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ABSTRACT 

On November 25, 1970, an observation of the hard X-ray 

spectrum of the object "Sco X-l" was made by a balloon-borne 

scintillation detector launched from Parana, Argentina. The 

information obtained from this flight includes the first data 

on the shape of the spectrum at energies above 50 KeV. 

The directional detector consisted of a Nal (Tl) central 

crystal collimated by a guard crystal of the same material 

connected in anti-coincidence with the central crystal. An 

on-board 128 channel analyzer was adjusted to cover the 

incident photon energy range of 30 to 930 KeV? the analyzed 

pulses, together with engineering data, were radio-telemetered 

from the balloon at 128,000 feet to the ground. Alternate ten- 

minute observations of the source and background were made for 

approximately two hours. Channel-by-channel residuals were 

obtained by subtracting the time-normalized and averaged count- 

rate of two successive background segments from that of the 

intervening source segment. After correction for atmospheric 

and instrumental signal attenuation, and for detector efficiency, 



these residuals were taken to be a measurement of the flux 

due to Sco X-l incident at the top of the atmosphere. 

The resulting spectrum is inconsistent with a single¬ 

component thermal bremsstrahlung emission mechanism. In the 

range 50 - 350 KeV, a flux distribution more consistent with 

synchrotron radiation is observed, as a power law of spectral 

index 1.8 provides a good fit to the data. From 350 to 930 KeV, 

2-sigma upper limits are obtained that are well above the 

expected levels due to the above synchrotron mechanism. No 

evidence of line emission is seen. Possible implications of 

this measurement are discussed in the light of previous 

observations. 
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I. INTRODUCTION 

Sco X-l was the first discrete source of extra-Solar 

System x-rays to be discovered, and aside from the active 

sun, is the brightest soft x-ray source in the sky. The 

original detection of the object yielded only vague directional 

information (Giacconi, _et a_l. , 1962) . Subsequent rocket and 

balloon flights obtained increasingly more precise coordinates, 

as well as knowledge of the shape of the x-ray spectrum 

(Giacconi, et al., 1966) ; (Peterson and Jacobson, 1966). In 

June of 1966, a 13th magnitude blue star with a large ultra¬ 

violet excess was discovered within the limits of the best 

x-ray measurements (Sandage, et al., 1966). The star, located 

ata(1950) = 16h17m4.3S, 6(1950) = -15°31,13M, was nominated 

to be the optical counterpart of the x-ray source. Subsequent 

simultaneous x-ray and optical observations of two separate 

flare events confirmed the identification (Hudson, 1970). 

On the basis of the star's apparent motion, it has been 

identified with the co-moving group of stars known as the 

Scorpius-Centaurus Association. Membership in this■group implies 

a distance of about 300 parsecs. This is in good agreement 

with the distance inferred from interstellar Ca II(K) absorption, 

and is not inconsistent with the assumption that the absolute 

-1- 
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optical magnitude of the star is within the range of old novae. 

As one of the few cosmic x-ray sources to be identified 

with an optical counterpart, Sco X-l became an object of 

considerable interest to astronomers and. astrophysicists. 

Observations in the radio, infrared, and low energy gamma-ray 

regions augmented additional optical and soft x-ray measure¬ 

ments. A number of models have been proposed to explain the • 

characteristics of the star, but to date, none have met with 

general agreement. 

The objective of the experiment described in this thesis 

was to measure the flux of Sco X-l in a previously unobserved 

spectral region, i.e., hv > 100 KeV. 
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II. THE IMPORTANCE OF HIGH ENERGY OBSERVATIONS 

The nature of the physical object producing the observed 

radiation from Sco X-l is not yet understood. The review of 

observations in Appendix A and the survey of proposed models 

in Appendix B illustrate that no simple application of a single 

known emission mechanism can explain the observed output. 

In brief, the soft x-ray (hv < 50 KeV) and the optical 

data can be made to fit the same exponential spectrum, given 

some reasonable assumptions concerning self-absorption in the 

source and interstellar absorption. The exponential spectrum 

is presumed to be due to thermal bremsstrahlung in a plasma 

at temperatures near 5 x 10^ °K. The belief that the optical 

and soft x-ray flux are products of the same mechanism is 

strengthened by the observation that the time variations in 

the output of the two regions are closely linked. 

