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Study on Vertical Structure of Thin Accretion Disks

with Anomalous Viscosity
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Abstract：The stationary vertical structure of a thin disk around a black hole is considered with the anomalous magnetic

viscosity。“．These stationary vertical structures，including distributions of the pressure，temperature．radiative energy

flux，mass density and radial velocities with different viscosities．are numerically examined．It is shown that the consid．

eration of anomalous viscosity is necessary as all the physical variables are more close to the real conditions．
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利用反常粘滞研究薄吸积盘的垂向结构

程丽红，李晓卿

(南京师范大学物理科学与技术学院，210097，江苏，南京)

[摘要] 利用反常粘滞⋯研究了黑洞周围薄吸积盘的静态垂向结构．数值模拟得到了垂向结构上

压力，温度，径向能流，物质密度和不同粘滞下径向速度的分布，发现考虑反常粘滞使各个物理量

的分布更接近实际情况．
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0 Introduction

The two—dimensional(r—z，in a cylindrical coordinate system)structure of thin stationary Keplerian disk

is usually studied by separating the radial from the vertical direction．In this approximation，the radial structure of

the disk is deduced in terms of vertically averaged quantities，like the surface density三∞]．Hydrostatic vertical
models。2’⋯are then constructed to obtain the variation of density and temperature with height．An implicit as-

sumption in these models is a strictly Keplerian rotation profile that does not vary with height，i．e．，门=n(r)．
These disk models are then referred to as hydrostatic thin accretion disk models．

It is well known that astrophysical accretion disks are hydrodynamic ones with anomalous viscosity．the vis．

cosity of matter in disk results in a factor of more than 108 amplification to the microscopic viscosity．If we can’

t understand anomalous viscosity，we can only get a kind of phenomenological disk structure．This structure may

greatly deviate from the actual structure．A recent work[川has shown that the magnetic fields self-generated bv the

transverse plasmons are modulationally unstable in the Lyapunov sense，leading to a self-similar collapse of the

magnetic flux and resulting in local magnetic structures．Highly spatially intermittent flux is responsible for gener．
ating the anomalous viscosity．Therefore，large—scale magnetic fields heat the outer pans of the disk，while small．

scale intermittent flux gives rise to viscosity with r and T dependence．It is these two magnetic processes that de．
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termine the stationary structures of the accretion disks．

1 Basic Equations for a Thin Disk

The full set of equations governing the vertical structure of a Keplerl‘an disk without magnetic
field[5]is

塑：一p仃二，
Oz

‘

一OF：岛埘，Oz 4⋯⋯’

F=一
160-r OT

3Kp Oz’

丝r旱Or(r2门)=吉拿dr(p∥r3r一 ＼。

Our notation is standard：p is the pressure，P is the mass density，Q is the Keplerian value，i．e．以2

is the radiative energy flux，T is the temperature，

stant。and，c is the Rosseland mean opacity．

y is the kinematic viscosity，or is the Stefan-Bohzmann con。

These equations must be supplemented by constitutive relationa specifying the equation
of state，the opacity，

viscosity．we will adopt theideal-sas equation ofstate，p=筹，where。s Boltz⋯n constant，灿⋯n
molecular mass，and mⅣis the mass of the hydrogen atom，and a generic power-law opacity，，c=CKp。Ty，where

C。，戈，and Y are constants．Here we focus on the Thomson scattering opacity¨1(戈2 Y 2 0，CN≈0．33 cm29“)．

The viscosity is less certain before，and has usually been chosen the form of standard prescription。31 pu=

譬，where Od is a dimensionless constant．This is the well—known alpha viscosity prescription心1．It is equivalent to

assuming that the viscous stress scales with the pressure of disk．In this paper we will choose a new form of vis—

cosity which is introduced in the next section．

Several terms in the equations have been omitted on the grounds that the disk is thin and the
solution should

be stationary on the dynamical timeseale(although not necessary on the viscous timescale)．The radial pressure

gradient，the vertical variation of radial gravity，and the inertial terms
associated with the meridional flow have

been neglected as usual．However，enough terms have been retained to determine the profile of radial velocity in

the absence of a magnetic field．

The case of丛拿盟is more problematic。This visCOHS term is retained in the angular momentum equation be—

cause it partially determines the radial velocity，which in turn causes radial advection of magnetic flux and also af-

fects the shape of the field lines．at least when the field is weak．This term may be approximated。51 by arguing that

pⅣ一钥音)in theneighborh00dof radius underconsideration'where砭2 J—日p地is me vertical integrated
dynamic viscosity，H is the semi—thickness，and f is an undetermined dimensionless function．

Under this assumption，

型Oln越r=掣Ol盟nr一[1+型Oln越z】掣OlnrL‘ J

thevenicalde胁tiveis available as叫。f localsolution,while≮笋and訾印pearas additional di-
mensionless parameters．which can be estimated from the well—known behavior of the steady，nonmagnetized SO—

lution[2。．In the limit of a nonmagnetized disk．this prescription predicts the radial velocity
in the disk as

