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A SOFT X-RAY IMAGE OF THE ALGOL REGION 

F. R. Harnden, Jr., D. Fabricant, K. Topka, B. P. Flannery, W. H. Tucker, and P. Gorenstein 
Center for Astrophysics, Harvard College Observatory and Smithsonian Astrophysical Observatory 

Received 1976 September 28 

ABSTRACT 

Algol (ß Persei) has been detected in two separate exposures of an imaging X-ray telescope. 
The 0.15 to 2KeV X-ray luminosity is ~2 x 1030 ergs s“1. The X-ray flux is interpreted as 
thermal emission produced by the direct accretion of mass from the K star to the B8 member 
of the triple star system. 
Subject headings: stars: accretion — stars: eclipsing binaries — stars: individual — 

X-rays: binaries 

I. INTRODUCTION 

Algol has recently been detected by the SAS-3 
rotating modulation collimator experiment (Schnopper 
et al. 1976) as a source of 2-6 keV X-rays. Previous 
efforts to observe X-rays from the triple star system 
(Cañizares et al. 1973; Kifune, Wolff, and Weisskopf 
1975) had resulted in upper limits somewhat below the 
SAS-3 observation. The present measurements, which 
extend the spectral data downward to 44 Â, confirm 
that Algol is an X-ray emitter and suggest variability, 
since the observed luminosity is about an order of 
magnitude below that measured by SAS-3. 

In §§II and III the current observations are de- 
scribed. Section IV discusses two mass-transfer models 
which may account for the X-ray emission. 

II. EXPERIMENT 

The soft X-ray telescope used in these observations 
was flown aboard Aerobee 350 rockets launched from 
the White Sands Missile Range on 1975 March 15 at 
04:10 UT and on 1975 December 6 at 06:05 UT. The 
instrument, described previously by Gorenstein et al. 
(1975), consisted of two orthogonal, one-dimensional, 
grazing incidence mirrors and an imaging proportional 
counter at the focal plane of the telescope. The 
effective area of the mirror is ~ 150 cm2 at a mean 
wavelength of 12 A or 1 keV, and the instrumental 
resolution obtained was 4' x 4'. 

in. RESULTS 

Figure 1 is a 25 s exposure of a 2° x 2° field around 
ß Per. This December exposure was obtained while the 
rocket was locked onto Algol in order to update the 
attitude control system for subsequent maneuvers to 
other targets. Counts observed in the 0.5 to 1.5 keV 
band are displayed in image elements of 4' by 4'. The 
average number of counts in the image (with Algol 
excluded) is 0.13 per element, while 9 counts are 
obtained for the element centered on the position of 
ß Per. Hence, the probability that the counts attributed 
to Algol are due to random (Poisson) fluctuations is 

negligible (~10~13). A total of 44 net counts was 
obtained from Algol over the 0.15 to 2keV band, 
corresponding to a luminosity of ~2 x 1030 ergs s_1 

at the distance of ß Per (30 pc, Bachmann and 
Hershey 1975). 

An exposure of 4 s was obtained during a similar 
update maneuver during the 1975 March 15 flight of 
the same X-ray telescope. The Algol image has six 
photons at the position of ß Per and a negligible count- 
ing rate elsewhere. The luminosity deduced from this 
measurement is consistent with that of the December 
measurement. 
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Fig. 1.—X-ray image of a 2° x 2° field containing Algol 
(j8 Per), obtained from a 25 s exposure taken 1975 December 6. 
North is at top and the scale of this 0.5 to 1.5 keV image is 
indicated by the 16' tick. 
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TABLE 1 
X-Ray Observations of Algol 

Luminosity* Energy Band 
Date Experiment Phase (1030 ergs s-1) (keV) 

1975 Mar. 15  Imaging rockett 0.37 2(+l, —0.7) 0.15-2 
1975 Oct  SAS-3t 0.35-0.55 16 ± 1.8 2-6 

0.9-0.15 <6 6-11 
1975 Dec. 6  Imaging rocketf 0.52 2 ± 0.5 0.15-2 

0.2 0.15-0.28 
1.5 0.5 -2.0 

* Distance = 30 pc (Bachmann and Hershey 1975). The indicated errors are statistical only. Esti- 
mated systematic uncertainties of 30% and 50%, for the rocket and SAS-3 values, respectively, have not 
been included above, 

t See §11. 
t Schnopper et al. 1976. 

