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Abstract In this paper, we have investigated accreting millisecor@ypulsars, which are rapidly rotating
neutron stars in low-mass X-ray binaries. These systemibiexbherent X-ray pulsations that arise when
the accretion flow is magnetically channeled to the stelldiase. Here, we have developed the fundamental
equations for an accretion disk around accreting milliselc¥-ray pulsars in the presence of a dynamo
generated magnetic field in the inner part of the disk. We lads@ formulated the numerical method for
the structure equations in the inner region of the disk ardhilyhest accretion rate is enough to form
the inner region of the disk, which is overpowered by radrajpressure and electron scattering. Finally,
we have examined our results with the effects of dynamo mtagfields on accreting millisecond X-ray
pulsars.
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1 INTRODUCTION fastest AXMP is IGR J0029+5934 with a period of

just 1.67ms $haw et al. 2005Falanga et al. 2005 It
Low-mass X-ray binaries (LMXBs) consist of accreting manifests pulse frequency variations. These observations
millisecond X-ray pulsars (AMXPs). Such systems ariseare very important for understanding of the evolution of
from a low mass evolved star (a degenerate dwarf staflSs in LMXBs Poutanen 2006

orbiting a rapidly rotating neutron star (NS). Hence,  Here, in AMXPs, we have considered that a rapidly
AMXPs are distinguished from the group of ordinary rotating NS has weaker magnetic dipole moments-of
rotation-powered pulsars by their small spin periods| (5 Tm? in the inner region than ordinary X-ray pulsars.
(Becker 200} In these systems, the accreting matter mayn these systems, the accretion disk will be extended near
spin up the NS. Here, one of the possible endpoints of ththe NS and the temperature becomes more so that its
evolution of an LMXB is eXpeCted to be a millisecond Opacity can be Overpowered by radiation pressure and
pulsar Strohmayer 2001 Most LMXBs do not show electron scatteringLésota 2015 Such magnetic fields
coherent pulsation in their light curves, an aspect that igre important for transporting angular momentum in these
still under debate; it could be due to the effect of alignmentystems. As was studied Bgssema & Torkelssof2010,

of the magnetic field on the NS with respect to its rotationathe region of the accretion disk which is located in the
axis. The only subclass of LMXBs in which coherentinner part of corotation radius supplies spin-up torque to
pulsations have been observed is AMXPs. the NS while the outer part of the accretion disk brakes

A more observationally inclined review of an accretingthe NS. The resultant torque is investigated by the inner
millisecond pulsar is given bwijnands et al(2005. Itis  region of the disk position, which is displaced inwards as
a transient system in which the outburst stage is associaté@e accretion rate increases.
with matter falling onto the NS surface, which spins up  AMXPs have become important in many areas of
its period on the order of a millisecond. Also, the firstastrophysical research. They show a very high average
real AMXPs were studied bywvijnands & van der Klis mass transfer ratedd = 10kgs™! in the inner
(1998, in which the spin frequencies range from 182region and exhibit persistent X-ray pulsations with less
up to 599 Hz Falangaetal. 2023 Among these, the than 10ms and weak magnetic fields. Many authors
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have studied the accretion disk in different modelsHence, the quantity of mass is conserved over time. Then,
for exampleShakura & Sunyaey1973; Ghosh & Lamb  conservation of mass is ensured by the continuity equation
(1979. Hence, they did not address an accretion disk 9

. . ) . . P

in these systems, particularly in the inner region of the ET + V-(pv) = 0. 2
disk. However,Tessema & Torkelsso2010 examined )

the accretion disk around magnetized stars employing purEn€n, from Equationd) we have

models of magnetohydrodynamics, but the present study V-(pv) = 0, 3)

will focus on the accretion disk in AMXPs in the inner

region of the disk using analytical and numerical solutionsdue to the steady-state condition and wheigthe density

In this study, we develop the fundamental equationgnd v = (vg,vg,v.) Of the systems. Here, from the
of an accretion disk with a dynamo that generates a@xisymmetric disk we have
accretion disk around AMXPs, in particular we investigate 10
the solution of these equations in the inner part of the =g 2vr) =0, (4)

disk incorporating surface density, temperature and fadia h is th ; densi qf d
velocity as a function of the radius, and finally, we presenf’v ere is the surface density and for a steady state,

the numerical solution for the structure equations in théEquatlon @ yields an accretion rate of

inner region of the disk. M = —27RYvg = constant. (5)
This paper is organized as follows: In Secti®we

investigate the fundamental equations of an accretion dis§ 3 Angular Momentum Conservation

and we present the numerical method for analyzing the

structure equation in the inner region of the disk. TheAssuming a steady-state situation, the Navier-Stokes

associated results and discussion are presented in S8ctiogguation can be expressed as

and, finally, we summarize our results in Sectibn 9
p(o-V)v = =Vpt+pVo+ I x B+ V- (po(Vu—2(V-0))),