”一雾{⋯訾一2[·+訾】筹)．
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融=■№bove asa dimen：sional analysis,define characteristic physical units

Treati删ove⋯描n螂(才3(酽h弦坞“mnb％=∥。门l[?7 I石J，
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Note that the above expression for U日can
be obtained from the c。ndition

160"碥 U7
r r一———————=—一一
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which

is，a dimensiona～l nanalysis⋯of the、描nition d未-K=p"篆／"硐and嘲he—re we咖foc幽us on岬the T～homson∞砒把舯g
opacity(戈=Y=0，CK≈0．33 cm29“)．There

are two s呦11 dlmenslonless p啪11ww蝤儿川c P⋯⋯I，

占墨／-舻轰U，(丁 ，

Evidentlv占is a eharacteristic measure。f
the angular semi·thickness。f

the disk，while 6 i8 an inverse measu。e
ot

the total optical thickness．

Then introduce dimensionless variables according to

名：名+UH，p=P+％，日=日。UH，F=F·UF，

The dimensionless equations of

where

p：p+％，丁=丁。Ur，y=p+U，，u，=ttr．u中

vertical structure are then

生：一JD^，矿dF．=矿9d 以，F+=一z一一JDt zt’瓦5矿∥“。一．
Ur。 =一 扣羽+2D，r)+3印。DH

—16T—3,—dT—,，p+：p。r，，
3p。dz。’。4

’4⋯

D匹：面aln(v互，：2，吣拦
The boundary conditions are

F+(O)=O，p+(日+)= -SH+，6F+(日。) =r·(日*)4·

Finallv．the definition of the surface density 2 requlre8“

．艮+出。=1．
These eauati。ns have a unique s。luti。n

that：lust be。btained numerically．When the solution is南und,the

optical depth at the midplane
can be determined from

1

7。：了2+f：：即出=了2+萼f+P?。E出··

investigate stmcture
of the disk，we must kn。w the anomalous Viscosity田。．The

an。mal。us Visc。8ity

has disturbed astrophysicists for

一32一

a l。ng time and is
a rather difficuIt problem．A s。luti。n

has been suggested陀‘

、，一}一
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cently by Li and Zhang。I I．It is known that the transverse plasmon fields are modulationally unstable in the Lya—

punov sense，leading to a self-similar collapse of the magnetic flux．Such a collapsing magnetic flux instability is

analyzed in the case of kinetic plasma physics．Based on Vlasov equations and Maxwell equations，the collapsing

feature of the self-generated magnetic field from transverse plasmons is investigated on a rather small scale of the

motion or electric current in accretion disks．As a resuh，the anomalous viscosity Occurs due to the intermittent

flux．

Here，we briefly introduce the calculation processes of the magnetic kinematic viscosity．The magnetic vis—

COUS stress tensor by the self-generated spatially intermittent flux is

(阳。峨一—≯1口(阳)2)
￡gm=———焉——一

The work done on the volume dr，per

COUS dissipation，resulting in the change of

S=

where

(1)

unit time,by the stress is一(吆rrt／嵋)口id，，which contributes to Vis。

entropy with the volume：

崩一挚i)a，- ，t；缸

"(⋯Ov--，i+差)·
This c。Iresponds t。the linear relati。n of the‘flow’￡m口and the‘force’一节r--：

T／16 J

or

‘Fm=‰。了V／k=锄。％

ti 2叩m(薏+差一争一蓑)

％肌=r／m(6“屯+6iI岛一 争鼎)

(2)

(3)

where J，7。is magnetic viscosity of the intermittent flux defined through the kinetic coefficient as r／。2叼眠雎(1#k，
no summation over repeated lk)．

In the accretion disks，the shear stress tensor％has the dominant rip—component and then(2)becomes

tim=％叩丢(鲁一等)=‰坤虿1 r丛擎 c4，

with／-2=秽。／r。

Furthermore，it yields from(1)，(3)and(4)，that

4i竹I(SB，8B川=叼。引
It is assumed that self-generated magnetic fields by the transverse model are statistically isotropic on the scales of

interest：

了1((膻)2)一(SB，8B，)
In this case，(4)(5)，combined with a serf-similar solution for the collapse magnetic flux‘1

1

衄：。 16：(I E。I 2)们
百F 2酽。p—i万一，

mean that the magnetic kinematic viscosity∥。can be read as

Ⅳ。=7×10—12

2

C

r a力(r)／Or
孝3 f 扩f亘10-5h1 cm2s

(5)