The radio observations also exhibit strong time variation, 

but not in any manner clearly associated with that of the x-ray 

and optical regions. In addition, the average radio flux level 

is orders of magnitude above that predicted by the thermal 

bremsstrahlung model that accounts for the soft x-ray and 

optical outputs. It is shown (Manley and Olbert1, 1968) that a 

proper choice of parameters can lead to a synchrotron spectrum 
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that will resemble the observed exponential form at high 

energies and also account for the observed flux level at radio 

frequencies. It is noted, however, that models based on this 

mechanism encounter difficulties in explaining the known life¬ 

time of Sco X—1, and leave unresolved the problem of the dif¬ 

fering time variation in the radio and optical regions. 

In the hard x-ray region (hv > 50 KeV), several observers 

have reported flux levels above the predicted thermal spectrum. 

To date, however, no determination of the shape of the hard 

x-ray spectrum has been made. Riegler and Ramatay (1969) 

have suggested that the radio and hard x-ray flux are extensions 

of the same synchrotron mechanism, the output of which is 

masked by the thermal process at intermediate energies. It 

would not be unreasonable to assume that the two mechanisms 

undergo independent time variation. 

The measurement of the shape of the hard x-ray spectrum 

would be a major test of the dual-mechanism suggestion. If 

the hard x-ray spectrum is such that it could be extrapolated 

to the observed radio flux levels, either directly or by the 

reasonable assumption of a spectral break at intermediate 

energies, then the dual mechanism hypothesis will be consider¬ 

ably strengthened. The determination of a set of source para¬ 

meters that accounted for the synchrotron spectrum could con- 
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ceivably. remove much of the ambiguity which is now associated 

with Sco X-l. As Appendix B shows, a wide range of physical 

conditions can be inferred from the observed exponential 

spectrum and line emission, depending on which of several 

physically realistic assumptions are made. 

The balloon-borne observation upon which this thesis is 

based was carried out in order to measure the shape of the 

spectrum of Sco X-l in the previously unobserved hard x-ray 

region, and ultimately to address the problem of the nature 

of the source itself. 
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III. THE EXPERIMENT 

3.1 Apparatus and Observational Technique 

The Rice University Gamma-Ray Astronomy Group instrument 

Gammascope IV-B was launched from Parana, Argentina at 01:23 

local time on November 25, 1970. (Local time = GMT - 3 hours.) 

Observation of the region of the sky containing Sco X-l took 

place between 09:13 and 11:23, between observation of sources 

in Vela and Sagittarius (see Harnden, et jal. , 1972; and Johnson, 

et al., 1972). Upper meridian transit of Sco X-l occurred at 

o 
13:02, implying a range in source zenith angles from -57 to 

-28° (during the measurements). The altitude of the balloon 

remained nearly constant during the Scorpius experiment, with 

atmospheric pressure near 3.25 mb. 

2 
The two detectors flown were 75 cm Nal (Tl) crystals, each 

actively collimated to a FWHM of 24° at 661 KeV by guard crystals 

of the same material. An equatorial mount with provision 

for variable declination permitted the tracking of the source 

through its diurnal motion, and the acquisition of new sources. 

For a more complete description of the detector and tracking 

system, see Haymes jst al. (1969) , and Harnden (1971) . 

3.2 Observational Technique 

Shortly after the launch, one of the detectors became 
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excessively noisy and was turned off by command from the ground. 

The remaining systems functioned nominally, however. Thermo¬ 

statically controlled electric heating elements maintained 

o 
an even temperature of about 80 F in both detectors. An 

on-board Metrophysics Corp. thermal conductivity altimeter 

revealed the altitude variation to be less than 0.1 mb. during 

the Scorpius portion of the flight. 

Readings from the hour angle and declination sensors 

were telemetered to the ground station every five minutes. 

Geographic coordinates and drift speed of the balloon were 

monitered both on the ground and from a pursuit aircraft. Any 

discrepancy between the computed position of the source and 

the orientation of the detectors at a given time was corrected 

by radio command from the ground. The maximum pointing error 

after acquisition of the source was less than one degree. 

Alternate source and background readings of approximately 

ten minute duration were taken throughout the observation. 

Background readings were obtained by rotating the detectors 180° 

in azimuth from Sco X-l, thus maintaining a constant atmospheric 

zenith angle. As the minimum zenith angle of the source was 

-27°, the minimum angular separation between a source and back¬ 

ground observation was 54°. It is assumed that no source con- 
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tamination of the background occurred. As indicated in Figure 1, 

only one major x-ray source, Vela X-l, appears in the region 

observed as background. The flux of Vela X-l from 23 to 

80 KeV is 7.2 - 1.41 x 10 ^ photons-cm ^-sec ^-KeV ^ (Harnden, 

1972). This is less than the 1.1 x 10 photons-cm -sec -KeV 

observed in the same energy interval from Sco X-l, and the 

Vela X-l was at all times at least 5° away from the central 

axis of the detector. The graph of count rate vs. time (Figure 

2) shows no significant count rate enhancement during the first 

background segment, during which contamination from Vela X-l 

was a possibility. At the time of the flight, the SOLRAD 9 

(Explorer 37) satellite indicated no abnormal solar x-radiation 

(Solar-Geophysical Data, 1970, 1971). Except for about 30 

seconds _.of interference during a declination correction, the 

Sco X-l and background data were noise free. 