2 FUNDAMENTAL EQUATIONS OF AN (6)
ACCRETION DISK where p is pressure,v kinematic viscosity, ¢ the
_ _ gravitational potential/ = —-(V x B) = (Jg, Js, J.) is

2.1 Basic Assumptions the current density anB = (Bg, By, B.) is the magnetic

: . . . field. Here, we onl nsider the azimuthal component of
In this study, we consider the accretion disk around aned ere, we only consider the azimuthal component o

AMXP with an NS with masd.4 M, radius10 km and the Navier-Stokes equation, which is given by

magnetic dipole momenn*® Tm3. Jug N U—RE(RB ) = &li( B,)

Here, we have considered that the scale height of ot R OR o)) o ROR ¢ 7
the disk, H, is much smaller than the radial extension B, 0By 1 9 o d vy )
of the disk, R, (Shakura & Sunyaev 1973The gas in T L T R2OR ( Uﬁ(ﬁ)) '

the disk rotates at Keplerian velocity and the orbital 5 _
kinetic energy is transformed into radiation by viscosityHere, we neglect -2 (RB,) and for a steady-state disk

in the accretion disky, while the angular momentum is 3 = 0. By integrating Equation) and multiplying
transported outward. both sides by (Tessema & Torkelsson 20)LQve get the

angular momentum conservation

V= Qg5 H, (1) I
dl\ [B.By 1 d 3 o d 1
where ass ~ 102 is turbulent stress in the disk that x (URE%) - { Lo }H R+§ﬁ [R Uzﬁ(ﬁ)] '
describes the transport of angular momentum, consistent (8)
with numerical simulations suggested bjawley etal. wherel = Rv, < R'/? is the specific angular momentum.
(1999, andc; is the speed of sound in the gas. Then, the magnetic field of the NS M/ang (1999 is
defined by
- L
2.2 Conservation of Mass B, = I (9)

The law of conservation of mass or principle of masswhere . is the magnetic dipole moment. Here, from
conservation states that for any system closed to alEquation 8) we have two sources of magnetic fields,
transfers of matter and energy, the mass of the system muB;, shear magnetic field3, shear @and dynamo generated
remain constant over time, as the system’s mass cannotagnetic field,B4.qyn (Balbus & Hawley 1998 As was

change, so the quantity cannot be added nor removegroposed byWang (1999, the magnetosphere is nearly
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force free, and reconnection takes place outside the diskn the limit = < R and neglecting the self-gravity of the
The ratio of vertical and azimuthal field strengths is redate disk, Equation 14) becomes
to the shear between the disk and the magnetic field. Then,

this ratio can be expressed in the formLdfio & Pringle 1opP _ _G—]Viz ) (15)
(1992 p oz R
whereG and M are the universal gravitational constant
B shear e — Qs d f th ting st tivel
: ~ —( ), (10)  and mass of the accreting star, respectively.
B Qy, As a consequence, from Equatiord) (and the

where);, andQ), represent the Keplerian angular velocity approximation of vertical pressure gradient, we express
at the inner radius of the disk and the angular velocity of22 ~ £ andz ~ H. Then, EquationX®) yields
the star, respectively. The subsciifienotes the Keplerian

situation. By rearranging Equatiofq@), we obtain P =2, (16)
P
B shear = —7B- (%) 7 (11)  Thus, from Equation](5) and Equation16) we find H as
k
R 1/2
where v is a dimensionless parameter of the system H=c,R (G—M) . a7)

(Ghosh & Lamb 1979 The dynamo magnetic fieldqy,
generated by magnetohydrodynamical turbulence in an ag=or a thin accretion disk, the local Kepler velocity should
cretion disk through the dynamo actidBalbus & Hawley  be highly supersonic. In general, we can define a central

