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Abstract The effects of viscosity on the circumplanetary disks riegjdn the vicinity of
protoplanets are investigated through two-dimensiondtdgynamical simulations with
the shearing sheet model. We find that viscosity can affeqigties of the circumplane-
tary disk considerably when the mass of the protoplanktjsS 330, whereMg is the
Earth mass. However, effects of viscosity on the circumgtiary disk are negligibly small
when the mass of the protoplanet, = 33Mg. We find that when/,, < 33Mg, vis-
cosity can disrupt the spiral structure of the gas aroungldieet considerably and make
the gas smoothly distributed, which makes the torquesecen the protoplanet weaker.
Thus, viscosity can make the migration speed of a protoplaner. After including vis-
cosity, size of the circumplanetary disk can be decreasedfagtor of> 20%. Viscosity
helps to transport gas into the circumplanetary disk froendtferentially rotating cir-
cumstellar disk. The mass of the circumplanetary disk cambeeased by a factor of
50% after viscosity is taken into account whér, < 33Mg. Effects of viscosity on the
formation of planets and satellites are briefly discussed.

Key words. accretion, accretion disks — hydrodynamics — planets atelli¢as: for-
mation — Solar system: formation

1 INTRODUCTION

Up to date, more than 500 exoplanets have been detected oftbst exoplanets are gas giant planets,
as massive planets are preferentially observed by curegtettion methods. Thus, it is important to
understand the formation process of gas giant planets.rdowpto the core accretion model, a solid
core with several\/q, forms first through coagulation of planetesimals in thewinstellar disk. The
protoplanet captures a hydrostatic envelope when its nsaless thanm\/,, < 10Mg (Mizuno 1980;
Stevenson 1982; Bodenheimer & Pollack 1986; Pollack et%61Ikoma, Nakazawa & Emori 2000;
Ikoma, Emori & Nakazawa 2001; Hubickyj, Bodenheimer & Ligea2005). Ikoma et al. (2000) showed
that run-away gas accretion is triggered when the solid c@ss exceeds 5 — 200, the protoplanet
quickly increases its mass by gas accretion. A gas gianepkrguires almost all of its mass in the
run-away gas accretion phase.

Since gas accreting from a differentially rotating circtieliar disk has nonzero angular momentum,
a circumplanetary disk can form around the protoplanetifeama & Watanabe 2002). The circumplan-
etary disk can influence many aspects of the protoplanetefample, previously, when calculating
the torque on the protoplanet, the contribution of gas st whole Roche lobe (or Hill radius) is
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neglected. This may be not appropriate. The size of the miptanetary disk may be smaller than the
Roche lobe (as shown in Section 3.2); therefore, when ctiogl the torque on the protoplanet the gas
inside the Roche lobe but beyond the outer boundary of tlcerwiplanetary disk should be taken into
account. Also, properties of the circumplanetary disk ceteinine the evolution of protoplanet and its
resulting mass. Finally, satellites form in the vicinitytbg protoplanet; studying the properties of the
circumplanetary disk helps to investigate the formatiarcpss of the satellites.

Gas accretion process onto a protoplanet have been ineestign global simulations by many
authors (e.g. Bryden et al. 1999; Kley 1999; Lubow, SeibeAr@ymowicz 1999; Kley, D’Angelo &
Henning 2001; D’Angelo, Henning & Kley 2002; Bate et al. 2003Angelo, Kley & Henning 2003).
However, since the main purpose of these studies was gamfiommand planet migration on a large
scale, the region in the vicinity of the protoplanet has rexrinvestigated with sufficient resolution.
Thus, in their simulations, properties of the circumplamgtdisk were not thoroughly explored. The
fine structure of the circumplanetary disk has been invatty with shearing sheet models without
viscosity (Tanigawa & Watanabe 2002; Machida et al. 2008¢litéa 2009; Machida et al. 2010). A
guestion is the mechanism of angular momentum transpdrneicitcumplanetary disk in their models.
Gravitational interaction between the protoplanet andagasproduce spiral shocks inside the Roche
lobe (or Hill radius) of a protoplanet. Gas flows into the Hiflhere of a protoplanet through the inner
and outer Lagrange points. The gas that flows into the Rod}esftom the inner (outer) Lagrange point
will undergo a strong shock on the opposite outer (inner)raage side of the Roche lobe, angular
momentum is lost through the collision between gas and shaoidke gas spirals inward toward the
protoplanet as a result of successive shocks.

Obviously, there should be viscosity in the circumstellmkdwhich drives the gas flow in the
disk toward the central star. The most promising origin @tesity in the circumstellar disk should
be magnetic turbulence generated by the magnetorotatiwstability (MRI) (Balbus & Hawley 1991;
1998). Previous work found that despite the ionization @ite circumstellar disk is low, magnetic
field can remain dynamically important, and MRI perturbasa@an grow under a wide range of fluid
conditions and magnetic field strengths (Salmeron & War@@53. Viscosity may play important roles
on the properties of the circumplanetary disk. The angutamentum profiles of a circumplanetary disk
may be affected significantly by viscosity. Also, viscodiglps to transport gas into the circumplanetary
disk from the differentially rotating circumstellar disthe mass of the circumplanetary disk may be
affected by viscosity significantly. Therefore, it is of gtémportance to study the effects of viscosity
on properties of circumplanetary disk.

