations is detailed in sectiom@ a
out of these studies is that the discs evolve to a structure cave present their results in section 4. We focus in particotar
sisting of a dense region around the miplane where turbaleneir global structure, and sensitivity to numerical issgach
is driven by the MRI, sandwiched between a tenuous and mag-resolution and boundary conditions. Finally, in secipiwe
netically dominated corona which is highly dynamic, bubt#a summarise our results and highlight future improvemersds th
against the MRI. will be added to the models.

Global MHD simulations of turbulent discs (e.g. Armitage
1998; Hawley 2000, 2001, Steingcker & Papalo?zou 2003; gasic equations
Papaloizou & Nelson 2003) confirm the basic picture pro-
vided by the local shearing box simulations. These earlgajlo The equations we seek to solve are the standard equations of
simulations considered the radial structure of turbuleat d MHD in a frame rotating with the angular velocCigq. In
models, but employed non stratified cylindrical disc model§aussian units these may be expressed as:
Recent work has been performed examining the dynamics of dp
global, vertically stratified turbulent disc models, and fie- i V-(ov) =0, (1)
cussed on thick accretion tori around black holes, using gjy 1 1
ther the Paczynski-Witta potential (Hawley 2000; Hawley & + (V) + 2Q o XV = —;VP ~ Vo + HP(VX B)xB, (2)
Krolik 2001; Hawley et al. 2001) or simulating accretion flow OB
in the full Kerr metric (e.g. De Villiers et al. 2003). The gta — = Vx(vxB - nVxB). (3)
ing conditions for these models are usually thick, consaanat ot
gular momentum tori for which the gas is assumed to be nohhe symbols have their usual meaningss the densityy is
radiating. These quickly evolve into thick accretion digss the velocity,P is the gas pressur® is the magnetic fieldy
which H/R > 0.1. To date, there have been no published sirt§ the magnetic diusivity, and® is the sum of the gravita-
ulations of vertically stratified thin discs undergoing MHiD- tional and centrifugal potentials. In the following dissie
bulence (i.e. discs more akin to protoplanetary discs).drt pWwe will use two systems of coordinates: cylindrical cooedés
this is because of the increased computational burdeniass@@ ¢, Z) and spherical coordinates ¢, ¢). Using the later®
ated with simulating thin discs due to the higher resolutien becomes
guirements. 1 . GM

The aim of this paper is to present and analyse a suite ®F _EQTZOJZ sinf 6 - T (4)

MHD simulations of global, stratified, turbulent, protop& \hereG is the gravitational constant arld the mass of the

tary disc models withi/R < 0.1. We focus on the global struc-cenral protostar. To complete equations (1)—(3), we use a |
ture of the discs, and analyse how modifications to the bour&my isothermal equation of state:

ary conditions and disc thicknesfiect the results. The longer

term goal is to use these models to examine a range of pr&b= c(R%p (5)
lems in planetary formation in the context of turbulent,tiver wherec(R) is the sound speed which is a fixed function of po-
cally stratified discs. As such this paper is the first in aeseri gjiion.

Future publications will address problems such as: theuevol

tion of dust in turbulent discs; the orbital evolution of pla

etesimals and low mass planets; gap formation and gas acé&d- Averaged quantities and connection to viscous

tion by giant protoplanets; the dynamical evolution of dead  disc theory

zones. A number of previous studies have addressed thesz\}ﬁ

. L . en presenting the results of our calculations we makefuse o
sues using cylindrical models: Nelson & Papaloizou (2003 P 9

'number of averaged quantities. For a quar@itywe define

Papaloizou et al. (2004); Nelson & Papaloizou (2004); Nels —=

(2005) studied gap formation and planet formation in tuehtil the averag@(R 1) through

discs. They showed in particular that type | migration beesm_ 3 | [pQ(R ¢, Z t)dzd

stochastic because of the turbulent density fluctuatiorteen QRD = T [ pdzch (6)
Ap

disc. Fromang & Nelson (2005) also used cylindrical models t
study the radial migration of solid bodies due to gas dragyThwhereA¢ = @dmax — dmin IS the size of the azimuthal domain
found rapid accumulation of meter size bodies in anticyiclon(which is less than 2in the disc models we present later in
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this paper). The integrals are taken over the total dischteighssuming that the averaged specific angular momen{®yis
and azimuth. We define the disc surface density through  time independent, we obtain an equation for the averagéal rad
velocity that is the equivalent of a similar expression oise

2(R) = A_1¢ ffpdzdp (7) in standard viscous thin disc theory:
—\-1

Note that vyithout loss of ggnerality we can alsq include @tm g, = 1 (ﬂ] 9 (RZTR - RZTM) ) (15)
average within our averaging procedure. In this case the-qua RE\IR) 4R
tity Q(R,t) becomes: By obtaining time averaged values 3&(R), Tw(R), j(R),
_ 1 et Vr(R) andZ(R) from our numerical simulations, we are able to
QR 1) = AL Q(R t)dt (8) compare the value ak(R) obtained directly in the simulations

t-At

to that predicted by equation (15). Hence we can examine how

where 2t is the time interval over which the averaging procewell our 3-D turbulent and stratified protoplanetary disamo

dure is performed. els are described by thin disc theory, subject to an appatepri
We now consider the connection between the turbulefihe average. When calculating these averages in the simula

disc models and standard viscous disc theory (e.g. Shaktisas, which are performed using spherical polar coordisat

& Sunyaev 1973; Balbus & Papaloizou 1999; Papaloizou e perform the vertical integration by replacidg— r singde,

Nelson 2003). Averaging the continuity equation (1) gives  and integrate along the meridian at fixedndg.

ox 19
ot ROR
Consider the azimuthal component of the momentum equ&le used two codes to solve the MHD equations described in

tion (2). Multiplying by R to give an equation for the consersection 2: GLOBAL (Hawley & Stone 1995) and NIRVANA
vation of angular momentum about tAeaxis, and averaging (Ziegler & Yorke 1997). GLOBAL, originally written in cylin

(RXVg) = 0. (®) 3. Numerical Simulations

over the disc height and azimuth gives: drical geometry, was modified to operate using sphericat-coo
dinates. Both codes are time explicit, use finitéatences to

9 (z]) + 19 (REjWR) = - 19 (RPZov,0VR) calculate spatial derivatives and the Method of Charzsttesi

ot ROR ROR ¢

Constrained Transport (MOCCT) algorithm to evolve the mag-
(10) netic field. They have been widely tested in the past on atyarie
of different problems relating to turbulent protoplanetary discs
making them particularly well suited to undertake the cotapu

Here | is the speuﬁc apgular momenturﬁi)_/¢, and we have tionally demanding problem of simulating stratified prdtop
used the relationsg = Vg + Vg andvy = V, + 6V, where .
etary discs models.

ovr anddv, are the fluctuations in the radial and azimuthal ve-
locities. Note that we have neglected terms due to the pressu

gradient in equation (10) as the transport of angular momed. Stratified disc model set-up
tum within the disc is primarily due to Reynolds and Maxwe
stresses. These are given by the two terms on the right h
side of equation (10), and we define the Reynolds stress by e

10 BsBr
" ﬁﬁ[Rzz( Anp )

| OIime t = 0 we specify a spatial distribution for the hy-
rodynamic variables that is as close as possible to a-strati
ed thin disc in hydrostatic equilibrium. Except for the tieal

Tr = Z6V40VR (11) stratification, the model properties are very close to thafse
Papaloizou & Nelson (2003). The mass dengignd angular

and the Maxwell stress by velocity Q are defined using:

— B,;Br Ry\3/2 2
= = —_ - 1
Tu =250 12) = oo D) exp-g) (16)
We define the viscous stress parametétrough _ |GM
Q=5 17)
@ = @ (13) The radial and meridional velocities andv, are given small
P random perturbations (using a uniform distribution withpdim

whereP is the averaged gas pressure. In the discussion of &€ 25 % of the sound speed). The disc semi-thickrtéss
simulation results presented later in this paper we refento related to disc parameters through
andag, which are the Maxwell and Reynolds stress contriblﬁ R 18
tions to the totakr value defined in equation (13). We also dis-' ~ " - (18)
cuss the volume averagesafay andar which we denote as |, the absence of magnetic fields, the initial disc model is-co
(@), (am) and(aR>.. ' pletely determined once the functia(R) is given. In the fol-
Combining equations (9) and (10) gives: lowing, we used:

8] o 0] 18 = - B (Ro)1/2
o+ IVRom = —mom (RTr-ReTw) (14) o(R) =co( 5 (19)
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Model Co Resolution Azimutal extent  Vertical extent Inner radial BQuter radial BC  Vertical BC Code
Sla 0.07 (2790,126) /4 0.3 Reflecting Reflecting Outflow GLOBAL
S1b 0.07 (27290,126) /4 0.3 Reflecting Reflecting Outflow NIRAVANA
S2 0.07 (45515Q 213) /4 0.3 Reflecting Reflecting Outflow GLOBAL
S3 0.07 (455150 285) /4 0.4 Reflecting Reflecting Outflow GLOBAL
S4 0.07 (456150 210) /4 0.3 Reflecting Reflecting Periodic NIRVANA
S5 0.1 (360120 210) /4 0.43 Outflow Reflecting Outflow NIRVANA
C1 0.07  (45515Q 40) /4 0.42 Reflecting Reflecting Periodic GLOBAL
C2 0.07 (260152 44) /2 0.28 Reflecting Reflecting Periodic GLOBAL

Table 1. Properties of the models described in this paper. The fitshoo gives the model label, the second gives the sound speed &.
The third, fourth and fifth columns describe the resolutiod the extent of the numerical box. The type of boundary damdi we used are
given in columns 6 ,7 and 8, while the last column indicatesdabde used to run that particular model. For the detaileeupedf model C2,
see section 3.2 or Fromang & Nelson (2005).

such thatH/Ris constant in the models. Using these relationbere that the flux of this magnetic field in tlgedirection is

the surface density satifies nonzero at the beginning of the calculation.
RO 1/2
=20 (ﬁ) (20) 31.1. Boundary conditions
whereZo = 200CoR> 2/ VGM. We now come onto the boundary conditions. In principle it is

The constants appearing in the above equations are g|%)f$5|b|e to use reﬂeCting or outflow bOUndary conditionbat t
valuesGM = 1, Ry = 1, po = 1 andQ,ot = 0.5. Depending inner and outer disc radii. Reflecting boundary conditiores a

on the modelsg, is either equal to @7 or Q1 (see table 1). Unsuitable as waves excited by the turbulence then tend-to ra

The computational domain extends frdtp = 1 to Ry = 8 in  tle around the computational domain in an unphysical manner
the radial direction. The vertical and azimuthal extentetep Outflow conditions were tried in test calculations but prbt@
on the model. But in all of them, at leasB8scale heights are Pe unsuitable because of excessive mass loss out of the eompu
covered ing in order to provide a good description of both théational domain. Instead we added a non turbuletiiebizone
disc midplane and corona. When discussing simulation tesi@lose to each radial boundary (for all runs except S5, see be-
in this paper, time will be quoted in units of the orbital time |0W), the inner one extending from= R;, tor = 2, the outer
the inner edge of the computational domain. With our defirffne extending front = 7 tor = Rou. In both bufer zones,
tions, a time span of 500 orbits at= Ry, (which is the typical We included a linear viscosity" with coefficientCy (see the
duration of a given model) corresponds to 177 orbits at2, definitions of Stone & Norman 1992), to damp fluid motion,
63 orbits arr = 4 and 27 orbits at = 7. and resistivity,7, to create a region that is stable to the MRI
Before adding the magnetic field, the above model was r@Rd therefore non turbulent near the boundary. Both digsipa
as a purely hydrodynamic disc. Using reflecting boundary cotPéficients increase linearly from the boundary of thefeu
ditions in r, periodic boundary conditions i and outflow ZOnes toward the boundary of the computational domain. In
boundary conditions i, we found it to stay very close to all cases gxcept model S3, their maximum value gt the inner
the initial model description presented above. In parigube PoundaryiC; = Cyjn = 1andy = nin = 4.9x10°%, while they
found no sign of the transient growth of hydrodynamic pertuf€achC1 = Ciout = 5 andn = rnout = 10°% at the outer bound-
bations recently proposed in the literature (loannou & Kaie Y- In model S3, we useth in = 1, Cyout = 30,7in = 2 10
2001; Afshordi et al. 2005; Mukhopadhyay et al. 2005). The KA 7out = 102 Using this set-up, we found that the turbulent
netic energy then decays on a time scale-dfo orbits (some velocity fluctuations and magnetic stresses damp smoathly i
wavelike motions are then excited by the imperfect nature e bufer zones.
the boundary conditions on time scales of hundreds of grbits For very long integration times, we found that mass tends
but the associated kinetic energy always remains smaker tho accumulate at the interface between the inndfebwzone
in the MHD case by at least an order of magnitude). and the active disc. This is expected for such a closed bound-
In the MHD runs, a toroidal magnetic field was added to thery condition. To try to solve this problem, we modified the
disc att = 0. Itis defined to be nonzero in the region of the disaner boundary condition in model S5 and used a ‘viscous out-
satisfying 25 < r < 6 and|§ — /2| < 6513% We tookdha? = 0.1  flow condition’ (the outer radial boundary is kept unchanjged
in all of the models, except for model S5 for whighi;° = 0.2. The viscous outflow condition specifies the radial outflow ve-
The strength of the field is such that the rggiof the thermal locity in the inner radial boundary using the expressipn=
pressure to the magnetic pressure is everywhere eqgal#o —3/2ac2/Q there. A value ofr = 5x 10-3 was adopted, in ba-
25. Previous global models of such configurations have grov@c agreement with the transport ¢deient resulting from the
to be unstable to the MRI and to generate MHD turbulence thainlinear evolution of the MRI (see below). The magnetidfiel
spreads into the entire computational domain. We emphadimmindary condition at the disc inner edge defines the fieléto b
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normal to the boundary with magnitude defined by = 0 0.015 e e e e e e I
condition (e.g. Hawley 2000). L

The boundary conditions in the direction are also of
some importance in constructing stratified models. In local
simulations using the shearing box approximation, Stora. et 0010 I ]
(1996) reported very little féect of the boundary conditions. I
Nevertheless, we investigated their importance by runtvimg . L In,
types of boundary conditions: outflow and periodic. Theelatt © i "
is less physical but has the advantage of preserving the tota BT 1
flux of the magnetic field and the vanishing value of its diver- 0.005F N, 7
gence. The former was implemented in twéfelient ways: in L e ]
GLOBAL, a zero gradient boundary condition was applied on L o Vo
all the variables, including the magnetic field (Miller & S oy
2000). NIRVANA, on the other hand, forceg the magnetic fielq O'OOOO “““ 1 60260 360 “““ 4 6 ““““ z 60 “““ é‘é‘(‘)”
to become normal to the boundary and still satisfy the condi- Time (orbits
tlgn V-B =0 (Ha.Wley .2000)' Thg Compan.so.n between the‘lslelg. 1. Time history of{ay) obtained in model S1a6lid) and S1b
different alternatives gives an insight to theirimportancehen t .

. (dashed ling The agreeement between the two curves shows that

global structure of the disc. GLOBAL and NIRVANA produce similar results. However, in bot

In the upper layers of the disc, strong magnetic fields teqghs, the rate of angular momentum transport displays sfgst de-
to develop during the simulation. Because of the low densitytys with time, indicating that the resolution is too low iodels Sla
there, the associated Alfvén velocity becomes very largk aand S1b. At the end of both simulation, angular momentunspart
the time step consequently very small. To prevent this froimweak, with(ay) ~ 10°* in both models.
happening, we used the Alfvén speed limiter first introdlce
by Miller & Stone (2000) whoseftect is to prevent the Alfvén
speed becoming significantly larger than a user-definedhhre
old \5. In the simulations presented in this paper, we useddaResults
uniform value ofvy = 0.7.

