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Abstract. Activity of the nuclei of galaxies and stellar mass 1 Introduction

systems involving disk accretion to black holes is thought

to be due to (1) a small-scale turbulent magnetic field inEarly work on disk accretion to a black hole argued that a
the disk (due to the magneto-rotational instability or MRI) large-scale poloidal magnetic field originating from say the
which gives a large viscosity enhancing accretion, and (2)interstellar medium, would be dragged inward and greatly
a large-scale magnetic field which gives rise to matter out-compressed near the black hole by the accreting plasma
flows and/or electromagnetic jets from the disk which also(Bisnovatyi-Kogan and Ruzmaikin, 1974, 1976) and that
enhances accretion. An important problem with this picturethis would be important for the formation of jets (Lovelace,
is that the enhanced viscosity is accompanied by an enhancelP76). Later, the importance of a weak small-scale magnetic
magnetic diffusivity which acts to prevent the build up of a field within the disk was recognized as the source of the
significant large-scale field. Recent work has pointed out thaturbulent viscosity of disk owing to the magneto-rotational
the disk’s surface layers are non-turbulent and thus highlyinstability (MRI; Balbus and Hawley, 1991). Analysis of
conducting (or non-diffusive) because the MRI is suppressedhe diffusion and advection of a large-scale field in a disk
high in the disk where the magnetic and radiation pressuresvith a turbulent viscosity comparable to the turbulent mag-
are larger than the thermal pressure. Here, we calculate theetic diffusivity (as suggested by MRI simulations) indicated
vertical ) profiles of the stationary accretion flows (with ra- that aweaklarge-scale field would diffuse outward rapidly
dial and azimuthal components), and the profiles of the large{van Ballegooijen, 1989; Lubow, Papaloizou, and Pringle,
scale, magnetic field taking into account the turbulent vis-1994; Lovelace, Romanova, and Newman, 1994, 1997). This
cosity and diffusivity due to the MRI and the fact that the has led to the suggestion that special conditions (nonax-
turbulence vanishes at the surface of the disk. We derivasymmetry) are required for the field to be advected inward
a sixth-order differential equation for the radial flow veloc- (Spruit and Uzdensky, 2005). Recently, Bisnovatyi-Kogan
ity v, (z) which depends mainly on the midplane thermal to and Lovelace (2007) pointed out that the disk’s surface layers
magnetic pressure ratj@>1 and the Prandtl number of the are highly conducting (or non-diffusive) because the MRI is
turbulenceP=viscosity/diffusivity. Boundary conditions at suppressed in this region where the magnetic energy-density
the disk surface take into account a possible magnetic winds larger than the thermal energy-density. Rothstein and
or jet and allow for a surface current in the highly conduct- Lovelace (2008) analyzed this problem in further detail and
ing surface layer. The stationary solutions we find indicatediscussed the connections with global and shearing box mag-
that a weak §>1) large-scale field does not diffuse away as netohydrodynamic (MHD) simulations of the MRI.
suggested by earlier work. Here we calculate the profiles through the disk of station-
ary accretion flows (with radial and azimuthal components),
and the profiles of a large-scale, weak magnetic field tak-
ing into account the turbulent viscosity and diffusivity due
to the MRI (in ana-description)andthe fact that the turbu-
lence vanishes at the surface of the disk. A full explanation

Correspondence tdR. V. E. Lovelace of this work will be given elsewhere (Lovelace, Rothstein,
BY (rvil@cornell.edu) and Bisnovatyi-Kogan, 2009). Related calculations of the
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disk structure were done earlier byKigl (1989), Li (1995), order of h=c,0/ Rk, is much less tham. Thus we have
Ogilvie and Livio (2001) but without taking into account the the small parametes=h/r=c;0/vx <1. In the following
absence of turbulence at the disk’s surface. Recent work callere use the dimensionless heightz/h. The three mag-
into question ther-description of the MRI turbulence in ac- netic field components are assumed to be of comparable
cretion disks and develops a closure model which fits shearmagnitude on the disk’s surface, bBit=0=B, on the mid-

