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Abstract. The characteristics of evolution of the parameters between(a3"**®) and (a3'*"'¢) . if the Blandford-Znajek
the inner edge of a black-hole accretion disk are investigat@®¥) process (Blandford & Znajek 1977) is taken into account.
for pro- and retrograde accretion. Some useful relations amdngddition, we discuss the recent important revision on the BZ
the parameters of the inner edge and those of the central blpokwer (Ghosh & Abramowicz 1997, henceforth GA) and the
hole (CBH) are obtained. In addition, we discuss the evoluti@orresponding influence on our previous results (Wang et al.
characteristics of the dimensionless angular momentumf 1998 henceforth W98a; Wang 1998 henceforth W98b).
a CBH surrounded by an accretion disk with inner edge radius
gir’gég’gg < rin < rms) by considering the Blandford-Znajek, £ 1ution of inner edge radius of accretion disk

Itis well known that the rates of changeff and.J of the CBH

Key words: accretion, accretion disks — black hole physics of an accretion disk can be expressed as:

(dM /dt)in = EindMy/dt 1)

1. Introduction (dJ/dt)sn = LindMy/dt, (2)

Itis well known that the black-hole accretion disk is an effectiighere in Egs. (1) and (2)jM, /dt is the accretion rate of rest
model for explaining the high energy radiation of x-ray binanass £;, andL,, are the specific energy and angular momen-
ries, quasars and active galactic nuclei (Rees 1984, Frank e}, corresponding to the inner edge radiys, respectively.

1992). In this model, the central black hole (CBH) is closely;. andr,;, are expressed as (Page & Thorne 1974, Novikov
related to the surrounding disk in two respects: on the one hagdyhorne 1973):

accreting matter falls into CBH after leaving the inner edge of

disk, resulting in the evolution of the concerning parameters gf,, = (1 — 2y~ + a*X*S)/(l —3x %+ ZG*X*B)M (3)

CBH, such as mask/ and angular momentuph; on the other

hand, the evolution of CBH will affect the inner edge radius and

the corresponding orbit parameters, such as specific energy &ng=Mx (I — 2a.x >+ a2x ™) /(1 = 3x > + 2a.x?)

specific angular momentum. (4)
In this paper, the evolution characteristics of the parameters

of the inner edge orbit of black-hole accretion disk are invesihere in Egs. (3) and (4j. = J/M? is the dimensionless

gated for pro- and retrograde accretion. In Sect. 2, we discasgyular momentum of the CBH, = (r/M)l/2 is the dimen-

the rate of change af,,; and that ofr,,;, which are the ra- sionless radial coordinate. The inner edge ragjisanda. are

dius of the last stable circular orbit and the innermost boumnelated by the following equation:

circular orbit respectively. It is shown that both,, andr,,,; 4 5 )

decrease monotonously in the evolving process, being inversélys — 6X;s + 8 Xms — 3as =0 (5)

proportional to the mass of the CBH. In Sect. 3, we discuss fgere .. is defined ag;,; = (Pms/ M)/ 7, can be ex-

evolution of specific energy and specific angular moment%rpessed as an explicit function ef:

corresponding ta@,,; andr,,s, respectively. Some useful rela-

tions among the parameters of the inner edge and those of CBH = )/ {3 + Ay +[(3— A1) (34 A1 + 2A2)]1/2} (6)

are obtained. In Sect. 4, the evolution characteristics, obf

a CBH surrounded by an accretion disk with inner edge radi _ _o\1/3 [ 1/3 B 1/3}

rin are investigated. The stable valug**'*) is provedto lie Where 4, = 1+ (1 ) (T4 a) ™"+ (1= a) ],

1/2

1/2

andA; = (3a2 + A7)/". “="and “+” of “ " in Eq. (6) are
Send offprint requests t®.-X. Wang (dxwang@mail.hust.edu.cn) applicable to pro- and retrograde accretion, respectively. The
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inner edge radius;;,,, of a thick disk is located betweety,;, 3. Evolution of specific energy and specific angular
andr,,; (Abramowicz etal. 1978, Abramowicz & Lasota 1980): momentum corresponding to inner edge orbit