一33一

半

  万方数据



For accreti。n disks，the magnetic kinematic viscosity矽。w。uld
result in a fact。r。f m。re than 108 amplificati。n

t。

microscopic viscOSity叱[1I．

3 Numerical Invesfigation and Discussion

The dimensionless ODEs眦integrated from the phot。sphere三。=日+to the midplane z·2
0·‘lhe depend‘

ent variables are p。，丁。，F。．The values of H+，F。(日+)ale gu【essed
and then adju8ted by Newton-Raphson 1‘’

eration to match the symmetry conditions
on the midplane·

，． ．

The fo】加of the solution for p。，T。，and F+depends only
on the dimen8ionle88 p锄m?‘e。6(10。a 91Ven

o’

pacity

law)。．If。U。r．is requir。ed,there

are further dependence

o曲n D⋯”：r=0池an舶d D．山=⋯21／20。。2毗]．For，hthe，：纂fillo ustration，we consider a location at 1 000 Schwarzschild radu trom a blacK n01e oI 1nass工u。H。’h c’。～～
×109 cm．For a surface density三：104 g／cm2，and assuming肛=o．6，we

find illustm‘iVe
Value：∥?2

6·34×

107 cm，u。：1．58×10一g／cm3，q：3．27×105 N，ur=1．50
x 106 K，阱=4·70×1010 J cm-’8-。·’1hen占2

2．15×lJ一2 and 6：1．62×10—3． ． ．

The numerically determined
solution is shown from Fig．1 to Fig．4(the dash．dot

lines refe。t0 the old一幻?t
visc。sitv．the coIltinuous lines refer to the neW

form of Viscosity)-It has a dimensi。nle88 photosphenc height。1

日．：1．70 and an optical depth at the midplane。f r。=寺+寻6～．Thus，our illus帆tive
value8 coHespon叭。

日／r：0．036 4 and下。：1 650，representing
a geometrically thin and。ptically

thick disk·

zdH，
z0H．

zJH．
zdH·

Fi昏1 Profil岱of pressure,temperature，radiative
energy flux and m躺蛔，。

for an咖ag鹏廿zed model with Thomson opacity for A=0．05(a---0·1)

Now we choose the new form of anomalous viscosity，

pⅣ：等；=pA(寺)372(丢)∽，
we have

。。——34·-——  万方数据



呷

2
已

0

0

0

O

ZOH。

ZOH。 zJH．

Fig．2 Proffies of pressure,temperature,radiative energy flux and msss density

for an unmagnetized model with Thomson opacity for A--O．005(a--0．01)
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zJH．

Fig-3 Profiles of pressure,temperature，radiative energy flux
and mass density

for all unmagnetized model耐th Thomson opaci蚵for A--O．000 5(a--o·001)

The dimensionless form of the A iS as follows
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Fig．4 Profiles of pressure，temperature,radiative energy flux and maSS density

for an unmagnefized model with Thomson opacity for A--0．000 05(a--0．000 11

天=a形3，

SO the form of the anomalous viscosity lS then

删(∥(扩，
the dimensionless form of the／／iS as follows

p。=天哆3．

In the calculation processes，we take天=0．05，0．005，0．000 5，0．000 05 and it is equivalent to d=0．1，

0．01．0．001。0．000 1，which satisfies the d—model and this is more reasonable in many models．

For new viscosity．we recover solutions very similar to the the old viscosity．In
the example shown in Fig．1

to Fig．4．the pressure in the midplane is larger，the temperature
is lower and the surface of the disk is more lumi-

nous(cf．F+)．

The Drofile of radial velocity is of particular interest，since this will affect the
advection of the magnetic field．

When A=0．0 1，the radial velocity is positive on the midplane and becomes negative at the larger彳．This
result

has been fbund previously by several authors[7]．When the anomalous viscosity is implied，the anomalous viscosi—

ty is smaller than the standard仅prescription and this is more reasonable．It follows
s that the pressure in the mid—

plane increasing but the temperature do not change almost，SO
the density

plane is increasing too．Large density can lead
to the velocity

decreasing．According to the continuum equation as follows

莎M，=constant，

where三is defined as三= dz． As the r is chosen in the disk，the in—

creasing ofp leads to the increasing of三。as a result，the
radial veloc。

ity should decrease．This phenomenon is well conformed to the numeri-

cal investigation．From Fig．5 to Fig．8(the dash—dot lines refer to the

old form of viscosity，the continuous lines refer to the new form
of vis—

cosity)，we find that the vertical velocity is caused by viscosity，when

36．．．．——
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Fig．5 Distribufion of the radial velocity

with different viscosity for A--O．05位枷．1)
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viscosity coefficient A is from 0．05 to 0．000 05，it decreases rapidly in the midplane．In Fig．9(the dot line re-

fers to A=0．05，the dash-dot line refers to A=0．005，the dash line refers to A=0．000 5，the continuous line

refers to A=0．000 05)，we see that when the viscosity is smaller，the radial velocity in the midplane is almost e—

qual to zero．This means that when the viscosity is small enough，the matter flow into the disk parallel to the

disk．
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Fig．6 Distribution of the radial velocity witll different viscosity

for A=0．舯5(a--0．01)
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Fig．8 Distribution of the radial velocity with different viscosity

for A--O．000 05妇--0．000 1)
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Fig．7 Distribution of the radial velocity with different viscosity

for A--0．000 5(a--0．001)
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Fig．9 Distribution of the radial velocity with different values of

A(new form of viscosity l，1
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