3.3 On-Board Data Processing 

Any interaction occurring in the central crystal and not 

rejected by the anticoincidence circuitry was analyzed on¬ 

board by a 128 channel analyzer. Events indicating photon 

energies greater than 930 KeV were assigned to channel 0, 

the "overflow" channel. Those corresponding to energies be¬ 

tween 9 and 930 KeV were assigned to channels 1 to 127. Data 



Figure 1 
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were telemetered to the ground in the form of binary words 

specifying the channel assigned to the event, and in which 

detector it occurred. The output of an Astrodata Corporation 

timecode generator, synchronized with radio station WWVH, 

was recorded along with the telemetered data, engineering 

information, and a voice flight log on 7-track magnetic tape. 

3.4 Data Reduction 

The analog records of the flight were converted to digital 

form with the aid of an SDS-92 computer. A record of the 

torque motor current, which clearly"indicated the 180° azimuth 

rotations, was displayed in real time as the data was digitized. 

By using this display and the recorded voice flight log, the 

operators were able to manually separate the digital data 

segments and identify them as either source or background. 

The Rice University Burroughs-5500 computer was used to 

complete the analysis of the digitized data. Time normalized 

count rates were computed per pulse-height channel for each 

source and background segment. As the data were noise free, 

the count-rate standard deviations, CT. v, were determined by i # Jc 

counting statistics, i.e., the best estimate to the standard 

deviation of a single observation N taken from a parent 

population that follows Poisson statistics is given by a = N . 
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To obtain the count-rate standard deviation, one divides both 

sides by the counting time. Thus for these data, 

a 
ik 

)s 

t 
k 

Here, are the count rates per channel "i" and per segment 

"k", and t is the duration of each segment. The normalized 

total count rates are plotted per segment in Figure 2. 

The average of two succeeding background segments (B_^) 

was subtracted channel by channel from the intervening source 

segment according to the relations: 

B. 
l 

L 
k 

C. /a. 
ik l k 

B. £ , , 2 
1 k 1/ai k 

and the residual count rate is determined by: 

(residual) = C^.(source) - C^(bkg); 

2 2 
CK (residual) = (source) + o\ (bkg) 

Pre-flight calibration of the detectors had determined the 

relation between channel number and the energy of the center of 

each channel to be: 

E(KeV) = 4.89 + 7.26(n) 

where n is the channel number. With the energy of each channel 

known, it is possible to correct the residuals for the energy- 
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dependent atmospheric attenuation and detector efficiency as 

described in Johnson .et. al. , (1972). As noted in that paper, 

when a malfunction required that detector "A" be turned off, 

the gain of the pulse-height analyzer was altered. The 

energy calibration given above was made prior to the flight 

with detector "A" turned off, in anticipation of such a mal¬ 

function. Unfortunately, data sufficient for only 3% ac¬ 

curacy was obtained during this contingency calibration. 

The energy resolution of the functioning detector follows 

the relation: 

dX (KeV) = 0.1 (X) (KeV) + (X) 3^2 (KeV) 

where X is a dimensionless parameter equal in magnitude to the 

energy in question expressed in KeV. In a pre-flight determination, 

22 the resolution at the 511 KeV line of Na was found to be 

75 KeV. 

A general line search from channel 2 to channel 127 was 

performed according to the integration plan: 

dE = 1. 5 (dX) . 

The integration width, dE, would thus include 86% of the flux 

from a given line, independent of the energy of the line. No 

evidence for statistically significant lines was found. The 

fluxes integrated according to the above plan are plotted in 
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Figure 3, along with the most likely power law fit to the 

data (see the following section) and a representative ex¬ 

tension of the soft x-ray data (see Appendix A). Above 

350 KeV, 2a upper limits are shown. 
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IV. RESULTS AND DISCUSSION 

A chi-square test was employed to determine the best 

numerical fit to the observed data. Below 40 KeV, the graphical 

analysis of channels 2, 3, and 4, as well as the observations of 

others, suggest an exponential spectrum. There was, however, 

no previous information on the spectral shape above 40 KeV. 