ing box simulation results (Pessah, Chan, and Psaltis, 2008plane. On the other hand the axial magnetic field changes by
Furthermore, there is evidence that the MRI turbulence re-only a small amount going from the midplane to the surface,
tains dependences on the microscopic viscosity and diffu-A B,~¢B,< B, (from V-B=0) so thatB,~ const inside the
sivity and consequently on the microscopic Prandtl numberdisk. As a consequence, thé;/or terms in the magnetic
(Lesur et al., 2007, Fromang et al., 2007). Analysis of theseforce in Eq. (1) can all be dropped in favor of th&;/9z
issues is deferred to a future study. terms (with j=r, ¢). The velocity components are assumed
to satisfy v2«c%, and vZ«wv3. Consequentlyy,(r, z) is
close in value to the Keplerian valug (r)=(GM/r)Y/2.
Thus,dvs/0r=—(1/2)(vs/r) to a good approximation.

With these assumptions, the radial component of Eq. (1)

2 Theory

We consider the non-ideal magnetohydrodynamics of a thin
axisymmetric, viscous, resistive disk threaded by a large9'V€S
scale dipole-symmetry magnetic fieRl We use a cylin- 5, = ) Ju
drical (r, ¢, z) inertial coordinate system in which the time- 8; =i—p (1-k, 82—1/[;)4—062,3& (ﬁg 8{) , (4)
averaged magnetic field B=B,f + By ¢+ B, 2, and the time-

averaged flow velocity is:vrf+v¢,<}b+v12. The main equa- where p=p(r, z)/po With po=p(r,z=0). The midplane

tions are plasma beta ig$=4rnpoc2,/B3 , wherek,=—dInp/dlnr is
dv 1 assumed of order unity ang=pc?. Note thatB=c2,/v2,
PE=—VP+PQ+;J x B+F", (1) wherevso=Bo/(4npo)¥/? is the midplane Alfén velocity.

The rough condition for the MRI instability and the asso-

9B ciated turbulence in the disk i8>1 (Balbus and Hawley,
—=Vx(vxB)-V x (nV x B). (2) 1991). In the following we assumg>1, which we refer to
ot as a weak magnetic field. We normalize the field compo-
These equations are supplemented by the continuity equarents byBo=B. (r, z=0), with b,=B,/Bo, by=B,/Bo, and
tion, by V x B=4rJ/c, and byV - B=0. Here,n is the  b,=B./Bo~1. Also, ug=vs(r, z)/vk (r) and the accretion
magnetic diffusivity,F’=—V - TV is the viscous force with  speedu,=— v, /(acs0). For the assumed dipole field sym-
T]sz—pv(avj/axk+8vk/8xj—(2/3)81kV -V) (in Cartesian  metry, b, andbg are odd functions of whereas:, andu
coordinates), and is the kinematic viscosity. are even functions.

We assume that both the viscosity and the diffusivity are  In a similar way one can derive an equation & /3¢
due to magneto-rotational (MRI) turbulence in the disk sofrom the toroidal component of Eq. (1). Thecomponent

that of Eq. (1) corresponds to hydrostatic equilibrium fs 1.
2 Equations foug /3¢ andab, /d¢ follow from Eq. (2).

v=Pn=a=2¢(z), ©) Integration of thedb,/d¢ equation from¢=0 (where
Sk by=0 andou /93¢ =0) to the exterior of the disk ¢, where

whereP is the magnetic Prandtl number of the turbulence g=0) gives the average accretion speed,
assumed a constant of order unity<1 is the dimension-

less Shakura-Sunyaev (1973) parametgris the midplane  u,=ug— —
isothermal sound speetx=(GM/r3)Y/2 is the Keplerian af %
angular velocity of the disk, an¥f is the mass of the central \yhich is the sum of a viscous contributiomg=3¢k, (with
object. The functiorg(z) accounts for the absence of turbu- kvzaln(,oczorz/h)/f)ln(r)>0 of order unity), and a mag-
lence in the surface Iaye_r of the disk (Bisnovatyi-Kogan and,qtjc contsribution & bys.) due to the loss of angular
Lovelace, 2007; Rothstein and Lovelace, 2008). In the bodymomentum from the surface of the disk where necessarily
of the diskg=1, wherea_s at the surface of the disk, atsgy bys+ <0 (Lovelace, Romanova, and Newman, 1994). Here
g tends over a short distance to a very small vakiO°, = Ogs e ju, /5, iEfoQ d¢ §, and thes-+ subscript in-