T

We now present the results of our simulations. Althougdtedi
ences in detail are found when comparing our various runs, a
3.2. Cylindrical models common picture of the early evolution of our models emerges.
The magnetised regions of the initial discs become unstable
In order to examine thefiect of stratification, we ran a nonthe MRI on the local dynamical time scale, in broad agreement
stratified cylindrical model, labelled C1. The set-up wasyvewith linear theory. Dynamo action associated with the MRI
similar to that for model S2. The vertical computational @m 5y ses the local field to amplify, and as turbulence develaps
covered-0.21 < Z < 0.21, and the initial magnetic field was &fie|d buoyantly rises from the regions near the midplane tdwa

zero—net flux toroidal field defined by: the disc surface. Initially the stresses associated wigHieid
as it rises into these upper regions cause rapid transpart-of
_ R-Rin gular momentum there, allowing the magnetised fluid to sprea
By = BOCOS(GﬂRom— Rm) ’ (21) rapidly through the disc in the radial direction near thecdis

surface. Contemporaneously the growth of the MRI through-
Bo is calculated such that the average value@f >= 25. We out the magnetised core of the models causes the disc to be-
also consider another cylindrical disc run, C2, which usedta come globally turbulent on a time scale ©f100 orbits. The
flux toroidal field withp = 270 and was described in detaiend result is a disc whose global structure consists of a mag-
in Fromang & Nelson (2005). Because of the vertical periodigtically subdominant core withia 2H of the disc midplane
boundaries, the magnetic flux is conserved in these modelswhich remains highly turbulent due to continuing instaili
to the MRI, above and below which reside a magnetised and
highly dynamic corona which becomes magnetically dominant
near the disc surface and stable to the MRI. Angular momen-

The detailed properties of the models we ran are describeddf transport and associated mass flow through the discsllow
table 1. Column 1 gives their label. Column 2 indicates tHBagnetic field to diuse into the resistive regions near the ra-
value of the parametex. Given thatGM = 1 in our simu- dial boundaries, where the fluid remains non turbulent beeau
lations, this is also equal td/R. The resolution, the size of the©f the resistivity and viscosity there.

computational box in theé and 8 directions are respectively

given in columns 3,4 and 5. Thg type of boundary cqnditio%l_ Dependance on resolution

we use at the inner and outer radial boundary and i ttieec-

tion are shown by columns 6, 7 and 8. Finally, the code we uSke picture presented above is true for all our simulations i
for each particular model is indicated by column 9. Note th#teir early phases. However, when designing useful and-accu
runs C1 and C2 are cylindrical disc models (see section 3.2)ate stratified and turbulent protoplanetary disc models sl

3.3. Model descriptions
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Fig. 2. The ratio of the wavelength of the most rapidly growing MRIded,, to the local cell spacing defined in the text. From left to right,
the diferent panels show results from models Sla, S1b and S2. Ailgnregloured white hag/A < 5, indicating that the fastest growing
mode of the MRI is not well resolved there.

corresponding to 15 grid cells per scale height in the valrtie
rection & 8 zones per scale height in the azimuthal direction,

~ 3 zones per scale height in the radial direction at the disc in
ner edge ang 22 zones per scale height at the disc outer edge).
Being identical in their set-up, these two models are alsfulis

as a direct comparison between the two codes. For both cases,
we find that the MRI grows leading to fully developed MHD
turbulence and outward angular momentum transport.

The time history ofay ) is shown in figure 1 for model S1a
(solid line) and S1b dashed ling The two curves show very
good agreement overall. This simply indicates that GLOBAL
and NIRVANA give very similar results for the same prob-
lem. It is therefore meaningful to compare the results oleti

5 p— poos e . - Dby the two codes when they usefférent starting conditions
Tirne (in orbits) and physical parameters. However, the slow decreage\pf
. ) . ) , _with time in both models shows that MHD turbulence is get-
Fig. 3. Time history of the toroidal magnetic flui, (6o, t) threading ;o \weaker as the simulations proceed. No steady statesseem
the disc, normalized by its value &t 0, obtained in model S2. The y, o o4 ched in these simulations, apparently becauseshe r
solid line corresponds t&, = 0.3, the dotted line t@, = 0.2 and the . . S .
dashed line t@, = 0.1. All of them show that the flux is expelled outOIUtlon used in models Sla gnd S,lb Is ifiwient for VIgOI’.OUS
of the midplane of the disc toward its corona. MHD f[urblulence to be sustamed |n'Iong runs. Indeed, in order
to maintain turbulence, the simulations must be capable-of r
solving the unstable modes of the MRI. The critical wavetang

for instability is given by (Balbus & Hawley 1991):
issues need to be addressed before presenting any detailed s

entific results. Qo= 2 VA (22)
The duration of the models themselves is one of them. In V3 2

glObal Cylindrical Simulations, PapaIOiZOU & Nelson (Zoogand the Wave]ength of the fastest growing mode is

demonstrated that long integration times, over severatitech

orbits are required for the angular momentum transportqua/ln . 15va

F/Fo

tities to reach meaningful saturated values. This is whthi; ™ 16Q° (23)
paper, we ran each model for at least 450 orbits, and in SOferev, is the Alfvén speed defined by

cases in excess of 600 orbits. In the following, we will show

that this is sfficient to reach a steady state in the underlying B2

disc structure, which is established after between 250 @ 50 = e (24)
orbits.

A second issue is to determine the minimum resolution re- A simulation must have at least 5 grid cells per wavelength
quired to allow such models to maintain turbulence over lon, for the fastest growing mode to be resolved (e.g. Hawley
run times. To do so, we present here the results of modetsal. 1995; Miller & Stone 2000). Figure 2 shows a contour
Sla and Slb. They were respectively run with GLOBAL anglot in the ¢, ) plane which displays the ratit,/A for models
NIRVANA and have a resolutiorN;, Ny, Ng) = (272 90,126), Sla, S1lb and S2. Hereis the local cell spacing (the diagonal



S.Fromang & R.P.Nelson: Stratified protoplanetary discdef® 7

3 3
2 2
-0.5
1 1
-1.0
[NEG N0
-1 -1
-1.5
-2 -2
-3 —-2.0 -3
0 2 4 6 8
r

Fig. 4. Theleft panelshows the logarithm of the density distribution in thed) plane for model S2. Before taking the logarithm we trarrsiea
p using the followingp — p xr3x exp[Zz/(Z X 0.072)] X exp[—Zz/(Z X 0.12)]. This was done to increase the contrast in the figure.rigjne
panelshows the logarithm of the Alfvén speed in thed] plane, obtained in model S2 after 400 orbits.

6] 2 4 6 8

distance between cell vertices along a path that passasggtiroconvergence. Figure 2 indicates that the smaller wavethangt

the cell centre) Ay, is calculated from azimuthally and tem-stable modes A. are at best marginally resolved in model S2,

porally averaged values of the magnetic fidj,and density such that a larger resolution may allow these modes to be more

p. The time averages were performed between thd"50@l active. Nevertheless, the saturated state we generabynaiot

600" orbit of models S1a and S1b. Regions of figure 2 whidbr the last 200 to 300 orbits sustains turbulence well ehoug

are coloured white correspond to regions whérgA < 5. It to extract meaningful diagnostics describing the structdithe

is clear that the MRI modes with wavelengths betwggand disc.

Am are not well resolved in these models around the midplane, It is rather surprising that model S1a and S1b fail to show

leading to the weak and declining angular momentum tratspsuistained MHD turbulence, as the resolution used is similar

shown in figure 1. to that used by Nelson (2005) and Fromang & Nelson (2005),

. ] _who reported sustained turbulence in cylindrical disc nt®de

Motivated by these results, we increased the resolution piiated with net flux toroidal magnetic fields. This is basa

a factor of §3 to 25 vertical grid cells per scale height. Thighe magnetic field is trapped in the midplane of the disc isghe

translates into a resolutiom{, Ny, N) = (455150, 213). As  ¢yjindrical models while itis expelled to the coronae antafu

we demonstrate in section 4.2, the results of this model, {&s computational domain through the open boundaries in the

belled S2, suggest that a steady state is reached after#@utsratified models presented in this paper. To illustraresult,

orbits (see for example figure 5) for this larger resolutitine e piot in figure 3 the time history of the toroidal magnetixflu

rate of angular momentum tragnsport seems 1o saturateggving | as obtained in model Sia. It is defined as
saturated value dfv) ~ 4 x 10°° for the remainder of the sim-

ulations. A contour plot oft,,/A for model S2 is shown in the %o ~Rout
right panel of figure 2, wherg, was time averaged betweerf¢(60.t) = f f By(r, 0,6, t)rdrdo,
the 350" and 450" orbits. It is clear thatl, is well resolved 0o R

throughout the disc in this model, leading to the turbuldmee and in figure 3 is normalized by its initial vall® = F,(6o, 0).

ing sustained. The value af, in the corona exceeds the totallhe diterent curves in this figure correspondsgge= 0.3 (solid

disc model thickness ef 8.5H for values of@ — 7/2| > 3H/R, line), 6 = 0.2 (dotted ling anddy = 0.1 (dashed ling All de-
such that the corona is stable against the MRI. In the resta&ase from 1 to small values during the first 100 orbits (Whic
this paper we will describe results of models obtained uieg corresponds to the growth of the MRI throughout the whole
same resolution as model S2. Unfortunately, this leadsnyp velisc) and then oscillate around zero. This behavior shoafs th
long computing times, at the limit of present day capacitiethe magnetic flux is gradually expelled from the midplane to-
on standard Pentium 2.8GHz Xeon chips each model requivesrd the corona of the disc and out of the computational do-
about 50000 CPU hours, er6é CPU years. Of course, it is still main (the delay shown by the solid line to decay adds further
possible that MHD turbulence dies on time scales of severabight to this conclusion). The oscillations between posit
hundreds of orbits even for this large resolution, but thetéd and negative values indicate that the adopted (verticalphdo
computational power available at the presenttime prevents ary conditions allow azimuthal net flux into the domain, al-
ning them for longer than about 500 orbits. It is probablpalghough essentially zero poloidal net flux enters. In the riaide

the case that these simulations have not reached full naaherof the disc, the amplitude of the oscillations is about-ZD%.

