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Abstract We investigate the Hall effect in a standard magnetizedaioer disk which
is accompanied by dissipation due to viscosity and magnesistivity. By consider-
ing an initial magnetic field, using the PLUTO code, we parf@a numerical magne-
tohydrodynamic simulation in order to study the effect oflld#fusion on the physi-
cal structure of the disk. Current density and temperatfitleeodisk are significantly
modified by Hall diffusion, but the global structure of theskliis not substantially
affected. The changes in the current densities and temyerat the disk lead to a
modification in the disk luminosity and radiation.
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1 INTRODUCTION

The accretion process is one of the most important partsaoffestmation theory. Accretion disks
are the birthplaces of stars and planets. The mechanism top\&hgular momentum is lost by the
material in accretion disks is a classic problem in astrefsy A major difficulty arises when we
have a magnetic field, as the formation and evolution of tek die greatly affected by such fields.
Magnetic tension appears to be one of the main sources dfig¢areguired to transport angular
momentum from the material in the disk to the environmentalluv it to spiral towards the central
object. In magnetohydrodynamic (MHD) simulations, it hagi shown that a weak field is able to
remove all of the angular momentum from the accretion flog. (Brice & Bate 2007; Mellon & Li
2008).

In a reasonable model of astrophysical disks, the turbeleaquired should be sufficiently
strong to enhance the efficiency of angular momentum trahsfib present, there are no gener-
ally accepted models that show how the flow in the disks isugied and turbulence is generated.
Turbulence may be generated due to various magnetohydaatygal instabilities which will be
dominant in differentially rotating and non-uniform gasealisks, but there are some uncertainties
regarding the exact origin of turbulence and the possili&srof the magnetic field, so the problem
is still controversial. Magnetorotational instability () is responsible for generating turbulence in
the disk which is related to the magnetic field and the rotedithe disk (Balbus & Hawley 1991).
We know that MRI can only arise if the field is not too strongcéese this would suppress the insta-
bility (Urpin 1996; Kitchatinov & Rudiger 1997). Simulatis of the magnetorotational instability
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in disks (Hawley et al. 1995; Matsumoto & Tajima 1995; Bramioierg et al. 1995; Torkelsson et al.
1996; Arlt & Rudiger 2001) have shown that the turbulenceegated from MRI is responsible for
an enhancement in the transport of angular momentum.

In a weakly ionized gas, non-ideal MHDs should be taken irdooant. In such a gas, the
charged particles have a drift velocity with respect to redygarticles. The Lorentz force only acts
on the charges and would be transmitted to the neutral fEst{dusty particles) through the drag
forces caused by collisions between the neutral and chaatidles (e.g. Konigl et al. 2010). The
relative drifts of charged particles with respect to thetredyarticles delineate three kinds of mag-
netic diffusivity: ambipolar, Hall and Ohmic. Ohmic and aimtlar diffusion dominate in regions
of relatively high and low density, respectively, while Hdiffusion dominates in the intermedi-
ate regimes between ambipolar and Ohmic diffusion. We exghet Hall diffusion dominates in
many regions that have molecular clouds (Wardle 2004), mpdatoplanetary disks (Sano & Stone
2002a,b). The importance and type of diffusion in disks aeentain because it is too difficult to ob-
tain detailed observations from protoplanetary diskstipaarly measurements of magnetic fields.
Several investigations have been done in order to makemabkomodels of the non-ideal MHD
effects in protoplanetary accretion disks, in particufe Hall diffusion effect (Braiding & Wardle
2012a,b; Wardle 1999; Balbus & Terquem 2001; Liverts et@D72 Shadmehri 2012).

When the field is moderately strong, the Hall component igrts the main contribution to the
electric resistivity tensor and will produce an electriddiperpendicular to both the magnetic field
and the electric current. This component is non-dissipdiivt it can change the geometry of the
magnetic field. Since performing numerical simulationshefitall effect is difficult, the role of Hall
diffusion in protoplanetary disks is neither fully undestl nor explored.

In this paper, the role of Hall diffusion in the structure abfoplanetary disks and the evolu-
tion of a magnetic field are simulated using 2.5D numericalDvdimulation with the PLUTO code
(Mignone et al. 2007) based on a mean field approximation gkt al. 2010). We have con-
structed a resistive viscous accretion disk threaded byakweagnetic field. We have adopted an
initial magnetic field distribution in which the disk magizettion . = B?z/P decreases radially
from the central object. As our study is based on a standatdrdbdel, due to its thickness, the
disk can be divided into small thin disks and in those ranesmagnetic field lines are almost
perpendicular into the plane of the disk.