In this paper, we study the effects of viscosity on circumptary disks with the shearing sheet
models. We use an anomalous stress tensor to mimic the shess ariginated from magnetohydrody-
namic (MHD) turbulence. In Section 2, we describe our madeésults are described in Section 3. We
discuss and summarize our results in Section 4.

2 MODEL
2.1 Equations

We confine our models to two-dimensions. We assume that tjgeteature is constant and that the self-
gravity of the disk is negligible. The orbit of the protopédiis assumed to be circular in the equatorial
plane of the circumstellar disk. The protoplanet is notvedid to migrate.

We consider a local region around a protoplanet, using thargig sheet model (e.g. Goldreich &
Lynden-Bell 1965). We take local Cartesian coordinateatitog with the protoplanet with the origin at
the protoplanet and the— andy— axes in the radial and azimuthal direction of the disk, retpely.
We solve the equations of hydrodynamics without self-gyavi
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whereY: is the surface density, is the velocity,P is the vertically integrated gas pressudejs the
gravitational potentialf2, is the Keplerian angular velocity of the protoplanet,is the unit vector
along the rotation axis of the protoplanét,is the vertically integrated anomalous stress tensor. We
adopt an isothermal equation of state,

P =% (3)
wherec; is the sound speed. The angular velocity of the protoplagiten by
GM, 1/2
QP = ( 3 ) (4)
ap

whereG, M. anda, are gravitational constant, the mass of the central statl@ndrbital radius of the
protoplanet, respectively. The gravitational potensajiven by

GM,

r

3
@:—?ﬁﬁ— (5)
where), andr are the mass of the protoplanet and the distance from thercefthe protoplanet, re-
spectively. The first term is composed of the gravitatiomdptial of the central star and the centrifugal
potential. The second term is the gravitational potenfisthe protoplanet. The Hill radius inside which
the protoplanet gravity dominates is defined as

M 1/3
R =(312) @ ©
Using the Hill radius, we can rewrite equation (4) as
3z2 3R}
e=0 (‘7‘ H) @)

We use the stress tensdrto mimic the shear stress, which is in reality magnetic stiessociated
with magnetohydrodynamics (MHD) turbulence driven by thegmetorotational instability (MRI). We
assume that the only non-zero component of the stress téhsor

Ovy ~ O0vy
Ty = (G2 + 52) ®)

This is because MRI is driven only by the shear associateld aribital dynamics. In equation (7),
= Yac? Q. a, cs and(Yy, are viscosity coefficient, sound speed and Keplerian angalacity about
the protoplanet, respectively. Previous paper (e.g. Bamal, Nelson & Snellgrove 2004) studying the
interaction between a protoplanet and magnetized cirallasdisk found thaty ~ 3 x 1073. The
maximuma used in this paper i3 x 1073,

In this paper, we normalize length by the scale height of theumstellar diskh = ¢,/Q,, time
by the inverse of the Kplerian angular velocity of the prdﬂmmtﬂzjl, and the surface density by the
unperturbed surface density of the standard solar nebwdédehiHayashi 1981; Hayashi et al. 1985).

2.2 Numerical method

The numerical simulations are performed using the ZEUS-@@eqStone & Normal 1992a; 1992b).
Our initial settings are similar to those of Machida et a0@8). The gas flow has a constant shear in the

z—direction as
3
v = (0.-3) ©

Initially, the gas has uniform surface density of the ungpdaed disk. In this paper, our standard com-
putational domain is thdt:| < 6(= xa.) and|y| < 12(= yma. ). We adopt logarithmic spacing grids
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with the finest resolution{z = 0.003) around the protoplanet. The total number of grids for canst
dard computational domain )0 x 1000, the resolution is high enough to study the circumplanetary
disk in the vicinity of the protoplanet. We inject gas wittetlinearized Keplerian shear gn= v,,4,

(0 <z < Tmaz) ANAY = —Ymaz, (—Tmaz < x < 0). For the rest of the boundaries, we adopt outflow
boundary conditions.

In order to avoid singularity in the proximity of the protaplet, the gravitational potential of the
protoplanetis smoothed in its neighborhood with

GM,
R R REE 4o
wherer,, is the smoothing length of the protoplanet’s potential hiis paper, we choosg,,, = 0.05.
Tanigawa & Watanabe (2002) showed that, = 0.05 is safe to study the properties of the circumplan-
etary disk in the vicinity of the protoplanet.

In the run-away gas accretion phase, accretion by plan@nsegligible. There should be accre-
tion, neglecting accretion is unphysical. Therefore, weusth mimic the accretion process by planet.
Because the growth timescale of a planet is much longer thatypical time of our simulations, we
should have a constant accretion rate which is independamtthe parameters used to mimic the ac-
cretion process. As done by Tanigawa & Watanabe (2002) ahéngide-,;,, .. is removed by a constant
rate[X" ! = ¥ (1 — At)], At(< 1) is a time step of the calculations, and supersarijstthe number
of numerical time step. Tanigawa & Watanabe (2002) havedette effects of,, andr;,, on the
accretion rate of the planet. They found that the resultsad@epend on the values of,,, andr,;,; as
long asrg,, = rsink < 0.07. In this paper, we set,,,, = rsni = 0.05.