(25)
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Fig. 5. Time history of the volume averaged value(a$ (solid ling), Fig. 6. Radial profile ofx (solid line), ey (dashed lingandar (dotted
{anm) (dashed lingand{ar) (dotted ling in model S2. After an initial line) in model S2. The curves are time—averaged betweeB50 and
evolution driven by the linear growth of the MRI between 0 @3 t = 450 orbits.

orbits, the disc settles into a quasi steady state for thairény part

of the simulation during whicke) ~ 0.004.

dottedlines. As reported before for global MHD disc simu-
lations (Hawley 2000, 2001; Steinacker & Papaloizou 2002;
After about 150 orbits, the disc midplane essentially beBavPapaloizou & Nelson 2003), the Maxwell stress dominates ove
as if MHD turbulence had been initiated using a zero net fluke Reynolds stress in the approximate ratio of 3:1. The rate
toroidal magnetic field. This requires a larger numericabre of angular momentum transport saturates after 250 orbis an
lution for the turbulence to be sustained over large perfses shows an almost constant value @) ~ 4 x 1072 for the
the discussion by Nelson 2005) and explains why models S&aainder of the simulation. This is very similar to results
and S1b fail to reach a saturated state while cylindrical@®dreported for zero—net flux numerical simulations of cylindr
using an equivalent resolution do. cal discs which further support the conclusion that ourtistra
fied disc model behaves like a zero—net flux disc. Papaloizou
& Nelson (2003) report values dfr) in the range 0.002 to
0.005 for a suite of zero net flux cylindrical disc models, and
We describe in this section the general properties of mo2lel $odel C1 achieves a saturated state with ~ 0.002. This
which was run for 500 orbits. As described above, the MRIightly smaller value ofa) is consistent with the smaller ver-
grows in the first 100 orbits, before developing into MHD turtical resolution used in model C1 compared with the models
bulence, which then @uses over the entire computational bopresented by Papaloizou & Nelson (2003). The radial profile
(except for the bfiier zones described in section 3.1). The disaf the Maxwell and Reynolds stresses, normalizedPbyare
settles into a quasi—steady state after 250 orbits for thaire represented in figure 6 respectively with tteeshedanddotted
der of the simulation. The structure of the disc after 400 dine. Thesolid line simply represents, the sum of the two.
bits is illustrated in figure 4. The left hand snapshot shdwes tAs reported by Papaloizou & Nelson (2003), we found large
distribution of the logarithm of the density in the §) plane fluctuations in snapshots of these quantities. The smoath pr
and the right hand panel represents the logarithm of thealfvfile shown in figure 6 results from an averaging between 350
speedia. Strong radially propagating density waves are seenand 450 orbits. We note that time averageplrofiles in global
the former, while the small scale structure of the Alfvéresh MHD simulations (including these) often show variations be
in the latter confirms the turbulent nature of the flow, and al$ween a factor of 2 and 3 across the disc (see e.g. Papaloizou
shows that the disc forms a structure consisting of a turtple& Nelson 2003; Steinacker & Papaloizou 2002). The origin of
magnetically subdominant ‘core’ near the midplane wheee tthese variations is not clear, but may be related to the featt t
Alfvén speed is small, and a magnetically dominant coronafluctuations inw anticorrelate with changes to the local density
the upper regions of the disc where the Alfvén speed is largend pressure due to mass transport. Local variationsrmay
thus be reinforced. It is possible that these variationt deit
crease with longer run times as the system loses memory of its
initial conditions.
In this section, we quantify the rate of angular momentum
transport resulting from the MHD turbulence. It is measure
by the sum of the Maxwell and Reynolds stresses, already dﬁg'z' Structure of the corona
cussed in section 2.1. The time history(a$, (am) and{ar) The results described above regarding the volume intefjrate
are plotted in figure 5 respectively with tiselid, dashedand properties of angular momentum transport show littiffedi

4.2. The fiducial run — model S2

4.2.1. Angular momentum transport
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Fig. 7. Vertical profile of the Maxwell stresssélid line) and the Fig.9.The time averaged values|&|/B, |B,|/B and|B,|/Bas a func-
Reynolds stressd@shed ling obtained in model S2. The results argion of 9/(H/R) for model S5. This was obtained by time averaging for
time averaged between 350 and 450 orbits and in radius betwed 100 orbits at radius = 3.5. The¢ component oB is represented by
andr = 5. Both curves are normalized by the midplane pressure.tAesolidline, ther component by thdottedline, and thed component
decrease of both stresses is apparenZfot > 3. by thedashedine.

100.000 F——T——————T———1——————————
F before decreasing in the upper layers of the disc. This ahang

L 1 is due to the establishment of a strongly magnetised corona.
10.000 3 This is illustrated by figure 8, which shows the vertical pro-

e 1 file of the ratioPpag/P atr = 3.5 (thesolid line corresponds
1.000 L a to model S2). Simulation data were averaged in time between
& ' ' "3 350 and 450 orbits to smooth out the turbulent fluctuatidmes (t
£ L 1 other curves represented in figure 8 plot the results of nsodel
" 0.100 ¢ 3 S3,S4and S5 and will be discussed later). The relativegtinen
i 1 of the magnetic field increases with approaching equiparti-
0010k ] tion in the neighborhood of the lower and upper boundaries.
E 1 Eventhough the flow in the corona is not unstable to the MRI,
i we found it to be highly dynamic, exhibiting strongly time—
000T Ly L L dependent behaviour. Nevertheless, the structure of ttemao

6 4 7 29H ? 4 ° s quite diferent to that in the midplane, with much smaller
. , ] . ] ~scale magnetic field fluctuations near the equatorial plaae t
Fig. 8. Vertical profile of the radioPy.g/P atr = 3.5 obtained in in the corona of the disc. To try to quantify the topology af th

model S2 §olid line averaged between 350 and 450 orbits), model : . . .
(dashed lineaveraged between 270 and 310 orbits), moded8#é€d %%ld in the disc, figure 9 shows the variation|Bf|/B, |B,|/B,

line, averaged between 500 and 600) and modeldftéd—dashed and|By|/B versusZ/H, whereB = /B? + B + B3. This plot

|ine, aVeraged between 500 and 600 Orb|t5) For all models, Hoadli Corresponds to a radlal |0cat|mn: 35 and was Obta|ned by

composed of a weakly magnetised core and a corona where ithe figy,o averaging for 100 orbits betweer 350 and 450 orbits.

Is close to equipartition. The fierences between thefiiirent CUIVeS 4 o g\ that the magnetic field topology is dominated by the

results from the boundary conditions and are further dsedisn the . .

text. azimuthal component of the field, as expected because of the
strong Keplerian shear. However, as one moves away from the
midplane toward the disc surface, there are some indication
that ther andé component of the field become more important

ence compared with zero—net flux cylindrical disc models. &$ their relative magnitude increases by about a factor of tw

this section, we detail the structure of the upper layeref tWe comment here that the boundary conditions imposed on the
disc. magnetic field at the upper and lower disc surfaces were zero

Figure 7 shows the vertical profile of the Maxwediofid  gradient outflow conditions.

line) and Reynoldsdashed ling stresses, normalised by the

midplane pressure. Both curves are averaged in space bethﬁggl Velocity and density fluctuations

r = 4andr = 5 and in time between= 350 and = 450 orbits.