We expect that the structure of the disk, the componentsroéistidensity and their properties
are affected by the magnetic field configuration and Halbgithn. In this paper we demonstrate a set
of time-dependent numerical MHD simulations to analyzedtad the effect of Hall diffusion on the
dynamics of accretion flow and on the components of curremsitie The physical structure of ac-
cretion disks and their observational properties involsgous factors such as fluid viscosity, central
star mass, rotation speed of materials, etc. The standardtmn disk (SAD) model shows a good
agreement between obtained data and observations (StkaBunayaev 1973; Frank et al. 2002), so
in this study the SAD model has been adopted. Turbulencsisyaed to arise from the development
of magnetic instabilities that are triggered in the disk méeer a magnetic field is present (Balbus
& Hawley 1991). In a special case, and not far from realityb&eefit from the azimuthal symmetry
of the disk and simulate the radius and elevation in a cyidadicoordinate system. Considering
heating and cooling, the accretion disk is defined by the 3datwofa Keplerian accretion disks
originally developed in Kluzniak & Kita (2000) and furtheisdussed by Regev & Gitelman (2002)
and Umurhan et al. (2006).

When the disk is divided into smaller meshes, the Hall efiecktthe generated transverse current
are calculated separately for each and an interpolatingifumthat approximates the current can be
obtained inside the disk and its atmosphere. Shakoura &&awstandard accretion disks dissipate
the energy used in the model because a standard disk effigatmdiates, and for that reason they are
thin; therefore we considér = er ande = ¢,/ Vi in which Vi is the Keplerian velocity at radius
andc; is isothermal sound speed. Anprescription is adopted for the viscosity of an accretimkd
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which has been used in hydrostatic models and its evolusi@omtrolled by a stress tensor. With
respect to viscosity, because of the slowing angular momnenf the fluid layers, we must anticipate
fluid collapse toward the central core and velocity emergirtge direction perpendicular to the disk
plane at the center of the disk. For magnetization of the, digkassume the initial magnetic field
and atmosphere of the disk to be functions of magneticBux Vi x %

2 NUMERICAL METHODS

In order to perform a numerical simulation, we use PLUTO (Mige et al. 2007). A set of axially
symmetric full viscous-resistive MHD equations in prot@pétary disks was adopted to perform
2.5D numerical simulations. In this manuscript we use thenfework presented by Murphy et al.
(2010), so the main equations are as follows.

The continuity equation

dp
St (w) =0, ®

the conservation of momentum equation

o
o T Vot B><(V><B)+ VP_—vq>G, )

and the conservation of energy equation

%—erv (E+Pt)v+(v~B)B+nmJxB—v-ﬂ:S. ©)

By adding Hall diffusivity, the induction equation becomes

0B .
E—FVX( va):—VX(nmJ-l-nHanJXB), (4)

wherep is the mass density, stands for the velocity vector arfg) = P+ %BQ shows total pressure,
in which P and B represent pressure and magnetic field, respectiely.V x B is current density,
1N, defines the magnetic diffusivitype = —\/% represents the gravitational potential of the
central mass anfl = —pvV o + L, represents a source function whéreis a cooling term. Hall
diffusion is represented byt .11, which was adopted as follows

B
Hall = , 5)
en

(&)

wheree is electron charge and. is the number density of charge carriers (electrons). Tdesficient
corresponds to the properties of conductive materialstanglue depends on the type, number and
characteristics of charge carriers in the flow. The valuénisf toefficient represents the transverse
Hall resistance; a greater number of charge carriers méleeiuid be more conductive and so in
this case the Hall effect does not have a significant role.naetstand the effect of Hall diffusion
on the structure of the accretion disk we adopt three values—ﬁ that are equal td, 5.0 and
10.0. Bigger values of this parameter correspond to a lower nturdbesny for the charge carrier
and consequently more influence from the Hall effect. Theaus stress tensor is defined by the
following relation

T =17, |[(Vv)+ (Vo)! - g(v )|, (6)
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wheren, is the dynamical viscosity and kinematic viscosity is dedirsy, = ’77”. Following
Murphy et al. (2010), in order to define the initial magnetidi we use the magnetic flux function
1 instead of the magnetic field3, whereB = %. We have assumed magnetic flux to be

7
m4

wuﬁ)_4amf(i>l , 7)

7
To 8

(m*+(2)°)

so thatBy = /uop (r0) Pa, and Py, is the thermal pressure of the disk. The parametés the
initial bending of the magnetic field lines which is sett635 in the simulation, as was adopted by
Murphy et al. (2010)u is the disk magnetization at= 0 which changes a3 x 10‘3%0.