Tmb < Tin < Tms (7) From Eq. (11), the specific enerdy,,; is a constant. The rate
of change ofZ,,,;, can be expressed as

, dLyp/dt = (OLyp/OM)(dM /dt)
oy = M (1 4+ V1= a,) (8) (L /0as ) (day [dt) mp (19)

The specific energy and angular momentum CorreSpO”di”9§8bstituting Eg. (12) and the expressions @ /dt) , and
Tms @andr,,, are expressed as follows (W98a, Abramowicz ‘%da* /dt), , into Eq. (19), we have "

Lasota 1980):

rmp 1S determined by anda, as follows:

\[ 9 dLan/dt =0 (20)
Eps = (dxms — 3ax 3Xins 9 . . . . .
(4x “ )/( Xins) ©) which meand.,,,; is also a constant in evolving process. Taking
a, = 0, we have
Lms =2M (3Xms - 2a*)/(\/§Xms) (10) Lmb =4 (M)O — const (21)
o The rate of change of specific enety, ;s corresponding to,, s
E,,=1 (11)
can be expressed as
Lmb =2M (1 —+ 1-— a*) (12) dEms _ aE‘ms des 8-Em,s d dt 22
dt 8Xm5 da* + 6CL* ( a*/ )ms ( )

The above equations are applicable to both progragde(0) o _ _
and retrograded(, < 0) accretionr,, is a function ofAZ and Combining Egs. (5), (9) and the expression(iar.. /dt),,, . with

as, and its rate of change can be expressed as Eq. (22), we have the following relations involvidg,,.:
drms [dt = (OTms/OM)(dM /dt) s B/ dt = < 2 dMy/dt (23)
+(Orms/0a.) (da. [dt)ms (13) fms
and
Hereafter, the subscriptris” indicates the quantities involv- 9
ing thin disks with inner edge radius,,;. Incorporating 5 +E2 =1 (24)
Egs. (5), (9), (13), and the expressions tdn//dt),,. and 9 (M),

(da./dt),,(W98a), we have the following relations involvingsimilarly, the rate of change of the specific angular momentum

Tms: L,,s can be expressed as:
(4Xms — 3ax) 2a 2a, M
drms/dt = —————=—=dMy/dt (14) dL,,./dt = — ——dMy/dt = ——"—dM,/dt 25
/ \/g 0/ rns/ SX%LS O/ Brms 0/ ( )

Eqg. (25) shows thadL,,,/dt > 0 in the caser. < 0, while
(15) dL,s/dt < 0in the caser, > 0. So there is a maximum of

Hereafter( M), represents the mass of the CBH correspondirgns corresponding ta,. = 0, and we have

Mr,,s =6 (M)g = const

toa, = 0. Similarly, the rate of change of,,;, can be expressed (Lons)max = 2\/§(M)0 (26)
as
Comparing Eq. (21) with Eqg. (26), we have
drmp/dt = (Ormp/OM)(dM /dt)mp
(O /00 ) (D [0 (16) Lms S (Ems)max < Lims @7)
Hereafter, the subscript:§b” indicates the quantities involv- \I/Dvglr?::/ge Eq. (2) by Eq.(25), and taking;, = Ly in £q. (2),

ing thick disks with the inner edge radius,;. Incorporating

Egs.(8), (11), (16), and the expressions fan//dt), , and 37msLims 9 (M)g Ly,s

AJ)dLps = — =_

(da,/dt),,, (W98Db), we have the following relations involving 2a, M J

Tmb: where Eq.(15) and,. = J/M?are used in deriving the last

drpy/dt = — (1 + H)Q dMy/dt (17) equation. Integrating the above equation and taking Eg. (26)
into account, we have

Mr,,, =4 (M)g = const (18) J? n L2, — (28)