1998 is written as disk density approximately by
B¢>7dyn = G(OKSS/LO/YdynP(T))l/Qv (12) p= % and H = Cs (E) , (18)
(Y

where the subscript dyn stands for the dynamo generated o

magnetic field andP(r) is the radiation pressure. From Wherevs is given by

Equation (2), v4yn is the order of 10 as asserted by

Brandenburg et a{1995 ande is a dynamo parameter that v = (G_M> ) (19)
describes the direction of the magnetic field in the range R

of —1 < e < 1. Then, substituting Equation9)( (11)

and (L2) into Equation 8) and fromTessema & Torkelsson The speed of sound can be expressed by utiizing

Equation (8) and (L9) as

(2010 we obtain
_ H (GM\'?
di R3 === . 20
E%WEQEWM)@MWMHWVM e R<R) (20)
9 (WR™=3)2 [ Q. — Qs R (13) As was proposed byessema & Torkelssa{2010, we can
Bt 140 Qp write the gas and radiation pressure as
1d ( d 1
+=— Rsvz—(—)> : p_ PEBT. 4o, o1
RdR dR" R? Tim, + 3. Te (21)

Equation (3) represents an ordinary differential equation\yhere + is the Stefan-Boltzmann constanty, is the
for an accretion disk with angular momentum conservamgass of a proton]# central temperature, the subscript
c ’

tion. signifies values in the central planeis the speed of light,
. _ 7 is the mean molecular weight for ionized gas dng is
2.4 Hydrostatic Vertical Balance Boltzmann’s constant. Then, we can write the pressure for

We now consider the structure of the disk in the verticalhydrOStatIC equilibrium applying Equations9) and (.8)

z-direction. Hence, the angular momentum conservation HGM
is reduced to hydrostatic equilibrium condition if the net pP=x ( 3 )
flow of gas along the vertical direction is zero. Then, the ) ) )

Here, for a Newtonian accretion disk, thég,

hydrostatic equilibrium equation is defined as ) Lo
component of the viscous stress tensor is given by

(22)

10P 0 <( aM ))1/2,

-3
p0z 02 \(B2+ 22 (14) Tro = P02 = aus P(r), (23)
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where ) equation for an accretion disk. Then, from Equatiat®,(
2
Q- ((ZJ\?) ' (24) (22), (27), (32 and @3), we have
. . ) . . ;M oy R - Ri\*
Substituting Equatior?d) into Equation 23) we obtain V=5 eD1(Gm)T R2 —DRZ |1— (R )
wr T co
N (34)
-3 GM\*
fRdD = 7/)1} (F) = QSSP(T), (25)
where,
wherep = 5=. Then, the viscous stress tensf,, can )
be written as = 4”777
1/2 310 (Gm)*/2
by M
Fro = 3xv (G_B) = g P(r). (26) (35)
40 \ R which is a differential equation of for an accretion

density of the NS as Equation 84) approaches the Shakura-Sunyaev solution,

which gives us the boundary condition — AM as

_3ex (GMN\ TP 27) R — oo. Here, we need to transform Equatiod) by
P= dassH3 \ R3 ’ introducing dimensionless quantitid¢sandr, so that

Also, we can express the scale height of the disk in terms y =AM (36)

of the total pressure as where A is a dimensionless parameter for the accretion
1/2 disk and
pkpT,R3  40TR3
H = - 28 R=rR,4. 37
(mpﬁGM + 3epGM (28) e 37)

) S ) ~ Herer is a dimensionless radial coordinate aid is the
The local viscous dissipation is determined by radiativeps,an radius, which is a characteristic radius at which

losses when the matter flow through an optical disk is lowm 3 gnetic stresses dominate the flow in the accretion disk.

Then, we have th&,, v, ¥, M andR relation As noted byElsner & Lamb(1977, we haveu, as
4o 9 _GM 3 . —1
3l =5 g @)= () s, ()
Here, the optical depth of the disk, is given by ‘ ' (38)
- Finally, using Equation 36), Equation 87) and
- / krpdz = pHkp, (30) Equation 88) we get the differential equation of an
0 accretion disk from Equatior84) which is given by

whereKr = k.s + kf¢. In the inner region of the disk, . A )

. - . . ’ —1 -2 -9 —9 3
the temperature is high and the approximatiorkgf ~ A = P —eD3(GM) 1 R 1@ —Dygr2 (1 - WST%>
kes is valid because this region is dominanted by electron (39)

scattering opacity. Then, from Equatior29( and 30) we

obtain the central temperature — /(4u2vdyn_1\) _ 4p”y 5
where D5 Syo H M andDy 3MU(Gm)%MRA .