If the high energy spectrum were the product of thermal 

bremsstrahlung in a particularly hot portion of Sco X-l, an 

exponential form would be expected. Synchrotron emission from 

a power-law distribution of relativistic electrons could pro¬ 

duce a power-law photon spectrum. Accordingly, chi-square 

tests were performed to optimize both the exponential and the 

power-law fits to the data. The form for each test is given by: 

2 1 -E^/E 2 
x exp = S ^2 tFi - Aexp e ' = E

0 = e-folding energy (1) 
A = a constant 
exp 

X2P.L. = B-VFi ' AP.L.Ei’Y)2 ! A
P.L. = a constant (2) a. 

Y = spectral index 

where F. ± a. is the observed flux, per channel. 
11 

Two simultaneous equations are obtained for the chi-square 

fits by taking the partial derivative with respect to the 

parameters of each: 
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Exponential: 

*2 , -E./E -2E./E . 

  = £    [-2F. e 1 ° + 2A e 1 °]= 0 at y2 min a 2 I exp J * BA 
exp 

(3) 

-E./E „ -2E./E 
1 , l o __ 2 l o 

^ n /T? s [ 2F. A — exp —— ] = o 1/E ) 2 l exp E E 1 

o a. ^ o o 
I 

Jill 

2 
0 at x mm 

(4) 

Power-law: 

= S-ij[-2Pl E ‘
Y + 2A E -2Y ] = 0atl

2 min 
P.L. a. 

(5) 

■ 2S "Ti [Fi ■ AP.L. Ei'Y’Ap.L. Ei'V nEi = 0 at *2 
a. 
1 

(6) 

By simultaneous solution, it is shown that: 

A 
exp 

(£ F. 
i 

-E./E 

e 1 

-2E./E 
l o 2. 

e /<h ) (7) 

A 
P. L 

(S F.E. 
1 1 

V^2)/(S -2 Y 2 
Ei /°i» 

(8) 
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Substitution of equations 7 and 8 back into equations 1 and 2 

yields chi-square as a function of one variable, y for the 

power-law, and EQ for the exponential. Solution of equations 

1 and 2 was accomplished by the systematic variation of the 

parameters in each case on a Hewlet - Packard programmable 

calculator. 

When applied to channels below 40 KeV (i.e., channels 2, 

3, and 4) the exponential chi-square fit indicated an e-folding 

energy of near 6 KeV, and a coefficient on the order of 10 KeV/ 

2 
cm -sec-KeV. This is somewhat below the average spectrum given 

by 38 e E/^KeV< but within the observed flux variation. Channels 

2, 3, and. 4 clearly show a detection of the Jo KeV exponential 

spectrum observed by others. This fact lends further credibility 

to the higher energy observations. 

4.1 The Spectrum Above 40 KeV 

Iterated application of the chi-square tests demonstrated 

that above 40 KeV, inclusion of additional channels improved 

the total signal to noise ratio up to 350 KeV, after which 

the ratio became poorer (i.e., the minimum value of the reduced 

chi-square became larger). In addition, channel-wise inte¬ 

grations of 1.5 times the detector resolution produced signal 

strengths greater than 2a below 350 KeV, while above that 
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energy, no signal strength greater than 2a was obtained. 

Taken together, these facts indicate that a definite signal 

from Sco X-l was detected up to an energy of 350 KeV. The 

greatest photon energy previously detected from Sco X-l had 

been 100 KeV. 

The minimum values of chi-square between 40 and 350 KeV 

occurred at EQ = 190 KeV for the exponential fit and y = -1.8 

for the photon power law fit. Corresponding values of the 

reduced chi-square were 0.7 and 0.6, respectively. Application 

of the F test (Bevington, 1969) shows this difference to be 

quite inadequate to indicate a preference for one fit over 

the other. The actual fits are reasonably good, as the 0.6 

and 0.7 values for chi-square correspond to probabilities of 

.55 and .5 to exceed the reduced chi-square. . The ambiguity 

arises in that the difference between an e E/190KeV ancj an 

—0 8 
E dependence in the range 40 to 350 KeV is small compared 

to the spread in the counting statistics. 

The uncertainties associated with y and E were obtained 
o 

for each by observing the values of y and EQ producing a re¬ 

duced chi-square one greater than the minimum. With the 

constants A and A determined as in (5) and (6), the fol- 
6X ]p ]p.L 

lowing fits to the flux are obtained: 

Exponential - F (E) = 0.02 e^ E/-L90 “9°^KeV/cm2-sec-KeV (9) 
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—1.8—3 2 
Power Law - F(E) = 0.4 E * ’ photons/cm -sec-KeV (10) 

Uncertainties in the flux levels are estimated to be about 20%. 