In order to perform the simulation we need initial condispwhich were taken from the pertur-
bative solution of the steady-state MHD equations. For tiiteal structure of the disk, density and
pressure are assumed as the following, as adopted by Mutahy(2010)

_ 2 [ro 5¢2\ 79 :
pd_pdo{@ |:§_(1_7)7j|} ) (8)

5

3
Pd = DPd, (ﬂ> ; 9)
Pdo
in which pg, = ¢ deVK wheree = “j is the aspect ratio of the disk and is given by the ratio

between the isothermal sound speed and the Keplerian spleedated in the disk mid-plane.
The three components of the speed are employed as

2
Vra = —aned |10 — gAai—A 5— —— %, (10)
3 €2y2 r
[ Ce 2 622 GM
Ugd = [ ! 2 156 A( 5627’2) r’ (11)
Vzd = vrdfa (12)
r

whereA = L/ (1 + %«,?) and for the atmosphere above the disk we have set the valusd of
velocity components to zero. Furthermore, we set the pressud density of the atmosphere as

pa = pua () 77 (13)
pe = TSR () (14

In order to have a reasonable density contrast in all thelations we useg,, /pq, = 107
We will apply thea prescription for the disk’s viscosity. So, following ZanfiFerreira (2009) we
use the viscous expression as

GM GM)] r3 (15)

_ 4 2 _ £ _
vy =g |62 O)+5< R 7 GM -

In order to have faster simulations and follow the evolutidrthe disk under the Hall effect we
adopt a large value for the viscosity parameter,= 0.9. The mesh grid which we have used for
this simulation consists of 256 homogeneous cells in tharaitection (128 ¢) and 720 cells in
thez direction 875 r(), whererg is the inner radius of the disk.
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Fig.1 Log of Intensity of an angular magnetic field overplottedhwiiagnetic field lines fongan =
0.0. Upper panel is at time = 07k, and lower panel is at time= 250 7k, .

3 RESULTS

In this section, we present the simulations of the a thin retiged disk under effects of viscosity, a
magnetic field and Hall resistivity. All of the presenteduksare 2.5D numerical MHD simulations
based on a mean field approximation using the PLUTO code. iforpethe simulations we need to
normalize all the quantities. All the parameters have beemalized withr, the inner radius of the
disk and its corresponding quantities. Density, pressadenaagnetic field strength are normalized
by pd, s Pd, V}%O and+/pop (o) Pa,, respectively. As we stated in the last section, the vatxchiave

been normalized by the Keplerian veloc'v,ﬁ—y, so for the time steps we will use Keplerian orbital
periodrk, = 2710/ Vi, -

After running the program, which takes a relatively longdinwe have set a new output file in
a prescribed format for the PLUTO code to see the influenchetHall transverse resistance. We
run the program with 250 Keplerian rounds in the internaluaaf the disk and plot output values
for the coefficients. As is clear from the induction equatithe Hall transverse resistance mainly
affects the magnetic field, so, as a consequence, curresitylarill be affected by changes in the
magnetic field, through the MHD equations. We perform theuttions forn.; = 0, 1.0 and10.0.
In Figure 1 we have demonstrated the initial conditions efdjstem (upper panel) and its structure
int =250 7x,.
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Fig.2 The radial current density in the middle of the disk f@f.n = 0.0, nuan = 1.0 andngan =

10.0 at timet = 25.0 7k, .
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Fig.3 TheZ component of the current density in the middle of the diskj@n; = 0.0, nan = 1.0
andnuan = 10.0 at timet = 250 7k, .

As shown in Figures 2 and 3 for the cagg.; = 0.0, when the Hall effect does not have a
significant role, current density in directionsioénd?z is zero aftei70 7. In these cases, the number
of charge carriers is large and conductivity of the fluid i#ejhigh, so Hall diffusion does not have
an important role. However, by adding.;;, which means adding the Hall diffusion, a transverse
current will penetrate with its amplitude increasing withiacreasing Hall coefficient. This induced
current will be dampened far from the inner boundary of thekdbecause the role of the magnetic
field is dominant in the inner part of the disk.

Figure 4 shows the toroidal component of current densityferdnt radii. Addingng.; causes
the toroidal current to shift to the inner part of the diskisTthecrement in current density emerges
in other directions and produces current density inZtla@ds directions. However, Figure 4 shows
a small change whemy,;; = 1.0, but forng.; = 10 the change is considerable.