2.3 scaling

In the standard solar nebular model (Hayashi 1981 ; Hayashi£985), the temperatuiig sound speed
cs, and gas density, are given by

LN\NY* 0 \-1/2
T =280 [ — ( p ) 11
(LQ) LAU (1)
whereL and L, are the protostellar and solar luminosities;
1/2 1/2 1/2
cs = <k—T> =1.9x10* (%) <&> cm/s (12)
wme 2

wherey = 2.34 is the mean molecular weight of the gas composed mainiy.oénd H e; and
B 9 ap —11/4 3
po=1.4x10 (—IAU) g/em?, (13)

respectively. When the values 8f. = 1M andL = 1L, are adopted, using equations (4), (11) and
(12), we can describe the scale heiglas

_ 1 _ap \?/*
h=5.0x% 10 (1AU) em. (14)
The mass of the planet in unit of Jupiter mass can be descaibed
M, M.\ Y a, \¥4 Ry \®
— =0.12 — 15
M.y (1M®) (1AU) h (15)

In this paper, we assume thaf. = 1My, L = 1Lq. The planet is located at, = 5.2AU.
Therefore, the temperature of the gagis= 123K. Because our shearing box just represent a local
region around the planet, we further assume that the tertyeria uniform in the whole computational
domain.

In the paper below, the Hill radiugy is in unit of h. Intable 2,Ry = 0.4, 0.5 and0.63 correspond
to planet mass a#.026, 0.05 and0.1 Jupiter mass, respectively.
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Fig.1 Specific angular momentum (upper-panel) and
surface density (lower-panel) of the circumplanetary
disks for a16.5M protoplanet as a function of dis-
tancer from the protoplanet with different sheet size.

It can be seen that the effects of sheet size on the struc-
ture of the circumplanetary disk are negligible as long
as the sheet size is much larger than the Hill radius.

Table 1 Parameters for the test models

Models Sheet size Grids Ry
MOO05VO0 12 x 24h 500 x 1000 0.5
BMOO5VO 24 x 48h 656 x 1312 0.5
SMO05V0 6 x 12h 358 x 716 0.5

oo o|R

2.4 Testsof the effects of sheet size on theresults

In this section, we study the effects of sheet size on thetire of the circumplanetary disk inside
the Hill radius. We find that the flow structure inside the Kiphere (or circumplanetary disk) does not
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Fig.2 Contours of logarithm surface density of the
circumplanetary disks surrounding protoplanets with
mass of8.5, 16.5 and 33Mjg, (top to bottom rows).
The top row panels show the circumplanetary disks
surrounding &.5Mg, planet. In the top row, the left-

, middle- and right-hand panels correspond to mod-
els M0026V0 & = 0), MO026V1 @ = 10~3) and
M0026V2 (@ = 3 x 107?), respectively. The mid-
dle row panels show the circumplanetary disks sur-
rounding al6.5Mg planet. In the middle row, the left-

, middle- and right-hand panels correspond to models
MO0O05VO0 (o = 0), MOO5V1 (o = 10~2) and MO0O5V2

(o = 3 x 1073), respectively. The bottom row panels
show the circumplanetary disks surrounding3a/q,
planet. In the bottom row, the left-, middle- and right-
hand panels correspond to models MO1V0 £ 0),
MO1V1 (@ = 1073) and MO1V2 (v = 3 x 1073),
respectively.

depend on the computational box size as long as the size ik farger than the Hill radius. Here we
justtakeRy = 0.5, = 0 as a example. Table 1 lists the parameters offthe= 0.5 tests.

Fig.1 shows the specific angular momentum (upper-panelaridce density (lower-panel) distri-
bution of the circumplanetary disks fo&.5Mg protoplanet with different sheet size. From this figure,
we can see that the effects of sheet size on the structure afirtumplanetary disk are negligible as
long as the sheet size is much larger than the Hill radius.rékelts shown in Section 3 is calculated
with our standard sheet siz@ x 24h.
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Table 2 Parameters for all of our models

Models Ry M,y [
MO026V0 0.4  8.5Mg 0
M0026V1 0.4  85Mg 1073
M0026V2 0.4  85Mg 3 x1073
MOO5VO 0.5  16.5Mg 0

MOO5V1 0.5  16.5Mg 1073
MO05V2 0.5 16.5Mg 3 x 1073
MO1VO  0.63  33Mg 0
MO1V1  0.63  33Mg 10-3
MO1V2  0.63 33Mg 3 x 1073

3 RESULTS

Table 2 lists all of the models in this paper. We find that allh&f models have settled into their steady
state before 20 orbits, so that the results shown belaw=at5 orbits are fully relaxed.

In order to investigate the effects of viscosity on the ainplanetary disk, for each protoplanet with
different mass, we carry out three simulations with differéiscosity coefficiente. We find that when
the protoplanet mas¥/,, 2> 33Mg, the effects of viscosity are negligible.