4.2 Discussion 

Interesting results may be obtained by extrapolating the 

proposed power law and exponential spectra. The total energy 

flux due to the soft component from 1 KeV to is obtained 

from: 

E E. 

E. 

2 “2 
J F dE = J* A 

-E/E -E/E 

exp 
dE = A E e 

exp o I (ID 
E_ 

With A = 38, E =6 KeV, E; = 1 KeV, and E„ = the inte- 
exp o 1 2 

2 —6 2 
grated flux is 193 KeV/cm -sec = 0.31. 10 erg/cm -sec. As- 

2 43 2 
suming a distance of 300 parsecs to Sco X-l, 4TTd = 1.1 x 10 cm , 

the total power radiated by the soft component is then 3.3 x 

36 
10 erg/sec. (Note that reducing the lower limit of inte¬ 

gration to approximately zero (i.e., the radio region) does 

not appreciably affect the value of the integral.) Likewise, 

the integrated flux due to the hard exponential spectrum (up 

-9 2 
to 350 KeV) is found to be 2.3 x 10 erg/cm sec, with a 

34 
corresponding radiated power of 2.5 x 10 erg/sec. 

The integral of the power law energy spectrum is deter¬ 

mined by 
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E E 
2 2 

J1 f dE = J* A 
E. 

P.L. 
E"

Y dE = P-L. E(-Y+1) 

(-Y+1) 
E. 

if Y/l (12) 

With Y =0.8, A =0.4, Ex = 1 KeV, and E2 = 350 KeV, the 

. -9 2 integrated power law flux at Earth is 6.5 x 10 erg/cm -sec. 

34 This corresponds to a radiated power of 7.5 x 10 ergs/sec. 

The extension of the lower limit of integration to the radio 

region raises the value of the integral by about 30%. 

The extrapolation of the proposed hard exponential spectrum 

-31 2 
to 1000 MHz. predicts a flux below 10 watts/m -Hz. As 

this is orders of magnitude below the observed radio flux, 

it seems highly unlikely that a thermal bremsstrahlung mechanism 

producing the hard x-ray flux could also be responsible for 

the radio output. The adoption of a thermal bremsstrahlung 

mechanism for the hard x-ray spectrum would seem to imply the 

necessity of proposing yet a third mechanism to account for the 

radio observations. An additional potential source of dif¬ 

ficulty for the thermal model lies in the fact than an e-folding 

Q o 
energy of 190 KeV corresponds to a temperature of over 2 x 10 K 

The extrapolation of the proposed power law spectrum to 

-25 2 
1000 MHz predicts a flux of about 5 x 10 watts/m -Hz. As 

indicated in Figure 4, this is well in excess of the average 
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-27 2 
radio flux of 10 watts/m -Hz. (However, it is to be noted 

that the extrapolation based on the lower bound on the pro¬ 

posed spectral index does approach the radio observations.) 

If the radio and hard x-ray fluxes are in fact products of 

the same synchrotron mechanism, then it seems necessary that 

a spectral break occur between the two regions. 

An upper limit to the high energy gamma ray flux has been 

-5 2 
set at about 10 photons/cm -sec. for energies above 50 MeV 

(Fazio, 1970). Above about 200 KeV, the exponential fit to 

the hard x-ray data steepens rapidly; the highest extrapolated 

— 63 2 
flux at 50 MeV (i.e., for EQ = 370 KeV) is 10 photons/cm -sec. 

In contrast, the extension of the power law fit predicts 

4 
fluxes near the observed upper limit. With = 5 x 10 KeV, 

an<3 E^ we have upon application of equation (12) the fol¬ 

lowing predicted fluxes for the experimental range, of photon 

spectral indices: 

-4 2 
y = -1.5 -» § (hv>50 MeV) = 3.5 x 10 photons/cm -sec 

-5 2 
y = -1.8 -* $(hv>50 MeV) = 8.5 x 10 photons/cm -sec 

—6 2 
Y = -2.1 -• §(hv>50 MeV) = 8 x 10 photons/cm -sec. 

Considering the uncertainties involved, it cannot be said that 

the high energy gamma-ray upper limit is in direct contradiction 

to our hard x-ray measurements. The upper limit does fall 

within the experimental error of the power law extrapolation, 
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and it is to be remembered that Sco X-l is characterized 

by high variability. 

