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The generation of X-ray sources in close binary systems is studied. It is proposed that
one of the stars is a white dwarf and it is accreting material from its companion. The entire
treatment applies to the spherically symmetric and the stationary case. The model of this
type accounts qualitatively for the observed nature of SCO X-1.

§ 1. Introduction

Recently, observational knowledge of X-ray sources has been accumulated ex-
tensively, of which the most interesting fact is the variability of X-ray sources
with various time scales. It seems that the variability is the common property
inherent to X-ray sources.

SCO X.1 is an X-ray source which has been observed in great details. The
temperature of hot plasma and the emission measure, which are determinable from
the observed intensities in several energy ranges, show different values depend-
ing on the time at which observations are made. A remarkable correlation will
be seen when observational values are plotted in the temperature-emission measure
diagram.V

From simultaneous observations of the X-ray intensity and the optical blue-
magnitude of SCO X.1, one can also find a correlation between the temperature
and the B-magnitude,” though not so remarkable as in the former. It seems that
these correlations as well as other observational evidences such as the excess of
high-energy X-ray intensity, radio emissions, etc., give an important clue for the
study of physical entity for X-ray sources.

One of the most exciting discovery in X-ray source is the recently reported
evidence® that the pulsating source Cen X-3 is a member of an eclipsing binary
system. Analysis of Cen X.3 gives the upper limit of the mass of the X.ray
source, which has been estimated to be about 0.5 M® This mass is typical for
the white dwarf, though a possibility of a neutron star cannot be excluded.
However, the formation of a neutron star through a supernova explosion may be
incompatible with the observed circular orbit of Cen X.3.

We were motived from this fact to consider that some of X-ray sources may
be explained by accretion of matter on to a white dwarf. The motion of infall.
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ing material becomes soon supersonic on account of the gravitational field of
the white dwarf. As was pointed out by Sakashita, a standing shock wave ap-
pears near the surface of the white dwarf. Through the shock, most of the
kinetic energy of infalling material convert to the thermal energy of the gas.
X-rays are emitted from the narrow zone between the shock discontinuity and
the surface of the star. The mean temperature and the size of this emission
region will be approximately determined in § 2.

In §3 the mean temperature, the corresponding emission measure and the
X-ray luminosity are numerically calculated for white dwarfs of mass 0.5 Mg,
0.6 M, and 0.7 M, respectively.

As is expected, the model thus calculated accounts qualitatively for - the
observed nature mentioned above. Details of the comparison will be studied in § 4.

§2. A binary model of X-ray source

As for the center of gravitational attraction, we consider a white dwarf with
the mass M and its radius R. It is assumed that the white dwarf acts as a sink
for any infalling material from its companion,
but the consequent increase in mass is
neglected. The motion of infalling material

shock front

is assumed to be spherically symmetric and  hire dwart

- . .. /

the flow to be stationary. In addition, we
— R —

assume the gas to be perfect and to have
\

constant specific heats with ratio 7.

On account of the gravitational field of
the white dwarf, the flow is expected to be
highly supersonic in the vicinity of the star.
Consequently, a spherical standing shock
wave appears in front of the surface of the
star, as is shown schematically in Fig. 1.

In the following, the physical nature of the flow in these situations will be
studied under reasonable approximations.

1) Infalling flow
If we assume the motion to be adiabatic for infalling flow toward the shock
front, it can be represented by Bernoulli’s equation®

1 1 , GM D

— i+ ct — = const,
2 r—1 r

supersonic flow

Fig. 1. Schematic diagram of mass-accre-
tion by a white dwarf.

where ¢, is the local sound velocity and M the mass of the white dwarf. The
constant in Eq. (1) is determined from the boundary conditions. As is usual in
a stationary flow under gravitational attraction, the constant can approximately
be put to zero, as far as the flow in the vicinity of the star is concerned.”
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778 R. Hoshi

Furthermore, in the limit of a supersonic flow, Eq. (1) can.be written simply as

1 GM

3 vi= " . (2)