efter? tl\gleilyk’z ero,rfwhlclh 'S :r;e [ﬁt'i OrLtr;en?E'itéerisi'tﬁusxﬁy dicates evaluation outside the disk. A similar integration of
of fhe dIsk's surtace fayer to the turbule usivity ot the thedb, /0¢ equation implies that

body of the disk.
: (6)

We consider stationary solutions of Egs. (1) and (2) for ap, s=P¢g(u,)
plified for thin disks where the disk half-thickness, of the where(...)= OCS dec(..)/¢s.

2b
$S+ (5)

’

weak large-scale magnetic field. These can be greatly sim-
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The equations for,, ug, b, & by can be combinedto 2
give a single equation far, (¢),

o (ea (o3 (o (7452))) :* b |
¢ ac2 gag pga; pac pga; I oS+ ]
92 9 3 [ u
YV L LA L L
T, (ga; (”gac (ﬁg))
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) .

+38P2 0. @)
8 Fig. 1. Radial and toroidal field components (hormalizedB9
This equation is integrated frog=0 out to the surface of the at the disk’s surface as a function of the average accretion $peed
disk ¢s where the boundary conditions apply. Becausés (normalized by the viscous accretion spagjl For this plot3=100
an even function of, only u,(0), u”(0), andui’(0) need to  and Prandtl numbef=1and 2. Note thal,. is given by Eq. (5)
be adjusted in order to satisfy the boundary conditions at theéind is independent @7 andb; s is given by Eq. (6).
disk surface (Lovelace et al., 2009).

Note that the value diss <0 is not fixed by the solution
for the field/flow inside the disk. Its value can be determined
by matching the calculated surface fields andbgs onto
an external magnetic wind or jet solution. Stability of the
wind or jet solution to current driven kinking is predicted to
limit the ratio of the toroidal to axial magnetic field com-
ponents at the disk’s surfa¢ks| to values<O2rr/L;)
(Hsu and Bellan, 2002; Nakamura, Li, and Li, 2007), where
L, is the length-scale of field divergence of the wind or jet at
the disk surface. From known wind and jet solutions we es-
timate Zrr/L,~n (Lovelace, Berk, and Contopoulos, 1991;
Ustyugova et al., 1999; Ustyugova et al., 2000; Lovelace e
al., 2002). The quantity, /ug—1=2|bss+|/(@BZuo) is the
faction of the accretion power going into the jets or winds
(Lovelace et al., 1994). For the mentioned upper limit on
bgs+|, we find i, /ug—1<O[2r /(@B Zug)]. From Eq. (6)
we haveb,s=(Pcsuo)({u,)/ug). Therefore, forg>>>1 and
(u,)~ug, we haveb, s=~Psug.

The matching of internal and external field/flow solutions
has been carried out bydfigl (1989) and Li (1995) for
the case of self-similarH. (r, 0)~r~>/4] magnetocentrifu-
gally outflows from the disk’s surface. These outflows occur
under conditions where the poloidal field lines at the disk’s
surface are tipped relative to the rotation axis by more thar®
30° which corresponds tb, s >3~1/2~0.577 (Blandford and
Payne, 1982). The outflows typically carry a significant mass3 Conclusions
flux. For the internal field/flow solutions discussed in 84 with
B>1, we conclude thak, s is sufficiently large for magne- A study is made of stationary axisymmetric accretion flows
tocentrifugal outflows only for turbulent magnetic Prandtl [v,(z), vs(2), v;~0] and the large-scale, weak magnetic field
numbers,P>2.7. Shu and collaborators (e.g., Cai et al., [B-(z), Bs(z), B;~const] taking into account the turbulent
2008, and references therein) have developed detailed “Xviscosity and diffusivity due to the MRI and the fact that the
wind” models which depend on the disk having Prandtl num-turbulence vanishes at the surface of the disk as discussed by
bers larger than unity. Bisnovayi-Kogan and Lovelace (2007) and Rothestein and