In agreement with the results obtained in local disc siniuat 1t is of interest to look at the velocity and density fluctoats
(Miller & Stone 2000), both are fairly constant fff| < 25H generated by the turbulence in these models. Within theezbnt
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Fig. 10. Radial profile of the velocity fluctuations obtained in model

S2. The curves, time—averaged betwéen 350 andt = 450 orbits, _. .
. - . . . Fig. 12.Snapshots of the Mach numbdg in the (, 8) plane at = 450
correspond to radialsplid line), azimutal lashed lingand vertical orbits obtained in model S2. Motions in the bulk of the diselargely

dotted li locity fluctuations.
(dotted fing velocity fluctuations subsonic while weak shocks (witfls between 1 and.B) can be seen

in its corona.
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Fig. 11. Vertical profile of the velocity fluctuations obtained in nebd 60/ o

S2 gtr = 4.5.The curves, t_lme—_avgraged petweeﬂSSO an¢ =450 Fig. 13.Normalised frequency distribution of the relative den€liig-
orbits, correspond to radiakdlid line), azimutal (lashed ling and . . o .
vertical dotted ling velocity fluctuations tuations in models S26lid ling), S5 dashed ling C1 (dot-dashed
y ' line) and C2 ¢lotted ling. All curves are averaged in time for 100 or-
bits. Results obtained in run S2 and S5 are averaged in theneol
|Z| < H and 3< r < 5. Results obtained for runs C1 and C2 are av-

of planetary formation, theyfBect the evolution of dust parti- eraged over the entire vertical extend and in radius betwee and
cles (Fromang & Papaloizou 2006), whose spatial distriiputi " = 5 for model C1, and between= 2.5 andr = 4 for model C2. The
is important for the observational properties of protoptany curves for runs S2, S5 and C1 have a similar width, while mael

discs, as well as the orbits of larger bodies such as bould i'% é}luces a wider distribution because it contained a nenflagnetic

planetesimals and protoplanets (Nelson & Papaloizou 2004;
Nelson 2005; Fromang & Nelson 2005).

Figure 10 shows the radial profile of the velocity pertur-
bations obtained in model S2, averaged betwteen350 and 2006), who found values of the order of 10%. There is a marked
t = 450 orbits. Thesolid, dashednddottedline respectively tendency for the radial fluctuations to be larger, by aboata f
represents the radial, azimuthal and vertical velocitytyser tor of two, than the azimutal and vertical fluctuations. Tikis
bation, normalized by the local sound speed and averagedlire to the presence of density waves travelling radiallyugh
space withinH/2 around the disc midplane. Typically, thes¢he disc. This is also seen in local boxes but fifeet is less
fluctuations are all of the order of a few percents of the soupdonounced in that case. The vertical profiles of the fluctua-
speed. This is slightly smaller than previous results ole@i tions are shown, using the same conventions, in figure 11. As
in the shearing box (Stone et al. 1996; Fromang & Papaloiznated by Miller & Stone (2000) and Turner et al. (2006) who
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presented shearing box calculations, they increase ingheru 0.015 e e e e e e I
layers of the disc, where the averaged Mach number reaches 1
0.4. This increase in perturbed velocities arises becausardis
bances that are excited near the high density midplanedsere I .
in amplitude as they propagate vertically into the lowersign . 0.010 I i \u ]
regions, due to conservation of wave action. In additios, tha L\
increasing influence of the magnetic field with height meané L L
that propogating Alfvén waves in the disc corona can exapte 0 L R
proximately sonic motions where the Alfvén speed excelegls t © i
sound speed. The result is that shocks are generated in the tip 0.005 et
per regions of the disc, as illustrated by figure 12 which show I o
a snapshot in the (6) plane of the perturbed velocity divided
by the sound speed. Weak shocks, for whidhreaches B, 0000l |
SOUU Ll Liviaaaaay Liviaaaaas Livaaaaaay Livaiaaaaay Livaiaaaaay Laiaas

areV|S|bIeonth|S|mage. - . ; TR D R
The normalised frequency distribution for the density fluc- Time (orbits
tuatI?ns :(ShShO\.Nn Iln flgure 13 for mOde(Ij SQO.(Id “Ee)' The 3':8 14. Time history of the Maxwell stress in model S&o(id line)
results of t .e s_|mu ations were averaged in time etweerll § d S3 golid ling). The latter has a larger vertical extent. The good
and 45(_) prblts In order to smpoth outthe turbulent fluctursio agreement between the two curves shows that the boundaditicos
An additional spatial averaging was performed in the volumgq vertical extent have littlefiect on the results of model S2.
3 < r < 5 and|Z| < H. The results show that the distribution
is approximately Gaussian with standard deviatign= 0.08.
This result agrees well with those of models $aghed ling 0.020 e S S S S S —
and C1 @ot—dashed ling showing that neither the boundary I 1
conditions nor the stratification have a strong impact orathe L
plitude of the turbulent density fluctuations near the naael. 0.015L ]
However, the results of model C2, shown with thattedline, F 1
produce a broader distributioerf ~ 0.13). This is because the I N
toroidal net flux is nonzero in this model, while it vanishes i /\ Fo "\
model S2, S5 and C1. This results in a stronger MHD turbu® S P
lence, along with slightly larger density fluctuations.dtal- [
ready known that these density fluctuations may be resplensib Lo '

T

T

for driving stochastic migration of low mass planets ancdhpla ~ 0-00° ;' SN 1
etesimals (e.g. Nelson & Papaloizou 2004; Nelson 2005), and -
this dfect will be explored in more detail in a forthcoming pa- [/ 1
ithi ifi i 0.000 Uirnss N Liviiiiis [T Liviiiinns A Loes
per within the context of stratified, turbulent disc models. 0 00005000 25580
Time (orbits
4.3. The effect of the boundary conditions in 6 Fig. 15.Time evolution of the volume averaged stress paranietgy

for model S4 ¢olid line) and S2 ashed ling Despite the dferent
We now present the results of simulations designed to test #vundary conditions, the two models display similar timgtdry for
role of the vertical boundary conditions we have adopted. We angular momentum transport properties.
begin by examining a model whose vertical domain is larger
than model S2 but otherwise similar, and then describe a mode
with periodic boundary conditions in the vertical direetio similar evolution. Moreover, model S3 starts to saturateraf
about 270 orbits at a level that is comparable to that of model
S2. Figure 8 also shows the vertical profileRyag/P (dotted
line), averaged between 270 and 310 orbits. It shows that model
We first focus on model S3. Compared to model S2 describ®8@ and S3 agree very well in the bulk of the disc.
above, it has an extended domaindind — /2| < 0.4. This These results demonstrate that the structure of the discs de
corresponds to a total of Bscale heights on both side of thecribed so far are noff@cted strongly by the boundary condi-
equatorial plane. For the actual resolution to remain theesa tions and vertical extent of the computational domain.
the total number of grid cells was increased i, Ny, Ny) =
455 150, 285). All the other parameters of model S3 are oth- - .
(erwise identic)al to those of rr:mdel S2. Note however that tﬁes'z' Periodic boundary conditions —model S4
larger number of cells increased the computing time of modgle have computed one model, run S4, which uses periodic
S3. As aresult it was run for only 325 orbits. boundary conditions in the vertical direction (ieedirection).

Figure 14 compares the time history @fy) in model S2 Clearly this is not a realistic boundary condition to usedar

(solid line) and in model S3dashed ling Both curves show accretion disc, but it nonetheless provides a test of thethalt

4.3.1. A larger vertical domain — model S3
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Fig. 16. The time evolution of the azimuthal magnetic flux for model
S4, normalised to its initial value. Thdashedline shows the total .
flux within an angular distandé — 7/2| < H/R above and below the

midplane. Thedottedline shows the flux within an angular distancq:ig_ 17.A slice plotted in ther(, 6) plane of the disc showing the loga-
16— /2| < 2H/Rabove and below the midplane. Télid line sShows it of the Alfvén speed for model S4. Comparing with samiplots
_the flux throughout the whqle_disc, and varies \_/v_ith time qmahm for models S2 (figure 4) and S5 (figure 22) shows that the treppi
imperfect nature of the periodic boundary conditions aédph the s magnetic flux in the upper disc regions of model S4 leadsnto a
meridional direction. elevated value of the Alfvén speed there.