2)  Shock discontinuity

Let the velocities before and behind the shock discontinuity be v; and v, in
the coordinate system co-moving with the shock front. In the following, sub-
scripts 1 and 2 describe the quantities before and behind the shock discontinuity,
respectively. The Rankine-Hugoniot relation® gives

+1 +1)?
0="7 U+~/(T16 Yipge,, 3)
where '
U=v,—v,. - C))

In the limit of a strong shock, v1/¢5,1>>1, we have

2 2

(o1 — vs). (5)

For the spherical standing shock which will appear around the central star, the
velocity behind the shock is given by

r—1
7+
where v, is given by Eq. (2), because the shock front is at rest with respect to

the central star. Also, in the limit of a strong shock, the jump of the density
and the temperature are given by®

Uy =

V1, (6)

0s _1+1 Z}=27(r—1)<v1>’_
oo v—1 T, (r+1y

From Eqgs. (2), (6) and (7), the velocity and the ‘temperature behind the shock
are written as

™)

Cs1

_r—1 /2GM

8
v’—_'r+1 n ®)
2(r—1) nH2GM
T, #H , 9
=Tk on ©)

where # and H are the mean molecular weight for accreting material and the
hydrogen mass, respectively.

Suppose that the shock front is produced close to the star’s surface (this
is the case as will be discussed later), then the distance 71 can be replaced by
the radius of the star R. In Table I, the velocity v, and the temperature 7, are
tabulated for three different masses of white dwarfs. Here, g describes the
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Table 1. Physical data for white dwarfs ~ gravity at the surface of the star. White
accompanying the accretion of ma- g .rfs are assumed to be complete de-

terial. . .
generate configurations. The mass-radius
M/Me 05 | 06 | 07 relation has been interpolated from the
log R (cm) 8.99 8.04 8.90 Table of Chandrasekhar.”

log g (cm/sec?) 7.85 8.02 8.18

log v; (cm/sec) 8,57 8.63 8.69
log T2 (K) 8.28 8.41 852 Most of X-rays are emitted in the region

enclosed by the shock front and the surface
of the star. Hereafter, this region will be called the emission region. The
emission region is described by the equation of continuity, momentum balance

3) Emission region

and conservation of energy as

7*pv, = const, 10
dv 1dP GM
ry = 4 =0, 11
dr p dr 7 an
w2+ L2 ) +enp=o0, (12)

where ¢ and g are the specific internal energy and the emission rate .of energy
per unit mass due to the freefree process, respectively. In deriving Eq. (12),
it is assumed that the emission region is transparent for emitted radiations.

Now, we assume the thickness of the emission region x to be much smaller
than the stellar radius, x<€R. The pressure in the emission region must increase
toward the center, dP/dr<0, while the temperature must decrease, d7/dr>0.
The flow velocity v, in the above equations has negative value since we are in-
terested in the case of accretion. Denoting its magnitude as w», Egs. (11) and
(12) are approximately expressed as

v
—_—— —-=0, 13
vx o x R 13)
BN i AT (14)
x px

The emission rate of energy is given by®
es=&p T (ergs/gm sec), (15)

where

E°_4~/ <3ncmh>< : )ml Z G(TZ) (16)

The mean molecular weights for electrons and Z-th species of ions are described
by #. and g, respectively. For simplicity the integrated gaunt factor G is ap-
proximated by 2+/3/7.” The specific internal energy can simply be written as
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T. an

By means of the above equations, the thickness of the emission region is given
by

z= (/1 —o") /0, g=%4, (18)

and for the temperature we have

2
T— {ﬂ_fi r—=1, Aﬁ} , (19)
k7 !
where the accretion rate per unit area is denoted by
1 dH
=gy= e, 20
v 4z R* dt (20)

As is clearly understood from Eq. (14), the temperature determined from
Eq. (19) has a meaning that the total amount of energy emitted from a given
mass element of infalling material, &xt=cy(x/v), is just equal to the enthalpy of
this mass element, ¢+ P/p. Then, it can be interpreted as the effective tempera-
ture of the emission region, and it is denoted by 7. It is to be noticed that the
effective temperature depends on the thickness x. It is determined from the rela-
tion that the pressure must balance with both the gravity and inertia force, i.e.,
P=pgx+pv*, as given by Eq. (18).