4 2
From Egs. (14), (15), (17) and (18), we conclude that bgth 108 (M), 12(M)q
andr,,;, decrease monotonously as time, being inversely pierom Eqgs. (24) and (28) we find that baih,, andL,,,; evolve
portional to the mass of CBH. along elliptical orbits in the corresponding parameter space.
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Considering the BZ effects on the evolutiona@f, we de-
g & ] rived the rate of change af, as follows (W98a):
5 4
=
o3 ] (da*/dt)BZ
3 - = (da./dt);, — (2P/Ma,) (1+q) (k"' —=1+q)  (33)
mz
g s whereq = /1 — a2, and the BZ powelP extracting from the
] ] spinning black hole reads
-1 -0.5 0 a.s 1 P=Mk(1—k)a’E;,dM,/dt (34)
a/t where in Egs. (33) and (34f, = Qp/Qy is the ratio of the

angular velocity of the magnetic field lines to that of horizon of
CBH. \is a parameter indicating the strength of the BZ process.
As is well known, the strength of the BZ process depends
crucially on the strength of the magnetic field, , normal to
4. Evolution of the dimensionless angular momentum the horizon of the CBH. Very recently, some authors pointed out
of the CBH that the values o3, were overestimated substantially in pre-
] vious works, and the BZ powd? is not as strong as imagined
Recently a lot of work has been done on the evolution of blafy'ﬁeviously (GA; Livio et al. 1999; Meier 1999). The overes-
hole accretion di;k by considering the BIandford-Znajek (B%imate of B, arises from the incomplete argument on the BZ
effects (Moderski & Sikora 1996; Moderski et al._ 1997; Lu eérocess, in which the Maxwell pressuﬁi/&r, was assumed
al. 1996; W98a; W98b). In these work the evolutiomofwas 1 correspond to an equilibrium with the maximum pressure,
investigated under different assumptions on accretion statu%rlpax, in the inner parts of the accretion disk. In fact, according
the inner region of the disk with an inner edge radiys or 5 a reasonable consideration on the continuity of the magnetic
T'mb, @nda, turns out to evolve to a stable value less than unitye|q petween the horizon ang,, Bi/&r should be determined
Thus a_quesyion is Whether_ ther_e is any change in the ab‘B‘thhe Maxwell pressure neay,, rather thamp,... The ratio
results if the inner edge radius, lies between-,,, andr,.s?  of the former to the latter has been proved to have typical val-
In this case the rate of changecfcan be expressed as ues of a few percent from a series of numerical simulations of
a9 B 1 the magnetohydrodynamic behavior of accretion disks (GA and
(das/dt),, = M_1 (dJ/dt),, _21M a. (dM/dt),, the references therein). By using a rather reliable argument GA
=M dMO/dt (M Lin — 2“*Ein) (29) proposed the expression of the BZ power as follows:

Substituting Egs. (3) and (4) into Eq. (29), we have Prep (erg-s=1) = 2 x 104 Mga? -
Pepp (erg-s71) =8 x 102 M3 m* /a2

Fig. 1. The curves representing.., versusa.. (upper curve) and,, s
versusa.. (lower curve), for-1 < a. < 1

(X4 + 2a.x — af — 2a*x3)

(day/dt),, = M~'dMy/dt (30)

(x* — 3% + 2a )1/2 where the upper and the lower expression, in Eq. (35), are appli-
XX X X cable to radiation-pressure dominated (RPD) and gas- pressure
Starting from Eq. (30), we can derive (see Appendix). dominated (GPD) inner regions, respectively. In order to deter-

mine the parameter according the strength given by Eq. (35),
9 (da, /dt), = 19 (da,/dt), <0 (31) we set the ratio of Eq. (34) to the upper expression of Eq. (35)
or " 2Mx Ox " equal to unity as follows

Er(]q. (31)tk:st2/62alid/ciln)thedvalue range;,;, ? r < |rmsé‘ an:ihit P/Prpp = k(1 —k) Mc2/ (2 % 1044M8)

shows that(da./dt), decreases monotonously agor the N 3 44 _

givendM,/dt, M anda,. It follows that ~ Ak (1= k) Lpaa/ (2 x 10%Ms) =1, (36)

(32) where in Eq.(36)M = E;,dM,/dt is assumed at the Ed-
dington rate, and.pqq = 1.3 x 10*6Mgerg - s~1. Thus\ is