3.1 Circumplanetary disk structure and migration of protoplanets

Fig.2 shows the circumplanetary disks structure arountbptanets with mass ¢.5, 16.5 and33 Mg,
(top to bottom rows). The top row panels show the circumptayedisks surrounding & 5Mg proto-
planet. In the top row, the left-, middle- and right-hand@arcorrespond to models M0026V® & 0),
M0026V1 (@ = 10—3) and M0026V2 & = 3 x 1073), respectively. The middle row panels show
the circumplanetary disks surroundinglé.5M protoplanet. In the middle row, the left-, middle-
and right-hand panels correspond to models MOO5¥0= 0), MOO5V1 (o« = 10~3) and MO05V2
(a = 3 x 1073), respectively. The bottom row panels show the circumpkyedisks surrounding a
33Mg protoplanet. In the bottom row, the left-, middle- and rigjiaind panels correspond to models
MO1VO (o = 0), MO1V1 (o = 103) and MO1V2 @ = 3 x 10~3), respectively. It can be seen clearly
that as the mass of the protoplanet increases, the spinatste of the circumplanetary disk becomes
more prominent, higher mass protoplanet can excite highelitude spiral shock.

For the protoplanet with mass 8f5 M, with the increase of strength of viscosity, the spiralstru
ture is getting weaker. The spiral structure completelapiiears when = 3 x 102 and the circum-
planetary disk is nearly axisymmetric about the protoplaRer a8.5M g protoplanet, the maximum
surface density of the spiral waves is only 2 times biggen i@ minimum surface density; the am-
plitude of the spiral wave is weak, viscosity can easily @Wiisithe spiral structure and make the gas in
the circumplanetary disk smoothly distributed. For thetgptanet with mass of6.5 Mg, viscosity also
makes the spiral structure of the circumplanetary disk wedbut the effect is small compared to the
smaller protoplanet mass casé( = 8.5Mg). This is because with the increase of the mass of the pro-
toplanet, the amplitude of the spiral waves gets highecogity can hardly affect the spiral structure.
It can be seen that when the protoplanet mass rea8h¥fs,, viscosity almost plays no roles on the
circumplanetary disk structure.

The protoplanet excites spiral density waves at the Lirdibdsonance and the torques exerted on
the protoplanet as the reaction of exciting waves make thi of the protoplanet around central star
change. Previous works (Lubow et al. 1999; Tanigawa & Wdiarz902) found that the spiral structure
around the protoplanet can affect the torques significalitlyhe limiting case, if the gas distribution
around a protoplanet is perfectly axisymmetric about tregpianet, the torques exerted on the pro-
toplanet will be zero. From Fig.2, we find that viscosity casrapt the spiral structure considerably
when the mass of protoplangf, < 33Mg. Thus, we can expect that when the protoplanet is small

~

(M, < 33Mg), viscosity can affect the torques exerted on the protopleoresiderably.
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It is always believed that the gas inside the Hill sphere oflangt migrates with the planet.
Therefore, in most previous works, when calculating theguerexerted on a planet, the contribution
from the gas inside the Hill sphere is completely excludedweler, Crida et al. (2009) showed
that the gas bound to the planet (circumplanetary disk) @xigts inside0.5Rg. In the region
0.5Ry < r < Ry, the gas is not bound to the planet. Therefore, when caingldie torque, the
gas inside the Hill sphere should not be excluded completely

Now, we quantitatively study the effects of viscosity on tbeues exerted on a protoplanet. Since
we adopt the local approximation, the net torque in our satiah becomes exactly zero. But an actual
net torque is not zero, owing to slight asymmetry of densigyribution, temperature and the curvature
of the protoplanet orbit. The net torque exerted on the jplattet is roughly proportional to the one-
side torque exerted by the gas exterior to the orbit of théoptanet (Tanigawa & Watanbe 2082)
therefore, the one-side torque would be a clue to solve theation problem. Because we adopt the local
approximation, we just discuss the effects of viscositylendne-side 'force’ exerted on the protoplanet.
The 'force’ corresponds to the torque divided by the semimakis of the protoplanet. The one-side
force exerted on a protoplanet is defined by

Tmax Ymax

Fy out Tmask / / 2_9 Tmask)dydx (16)
Ymax

wherer,,,.si is the artificial inner limit of the force integration, afdds the step function. If > 7,4k,

6 = 1, otherwised = 0. The 'force density’ is defined a&(z) = [V Eg—jdy.

Ymax

0.01¢
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0.1 1.0

r
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Fig.3 Gravitational force exerted on ttge5 Mg, pro-
toplanet from disk gas i > 0 as a function of
mask, Within which gas is excluded from force inte-
gration. In this figure, the solid, dotted and dashed lines
correspond to models M0026V@ (= 0), M0026V1

(e = 107%) and M0026V2 & = 3 x 10~3), respec-
tively.