The dvial-mechanism model of Sco X-l would not be counter- 

indicated if future measurements showed that the extrapolation 

of the hard x-ray flux consistently passed significantly 

above the high energy gamma-ray upper limit. It would not 

be physically unreasonable to propose that the synchrotron 

cut-off frequency fell between the two regions, just as a 

spectral break has been proposed between the radio and the 

hard, x-ray. The localization of these two synchrotron spectral 

characteristics would be of value in inferring such source 

parameters as magnetic field strength, electron energy distri¬ 

bution, and emitting volume. Thus more sensitive measurements 

that might detect the spectrum at energies in excess of 350 KeV 

would appear to be desirable. 

4.3 Conclusion 

This observation establishes the existence of an additional 

spectral component of the electromagnetic radiation from 

Sco X-l. While it is not possible to determine the precise 

form of this component from the present experiment, it is 

possible to set definite limits on the parameters of the two 

proposed fits. If the spectrum does follow an exponential, 

then its e-folding energy lies between 100 and 370 KeV, with 
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a most probable value of 190 KeV. A power law fit to the 

data requires a photon spectral index between -1.5 and -2.1, 

centered about -1.8. The total power output of these two 

hard-component models is on the order of a few percent of 

that of the soft component. While it is possible to explain 

the observed radio emission as a reasonable modification of 

the power law extrapolation, it is apparently not possible 

to do so for the exponential fit. 
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APPENDIX A: THE OBSERVED PROPERTIES OF SCO X-l 

The Continuum 

Sco X-l is strongly variable in all spectral regions, 

so a description of the continuum must concern itself with 

the average of many observations. The vaTues given in the 

following section are referenced in the review article by 

Oda and Matsuoka (1970), except as otherwise noted. An ad¬ 

ditional review may be found in the thesis by Twieg (1970). 

X-Ray 

In the range 1 to 40 KeV, rocket borne detectors report 

flux levels that are consistent with an exponential spectrum. 

Reported values for the e-folding energy range from 3 to 12 KeV. 

An average of about 6 KeV is indicated, with a typical flux of 

2 
about 10 KeV/cm -sec-KeV at 1 KeV. Polarization in the range 

6-19 KeV has been shown to be less than 6% (Angel and 

Novick, 1969). 

Optical 

The visual magnitude of Sco X-l is found to vary between 

13.2 and 12.2, with B and V > 12.6 for 50% of the time. Cor¬ 

rected for interstellar reddening, the optical spectrum is 

nearly flat. The color is seen to vary somewhat, but UBV 

measurements generally yield values near B - V = 0.2, U - B = -0.8. 
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Polarization is 0.69%, which is consistent with polarization 

due to the interstellar medium (Landstreet and Angel, 1972). 

Infra-Red 

Measurements at 1.65 and 2.2 microns, and at 33000 and 

10830 K show flux levels at about 2 x 10 ^ and 5 x 10 ^ 

2 
erg/cm -sec-Hz, respectively (Neugebauer, 1968). The spectrum 

2 
is nearly flat from \ = .33 to 1 micron, and follows a v 

relation at longer wavelengths. 

Radio 

Interferometric studies at 2695 and 8085 MHz (Hjellming 

and Wade, 1971) and at 1415 and 408 MHz (Braes and Miley, 1971), 

resolve the radio source into 3 distinct colinear components. 

A central feature is seen at the position of the optical source, 

h m s s o + 
i.e., a = 16 17 04.3 , - 0.3 , 6 = 15 31'23M - 20". "Satellite 

features were observed 1.3' Northeast and 2.0' Southwest of 

the central feature. Both outer components have characteristic 

non-thermal spectra with indices of about -1 above 1415 MHz. 

The flux of the outer components was seen to be about .003 

flux units at 8085 MHz. (1 f.u. = 10 ^ watts/meter^-Hz.) 

These show no marked variation in time. The central feature, 

however, was seen to vary from 0.055 to 0.02 f.u. in the course 

of two hours. Intensities as high as 0.26 f.u. have been 

II 
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observed. An observation at 2695 MHz during a major flare 

showed linear and circular polarization to be less than 20% 

and 10%, respectively (Hjellming and Wade, 1971a). 

Line Structure 

In the optical range, Sco X-l exhibits emission lines of 

HOC, HP, HY, H6, and the 4686 R line of He II. A complex of 

excitation lines around 4640 8 due to the states N III, 

C III, and perhaps 0 II is seen to equal, or perhaps excees 

the H— B line in intensity (no forbidden lines are seen). 