Inserting Eq. (18) into (19), we obtain the quadratic equation for the tem-
perature, which can be solved when the accretion rate A and the mean velocity
v are specified. Since the mean flow velocity must asymptotically tend to zero
at the base of the emission region, it is taken simply as

vi=%v," . 21)
The total X.ray luminosity can be obtained from the generalized Bernoulli’s
equation :
1 r k }dﬂl’l
L={_ i Tk _ryldMt 22
£f 27/1 r—l,uH( 1 ) dt (22)

where 7, is the temperature at the base of the emission region. The second
term in the large bracket can be neglected when To>|T,—T;|.

§3. Result of numerical calculation

Numerical calculation has been done for three different masses of white
dwarfs, 0.5 Mg, 0.6 M, and 0.7 M, respectively.
The chemical composition of accreting material is assumed to be

X=0.7, Y=03, (23)
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where X and Y are the fraction of hydrogen and helium, by weight, respectively.
A convenient method is to specify an effective temperature, and then, deter-
mine the corresponding thickness and accretion rate from Egs. (18) and (19).
Results are shown in Table II where numerical values are listed as a func-
tion of the accretion rate d.H/dt. The density behind the shock discontinuity
is denoted by p,. In the last column the emission measure is listed, which is
calculated along

1V =Ly/ {e (U HY T} 24)

Table I1(a). Characteristics of. the emission region for a white dwarf of M=05Mp.

dM/dt(10-"Me/yr) | log z (cm) | logT CK) |logp: (gm/cm?){log Ler (ergs/sec) | log 2,2V (cm-3)

46.8 ] 6.26 7.52 —6.57 37.30 60.70
145 6.78 754 —7.08 36.80 60.18
525 7.26 762 —752 36.35 59.70
291 7.56 7171 —7.78 36.10 59.40
1.95 7.78 7.80 —7.95 35.93 59.18
1.46 7.96 7.90 —8.08 35.80 59.00
119 8.08 7.98 —8.16 35.71 58.88
092 8.26 8.10 —8.28 35.60 58.70
0.77 8.39 8.20 —8.35 35.52 58.58

Table II(b). Characteristics of the emission region for a white dwarf of M=0.6Me.

dM/dt(10-"Me/yr) log z log T log p2 log Lyt log n2V
649 621 7.64 —6.40 3757 60.91
20.1 6.74 767 —6.0 37.07 60.38
7.29 721 7.74 —7.35 36.62 59.91
4,05 751 783 —7.60 36.37 59.61
271 774 7.93 —7.78 36.19 59.38
202 791 8.03 —7.90 36.07 59.21
1.66 8.04 811 —7.99 35.98 59.08
1.28 8.21 8.23 —8.10 35.87 58.91

Table I1(c). Characteristics of the emission region for a white dwarf of M=0.7Mep.

d-M/dt(10-"Me/yr) log log T log p2 log Lye log n2,V
87.1 6.17 7.75 —6.24 37.81 61.09
26.7 6.69 7.78 —6.75 37.30 60.56
9.68 717 7.86 -7.19 36.86 60.09
5.37 747 795 —740 36.60 59.79
3.60 7.69 8.04 —-7.62 36.43 59.56
2.69 7.87 8.14 -7.75 36.30 59.39
220 7.99 8.22 —7.83 36.22 59.26

1.69 8.17 8.34 —7.95 36.10 59.09
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From Table II one can see that both the thickness = and the effective tem-
perature 7T decrease as the accretion rate is increased. The emission region
becomes dense in the phase of a large -accretion rate. Correspondingly, more
energy is emitted because ezocpT"’. The emission region is then cooled and
the temperature is lowered. As a result, the emission region is confined in a
more compressed state in order to recover a necessary pressure.

Finally, one can see from Table II that the approximation £ <R can be fully
satisfied except for highertemperature phases.