27 GM This equation is the new analytical solution for an

4 _ =0 2 o
Ie= 320”E kR R3 (31) accretion disk around an AMXP.
As was investigated bylessema & Torkelssot§2010); )
Frank et al(2002; Shapiro et al(1983: 2.5 The Structure of the Disk

5 4 B Here, to analyze the dynamics of an accretion disk, we
Ry = L“Q ~ 1.4 % 104M14TM1%1M1%5m. examine the inner region of the disk, in which the radiation
GMM? g pressure is much higher than the gas pressure and the
(32)  accretion rate is large. In this region, Compton scattering

GM prin 3 602 1 occurs more frequently than free-free absorption. To solve
co = a2 ~ 1.5 X 10°Fg;, Mim, (33) Equation 89) numerically, we have to determine scale
height in the inner region of the disk, which is defined by
whereP,,;, = 2X andM; = 4= Let us to introduce a 9
s, [O] . . ) .
parametey = S in order to solve an ordinary differential H = —kes(MA). (40)

8c
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Then, the shear magnetic field is expressed as

2ot A
Byshear = —4 x 10° My Mg (1= word) ro7,
(41)

23-5

10~2, respectively. Hence, the disk is overpowered by
radiation pressure and electron scattering whire <

Ry by increasing accretion rate. In this region, it is
possible to use the accretion rate up to the Eddington limit,

In the inner region of the disk, the radiation pressure iso that we také/ = 1.5 x 104 kg s~ for our calculation

larger than the gas pressure, and we have that:

¥ =9.57 x 10! as_s1M1_5/7]\/'11_410/7M%7A(r)_1r3/2 kgm™2,
(42)

pSLTA() 2 2 kg m ™3,
(43)

5/7 g7/

pe =318 x 1072 a, 1M, o

vr = 1.18x107 asstﬁMllf”u;;O/?A(r)r_5/2 ms~ !,
(44)
T. = 1.86 x 108 a /A M/ 2 N3] 72/ =3/8% | (45)

(T’)QT_3/2 2 1

m°s .
(46)
Tes = 1.86a;1Mf5/7M;110/7u?é7A(T)_1r3/2. 47)

v =1.1x10"2 0y MY TN 1787 A

The transition radius in the inner region of the disk is

estimated by approximating=1/3r.

22/21 —4/7
Wi o .

TIM = 12-5ﬁ8/21a§§21M110/21 14 15 (48)

and we applyA = 1/3r for the analytical solution of
the disk, and solve Equatio39) for the inner region of
the disk starting fromr;y; = 12.5. Our solutions for
the inner disk region of AMXPs with different dynamo
parameters such as = 0.45,0.15,0,—0.15 and —0.45
are shown in Figurd. This figure depicts the variations
of A as a function of- for all e = 0.45,0.15 and0. All
solutions are case V inner boundaries exceptl5 and
—0.45 (Tessema & Torkelsson 20111

In Figure 3, the high surface density results in a hot
flow. Here, the mid-plane temperature as a function of
radius in the inner region of the disk does not depend on
so that as the radius decreases the temperature increases.

In Figure 4, we affirm that the high surface density
corresponds to a decrease in radial velocity and this radial
velocity is dependent oA. In this figure, as the inner edge
of the accretion disk approaches the surface of the star,
the radial velocity either goes to zero or infinity. Here, the

Here, the accretion disk outside of the Alfvén radius isradial velocity decreases as the radius increases.

overpowered by radiation pressure only if

pns < 8256123 /SN NIS (49

This circumstance is not satisfied for an ordinary X-ray

pulsar with a magnetic dipole moment of 102° Tm3
(White & Stella 1988, though it can be satisfied for
AMXPs.

So far, we have incorporated equations of an accretio$
disk around AMXPs, then we applied some parameters

and investigated Equatio39) in the inner region of the

disk. The inner region is where the radiation pressure is

3.2 Accretion Torques

The torques on an NS range from material to mag-
netic. It is obtained from Equation1® by mul-
tiplying 27R and then integrating from the inner
radius of the disk, Ry,, to the outer edge of the
isk, Rout, see, e.g.,Kluzniak & Rappaport (2007%);
essema & Torkelssof2010; Shi et al.(2015.