We showF), ... as a function of-,, .., for a protoplanet with mass &t5M¢ in Fig.3. In Section
3.2, we show that the outer boundary®$M s and16.5M4 protoplanets located inside = 0.22,
therefore we can focus on the torque exerted by the gas beyend.22. The gas int > 0 exerts a

1 Net torque is the difference of the two opposite-signed side-torques, and the ratio of the two one-side torques dates n
change very much when one change parameters such as plasebnt@mperature in linear regime. Thus, at least in thisneg
we can say that the net torque is proportional to one-sidgpitor
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Fig.4 Upper-panel shows the gravitational force ex-
erted on thel6.5Mg protoplanet from disk gas in

x > 0 as a function of,,,sk, within which gas is ex-
cluded from force integration. In this panel, the solid,
dotted and dashed lines correspond to models MO05V0
(a = 0), MOO5V1 (@ = 10~?) and MOO5V2 & =

3 x 10~%), respectively. Lower-panel shows the torque
density as a function of distance from th&5M g, pro-
toplanet. In this panel, the solid, dotted and dashed
lines correspond to models MOO5V® & 0), MOO5V1

(o = 1073)and MO05V2 & = 3x10~3), respectively.

negative torque on the protoplanet, which pushes the plastepmigrating towards the central star. As
expected, when the spiral structure around the planet ged&av, the force exerted on the protoplanet
is decreased significantly. Fig.4 (upper-panel) plgs..; as a function ot for a protoplanet with
mass ofl 6.5 M. Whena = 3 x 1073, the spiral structure is partially disrupted by viscosiich also
leads to the reduction of the torque exerted on the planetder to show clearly the 'torque’ is affected
by viscosity, the lower panel of Fig.4 plots the "torque dgnss a function of distance from the planet.
The case for &.5Mg protoplanet is similar. We find whef,, > 33Mg, the effect of viscosity on
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the torque exerted on protoplanets is negligible. We catecthat the viscosity can affect the torques
exerted on a protoplanets considerably by disrupting tiralsgructure of gas disk when the mass of
the protoplanet is small\(,, < 33Mg).

1.00F

angular momentum

0.01

Fig.5 Specific angular momentum of the circumplan-
etary disks surrounding &5Mg protoplanet. In this
figure, the solid, dotted and dashed lines correspond to
models M0026V0 ¢ = 0), M0026V1 @ = 1073)

and M0026V2 & = 3 x 107?), respectively. The long-
dashed line corresponds to the Keplerian angular mo-
mentum with respect to the protoplanet.

3.2 Circumplanetary disk size

Now, we investigate the effects of viscosity on the size efdtlicumplanetary disks. The radial edge of
a circumplanetary disk is taken as the point of turnover egpecific angular momentum of the disk.
Quillen & Trilling (1998) made a simple analytic predictiof the approximate circumplanetary disk
radii around accreting protoplanets. They assume thatabégws into the Hill sphere of a protoplanet
via the inner and outer Lagrange points. They also assunievtien the gas arrives at the Lagrange
points, the velocity, relative to the Lagrange points, igliggbly small. The Lagrange points have the
same angular velocity around the central star as the pinteplThe Lagrange points are approximately
located at
r=ap+ Ry a7

Thus, when the gas at the Lagrange points is captured by thepgbanet, its specific angular mo-
mentum relative to the protoplanet is
j~ R%Q, (18)

Assuming conservation of angular momentum when the aocgrgts flows towards the protoplanet, the
centrifugal radiusy., of the circumplanetary disk is

52 _GM,

(19)

which yields
re~ Ry /3. (20)
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Fig.6 Specific angular momentum of the circumplan-
etary disks surrounding ¥6.5 Mg, protoplanet. In this
figure, the solid, dotted and dashed lines correspond
to models MOO5VO ¢ = 0), MOO5V1 (@ = 1073)

and MO05V2 & = 3 x 10~3), respectively. The long-
dashed line corresponds to the Keplerian angular mo-
mentum with respect to the protoplanet.

Thus, the typical size of a circumplanetary disk should her@ximateR /3.

Fig.5 shows the specific angular momentum of the circumpdapealisks around &.5Mg pro-
toplanet. In this figure, the solid, dotted and dashed lirmesespond to models M0026V@ (= 0),
MO0026V1 (@ = 10~3) and M0026V2 & = 3 x 10~3), respectively. We can see the outer boundary of a
non-viscous circumplanetary disk (model M0026V0) arousdha/s, protoplanet locates at= 0.15,
the disk size does not differ greatly from tig; /3 prediction. Beyond = 0.15, the gas rotates around
the central star, the angular momentum becomes smallemaaites with increasing distance from the
protoplanet. The angular momentum relative to the protmgilaven becomes negative when the dis-
tance from the protoplanet is sufficiently big which is nobwh in Fig.5. When viscosity is included,
the size of the circumplanetary disk decreases. In model2d0Q, the outer boundary of the circum-
planetary disk locates at= 0.11, the size of the disk is reduced by a factor2Gf, compared to the
non-viscous disk. As can be seen from Fig.5, the specific languomentum of the circumplanetary
disk becomes lower after including viscosity, which is doghte outward angular momentum transfer
by viscosity. The variation of angular momentum at giveriuads determined by the divergence of the
viscous stress; at the outer boundary of the circumplaydtak, the divergence of viscosity is stronger
than that at other radii due to the stronger shear of the gasaifibe clearly seen from Fig.5), which
makes the decreasing amplitude of the angular momentune attier boundary much larger than that
of the gas at other radii. Therefore, the outer boundary efcircumplanetary disk is moved inward
when viscosity is taken into account.