The energy flux has been computed for two energy 
bands, converted to luminosity, and is listed in Table 
1. These flux values were computed by folding an 
assumed source spectrum through the instrumental 
response to predict the observed counting rate and 
then integrating the intrinsic spectrum over each 
energy band to obtain the tabulated values (which are 
rather insensitive to the actual parameters of the 
assumed spectrum). Also given in Table 1 is the SAS-3 
result. Taken by themselves, the SAS-3 data (which 
were obtained at several phases throughout the 2.87 
days orbital period) or the rocket measurements (taken 
at phases 0.37 and 0.52 for the March and December 
observations, respectively) are formally consistent 
with a constant source intensity. However, when the 
SAS-3 result is compared with the flux measurements 
from the present experiment, source variability seems 
quite likely. Although systematic uncertainties for the 
two experiments are rather large ( ~ 30% for the rocket, 
~ 50% for SAS-3), they do not explain the difference 
in flux. 

The 0.15-0.28 keY flux (see Table 1) detected in the 
present observations rules out an explanation of the 
discrepant luminosity measurements solely in terms 
of a low-energy cutoff. Model spectra with enough 
(intrinsic) photoelectric absorption to reconcile the 
2-6 keV emission with the 0.5-2 keV emission would 
leave no detectable flux in the 0.15-0.28 keV band. 

The limited spectral information implies that the 
temperature was less than 30 million kelvins during the 
SAS-3 measurement, and greater than ~3 million 
kelvins for the two imaging rocket measurements. 

IV. DISCUSSION 

In this section we discuss general models for the 
X-ray emission from Algol based on mass transfer, 
either in a wind or by Roche lobe overflow. The dis- 
cussion will suggest characteristic properties for the 
source, but more extensive observations and refined 
theory will be necessary for a definitive picture. 

If it is assumed that the X-rays are produced in an 
isothermal plasma, the emission integral £ N2dV 
necessary to produce the observed X-ray luminosity 

LX(&E) in a band AE can be computed from 

LX(AE) = P(AE, T) J iVW, (1) 

where N2P(ÙaE, T) is the emissivity of a hot plasma. 
Using the calculations of Raymond, Cox, and Smith 
(1976) for P(AE, T\ we find that the emission integral 
required to fit the rocket observations (Ais = 0.15- 
1.5 keV) increases monotonically with the assumed 
temperature and is in the range 

1053.° ^ J N2dy ^ 1053.7 cm-3 5 

for temperature in the range 3 to 30 million kelvins. 
The corresponding luminosity integrated over all 
energies is Lx ~ 1031 ergs s-1, roughly independent of 
temperature. 

The emission integral required to fit the SAS-3 
results (Ais = 2-6 keY) decreases monotonically with 
temperature in the 3 to 30 million kelvin range. (This 
is because these data refer to a higher energy band.) 
We find 

1056-2 £ J N2dV ^ 1064-4 

for the same temperature range. The luminosity 
integrated over all energies is in the range 1034 to 
1032 ergs s-1. 

The large difference in emission integrals derived to 
fit the two sets of data is evidence for variability; but 
in view of the systematic uncertainties in the measure- 
ments and the allowed range of temperatures, the 
evidence for variability cannot be considered con- 
clusive. 

An obvious model for the X-ray emission involves 
mass transfer between the close eclipsing pair of stars 
in the Algol system. (The parameters for Algol [Hill 
et al. 1971] are listed in Table 2.) The third member of 
the system, an A-type dwarf, orbits the close pair 
at a large distance and is, therefore, unlikely to have 
anything to do with the X-ray emission. 
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TABLE 2 
Properties of Algol* 

A. 

Property A-B AB-C 

Period.  2.87 days 1.9 years 
Separation   14 R© 600 R© 
Inclination  81?6   

B. 

Spectral 
Component M/M© R¡Rq T (K) L/Lq Type 

A........ .... 3.7 3.0 10700 120 B8 V 
B  0.8 3.4 4600 5 KIV 
C    1.7 1.5 8300 10 AV 

* Hill e/a/. 1971. 

If it is assumed that the source is located at the 
surface of the B8 star, and that its size is characterized 
by the scale height 

Hx ä 1.2 x 1011 Trj cm , (2) 

where T7 is the temperature in units of 107 K, then the 
density 

Nx ä 3 x 109 r7-
3/2cm-3 (3) 

for the rocket observations. 
The X-ray luminosity resulting from this process 

would be 

Lx £ Kiv2 ergs s "1, (4) 

where Ki is the mass-transfer rate and v is the char- 
acteristic velocity which is of the order of 500 km s-1, 
the free-fall velocity onto the B8 star. A mass transfer 
of ^lO^gs-1, or ~10-10 M© yr-1, is sufficient to 
power the source. 