Except for the Ca II (k) line attributed to interstellar 

absorption, no absorption features are observed. Several 

inter-relations between the line structure and the optical 

magnitude have been noted. The Balmer lines of Hydrogen are 

apparently independent of variations in the continuum, and 

show no correlation with the intensities of the He II lines 

(Sandage, 1966). However, the wavelengths of the He II 4686 8 

line and those of Hy and H6 are seen to shift in opposite 

directions with a highly irregular repetition time of about 

3 hours. The equivalent width of the HB line varies.strongly 

with B, whereas the He II width remains fairly constant (Mook, 

1971) . 

In the x-ray range, a 3.25a observation of the 6.6 KeV 

+24 25 
line of Fe ' has been found (Boldt, Holt, and Serlemitsos, 
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1971). A search for lines in the range 2.4 to 2.9 KeV 

yielded an equivalent width <2.2 eV for the Lyman-a line 

+15 
of S at 2.6 KeV (Kestenbaum, Angel, and Novick, 1971). 

+15 
The predicted S width for a thin plasma of cosmic elemental 

abundance at 9 * 10^ °K is on the order of 15 eV. 

Characteristics of the Optical Line-Emitting Region 

On the basis of the relative strength of the H-3 and 

the C III, N III, 0 II complex line emission, Tucker (1967) 

has inferred some features of at least a portion of Sco X-l. 

The ionic states C III, N III, and 0 II can exist over only 

a relatively narrow temperature range, whereas H-3 emission 

occurs over, a much broader range. Assuming the cosmic ele¬ 

mental abundances given by Aller (1961), it follows that almost 

all of the line-emitting region must be at a temperature 

favorable to the existence of C III, N III, and 0 II, if the 

H-3 line is not to dominate the integrated emission. 

Tucker also establishes that the process of cascades 

following recombination cannot account for the observed C III, 

N III, and O II emission. For example, take the case of N III. 

For an upper limit estimate, assume that all recombinations 

to N IV for principal quantum number n, greater than 3 leads 

to the production of 4640 5? quanta. After the manner of 
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Burbidge, Gould, and Potasch (1963), it is found that for 

, 4 o 
electron temperature = 2 • 10 K, 

1(4640) < 1.5 x 10-23 N(N IV) N 
e 

-3 -1 
where I (4640) is expressed in erg cm sec , and Ng is the 

electron density of the medium. According to Pengelly (1964) 

the H-6 emissivity at that same temperature is: 

—26 —3 —1 
I (Hp) = 6.4 x 10 N^N (H|3) erg cm sec 

Thus, 

I (N III)/l(He) < 240 N(N IV)/N(H3) « 2.4 x 10 

This is in conflict with the observed line emission. It is 

therefore implied that the only practical way of producing 

the C III, N III, O II lines is through collisional excitation 

of the ions to levels 30 to 40 eV above the ground state. Re¬ 

lating this energy to the temperature of the ambient matter, 

we arrive at the generally accepted constraint that the region 

responsible for optical line emission must be at a fairly 

constant temperature near 5 x 10~* °K. 

Variability 

Among the most interesting of the characteristics of Sco X-l 

is its marked variability on several time scales. There is 
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a definite correlation between optical and x-ray variations, 

but practically none between either of these regions and the 

radio. There is to date little published information con¬ 

cerning temporal behaviour in the hard x-ray and infra-red, 

but a considerable number of observations have been made in 

the other spectral regions. 

Optical 

The B and V magnitudes are observed to vary between 12.2 

and 13.2 with a time rate of change on the order of 0.3 mag./ 

hr. Photometric measurements reveal two orders of lesser, 

short-term variations. "Flares" of about 0.2 magnitude occur 

on a scale of tens of minutes, with very short rise and decay 

times. Flaring activity is seen about 12% of the time. 

"Flickers" of about 0.02 magnitude, occurring on a scale of 

minutes, are observed when, and only when, the optical magnitude 

is bright (i.e., <12.5). Flickers often appear in succession, 

usually three times, with an approximate period of ten minutes. 

Magnitude and time constants of flickers are generally quite 

uniform. The review article by Matsuoka and Oda (1971) con¬ 

tains more detailed information on the variability of Sco X-l. 