Fig.6 shows the specific angular momentum of the circumpéamelisks around &6.5M¢, proto-
planet. In this figure, the solid, dotted and dashed linesspond to models MO05V@(= 0), MOO5V1
(o = 1073) and MO05V2 ¢ = 3 x 10~3), respectively. The outer boundary of the circumplanedisk
is also moved inward when viscosity is included. The outemutary of a non-viscous circumplanetary
disk (model MO05V0) around &.5Mg, protoplanet locates at= 0.22. In model MO05V2, the outer
boundary of the circumplanetary disk locates at 0.17, the size of the disk is reduced by a factor of
23% compared to the non-viscous disk. We find that when the platepmass\/,, > 33Mg, the effect
of viscosity on the size of a circumplanetary disk is negligsmall.
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Fig.7 The surface density averaged oyeagainstz

for the gas around protoplanets. The upper and lower
panels correspond &5 and16.5 Mg, protoplanets, re-
spectively. In the upper panel, the solid, dotted and
dashed lines correspond to models M0026%G 0),
M0026V1 (@ = 10~3) and M0026V2 & = 3 x 1073),
respectively. In the lower panel, the solid, dotted and
dashed lines correspond to models MOO5\0-¢ 0),
MOO05V1 (o« = 10~%) and MO05V2 & = 3 x 1073),
respectively.

Crida et al. (2009) have found that the size of the circumgtiaty disk~ 0.5R g, which is slightly
larger than that obtained in this paper. This is becauseaCGrg® a energy equation to solve internal
energy of the gas. With the energy equation, the collapskefjas onto the circumplanetary disk is
limited by the heating due to adiabatic compression, whigasgya wider circumplanetary disk than in
the locally isothermal case.

From Fig. 5 and Fig. 6, we see that the rotational velocityhefdisk around the planets is signifi-
cantly sub-Keplerian. The reason is as follows. In the fatiraction, gravitational force is balanced by
centrifugal force and pressure gradient force. If the teajoee of the gas is fixed, with the increasing
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Fig.8 Surface density of the circumplanetary disks
as a function of distance from the protoplanet.
The upper and lower panels correspond3té and

16.5 Mg, protoplanets, respectively. In the upper panel,
the solid, dotted and dashed lines correspond to mod-
els M0026VO0 ¢ = 0), M0026V1 @ = 103) and
MO0026V2 (o = 3 x 10~3), respectively. In the lower
panel, the solid, dotted and dashed lines correspond to
models MOO5V0 ¢ = 0), MOO5V1 (@ = 1073) and
MOO05V2 (o« = 3 x 10~3), respectively.

of planet mass, the centrifugal force will increase (rataai velocity increase). In our paper, the mass
of the planet is small (around 10 earth mass), so pressudiegtdorce is important, the gas rotates
sub-keplerian. Tanigawa, Ohtsuki & Machida (2012) fourat the gas around the planet rotates almost
Keplerian. The reason is as follows. In Tanigawa, Ohtsuki &diida, ApJ (2012), the temperature is
identical to that in our paper, but their planet mass is 1tdupiass which is much bigger than the planet
mass in our paper. Therefore, in Tanigawa, Ohtsuki & Mac(@d 2), the gas rotates almost keplerian.
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3.3 Circumplanetary disk mass

In the standard picture, a protoplanet residing in a cirdaelias disk can exert torques on the circumstel-
lar disk through the excitation of spiral density waves (&gldreich & Tremaine 1979). The angular
momentum carried by the density waves will be depositedarcticumstellar disk where the waves are
damped. The circumstellar disk gas exterior to the protmilarbit gets positive angular momentum
and thus moves outward. The circumstellar disk gas intésitite protoplanet orbit gets negative angu-
lar momentum and thus moves inward. For a low-mass proteplarpartial density gap forms along
the orbit of the protoplanet. However, the viscosity indilde circumstellar disk tries to transport gas
into the low density partial gap region, which makes the dgigsp less prominent. Viscosity can affect
the depth of the density gap around the orbit of the protagiland thus affects the circumplanetary disk
mass.

In Fig.7, we plot the surface density averaged avegainstz for the gas around protoplanets. The
upper and lower panels correspondtd and16.5Mg protoplanets, respectively. In the upper panel,
the solid, dotted and dashed lines correspond to models 8M@2 = 0), MO026V1 (x = 10~3) and
MO0026V2 (o = 3x10~3), respectively. In the lower panel, the solid, dotted arsheal lines correspond
to models MOO5V0 ¢ = 0), MOO5V1 (@ = 10~3) and MOO5V2 & = 3 x 10~3), respectively. It is
obviously seen that the protoplanets try to open a denshalymg its orbit. As expected, the protoplanet
in the inviscid gas produces a deeper and wider gap thansother