§ 4. Physical property of model

In this section we will discuss some properties of the model in comparison
with the observational knowledge of X-ray source. However, since the numerical
result thus far obtained is very approximate, we will not discuss its detailed
comparison but discuss only its overall nature. In the following, as an example,

the result for the case of mass accretion on to 0.5 Me white dwarf will be com-
pared with the observations of SCO X.1.

1) Emission measure

The emission measure was calculated as listed in the last column of Table
II(a): On the other hand, 1 V/4nd® (where d is the distance to the X-ray
source) was determined from X-ray observations of SCO X112 Comparison of
the both figures enables us to estimate the distance to SCO X-1. Theoretical
values 7,'V/4nd? are shown in Table III, where the distance is assumed to be
d=150 pc so as to obtain a reasonable fitting to the observations. These are
illustrated in Fig. 2 by a solid curve, as well as the observations denoted by
rhombic error boxes.

The spread of observational values in this diagram can be understood as fol-
lows: In our model, both the emission measure and the effective temperature
have to be determined depending on the rate of accretion of infalling material.
The upper half of Fig. 2 shows the corresponding accretion rate, from which
one can see that accretion rates are different in each observation.

Table III. The effective temperature and the emission measure as a function of the accre-
tion rate (M=05Mg, d=150 pc).

dM/dt(10-"Me/yr) KT (KeV) n2V/4rd? (10 cm-5)
5.25 3.56 . 18.7 .
291 4.38 9.33
1.95 547 5.61
146 6.84 3.73
119 8.21 2.80
0.92 110 187
0.77 13.7 140
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In a binary system just in
al _ the phase of mass exchange, it
' is natural to consider accreting
material on to a secondary star
to fluctuate with time. The
mass exchange in a binary
system is analogous to the
overflow of water from a bath.
1 l I T 1 ' The rate of overflow may be
constant if the level surface of
the bath is sufficiently quiet.
- It may change with time if the
level surface is wavely perturb-
4 ed. The surface of a primary
star may also be perturbed
with some respects such as
pulsational and/or rotational
instability. The spread of the
observations in this diagram
can be explained if the accretion
rate fluctuates as much as a
factor 3.
3 2 A s 10 12 14 A question arises as to
kT (KeV } whether the approximation of
Fig. 2. Rocket observation of SCO X-1. The solid stationary flow holds or not,
curve represents the result shown in Table II. when the accretion rate changes

The relation between the effective temperature and
the accretion rate is shown in the upper diagram.

dm,/dt (16 Mg/ YF)

nZv/ard? (1016 cni3)

with time. As far as the emis-
sion region is concerned, the
stationary approximation can be applicable when the time for a given infalling
mass element to traverse the emission region, x/v, is much: shorter than the time
for an overall change of the density fluctuation of accreting material. The former
time is, estimated to be shorter than a second, while for the latter, although
theoretical estimate is difficult at present, observational evidences show that it

is longer than a minute even in a flickering stage of SCO X.1.»
As for the mean accretion rate, it is roughly related to the evolutionary time

scale Zo,, of a primary star as
anm M,

) 25
dt Loy 25

where M, is the mass of the primary. A primary star larger than 5 Mg can
supply necessary accretion rate as in Fig. 2, even if the mass exchange occurs
in the main-sequence stage of it. However, a possibility cannot be excluded that
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784 R. Hoshi

a star less massive than 5 M, say even smaller than 2 My,™ can also supply a
necessary accretion, if the mass exchange commences in a subgiant or in a giant
stage of the primary.

2) B-magnitude

Since the discovery of the optical counter part of SCO X.1, many simul-
taneous observations of optical magnitudes and X-ray intensities have been per-
formed. In this subsection we will try to estimate the optical blue-magnitude B
expected from the model. On account of relatively small thickness and low density,
the emission region is almost transparent even for visible radiations. Visible
radiations are mostly absorbed by widely spread and relatively cool accreting
material outside the shock discontinuity. If the temperature of the accreting
material is lower than that of the emission region, the energy emitted from the
accreting material can be neglected as compared to that from the emission region.
In this case, the accreting material plays only a role of a filter absorbing visible
radiations.