Eq.(32) shows thatida,/dt),, > 0 always holds in a determined a3 ~ 4/65 z0.0§ for k£ = 0.5 (corresponding to

pure accretion, and the equality holds for the extreme Kéymaximum ofP). Incorporating Egs. (3), (30), (33) and (34),

black hole. Therefore the conclusion that will increase We have

monotonously as time until it evolves to unity is still valid I fas,x)

for r;, lying betweenr,,;, andr,,s. The curves representing (da/dt) g, = M (dMO/dt)X(X4 32 4 QG*X)m (37)

Fopy = M (dMy/dt) " (da./dt), , versusa. and Fy,, =

M (dMo/dt) " (da,/dt), .. versusa, are shown by the up- Where

per and lower curve, respectively in Fig. 1. Obviously, the cury, a, = Ay —a) —an (v* — 2y + a.

indicating M (dMo/dt) " (da./dt),,, versusa, should be in- Fae) = (- a) (¢ ) x+a)

termediate between these two curves. x |14+ (A/2)(1+4q) } (38)
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.02 Table 1. Stable values of.. corresponding to different values of,
~0.015
g Tin 1.03M 1.06M 1.09M 1.12M 1.15M 1.18M
£ oo X 1.016 1030 1.044 1.058 1072 1.087
*0.005 (agf***),  0.9998 0.9995 0.9993 0.9992 0.9991 0.9990
a
1.0%1.041.051.061.071.081.09 the case involving the inner edge radiys. These results make

an extension to our previous work (W98a, W98b).
It is worth pointing out that these stable values:0fin Ta-
ble 1 are all less than the upper linit ~ 0.998, which was

X

Fig. 2. The variation off" (a., x) with x, a. = 0.9990, 1.032 < x <

1.087 derived by considering the capture effects of a black hole on
o the photons emitted by the surrounding accretion disk (Thorne
—0.002 1974). As far as the upper limit of, is concerned, the BZ
o o0s effects, as an anti-accretion, seems no stronger than the mecha-
= nism proposed by Thorne (1974). This result is contrary to the
50008 previous ones (Lu et al. 1996; W98a; W98b).
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Fig. 3. The variation ofF" (a., x) with x, a. = 0.9998,1.016 < x <
1.053 Appendix: proof of BEm/Br <0,2%in <0

and 2 (da./dt),,
Setting f (a«, x) = 0 with A ~ 4/65, and substitutingy =
xms @nd x = xms, respectively, into Eq.(38), we can de
rive the stable values of, : (af™®"¢) — ~ 0.9990 and

(agtable) = 0.9998, which are closer to unity than our pre- 1 0Ein 1 0E;

Defmmgr = M2, we can write the partial derivative df;,,
Ewith respect to- as

vious results(as’*?¢) =~ 0.9831and (™) = ~0.9921 Ei, Or 2MxEin, 0Ox (A1)
(W98a; W98b). The latter two values were der|ved by set- . . .
fing f(aey) — O with A ~ 4/13, and the BZ power e{’o facilitate calculations, Eq. (3) can be rewritten as
was overestimated 5 times previously in this case. Using (¢ —2x + ax)
Egs. (37) and (38), we obtain the variation Bi(a..x) = i = T
M (dMy/dt)~* (da./dt) 5, with x shown in Figs. 2 and 3: AAXT T OXT T 2GaX
Inspecting Figs. 2 and 3, we find the following distributiont follows that
features ofda. /dt) 5, | 0E, D, -
— (D For(ag™) =~ 0.9990 and the corresponding valuei5;,, dx  x (x3 — 2x + ax) (x3 — 3x + 2a.) (A2)
range ofy: 1.032 < x < 1.087, (da./dt) 5, > 0 holds,
and(da, /dt) 5, decreases monotonously gs where
_ tabl ~
(2) For( sta e) » ~ 0.9998 and the corresponding vaIueD1 — ' — 6 + 8auy — 3a2 (A3)

range ofX 1.016 < x < 1.053, (da./dt) 5, < 0 holds,
and(da./dt) ,, still decreases monotonously ggabso- Inspecting the deriving process of the raditg,, of the last

lute value increases). stable circular (Shapiro & Teukolsky 1983), we know that the
Thus the stable value af., (ait“ble)m, satisfies the following C|rcutlla;_orb|t withr < r,,,s is unstable, and the corresponding
inequality: X salishies
4 2 2
(a;e‘itable)mS < (aitable)in < (aitable)mb (39) X~ — 6x° + 8a.x — 3a; <0, (X < Xms) (A4)