The visible B8 dwarf seems normal, as does the 
invisible K subgiant. The secondary by mass is in a 
later evolutionary stage than the primary, as is typical 
of Algol-type doubles. This can be explained by 

assuming that the secondary has lost a large amount of 
matter to the primary in the course of stellar evolution 
(Crawford 1955). The model of Hill et al. (1971) 
indicates that the 3.4 Æ© radius of the secondary is 
approximately equal to its critical radius of 3.45 RQ. 
This conclusion is dependent upon the ratio of the 
masses of the two stars, which is known only from 
indirect considerations, since the K star is not visible 
spectroscopically. There is no evidence for a high rate 
of mass transfer in Algol, but the K star could be 
transferring mass by Roche lobe overflow on a slow 
(nuclear) time scale following reversal of the mass ratio 
(see Paczynski 1971 and references therein). Although 
Algol occasionally displays activity indicative of gas 
flow (such as the appearance of emission lines), the 
actual rate of mass transfer is uncertain. Deduction of 
the rate of change of period is complicated by the 
three-body system and the existence of apsidal 
motion (see Hill et al. 1971). 

Alternatively, the system may be transferring mass 
only by a stellar wind. As will be seen below, it should 
be possible to distinguish between these possibilities 
by observing Algol at different phases. 

a) Roche Lobe Overflow Model 

To simulate overflow of the Roche lobe, the 
procedure described by Flannery (1975) was used to 
calculate particle trajectories in the restricted three- 
body approximation for gas leaving the surface of the 
K star at a thermal velocity, about 7 km s-1, from the 
inner Lagrangian point L^ As illustrated in Figure 2, 
the stream intercepts the B8 star at an angle of 43° 
with respect to the line of centers and with a velocity 
of 470 km s-1. The derived potential drop is 1.1 x 
1015 ergs cm“1. No disk or ring would be formed, 
since the specific angular momentum of the infalling 
material would sustain rotation only at a radius less 
than that of the B8 star. 

Shock-wave heating will result (Landau and 
Lifshitz 1959) in a temperature, T, of the infalling 
matter 

T= 1.4 x 10" V = 2.9 x 106 K, 

Fig. 2.—Restricted three-body trajectory corresponding to Roche lobe overflow in Algol—viewed in the orbital plane 
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for a mean atomic weight of 0.6. In view of the un- 
certainty in the mass ratio, the temperature could 
easily be a factor 2 higher. 

An approximate location of the shock front formed 
by the impacting gas can be obtained by setting the 
ram pressure pv2 in the stream equal to the atmospheric 
pressure Patm of the B8 star: 

•Pram » pV2 £ tifv/A = Patm , (5) 

where p is the density and A is the cross-sectional area 
of the stream. If it is assumed that the streaming gas 
is isothermal with a temperature of 104 K and in 
hydrostatic equilibrium perpendicular to the orbital 
plane, then A £ 1021 cm2 and pv2 x 5 x 102 dyne 
cm-2. The atmospheric pressure P0 for a B8 Y star 
is 1.6 x 103 dyne cm-2 at the photosphere, and in- 
creases rapidly with optical depth (Allen 1973), so the 
shock will form just above the photosphere. The hot 
gas will expand to fill a region with a characteristic size 
of the order of the scale height //* # 4 x 1010 cm ~ 
0.2 Rbq (see eq. [2] and Table 2). 

The hot spot produced on the following side of the 
B8 star by Roche lobe overflow would be best seen at 
phase 0.88 and would probably be eclipsed at phase 
0.38. An X-ray eclipse, lagging slightly behind the 
primary optical eclipse, is also likely from the K star. 

b) Stellar Wind Model 

The existence of a deep surface convection zone in 
the K subgiant component and the proximity of the 
surface of the Roche lobe to the photosphere suggest 
that a stellar wind may exist in Algol. The nature of 
the flow will depend critically on the wind velocity vw. 
In late-type stars it is usually low; e.g., in the Sun at 
10i?o, vw is only 130kms_1 (Allen 1973). The flow 
pattern of a slow wind in a double star is difficult to 
predict. If, as is likely, the velocity is less than 
(2 GM/R)112 ~ 700 km s_1, then the accretion radius 
Ra = 2 GM/v2 of the B8 star exceeds the stellar radius. 
In this case the B8 star will capture at least 1% of the 
mass lost in the stellar wind. Thus, a mass loss 
Mw ^ 10"8 M© Y1*-1 is necessary to power the X-ray 
source at a rate ~ 1031 ergs s-1. 