Let the intensity of the free-free emission in the blue band be Fy(B):

Fi(B) = _kh_TLﬁe‘”"B/"T % 47r1d2 (ergs/cm® sec Hy), (26)

where v; is the effective frequency for B.band, v5=6.84 x10"H;, and g(B) is

the gaunt factor. Due to the absorption by accreting material, the intensity is
reduced to

F(B)=Fx(B)e ™, @27
where the optical depth r is approximated by™

e L“’ V3kn dr . (28)

The freefree and the electron scattering opacities for visible frequency are writ-
ten as

K= K0T,

Ke=FKeo , (29)

where kg, depends only on the frequency. The density in the absorption region
can be calculated from the equation of continuity, Eq. (10), where the motion is
assumed to follow Eq. (2),

1 1 1 d%H 30
O=4zV 3GM " g - (30)
As for the temperature, it is difficult to estimate at present. Therefore, we
define an averaged temperature 7., for the absorption region, and in integration

it is put outside the integrand. From Egs. (28), (29) and (30), we. have
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b ) . o

dt )| TR

14

12

10

kT (KeV}

Teny=3x10% °x

2 L { i I ] |
mn 12 13 14
B (magnitude)

Fig. 3. The relation between the optical blue-magnitude B and the
effective temperature of SCO X-1. Solid curves represents the
result shown in Table III. A solid curve designated by no absorp-
tion shows the limiting case of no-absorption.

B.magnitude can be given in the term of F(B) by

F(B)
F©0)’

B=—25Ilog (32)

where F(0) is the intensity corresponding to B=0, which was calculated by
Matthews and Sandage'™ as

F(0) =4.13x10"" ergs cm~? sec™* Hz. (33)
Table IV. The optical depth t and the optical B-magnitude (M=05Mp, d=150 pc).
Tenv =3x10%°K Tenv=1 x 108 °K Tenv =3X10% °K

kT (KeV) log Fe (B)» Tos® T B T B T B
356 —23.41 50 1.86 12.1 397 142 7.85 18.6
4,38 —-23.75 2.8 0.76 117 1.56- 126 3.24 144
547 —2401 18 043 12.0 0.86 125 1.78 135
6.84 —24.22 14 027 124 0.55 12.7 115 13.3
8.21 —24.37 1.1 0.20 12.7 041 12.9 0.85 134
110 —24.60 09 0.14 13.2 0.28 13.3 058 13.7
13.7 —24,76 0.7 0.10 136 021 13.7 0.44 13.9

a) The unit on Fer(B) is ergs/cm?sec Hz.
b) The optical depth of electron scattering is denoted by ...
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786 R. Hoshi

The optical thickness and B-magnitude are listed in Table IV for three
cases, Teny=3x10"K, 1x10K and 3x10%K, respectively, where the distance
d is also assumed to be 150 pc. Comparison to observations are made in the
effective temperature-B-magnitude diagram (Fig. 3). Loci for constant Teny are
denoted by solid curves, while observations® are shown by black dots with error
bars.

In low accretion phases, the B-magnitude decreases, that is, the X-ray saurce
becomes brighter in the visible frequency range, as the accretion rate increases.
When the accretion rate increases further, B-magnitude tends to increase, because
the absorption overweighs the increase in the incident intensity Fg(B). At some
intense accretion phases, X-ray sources may become very faint.

It is to be noticed that the effect of interstellar absorption™ is not taken
into account in Table IV and in Fig. 3. This effect shifts the solid curves as
a whole toward the high B-magnitude side. However, the solid curves are again
shifted toward the left when the distance is assumed to be smaller than 150 pe.

3) Hard X-rays

In the previous section we have estimated the effective temperature in the
emission region. This is considerably lower than
that just behind the shock discontinuity (see
Table I). In view of the above consideration
the temperature may distribute in the emission
region as shown schematically in Fig. 4. The

shock discont.  excess emission of hard X-rays should be expect-
ed in the hightemperature region behind the

xq shock front.