M+/GM Riy, — M~/GM Ryt =

Rout -3
overpowered and electron scattering is the most important  _ / {M(Bd) dyn + Boshear) | R2dR
source of opacity§hakura & Sunyaev 197.3As a result, Rin Ho
) . . . Rout
in the innermost regions, the emitted spectrum of the [37ry(GMR)1/2} _
disk cannot be approximated by a blackbody spectrum. Rin

Whereas if the accretion rates are high, radiation pressurNe e that the tw ) the Ieft h (5(;)) id
towards the inner edge of the accretion disk exceeds thefog 6;_ € 0 ° ex_p;restshlons ton te he_ h an |5| ¢
thermal pressure. Using the appropriate selection of th@' =quation G0 provide the rate at which angular

magnetic field and accretion rate, then the inner regior':undomem:c"?h 'S trants_portde_dk pasht_l thti 'n_nehrt r?ndd og;er
solution is found below. edges of the accretion disk, while the right hand side

shows the implications of magnetic and viscous torques
on the angular momentum balance. In this case, the
material, magnetic and viscous torque can be expressed in
Equations %1), (52), (53), (54), (55 and 66). Thus, the
material torque at the inner edge of the disk on the NS is
given by

3 RESULT AND DISCUSSION
3.1 Global Solutions

Here, as was studied byessema & Torkelsso2017),
we integrate Equation3@) for the inner region inwards

from very small radius~ 12.5 and A = 1/37. The Ni, = M(GMRy,)Y/? = 1.4x10%° Mngf”Mffrilf.
dimensionless parameteys vq,, andoy, arel, 10 and (51)
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Fig.1 Result ofA as a function of- for the AMXPs with accretion raté/ = 1.5 x 10*kgs~! and the different dynamo
parameters are displayed with= —0.45 (solid blueline), e = —0.15 (red dotted ling), e = 0 (solid greenline), e = 0.15
(black dotted line) ande = 0.45 (solid black lin€). In Fig. 2, theX is purely a decreasing function offor e = 0 and0.45,
and increasing fog = —0.45.
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-2y
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Fig.2 Result ofT as a function of- for AMXPs with accretion raté/ = 1.5 x 104 kgs~! and the different dynamo
parameters are displayed with= —0.45 (solid blue line), e = 0 (solid green line) ande = 0.45 (solid black line).

Here, in Figureb we investigate the inner accretion torque This magnetic torque is separated into shear and dynamo
on the disk in the inner region of the disk. This materialgenerated magnetic torque. Then, the shear magnetic
torque increases as the accretion rate and the inner radit@que,Nyag shear, IS defined by
increase.
The magnetic torque is the result of the coupling Hout —(uR™3)By shear 1,0

between the vertical magnetic field of the star and the]\fm""g’s}leaLr - / Ar RrdR

g Rin Ho
toroidal magnetic field in the disk. Hence, the torque ) o0
acting on tr?e lower surface of the disk can be Wri?ten ~ 4 x 107 V“%7Mf/7M164/7/ [ (1 = wer®/?)]dr,
(Ghosh & Lamb 197pas " (53)

and the dynamo generated magnetic torque on the NS is

flowt —(uR™3) (Bg,ayn + By shear) R*dR R
Nmag = —4n : Rout -3)B
. m / s ZWET ) B dyn o gy (54)

Nrﬂ n —
(52) ey Fin o
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Fig.3 Result ofT, as a function of- for AMXPs with accretion ratél/ = 1.5 x 10'*kgs~! and the different dynamo
parameters are displayed with= —0.45 (solid blueline), e = 0 (solid green line) ande = 0.45 (solid black line).

20

Radial Velocity
S
T

Fig.4 Result ofV; as a function of- for AMXPs with accretion raté// = 1.5 x 101 kgs~! and the different dynamo
parameters are displayed with= —0.45 (solid blueline), e = 0 (solid green line) ande = 0.45 (solid black line).

Here, the dynamo generated magnetic torque in the innévioreover, as was investigated Agssema & Torkelsson
region of the disk is defined by (2011, the standard accretion disk solution has a case D
inner region boundary when the viscous torque is neglected
in accretion disk theory. Hence, the angular momentum is
Nyn,inner = 7 x 1026 eﬁﬁu‘ngf/MMfl{M/ 7/ 4dr. transported from the NS to the disk when it is in the case
e (55)  Vinner region boundary.