For Prandtl numbers sg9<2.7, the values ob, s are too
small for there to be a magnetocentrifugal outflow. In this
case there is an outflow of electromagnetic energy and an-
gular momentum from the disk (with little mass outflow)
in the form of a magnetically dominated or “Poynting flux
jet” (Lovelace, Wang, and Sulkanen, 1987; Lovelace, et al.,
2002) also referred to as a “magnetic tower jet” (Lynden-
Bell, 1996, 2003). MHD simulations have established the
occurrence of Poynting-flux jets under different conditions
(Ustyugova et al., 2000, 2006; Kato, Kudoh, and Shibata,
l2002; Kato, 2007). Laboratory experiments have allowed the
generation of magnetically dominated jets (Hsu and Bellan,
2002; Lebedev et al., 2005).

Figure 1 shows the dependences of the surface field com-
ponents on the accretions speedder0.1 andg=100.

Figures 2 and 3 show a sample solution of Eq. (7)
for ¢=0.05, «=0.1, =100, andP=1 where we find
ur /uo=1.30, bys+=—0.321, andb,s=0.276 . For this so-
lution both the density(¢) and g(¢) are take to be step
functions going to zero at,=+/2 (see Lovelace et al., 2009).
Note that the solution has a “channel” structure with the mid-
plane region of the disk flowing radially outward and the re-
ions closer to the disk’s surfaces flowing radially inward.
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<m. The stationary solutions we find indicate that a weak
(B>1), large-scale field does not diffuse away as suggested
by earlier work (e.g., Lubow et al., 1994) which assumed
br523_1/2.

The flow/field solutions found here in a viscous/diffusive
disk and are different from the exponentially growing chan-
nel flow solutions found by Goodman and Xu (1994) for an
MRI in an ideal MHD unstable shearing box. Channel solu-
tions in viscous/diffusive disks were found earlier by Ogilvie
and Livio (2001) and by Salmeron, dkigl, and Wardle
(2007) for conditions different from those considered here.
In general we find that the magnitude of the toroidal magnetic
field component inside the disk is much larger than the other
field components. The fact that the viscous accretion speed
is very small,~aecs0, means that even a small large-scale
field can significantly influence the accretion flow. We find
that Prandtl numbers larger than a critical value estimated to
be 27 are needed in order for there to be magnetocentrifugal
Fig. 2. Radial flow speed, =—u, (normalized taxe,q) as a func- outflows from the disk’s.surface. F_or smaWéreIecFr_omag— .
tion of ¢=z/h and a sample poloidalB,, B,) magnetic field line n_etlc outflows are predlqted. Owing to the stability co_ndl-
for f=10% andP=1. tion, |bys+|<m, the fraction of the accretion power going

into magnetic outflows or jets igconsﬁ*%Bzz.

Analysis of the time-dependent accretion of the large-scale
15 T T T T e T T B—field is clearly needed to study the amplification of the
r field and build up of magnetic flux in the inner region of
the disk. One method is to use global 3-D MHD simula-
tions (Igumenshchev et al., 2003; Hirose et al., 2004; De
Villiers et al., 2005; Hawley and Krolik, 2006; McKinney
and Narayan, 2007; Igumenshchev, 2008), but this has the
difficulty of resolving the very thin highly conducting sur-
face layers of the disk. Another method is to generalize the
approach of Lovelace et al. (1994) taking into account the
results of the present work. This is possible because the ra-
dial accretion timer{(/|u,|) is typically much longer than the
viscous diffusion time across the dishé(/v).
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Fig. 3. Toroidal magnetic fieldby=Bys/B; and toroidal velocity
Sup=(vp—vg)/vg (With vg the Keplerian velocity) for the case
wheref=100 andP=1. The jump in the toroidal magnetic field at
the disk’s surface is shown by the dashed line.
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