The behavior of the magnetic field for all considered values is investigated. Figure 5
shows the vertical profiles of the toroidal component of tregnetic field for different radii when
naan = 0, 1.0 and10. The symmetry of the original poloidal magnetic configuratimplies that the

toroidal field generated due to the Hall effect is anti-syrtrioevith respect to the equatorial plane.
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Fig.4 The component of the toroidal current density in the middi¢he disk fornm.n = 0.0,
NHall = 1.0, andnHau = 10.0 at timet = 250 TK -
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Fig.6 Ther-component of the magnetic field in the middle of the diskifggn = 0.0, ngan = 1.0
andnman = 10.0 at timet = 250 7k, .
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Fig.7 Thez-component of the magnetic field in the middle of the diskif@g = 0.0, nuan = 1.0
andnuan = 10.0 at timet = 250 7k, .
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Fig.8 The mass density in the middle of the disk f@f.n = 0.0, nan = 1.0 andnpan = 10.0 at
timet = 250 7k, .
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Fig.9 The pressure in the middle of the disk i@§.; = 0.0, nan = 1.0 andn.n = 10.0 at time
t = 250 7K,
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Fig.10 The temperature in the middle of the disk #@f.n = 0.0, gian = 1.0 andn.n = 10.0 at
timet = 250 7k, .
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Fig.11 The vectorplot of the current density in the disk and the ahere lower panel) and
the magnetic field linesupper pang) for ng.n = 0.0, 7gan = 1.0 andngan = 10.0 at time
t = 250 1, (solid, dot-dashed anddashed lines, respectively).
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The oscillating behavior of the induced toroidal magnegtdfdue to the Hall effect was previously
reported by Shalybkov & Urpin (1997).

As is clear in Figure 5, the structure of the poloidal comptred the magnetic field does not
change significantly due to the Hall effect. The toroidal pement of current density directly de-
pends on variations in the poloidal component of the magtfietid with respect to radial distance.
Hence, we expect that the toroidal current has larger vallrese the poloidal components of the
B-field vary rapidly with respect te.

In Figures 6 and 7 the- andz- components of the field with respectitare presented. They
clearly show that these components are not significantgctdtl by the Hall parameter. As is clear
from Figure 8, for different values of Hall coefficients, thes no change in the density of the
accretion flow, but a high value of the Hall coefficient,,; = 10.0, will significantly change the
pressure of the disk, see Figure 9. Knowing the pressurelanddnsity of the disk allows us to
calculate the disk temperature at every point of a mesh gtiére the value of temperature as an
output of the program is calculated.

Figure 10 shows the variation of temperature along the sagfithe disk for the time when the
Hall coefficient changes. For higher values of the Hall cofit, ., = 10.0, the temperature of
the disk will decrease in the inner part of the disk as conp@wethe case where the Hall effect
does not have any role, but for lower valuesngf,;; there is no considerable change. Since Hall
diffusion occurs when the magnetic field is strong, we expesee its footprints in the inner part of
the disk. In Figure 11 we have illustrated the vector plot Borchation of current density inside the
disk (lower panel) forg.; = 10.0. It is clear that the Hall coefficient has a greater effedtieshe
disk as compared to the outside and the surrounding atmasg¥iagnetic field lines, as shown in
Figure 11 (upper panel) after time pas&88 7 for different coefficients, are illustrated. When Hall
diffusion becomes more important by adding.;;, the magnetic field lines are curved toward the
disk plane. For the magnetic field lines, which are at a lowgl@with respect to the disk plane,
changes due to Hall diffusion are not remarkable. This mézatHall diffusion mainly affects the
outer magnetic field lines.

4 CONCLUSIONS

In the accreting gas which is partially ionized, the magniééild will freeze in an electron fluid due
to resistivity. In this case non-ideal MHD should be taketo iaccount. The difference in the mean
electron velocity and the center-of-mass fluid velocityegivise to a Hall effect in the accreting
gas. It has been shown that in protoplanetary disks aroundgystars, the Hall diffusion can be
important, and therefore must be taken into account ingé@alinodels of such systems. In previous
investigations, researchers usually ignored the Halludiéfn in the simulation of the protostellar
disk because of its difficulty.

In this paper, we perform a 2.5D numerical simulation of aste® accretion disk treated by
a weak magnetized field by adding the Hall effect using the PQWode. In the formation and
evolution of the protostellar disk, its size and rotatiobhahavior, and the components of current
density, magnetic diffusion, and in particular Hall diffois, are clearly important. This simulation
has been used to show that Hall diffusion can effectivelyhgleahe dynamics of accretion flow in a
protostellar disk.

In this simulation we take into account both the Hall diffusiand magnetic resistivity in an
induction equation. We have shown that this relatively $eanpodel can be used to explain the
importance of Hall diffusion on the structure of a magneatipeotostellar disk. The structure of the
poloidal component of a magnetic field does not significactignge due the Hall effect.

We have shown that by adding.,;, the toroidal component of current density will shift to the
inner part of the disk, but, when adding the Hall diffusiotransverse current will penetrate with its
amplitude increasing with an increasing Hall coefficierfieTesults show that the induced current
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will be dampened far from the inner boundary of the disk, sittee role of the magnetic field is
dominant in the inner part of the disk.

It would be interesting to study the influence of Hall transeeresistance on outflow and wind
in a future investigation to find out how this would changegbkitions.
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