It is easy to prove that the denominator of RHS of Eq. (A2) is

positive. Incorporating Egs. (A1)—(A4), we ha9&,,, /Or < 0.
Similarly, the partial derivative of;,, with respect to- can

be expressed as

wherer,,, lies between,,;, andr,,s. Using Eq. (38) for\ =
4/65, we can derive a series of stable values,oforresponding
to different values of;,,, of which the value range 016 <
rin < 1.087, as shown in Table 1.

From Table 1, we find thatinequality (39) is indeed satisfied,] 9rL;, 1 9L

and the third law of black hole thermodynamics is also valid i~ 5, — IMxLin Ox (A5)
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Eq. (4) can be rewritten as Dy = (x* —a.) (x* — 6x° + 8a.x* — 3a2) (A10)

M (x* = 2a.x + d?) It is easy to prove that the denominator of RHS of Eq. (A9)
)1 /2 is positive. Incorporating Egs. (A4), and (A8)—(A10), we have.
2 (da./dt),, < 0.

Lin =

x (x* — 3x% + 2a.x
It follows that

1 0Ly Dy (A6) References

A - 4 2 3 _
Lin Ox X (X" = 20.x +a3) (¢ — 3x + 20.) Abramowicz M. A., Jaroszynski M., Sikora M., 1978, A&A 63, 209

where Abramowicz M.A., Lasota J.P., 1980, Acta. Astro. 30, 35
) Blandford R. D., Znajek R. L., 1977, MNRAS 179, 433
Dy = (X‘S + a.) (X4 —6x? + 8a.x? — 3a3) (A7)  Frank J., King A. R., Raine D. L., 1992, Accretion Power in Astro-

] ) ~ physics, 2nd ed., Cambridge Univ. Press, Cambridge
Itis easy to prove that the denominator of RHS of Eq. (A6) i§hosh P., Abramowicz M. A., 1997, MNRAS 292, 887 (GA)
positive. Incorporating Egs. (A4)—(AT7), we ha¥&;,,/Or < 0.  Livio M., Ogilvie G. I., Pringle J. E., 1998, preprint astro-ph/9809093
Similarly, the partial derivative ofda. /dt),, with respect LuY.J.,ZhouY.Y., YuK.N., & Young E. C. M., 1996, ApJ, 472, 564

to can be expressed as Meier D. L., 1998, preprint astro-ph/9810352
P Moderski R., Sikora M., 1996, MNRAS 283, 854
[(da*/dt)mTI o (da*/dt)m Modt_arskl R., ,S|kora M., & Lasoth.P., _1997, in ‘Relatl_vls_tlc
or Jets in AGNs’ eds. M. Ostrowski, M. Sikora, G. Madejski & M. Bel-

- -1 0 gelman, Krakow 1997, 110, astro-ph/9706263
- 2Mx [(da*/dt)in] @ (da*/dt)m (A8) Novikov I. D., Thorne, K. S., 1973, In: C. Dewitt, eds., Black Holes,
. Gordon and Breach, New York
Using Eg. (39), we have Page D. N., Thorne K. S., 1974, ApJ 191, 499
9 Rees M. J., 1984, ARA&A. 22, 471
[(da*/dt)m}*l - (da,/dt),, Shapiro S. L., Teukolsky S. A., 1983, Black Holes, White
254 Dwarfs and Neutron Stars, John Wiley & Sons, Inc. New York,
_ D3 (A9) Thorne K. S., ApJ, 1974, 191, 507
X (X* — 2a.x3 + 2a.x — a2) (x® — 3x + 2a4) Wang D. X, Lu Y., Yang, L T., 1998, MNRAS 294, 667(W98a)
Wang D. X., 1998, Gen. Rel. Grav. 30, 1025 (W98b) 21
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