In Fig.8, we plot the surface density profiles of the circuamgtary disks around protoplanets.
The upper and lower panels correspon®ts and 16.5Mg, protoplanets, respectively. In the upper
panel, the solid, dotted and dashed lines correspond to Imdt26V0 ( = 0), MO026V1 (@ =
1073) and M0026V2 ¢ = 3 x 107?), respectively. In the lower panel, the solid, dotted ansheal
lines correspond to models M005V@ (= 0), MOO5V1 (@ = 10—3) and MO05V2 ¢ = 3 x 1073),
respectively. Viscosity makes it easier for gas flows towatwe protoplanet. Therefore, the surface
density of the circumplanetary disk in the viscous gas i©i@ighan that of the inviscid gas. We have
calculated the circumplanetary disk mass. Fersa/,, protoplanet, when = 3 x 103, the disk mass
is bigger than the inviscid disk by a factor&%. For a16.5Mg, protoplanet, whema = 3 x 1073, the
disk mass is bigger than the inviscid disk by an alteratiegieof50%. We find that whedf,, 2> 33Mg,
the effect of viscosity on circumplanetary disk mass is igéglly small.

3.4 Massaccretion rate

We talk about the mass accretion rate in this section. Weatatkit mass accretion rate in real unit (equa-
tions (11)-(15)). We assume that the planets locatg, at 5.2AU. Also, we assume that/. = 1M,
and L = 1Lg. In this paper, we find that the mass accretion rates for rigepus models M0026V0
(8.5Mg) and MOO5VO (6.5Mg) are2.2 x 107°M s, /yr and5.0 x 107°M z,,/yr, respectively.
Almost all of the numerical settings of Tanigawa & Watana®@02) are same as that in this paper. The
only difference is that their is no viscosity in Tanigawa & ¥faabe (2002). In Tanigawa & Watanabe
(2002), the smallest mass use®isV/g,. Therefore, we can not directly compare our result to theirs
Fortunately, in equation (19) in Tanigawa & Watanabe (200®y give the dependence of mass accre-
tion rate on the planet mass. Using their equation (19), thgsmccretion rate f&.5M g and16.5Mg
are2.02 x 1075M,,/yr and4.8 x 10~5M,,/yr, respectively. Our results for non-viscous gas are
consistent with that in Tanigawa & Watanabe (2002).

If viscosity is included, we find that the mass accretion beteomes higher. The mass accretion rate
for the viscous models M0026V2.6 M, anda = 3 x 10~3) and MO05V2 (6.5Mg anda = 3x 1073)
are4 x 107°M,,/yr and8.0 x 107°M ,,/yr, respectively. D’Angelo et al. (2002) using global
simulations to study the gas flow onto planets. Fér4\l,, planet, whem = 4 x 1073, they find
that the mass accretion rateli® x 107°5M s, /yr (Fig. 25 in their papers). For E5 M, planet, when
a = 4 x 1072, they find that the mass accretion raté i5 x 107°M ., /yr (Fig. 25 in their papers).
Given that the viscosity and planet mass are comparableeihs that the accretion rate found in this
paper is much higher than that obtained in D’ Angelo et al0@0The reason may be due to the
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depletion of the gas inside the orbital radius of the planehé global simulations in D’ Angelo et al.
(2002).

The Bondi accretion rates f8r5 Mg, and16.5Mg, planets located &2 AU arel x 10~ My, /yr
and3.8 x 10~*M,,/yr, respectively. The angular momentum of the gas makes th@leatcretion
rate much smaller than the Bondi accretion rate of the ptaié® must note that the mass accretion rate
obtained in this paper may be not accurate. This is becausideithe Hill radius, the gas may evolve
adiabatically, the increased temperature towards theeplaay make accretion rates smaller than that
obtained in this paper.

4 SUMMARY AND DISCUSSION

We investigate the effects of viscosity on the circumplanetlisks forming in the vicinity of the pro-
toplanet through two-dimensional hydrodynamical sinmafa with the shearing sheet model. We find
that viscosity can affect the properties of the circumpianedisk significantly when the mass of the
protoplanetV/,, < 33Mg,.

Local shearing-sheet approximation is only an approxiomatif the global model, and it may not be
appropriate for investigating the global evolution of thekdstructure. However, Muto et al. (2010) have
shown that the local shearing-sheet approximation andfolial model share many essential physics in
common. Muto et al. (2010) have also shown that the one-difaeal disk evolution model constructed
from the global model and the local model are very similaerBfiore we expect the local simulations
have captured the main physics of the circumplanetary disks

Physically we should use three-dimensional simulatiorstudy the circumplanetary disks inside
the Hill radius. However, as a first step, we carry out theseikitions in order to understand the basic
effects of viscosity on the circumplanetary disks. The tfumensional simulations can capture the
main physics of the disks. For example, the mass accretiencan be generated properly by two-
dimensional simulations because the accretion rate isrdgted mainly by the flow where > Ry
(whenr > Ry, the disk is very thin and two-dimensional simulations iswyh) (Tanigawa & Watanabe
2002). Although the 2D simulations can capture some pr@sedf the circumplanetary disk, some
important feature may lost in the 2D disks. For example, awa, Ohtsuki & Machida (2012) found
that most of gas accretion onto circumplanetary disks acoaarly vertically toward the disk surface
from high altitude, which can not be found in 2D simulatiolrsa subsequent paper, we will discuss
the effects of viscosity on the circumplanetary disks ir&dimensions.