the vertical boundaries play in these simulations. Befare drappped in the disc and is able to build up to large values in
scribing the results of the simulation in detail, we first coent the corona. Figure 16 shows that substantial flux occadbjona
that the periodicity condition implemented in the NIRVANAcomes down from the corona into the turbulent core, within
(or GLOBAL) code is imperfect when applied in the merid~ 2H/R of the midplane, where its presence causes an episodic
ional direction. This is because the physical sizes of this cencrease in turbulent activity.
that overlap at the top and bottom of the disc afedent. The The dfects of trapping the magnetic flux in the domain on
effect of this is small, but one manifestation is that magnetike evolution of the disc is illustrated by figure 17 whichsko
flux is not conserved as it passes through the upper surfacsnapshot of the Alfvén speed plotted as a slice in ithé)(
of the disc and re-enters through the lower surface (doel plane. The contrast in the Alfvén speed between the inrser di
versg. As shown below, this causes a 5 % decrease in magre and the upper corona is much greater in this case than was
netic flux in the domain over the simulation run time. observed for model S2 because the magnetic field in the upper
The time evolution of the volume averagéely) value is regions is larger. This is further illustrated by figure 8 @i
shown in figure 15 for model S4¢lid line) and compared to shows the ratio of magnetic to thermal pressBrggy/P as a
model S2 ¢lashed ling The early rise and fall of this quantityfunction of disc height for model S4 using tHettedline. This
is similar in both models. One feature of the runs that appegtot corresponds to = 3.5 and was obtained by time averaging
throughout this paper is that the time required for satoratif betweert = 500 andt = 600 orbits. It is clear that the corona
the turbulence is longer for the NIRVANA simulations tham foin this case is highly dominated by the magnetic field, with
the GLOBAL ones. Nonetheless the final states that are relaclaag/ P ~ 30 near the disc surface, in contrast to the value of
are very similar in each case. Inspection of figure 15 shoWgag/P =~ 1 obtained in model S2.
that during the time interval 350-550 orbits, short duratat- One dfect of these large magnetic field and Alfvén speed
bursts are observed in thg, values. This phenomenon seemsalues is that large supersonic motions are generated digbe
to be explained by figure 16, which shows the time evoluti@orona. This is illustrated by figure 18 which shows a snapsho
of the azimuthal magnetic flux in the computational domain def the velocity perturbation divided by the local sound ghee
fined by equation (25). Theolidline shows the total flux in the projected onto ther( 6) plane. Strong shocks can be seen in
domain, and because of the periodicity of the vertical beuntthe upper disc surface with Mach numbéts in excess of 10
aries this is approximately conserved (the small non caaserbeing common. This is in contrast to the more quiescent state
tion was explained above). Thiklashedanddottedlines show of the corona obtained in model S2 where Mach numbers be-
the magnetic flux in the disc below heights— 7/2] < H/R tween 1 — 2 are observed. We note that ~ 10 indicates that
and|6 — /2| < 2H/R, respectively. As described for modethe maximum gas velocities in the corona are basically given
S2, the onset of the MRI and turbulence causes the magnétyahe Alfven speed limitevy (which is roughly ten times the
flux to rise up through the disc to form a magnetically donsound speed). This is probably a numerical consequence of th
inated corona. In model S4 this magnetic flux tBeetively particular value chosen fof,. However, the exact strength of
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Fig. 19. Time history of the stress parametef) for model S5. The
. dottedline shows the contribution from the Maxwell stress, dashed
line shows the contribution from the Reynolds stress, aaddhdline

Fig. 18.Snapshot of velocity fluctuations in the disc normalisedheo t SNOWS the sum of these.
local sound speed, plotted in the @) plane. It is clear that strong
shocks (Mach numbers 10 ) are generated in the upper disc regions
due to the large magnetic forces there.

these shocks is not of crucial importance since they arelynost
a consequence of the unphysical periodic boundary conditio
which serve to illustrate theffiect of trapping the toroidal net
flux on the structure of the corona.

F/Fo

4.4. A thicker disc — model S5

We now present the results of run S5 whose parameters are de-

scribed in table 1. This run used a thicker disc WitfR = 0.1, —osf ]
and a correspondingly smaller number of grid ceNs, (N,, 015025030‘045050‘0650
Ng)=(360, 120, 210). A distinct advantage of using a thicker Time (orbits)

disc is that in principle it allows the use of a smaller number
of grid cells while still giving rise to a resolved model. We-r Fig. 20. Time history of the azimuthal magnetic flux for model S5.
mind the reader that model S5 used a “viscous outflow bouride dot-dashedine shows the normalised magnetic flux contained

ary condition” at the inner edge of the computational doma¥thin |0 — /2| < H/Rabout the midplane, thgashedine shows the
(see section 3.1 for details). flux within |0 — /2| < 2H/R, the dottedline shows the flux within

|0 — x/2] < 3H/R and thesolid line corresponds to the magnetic flux
within the whole disc. As for model S2, the initial flux withihe disc
4.4.1. Global disc properties escapes through the upper and lower disc surfaces leadimgib-
) . stantial reduction throughout the disc. In particular,régions around
The early evolution of this model proceeds very much alofge midplane tend towards a state of zero net flux. Osciliatio the
the lines discussed in the opening paragraph of section@. &l magnetic flux are caused by magnetic flux entering tincthe
time evolution of the volume averaged viscous stress paramertical boundaries.
ter{a) is presented in figure 19, and shows that it saturates at a
value of(a) ~ 4x 1072 after 500 orbits, in basic agreement with
the models S2, S3, and S4. The time evolution of the azimuthal
magnetic flux defined by equation (25) is shown in figure 28amo. As already described, this feature of these simulatio
Similar behaviour is seen in model S5 as was described for ranfds to the computational burden as zero net flux simulations
S2, with magnetic buoyancy causing the initial flux to rise-verequire high resolution in order that numerical resisgidbes
tically through the disc into the corona where it escapesutin not quench the MRI. Thsolid line in figure 20 shows the total
the open boundary. Close inspection of tte#-dashedine in  flux in the whole computational domain. The fact that it os-
figure 20 shows that the disc near the midplane contains-esgglates about the zero line indicates that the adopted tan
tially zero net magnetic flux after about 100 orbits, such theonditions lead to magnetic flux entering the computatidoal
sustained MHD turbulence there requires the action of a dyain. The relatively small amount of flux that enters suggest
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that this feature does not dramatically alter the resultsusf
simulations.

Figure 21 shows snapshots of the density in the disc after
500 orbits. The left panel shows the density in the disc mid-
plane, and the right panel shows a vertical slice througlfrthe 2
) plane. The radial transport of mass during the simulates h
caused a shallow depression to form in the density profiles at
radii between 5 r < 7 which are apparent in the figure. Also
apparent are the trailing spiral waves excited by the tenceé. ~ °
These propagate radially through the model and, because the
disc is isothermal in the vertical direction, these wavexppr
gate with little vertical structure. Animations of the diensity
projected onto ther( 6) plane indicate that individual promi-
nent spiral waves which propagate radially occupy mostef th
vertical extent of the disc. Comparison between figures 21l an
4 shows that the ‘viscous outflow’ boundary condition at the -
inner edge of the disc is having the desirditbet of preventing '

a substantial build—up of mass there. As we comment in sec-

tion 4.4.3, some build—up of mass near the inner boundary dé¢g. 22. This figure shows the logarithm of the Alfvén speed in the
occur in this model because the chosen value of the outflow Wsc after 500 orbits obtained by plotting a slice in the/) plane.

locity was too small, but this should be a simple problem to

remedy in future models.

—1.743

—2.569

—3.395

Figure 22 presents a vertical slice projected onto the)( 4-4-2. Velocity and density fluctuations

plane showing the logarithm of the Alfvén speed. As obsBIvVge ratios of the velocity fluctuations in thed, ands direc-
in the runs S2 and S4, the Alfvén speed noticeably incre@segjgns 1o the local sound speed were calculated and found to

one moves away from the midplane to the disc surface abqygi, yery good agreement with the results of run S2 plotted
a height of about 8. It is also clear from this figure that thej fiq,re 11. The increase of the velocity perturbation Mach
disc is magnetically active all the way down to the inneraidi,,mber as one moves from the midplane to the disc surface
boundary due to the ‘viscous outflow’ condition used in thir%sults in weak shocks being generated in the corona, as illu
model. The increase in relative strength of the magnetid fig|5teq by figure 25 which shows a snapshot in the) plane

with height is also illustrated by figure 8 where the ratio qfs ihe perturbed velocity divided by the sound speed. As ob-
magnetic pressure to gas pressure is plotted as a function Qhred in model S2, and unlike model S4, typical Mach num-
atradius = 3.5 using thedot-dashedine. In agreement with pes tor these shocks range between 1 — 3. The fact that model
the results of model S2, one sees tRaky/P =~ 0.01 within - 54 showed much stronger shocks illustrates the role that mag

16— 7/2] < 2H/R, but it quickly rises toPmag/P ~ 0.5 in the petic forces in the corona have in exciting these supersoaic
low density regions above the midplane. tions.

The variation of stress with height is shown in figure 23 The distribution of the density fluctuations in model S5 is
which shows a similar fall® in the Maxwell and Reynolds represented in figure 13 with tltashed line Simulation data

stresses with height as observed for model S2. This figure c§fT€ averaged in time between 500 and 600 orbits, and in space

responds to radius= 3.5, and was obtained by time averagind! the radial interval 3< r < 5 and in the height intervad —
the stresses for 100 orbits. 7/2| < H/Rto obtain this curve. Once again, the results are in

very good agreement with those of model S2.