T
—— The intensity of emitted X-rays with energy
Iy hy is given by
Fig. 4. Schematic diagram of 1 7] ek
the distribution of tempera- F,= s — 7€f—f—ae"h”/ “AnR*odx, (34)
ture in the emission region. dnd* o 2 kT

where & has been given in Eq. (15), and the factor 1/2 comes from the high-
energy limit of the ratio of the gaunt factors® §/G. Suppose that in the high.
temperature region we are interested in, the distribution of temperature is mainly
determined from the cooling due to the free-free emission. Accordingly Eq. (12)
can be approximated by

ar _
dx
In term of this equation, Eq. (34) can be written as

1 1 R 4w 7<e"’>d
v Ty - Y
8nd*y—1 uH dt Ju

(-1t e (35)
E o

(36)
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where

y=hy/kT,

787

37

Results are shown in Table V for two cases with M=0.5 Mg, log T=7.71
Table V. The intensities of hard X-rays

(d=150pc).

M=05Mp M=06Ms
log T=7.11 log T=7.74

hy (KeV) lqg F,.l’ log F,

100 —2.80 ~1.59

70 —1.86 -0.90

50 -1.12 —-0.37

30 —0.51 —0.02

a) The unit on F, is KeV/KeV cm? sec.

tensity of hard X-ray is proportional to the accretion rate d.H/dt.

and M=0.6 Mg, log T="7.74; cor-
responding physical values have been
shown in the fourth row of Tables
II(a) and II(b), respectively. The
distance is also assumed to be 150
pc for the both cases. In Fig. 5
results of Table V are illustrated
together with the intensities cor-
responding to the respective effective
temperatures.

It is to be noticed that the in-
Therefore,

we can expect a correlation between the intensity of hard X-ray and the effective
temperature, that is, intense hard X-rays are expected in phases of low effective

temperature.

Comparison to observations are made in Fig. 6 for the case of 0.5 M star.

7-5.08x107

log Fy (KeV/KeVCm2 sec)

-1 |

°K>

!

I

2 4 6 8

ENERGY (KeV)

10 20

40 60 80100

log Fy (KeV/KeV em2sec)

T-5.53x107 °K

- - —

[ I 11 1 1 1 1
2 4 6 810 20 40 60 80100
ENERGY (KeV)

Fig. 5. The energy spectra of X-rays from white dwarfs of 0.5M@ and 0.6Mp for particular
phases selected so as to give the effective temperature T'~5x107K.
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788 R. Hoshi

The calculated intensity corresponds to rather high accretion phase as is seen
from Fig. 2. In low accretion phases the intensities become as lower as about
a factor 3. The observational values are taken after Agarwal et al.®

§ 5. Discussion

In the previous section we have chosen a white dwarf of mass 0.5 Mg. One
of the reason for this choice is that the lower limit of the temperature in high-
accretion limit (see Fig. 2)

w0 g LI SRNLA ML NN A AN S Bt M BN S A ma e ma
coincides with the observed values 3 Sco X-1 3
of SCO X:1. However, this lower - 3
limit 7 is related to the mean o

velocity v as T,=uHv*/k, as is
obtained from Eq. (18). Recently,
Aizu'™® has shown that the emis-
sion region can be solved analy-
tically in high-aceretion limit.
According to his result the mean

URRRLLL
D
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velocity can be approximated by

v'~v’/4 instead of Eq. (23). \ N
This means that the mass of a ot LT é}\ {
white dwarf may be 0.7~1 M, M
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in order to explain the observed

nature of SCO X-1. oIl [ (I T Lt "I.;OJTQ
. . . [ 281N ] 20 3 40 50 60 77 80 9%
In this paper the emission . ENERGY (KeV)
region is characterized by a mean  Fig. 6. X-ray intensities of SCO X-1 (after Agarwal
effective temperature. However, et ali®), together with the predicted X-ray
in real cases the distribution of intensity from 05Mp white dwarf.

the temperature in the emission region may not be so simple as represented by
an effective temperature. The corresponding energy spectrum may also deviate
from that illustrated in Fig. 5. Furthermore, a half of emitted X-rays are
radiated on the average toward the inner direction. These radiations should be
absorbed by optically thick-inner region, and re-emitted again. Then, more critical
treatments are necessary for further details of the model, even if the emission
region is transparent for the emitted radiation.
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