In this paper, we use a smoothing length to smooth the gralatse to the planet. Muller (et al.
2012) find that for longer distances, the smooth length isrdehed solely by the vertical disk thickness.
For the planet case they find that outside H, when the value of,,, = 0.7H describes the averaged
force very well. However, for shorter distances the smagthieeds to be reduced significantly. In this
paper, in order to study the structure of circumplanetasikslwe adopts,, = 0.05H. This value is
proved to be safe to study the circumplanetary disks by Eaveg& Watanabe (2002).

In this paper, we just use an anomalous stress tensor to rthimishear stress, which is in reality
magnetic stress associated with magnetohydrodynamic (Mdibulence driven by the magnetoro-
tational instability (MRI). In a real turbulent circumpletary disk, the properties of the disk should
fluctuate with time, but we expect that the time-averagegeities of the turbulent disk should be con-
sistent with our results here. The spiral shocks in the anglanetary disk also can affect the amplitude
of the turbulent stress, but the effect is small when the ro&ise protoplanetis small\(, < 30Mg)
(Papaloizou et al. 2004). Thus, our calculations have cagdtthe main physics of the circumplanetary
disk.

To properly study the viscous circumplanetary disk, it isessary to include magnetic effects.
However, the gas in the circumstellar disk surrounding dgstar is just weakly ionized. Weakly ion-
ized plasma is subject to a number of non-idea MHD effectstdube collisional coupling between
the ionized species and the neutrals (e.g. ambipolar diffusffects) (Bai & Stone 2011). The mag-
netorotational instability (MRI), which is considered &g tmajor mechanism for angular momentum
transport via the MHD turbulence, is strongly affected by tton-idea MHD effects. Thus, it is neces-
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sary to study the non-idea MHD effects on the MRI before fartimvestigating the properties of the
magnetized circumplanetary disks.

We find that whenl/,, < 33Mg, viscosity can disrupt the spiral structure around a priaiogt
considerably and make the gas in the disk smoothly dis&ithuivhich makes the torques exerted on
the protoplanet weaker. Thus, viscosity can make the midgraipeed of a protoplanet lower. This is
helpful to solve the problem that a protoplanet quickly raigs to the vicinity of the central star before
becoming a gas giant planet.

According to the core accretion theory, the formation psscaf a gas giant planet can be divided
into three phases. (1) In phase 1, the solid core forms filsiciwhas a mass of several Earth mass.
(2) In phase 2, a spherically hydrostatic gas envelope artium solid core forms. The gas accretion
rate in this phase is very low. (3) After the point when theecorass and the envelope mass become
comparable, gas is accreted in a runaway fashion. The malsigm of the core accretion theory is
that the formation time of a gas giant planet exceeds thentigeof the circumstellar disk. Under the
assumption of spherical symmetry and gas in hydrostatidiequm, previous works found that the
time needed to complete phase 2 is comparable or exceeditifgtiime of the circumstellar disk (e.g.
Pollack et al. 1996). The reason for the longtime evolutiomphase 2 is that they assume spherical
accretion. The gravitational energy released in the aocrgirocess can not easily escape from the
system, the thermal pressure can support the envelopesagfaéngravity of the core, which decreases
the accretion rate in phase 2 significantly. Lin (Lin 200@pwsed that if a circumplanetary disk (instead
of a spherically hydrostatic envelope) exists around ars¢tarth mass protoplanet, the evolution time
of phase 2 may be decreased significantly. This is because idisk accretion case, the gravitational
energy released in the accretion process can easily escapéhfe surface of the circumplanetary disk.
However, our simulation found that when the protoplanenisl (several Earth mass), the size of the
circumplanetary disk is just 27% of the Hill radius,R, when viscosity is included (see Fig.4). Thus,
even though the existence of a circumplanetary disk can itiekormation time of a gas giant planet
smaller, we expect that the effect is not important becaussize of the disk is small enough compared
to the Hill radius.

Satellites may form in the circumplanetary disk. Reguldelfites around a gas giant planet are
considered to form according to a scenario similar to thenfdion of Earth-like planets in our Solar
system. The protosatellite forms by the accumulation thhanutual collision of the satellitesimals that
form after the dust grains sink towards the equatorial pterike circumplanetary disk (e.g. Stevenson,
Harris & Lunine 1986). After including viscosity, the detysof the circumplanetary disk increases,
which should be helpful for the formation of satellitesisiby the accumulation of dust grains. However,
the increase in density will result in the increase of opattits difficult for high opacity circumplanetary
disks to radiate its energy generated by gas accretion., Theisncrease of density may result in the
increase in temperature of the circumplanetary disks. é drgction of ice is found in some of the
Galilean moons around the Jupiter (Schubert, Spohn & Regri®186). This means that the temperature
of the circumplanetary disk should be low enough for wateiddemsation into ice (Canup & Ward 2002).
In this sense, the increase of density may make it difficulsédellite formation. In order to understand
the properties of the circumplanetary disk better, we nestlidy the viscous circumplanetary disk with
radiative transfer, which is beyond the scope of this paper.
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