Figure 24, which should be compared with figure 9, shows
the variation oﬂB,|/_B, |B¢|/.B, and|By|/B versus@._ This plgt 4.4.3. Mass flow in the disc
corresponds to radial location= 3.5 and was obtained by time
averaging for 100 orbits betweér 500 — 600 orbits. It shows Once model S5 had completed just over 600 orbits it was
a bigger increase of theandd component of the field in the stopped. It was restarted again at the 500 orbit mark, btitsit
upper layers of the disc than in model S2. This is clearly infldensity field and azimuthal velocity reset to the values treey
enced by the boundary conditions imposed at the disc syrfaoitially at timet = 0. All other variables (e.g. magnetic field,
where the field is defined to be normal to the boundary witkertical and radial velocities) had the values correspagtt
magnitude defined by thé.B = 0 condition in the NIRVANA the 500 orbit mark of the S5 run. This procedure was under-
runs (e.g. Hawley 2000), but, as suggested by the resultstaken to smooth out the large variations in surface density t
model S2 (which show a similar but reducefteet with diter- arise during the early stages of these simulations becaese t
ent boundary conditions), it is probably also due to theivalt stresses have large radial and temporal variations dunigget
stretching of field lines as localised regions of magnetikéd times. The aim is to generate a turbulent protoplanetany dis
rise up from the disc midplane. with simple surface density structure as a function of radiu
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0.0

Fig. 21. The left panel shows an image of the density at the disc migpddter 500 orbits for model S5. The right hand panel is & gliotted
in the (, ) plane showing the vertical density profile (this panel shidhe logarithm of the density after performing a transfdramaof p
similar to that described in the caption of figure 4). Thesages show that the action of the stresses have caused sitiaifimass transport
within the disc, resulting in an apparent density depresato ~ 6.
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Fig. 23. The time averaged values of the Maxwell stresslifl line) Fig. 24. Same as figure 9. As in model S2, the azimuthal component
and Reynolds stresddttedline), normalised to the midplane pressureremains dominant throughout the vertical domain, but tHd fegol-

as a function of) for model S5. This was obtained by time averaginggy changes near the disc surface wheregtaadr components be-

for 100 orbits at radius = 3.5. This figure is similar to that obtained come larger.

for model S2, showing a similar dropff@f stress with height.

25 < r < 6. As turbulence develops, mass and magnetic field
Having restarted the model it was run for 55 orbits, at whidire transported inward, but at a rate which is larger than ac-
point time averaging of the state variables and stressésnwitcounted for by the ‘viscous outflow’ condition. The density i
the disc were commenced. The simulation was continued foth@ midplane thus increases in this region, such that theauns
further 100 orbits while the time averaging was performed. ble modes of the MRI remain small and unresolved here [see
The radial variation of the time averagedvalues in the equation (22)]. Consequently turbulence in the inner mest r
disc are shown in figure 26. The results are similar to those @ion of the disc remains weak. A remedy for this would be to
tained in model S2. We note here, however, that the valuerobdify the ‘viscous outflow’ condition so that it respondsneo
« is small ¢ 1074 near the disc inner radial boundary wheraccurately to the inflow of matter from further out ratherrtha
a ‘viscous outflow’ condition is imposed on the radial veloadsing a prescribed inward velocity as was done for model S5.
ity. This arises because during the initial phases of theoun Figure 27 shows the time averaged radial mass flux through
model S5, the magnetic field was non zero only in the rantfee disc as a function of radius. Each line corresponds t@mas
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Fig. 27. Radial mass flux versus radius for model S5. @b#edline
corresponds t{# — /2| < H/R, thedashedine corresponds tbl/R <
|0 — n/2] < 2H/R, the dot-dashedine corresponds tol2/R < |9 —

Fig. 25. Snapshots of the velocity fluctuations normalised by thalloc™/2! < 3H/R, and thedot-dot-dot-dashetine corresponds toR/R <
sound speed obtained in model S5. The results agrees veryitfel |0 — /2] < disc surface. Theolid line represents the total radial mass

those of model S2 (see figure 12) flux through the disc.
“““““““““ f‘f%‘?“Y‘?T‘S‘H‘S"TQ‘C{"H‘S_‘Wm inward whereas the upper regions of the disc are transportin
00121 1 it outward, suggesting that the long term mass flow in verti-
L cally stratified turbulent discs can be a complicated florctf
0.010[- . disc height. A similar picture was described by De Villiers &
1 Hawley (2003) for simulations of accretion tori around tkac
0.008 - ST b holes.
2 i s ] The total vertical mass flux through both boundaries at the
v ooeosr S e Nl 7 disc surface is shown in figure 28. It is clear that the diseedri
o00sk . 1 avertical mass flow at a rate that is less than two orders of mag
r/ | 1 nitude below that which occurs radially in the disc. A simila
0000 ff T S result was obtained in model S2. However, the restrictesicfiz
T e i our meridional domain prevents us from commenting in detail
0.000 bl'vin. L, T T T T T J about any wind that may be launched from the disc surface.
! 2 . s 6 / 8 We now turn to the question of how well the averaged ra-

dial velocity in the disc agrees with the expectations of thi

Fig. 26.Radial variation of the time averaged valuexdbr model S5. Q'SC theory as descr'_bed by_equatlon (15)' We.comp'f'tefd the
The curves were obtained by time averaging between 500-@0B.0 time average oE(R), Tw(R), Tr(R) and using a simple finite
The dashedine corresponds to the Maxwell stress, thattedline to  difference approximation calculated the expected radial veloc
the Reynolds stress, and thelid line to the sum of these. ity profile Vg in the disc. The results are shown using do¢ted

line in figure (29), where the actual value\gf obtained in the

simulation is shown using trsolid line. Although the &ect of

fluctuations remain, the agreement between the predictegd an
flow at a diferent height in the disc. Theottedline corre- actual values is remarkably good. This demonstrates tleat th
sponds to the region withind < H/R about the midplane, vertically stratified turbulent discs considered here behary
whereAd = |6 — n/2|. Thedashedine corresponds to the re-much like standard discs when their evolution is considered
gion bounded byH/R < A8 < 2H/R, the dot—dashedtorre- ©Overlongtime scales. On short time scales, however, tfierdi
sponds to Pi/R < A@ < 3H/R, and thedot-dot-dot-dashetine ~ €nces are self—evident. We note that a comparison of the pre-
corresponds toB/R < A0 < (fmax OF fmin). The total radial dicted and actual values B¢ was undertaken for model S4 and
mass flux is shown by theolid line (and is the sum of all the gave rise to a very similar level of agreement.
other lines). Evidently negligible mass is transportedmup-
per most parts of the disc corona, as there is very little mass
there. The other three regions considered, however, all con
tribute significantly to the mass flux. In the outer regionthef In this paper we have presented the results of 3-D MHD sim-
disc the zone near the midplane appears to be transportisg maations of stratified and turbulent protoplanetary disawals.

Conclusions
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Radial velocity versus radius
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Fig. 28. The sum of the mass fluxes through the vertical boundary Bfg. 29. Comparison between the time averaged radial velocity ob-

the disc located at = 6pax aNdOin. tained in the simulationssflid line) and the predicted value ok
obtained from equation (15) shown by ttiettedline.

Our primary motivation is to develop disc models that can be

used to examine outstanding issues in planet formationasich  dominant turbulent core that is unstable to the MRI in re-
the migration of protoplanets, the growth and settling oftdu  gions within|Z| < 2.5H of the midplane, above and below
grains, gap formation and gas accretion by giant planets, an which exists a highly dynamic and magnetically dominated
the evolution and influence of dead-zones. Given that these corona which supports weak shocks and is stable against
phenomena occur on secular time scales, a key requirement isthe MRI. The engine that drives this structure is the MRI
the development of disc models which are able to achieve a sta which generates and amplifies magnetic field near the mid-

tistical steady state and sustain turbulence over longinuest

plane, which then buoyantly rises up into the low density

We examined the issue of numerical resolution, and found coronawhere it dissipates and flows out through the bound-

that disc models with= 15 vertical zones per scale height in

the vertical direction showed a continuing slow declinehigit

magnetic activity, and gave rise to relatively small valoés
(@). A suite of higher resolution runs witk 25 zones per
scale height achieved statistical steady states with satdie

aries at the disc surface. This is in basic agreement with
the shearing box simulations presented by Miller & Stone
(2000) and recent studies of thick tori orbiting around klac
holes (Hawley 2000; Hawley & Krolik 2001; Hawley et al.
2001; De Villiers et al. 2003).

(@) ~ 4x 1073, and it was shown that these models resolve- The velocity and density fluctuations generated by the mod-
the fastest growing modes of the MRI throughout the disc once els were found to be smaller than those obtained in cylindri-
a turbulent steady state has been achieved. For this reason w cal disc simulations using toroidal net flux magnetic field

focused on simulations performed using this higher regmiut

The key features of the resulting disc models are:

— Any toroidal magnetic flux that is initially present within

the disc is quickly expelled from the midplane due to mag-
netic buoyancy. This occurs on a time scale~-0.00 or-
bits, which is the time required for the MRI to grow and _
develop into non linear turbulence throughout the disc. The
disc then evolves as if it is threaded by an approximately
zero net flux magnetic field, such that high resolution is re-
quired to maintain turbulent activity.