On the other hand, the viscous torque in the inner region of

the disk is given by Except for the case when= 0, the dynamo magnetic

torque is importantly greater than the shear magnetic
torque, and both are greater fo= 0.15 than fore = 0.45.

= . . )1/2 . :
Nyis = =3y Rin(GM Rin) (56) Because of this effect, the central hole of the disk grows too
= —1.3 % 1027 (20T M T NI A (g )2, large whene = 0.45. The overpowered torque at= 0.45
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Fig.5 This figure plots the material torque on AMXPs with differatretion rates by varying the inner region radius,
Tin, Of the disk.

—-0.000010

—0.000015 1

—0.000020 A

Nvis

—0.000025 A

—0.000030

—0.000035 A

Fig.6 This figure plots the variation of viscous torque as a fumctibradius for AMXPs with different masses and radii
in the inner region of the disk.

is the viscous torque in this region, which is ignored as2001), the NS is accreting at a rate beld@'? kgs~" from

displayed in Figuré& below. a brown dwarf companion. There is also great doubt in
the spin variations that have been reported for AMXPs.
3.3 Comparison with Observational Results For instanceBurderi et al (2006 reported for these spin

variations between-7.6 x 10714 and4.4 x 10~ *Hzs~!
There is a large variation in the accretion rates among, sax J1808.4-3658, buHartman et al.(2008 noted
AMXPs. The well studied system IGR J00291+5934 isi 4t the measurements of this source are plagued by more

i 4 — i .. . L
accreting at a rate of at Ieast1Q1 kgs " basedonits X-  yariations in the pulse shape, and put an upper limit of
ray flux (Burderi et al. 200y, while in some other systems,

for instance, SAX J1808.4-3658i(dsten & Chakrabarty
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2.5x 10~ Hzs~! on the spin variations and found a long- Research and Development Department for supporting this

term spin down of) = —5.6 x 1076 Hzs~ 1. research. This research has made use of the Astronomical
On the other handBurderi et al.(2007) reported that Data system.

IGR J00291+5934 was spinning up at 10~ 12 Hzs~!

during the December 2004 outburst. More spin variation®References

have been observed in some AMXPs that depend on the

accreting torque, which is given by Balbus, S. A., & Hawley, J. F. 1998, Reviews of Modern Physics
70,1
N = 2wl (57)  Becker, W. 2001, in AIPC, 599, X-ray Astronomy: Stellar

Endpoints, AGN, and the Diffuse X-ray Background, eds.
N. E. White, G. Malaguti, & G. G. C. Palumbo, 13
Bildsten, L., & Chakrabarty, D. 2001, ApJ, 557, 292
Brandenburg, A., Nordlund, A., Stein, R. F., & Torkelsson, U

wherel is Kg m? and? is Hzs 1.

4 CONCLUSIONS

In this paper, we have studied the interaction between 1995; Ap3'446' 741 o .
AMXPs and the inner region of the disk, which is Burder L., Di Salvo, T., Menna, M. T., Riggio, A., & Papitto
supported by the dynamo generated magnetic field. Hence, A. 2906’ Apj]'-' 653, L133

we found that the fundamental equations of an accretiofrUrderi. L., Di Salvo, T., Lavagetto, G., et al. 2007, ApJ765
disk around AMXPs give a more stable system than 961

the previous study. We have made an effort to find anElsner’ R.F, &I._amb, F. K. 1977, ApJ, 215, 897 o
analytical solution by applying a numerical method for Falanga, M., Kuiper, L., Poutanen, J., et al. 2013, arXiviats,

an accretion disk around AMXPs in the inner region arx|v.1302.28.43
. . . . . . Falanga, M., Kuiper, L., Poutanen, J., et al. 2005, A&A, 4¢3,
of the disk, in which the accretion rate is high and _ . :
. . . Frank, J., King, A., & Raine, D. J. 2002, Accretion Power
the disk is overpowered by radiation pressure and the ) . » . .
in Astrophysics: Third Edition (Cambridge, UK: Cambridge

electron scattering region. Here, the analytical solution _

of Equation 89) at the higher accretion rate in the inner Glr:‘g!\k:. zrezszamb F. K. 1979, ApJ, 234, 296

region of the accretion disk is greater than the radius of th(?—|artma’m J M. Pa’tru-no. A C’hakr:albart'y, D.. et al. 2008),Ap
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