The velocity of the wind is probably less than the 
orbital velocity of 250 km s“1, so ä 10“9 MQ yr-1 

and the shock front will be spread over most of the B8 
star. The ram pressure will be ~ 1 dyne cm“2 and the 
shock will form well above the photosphere (see eq. 
[5]). The X-ray source should be visible at all phases, 
with a somewhat reduced flux when the primary is 
eclipsed by the K star. The simultaneous existence of a 
wind from the B8 star would complicate matters 
further; it would probably have the effect of moving 
the shock front out to the region between the stars, and 
increasing the postshock temperature. If the wind 
velocity were much greater than the orbital velocity, 
then the efficiency of accretion would decrease and 
a higher rate of mass loss would be required. For 
example, vw ä 600 km s“1 would require M x 10“8 

Me yr“1, in which case most of the soft X-rays would 
be absorbed by the wind. 

The temperature is likely to vary substantially in 
different regions, since the relative velocity at impact 
will depend on the angle between the velocity of the 
stream and that of the star. On the average, one would 
expect the velocity to be on the order of the free-fall 
velocity, corresponding to a temperature 

Tw x 6 x 106 K . (6) 

c) Causes of Variability 

In estimating the position of the standoff shock (see 
eq. [5]), we have neglected the influence of the mag- 
netic field. If the atmosphere of the B8 star has a 
magnetic field ~ 100 gauss, then the magnetic pressure 
would be of the same order as the photospheric gas 
pressure; in the case of a stellar wind, it would be the 
dominant factor in determining where the shock would 
form. Observations of the Sun show that the magnetic 
field in the solar atmosphere is highly nonuniform; 
regions with field strengths ranging from less than 1 
gauss to greater than a thousand gauss are present. 
The interaction of the streaming matter with these 
nonuniformities in the magnetic field could well give 
rise to nonuniformities in the X-ray emission. The 
interaction of the streams with regions of high magnetic 
field could also trigger stellar flares. This appears to 
be the most reasonable explanation for the observed 
radio flares. (See Woodsworth and Hughes 1976 and 
references therein.) The observation of a radio flare 
near phase 0.5 (Clark, Kellermann, and Shaffer 1975) 
would appear to favor a slow stellar wind model, since 
in the other models the interaction of the stream with 
magnetic field would take place in the side facing the 
K star and should show some sign of an eclipse. 

A variation in the mass-transfer rate will also lead 
to a variation in the X-ray luminosity (see eq. [4]) and 
to a variation in the location of the shock front (see 
eq. [5]). The results given in Table 1 imply a factor 10 
or more increase in M, depending on the assumed 
temperature. In the Roche lobe case, this implies that 
the shock front is formed deeper in the photosphere, 
so that appreciable soft X-ray absorption should occur. 
A stellar wind model would produce a similar effect: 
increasing absorption of soft X-rays correlated with 
increasing X-ray luminosity until absorption becomes 
so strong that keV X-rays are absorbed and the source 
is shut off. These arguments indicate that an integrated 
X-ray luminosity of ~1033 ergs s“1 is the maximum 
that can be expected from Algol-type systems. The 
SAS-3 observations apparently caught the source near 
its maximum. 

V. CONCLUSIONS 

The properties of the models discussed above are 
given in Table 3. The discussion of the observations 
and the theoretical models can be summarized as 
follows: 

1. Algol is a soft X-ray source with Lx æ 1031 ergs 
s“1. It is probably variable in the range Lx ä 1031- 
KPergss”1. 
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TABLE 3 
Properties of the Models for the Algol System 

Ai T Localized 
Model (10"10 M© yr_1) (106 K) Source? Prediction 

Roche lobe overflow  1 3 Yes Sharp eclipse 
Slow stellar wind.    100 6 No No eclipse 
Fast stellar wind  100 6 Yes Smooth eclipse 

2. The observed X-ray fluxes are consistent with a 
close binary mass-exchange model with Ki # 10“10 

Moyr-1, without either an accretion disk or a com- 
pact object. Furthermore, the mass is accreted by the 
more massive member of the system, in contrast to the 
usual X-ray binary models in which the accretion is 
onto the less massive, compact object. X-ray eclipses 
are, therefore, expected to occur roughly 180° out of 
phase as compared with models in which the X-rays 
are produced at the secondary. 

3. An increase in the mass-exchange rate would 
result in an increase in luminosity accompanied by an 
increase in soft X-ray absorption, until the source is 
completely shut off by absorption at a mass-exchange 
rate of a few times 10“8 M0 yr“1, corresponding to a 
total X-ray luminosity of ~ 1033 ergs s-1. 

4. The radio flares could be caused by the inter- 
action of the streaming matter with regions of strong 
magnetic field on the B8 star. 

An accurate determination of the temperature and 
of the variation of X-ray flux with phase will be possible 
as soon as instruments as sensitive as the present one 
become available for satellite observations. Such 
observations should be able to rule out one or more of 
the models proposed here. 
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