— A guasi-steady state turbulent disc is obtained after run

times of between 250 — 500 orbits, depending on the model.
The volume averaged value of thffetive viscous stress
paramateta) ~ 4x 1073, and time averaged radial profiles
of @ yield variations of no more than a factor of two within

configurations (Nelson 2005; Fromang & Nelson 2005).
6p/po = 0.08 in the stratified runs whereas in the cylindri-
cal disc runs with net flup/po =~ 0.13. This has implica-
tions for the dynamics of dust, planetesimals and low mass
protoplanets in turbulent discs as their stochastic eiaiut

is driven by these fluctuating quantities.

The vertically, azimuthally and time averaged values of
the radial velocity in some of the disc models were com-
pared with the expectations of viscous disc theory, and were
found to give very good agreement. We conclude that, sub-
ject to a suitable time average, global evolution of these
stratified turbulent models is in good accord with standard
viscous disc theory (e.g. Shakura & Sunyaev 1973; Balbus
& Papaloizou 1999; Papaloizou & Nelson 2003)

There are a number of outstanding issues raised by our sim-

the active domains of the disc models. These results araiiation results. Fromang & Nelson (2005) reported the pres-
basic agreement with previous studies of cylindrical disence of anticyclonic vortices in turbulent unstratifiediogti-

(Hawley 2001; Papaloizou & Nelson 2003)

cal disc models. In the stratified models we present in this pa
The discs can be described as having a two—phase glgbed, however, we did not find any evidence of vortices. This

structure as a function of height: a dense, magnetically sudwuld be due to a number of reasons. First, the vertical-strat
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ification may prevent the formation of vortices near the midalbus, S. & Hawley, J. 1991, ApJ, 376, 214
plane. A study by Barranco & Marcus (2005) showed th&albus, S. & Papaloizou, J. 1999, ApJ, 521, 650
column—vortices in stratified discs are unstable and arektui Barranco, J. A. & Marcus, P. S. 2005, ApJ, 623, 1157
destroyed. They showed that vortices could form in the moBeckwith, S. V. W. & Sargent, A. |. 1996, Nature, 383, 139
strongly stratified upper regions of the disc which are mioamt Blaes, O. M. & Balbus, S. A. 1994, ApJ, 421, 163
one scale height above the midplane. In our simulationseth&randenburg, A., Nordlund, A., Stein, R. F., & Torkelsson, U
regions are typically dominated by magnetic fields, whose as 1996, ApJ, 458, L45
sociated stresses may prevent the formation of vorticeg thee Villiers, J., Hawley, J. F., & Krolik, J. H. 2003, ApJ, 599,
Second, we adopted a smaller azimuthal domain than Froman238
& Nelson (2005):7/4 versusr/2 and Z models. This may De Villiers, J.-P. & Hawley, J. F. 2003, ApJ, 592, 1060
prevent the formation of vortices, which were found to bee&uiFromang, S. & Nelson, R. 2005, MNRAS, 364, L81
extended inp by Fromang & Nelson (2005). We did not obFromang, S. & Papaloizou, J. 2006, A&A, 452, 751
serve any vortices in the cylindrical disc model C1 desdib&romang, S., Terquem, C., & Balbus, S. A. 2002, MNRAS,
in section 3.2, and this may be partly explained by the smalle 329, 18
azimuthal domain. Finally, the fierent magnetic field topol- Gammie, C. F. 1996, ApJ, 457, 355
ogy contained in the disc may play a role: Fromang & Nelsdiartmann, L., Calvet, N., Gullbring, E., & D’Alessio, P. 189
(2005) used a net flux toroidal magnetic field. In the stratifie ApJ, 495, 385
models, the toroidal flux is quickly expelled from the dis@mi Hawley, J. & Stone, J. 1995, Comput. Phys. Commun., 89, 127
plane and the evolution is more similar to that of a zero net fliHawley, J. F. 1987, MNRAS, 225, 677
disc. The cylindrical model C1 contained a zero net flux magtawley, J. F. 2000, ApJ, 528, 462
netic field. The properties of the field cafiext the turbulence Hawley, J. F. 2001, ApJ, 554, 534
and hence the formation of vortices. In particular, stroangelawley, J. F. & Balbus, S. A. 1991, ApJ, 376, 223
spatial and temporal variations in the stresses may caese Hawley, J. F., Balbus, S. A., & Stone, J. M. 2001, ApJ, 554,
surface density variations toftBr systematically between the L49
models presented here and those in Fromang & Nelson (20¢5wley, J. F., Gammie, C. F., & Balbus, S. A. 1995, ApJ, 440,
If the formation of vortices in the models described in Frogpa 742
& Nelson (2005) are related to the ‘planet modes’ describyed blawley, J. F., Gammie, C. F., & Balbus, S. A. 1996, ApJ, 464,
Hawley (1987), then theseftirences may explain the lack of 690
vortices seen in the stratified models and model C1. Thesehwwley, J. F. & Krolik, J. H. 2001, ApJ, 548, 348
sues, and their influence on the evolution of solid bodies wilgner, M. & Nelson, R. P. 2006, A&A, 445, 223
be explored in greater detail in a future paper. loannou, P. J. & Kakouris, A. 2001, ApJ, 550, 931

Finally, this is the first paper in a series which describeehansen, A., Klahr, H., & Henning, T. 2006, ApJ, 636, 1121
an approach to setting up models of turbulent, stratifiedoproKessler-Silacci, J., Augereau, J.-C., Dullemond, C. Palet
planetary discs capable of sustaining turbulence overtang 2006, ApJ, 639, 275
times. Future papers will present a systematic study of oliissauer, J. J. 1993, ARA&A, 31, 129
standing problems in planet formation theory, such as diskller, K. A. & Stone, J. M. 2000, ApJ, 534, 398
planetinteractions, dust and planetesimal dynamics, fiacte Mukhopadhyay, B., Afshordi, N., & Narayan, R. 2005, ApJ,
related to the presence of a dead zone. We also note that the$29, 383
models themselves can be further improved by including a Mgelson, R. & Papaloizou, J. 2003, MNRAS, 339, 993
alistic equation of state, heating and cooling of the dise] aNelson, R. P. 2005, A&A, 443, 1067
a self—consistent treatment of the evolving ionisatioctfcan  Nelson, R. P. & Papaloizou, J. C. B. 2004, MNRAS, 350, 849
and conductivity of the disc material. At the present time ir0'dell, C. R., Wen, Z., & Hu, X. 1993, ApJ, 410, 696
clusion of these physical processes is beyond current ctampiPapaloizou, J. C. B. & Nelson, R. P. 2003, MNRAS, 339, 983

tional resources. Papaloizou, J. C. B., Nelson, R. P., & Snellgrove, M. D. 2004,
MNRAS, 350, 829
ACKNOWLEDGMENTS Safronov, V. S. 1969, Evoliutsiia doplanetnogo oblaka6@.p

Shakura, N. I. & Sunyaev, R. A. 1973, A&A, 24, 337

The simulations presented in this paper were performedjusBicilia-Aguilar, A., Hartmann, L., Calvet, N., et al. 200%pJ,
the QMUL High Performance Computing Facility purchased 638, 897
under the SRIF initiative, and the UK Astrophysical FluidS§icilia-Aguilar, A., Hartmann, L. W., Bricefio, C., Muzdi®,
Facility (UKAFF). The research was funded by a PPARC re- J., & Calvet, N. 2004, AJ, 128, 805
search grant PE5075011. Staufer, J. R., Prosser, C. F.,, Hartmann, L., & McCaughrean,

M. J. 1994, AJ, 108, 1375
Steinacker, A. & Papaloizou, J. 2002, ApJ, 571, 413
Stone, J. M., Hawley, J. F., Gammie, C. F., & Balbus, S. A.
Afshordi, N., Mukhopadhyay, B., & Narayan, R. 2005, ApJ, 1996, ApJ, 463, 656

629, 373 Stone, J. M. & Norman, M. L. 1992, ApJS, 80, 753
Armitage, P. J. 1998, ApJ, 501, L189

References



S.Fromang & R.P.Nelson: Stratified protoplanetary discdef®

Turner, N. J., Willacy, K., Bryden, G., & Yorke, H. W. 2006,
ApJ, 639, 1218

Ziegler, U. & Yorke, H. W. 1997, Computer Physics
Communications, 101, 54

19