Soft X-Ray 

The comparison of various x-ray flux measurements involves 
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serious calibration problems. However, it is now well 

established that Sco X-l is variable in steady x-ray flux 

(i.e., fluxes constant on a time scale comparable to that 

of the observation) (Burginyon _et al. , 1970) . In addition, 

several observers have reported large flux increases during 

the course of single balloon flights (Agrawal, 1969); (Lewin 

et ajL. , 1968). Hudson, Peterson, and Schwartz (1970), using 

data from an Orbiting Solar Observatory, have found that a 

2-fold increase in x-ray flux accompanies to an 0.2 magnitude 

optical flare. Flare events seem to be associated with lower 

x-ray temperature and larger values of U-B and B-V, as well 

as overall enhanced optical magnitude (Oda and Matsuoka, 1971); 

(Twieg, 1971). Kestenbaum, Angel, and Novick (1971) confirm 

the correlation between x-ray and optical flares on the scale 

of tens of minutes. In addition, they report flickers on the 

order of seconds, correlated with optical flickerings observed 

simultaneously. In short, the temporal structure of the soft 

x-ray range in analogous to, and covariant with that of the 

optical. 

Radio 

Variability in the radio region is exhibited only by the 

central feature of the triple source. The two outer features 
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behave very much like background sources; were it not for the 

fact that they are the only radio sources within ten arc 

minutes of the central feature, and that they are placed 

so symmetrically about it, they would probably not be con¬ 

sidered associated with it. 

Hjellming and Wade (1971) report a series of observations 

in which the central feature is found to vary between ~0.0 and 

0.12 flux units at 2695 MHz, and between ~0.0 and 0.08 f.u. 

at 8085 MHz. Strong evidence for variation of a scale of 

5-10 minutes was seen. 

Two flares of approximately one hour duration were simul¬ 

taneously observed at 2695 and 8085 MHz. The low frequency 

peak was observed to lag the high frequency peak by several 

minutes. This discrepancy naturally implied a continuously 

varying spectral index, with values ranging from 0 to >1. 

On the average, the higher flux is seen at the lower frequency, 

with the spectral index around ~0.5, implying a non-thermal 

source mechanism. 

Periodic Variation 

Searches for periodicity have been undertaken over a wide 

range of time scales throughout most spectral ranges. On the 

supposition that part of the observed optical variation might 
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be due to occultation in a binary system, computer analysis 

of light curves were carried out for periods up to one hour, 

and from 10 to 20 hours. No periodicities were seen (Oda, 

1968). Further studies of light curves by Vangendren (1969) 

indicate the vague possibility of a period at 0.5276 days. 

Numerous searches for periodicity in the recurrence of 

flickers and flares have been reported, with no indication 

of a persistent period (Lampton and. Bowyer, 1970) ; (Horowitz, 

1971). Hjellming and Wade (1971a) remark on the similarity be¬ 

tween the behaviour of Sco X-l at radio frequencies to that 

of the pulsar PSR 0329+54, provided that integration times 

are longer than the pulsar's period. However, the pulse pro¬ 

file of the pulsar was clearly visible on an oscilloscope 

trace, while none was evident for Sco X-l. In general, computer 

searches for persistent periodicity in the optical output have 

been negative throughout the range of known pulsar periods. 

There have been several reports of non-persistent periodic 

phenomena at various periods. Such observations might be 

expected if short-term periodic processes recur at irregular 

intervals in the source. Observations of this nature are more 

common during the immediately after flares. The results of 

these periodicity searches are summarized in Figure 5. Hori¬ 

zontal bars indicate upper limits to persistent pulsed com- 
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ponents. Indexed points refer to tentative findings of 

short term periodic behaviour. 
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APPENDIX B: A SURVEY OF MODELS OF SCO X-l 

The fact that the optical and soft x-ray variations 

are correlated over several time scales suggests that one 

mechanism is responsible for the flux in both regions. 

Peterson and Jacobson (1966) suggested that thermal 

bremsstrahlung in an optically thin plasma at 5 * 10^ °K 

could account for the 10 - 50 KeV x-ray flux they observed. 

A simple extrapolation of this mechanism predicts an optical 

flux of about 5 to 10 times greater than that which is observed 

One can account for this by assuming either self-absorption 

in an optically thick plasma, or absorption by colder material 

outside the emitting region. The nature of the ensuing model 

varies considerably with the choice of absorption mechanism 

(Shklovskii, 1967); (Chodil, 1968); (Grader, Hiltner et. al. , 

1970) . 

Thick Source 

Chodil (1968) shows that interstellar absorption alone 

cannot account for the dimness of the optical object. Ab¬ 

sorption similar to that observed for nearby stars would not 

sufficiently reduce the B and V magnitudes, nor would it ac¬ 

count for the observed optical spectral shape. In addition, 

recent observations on two occasions demand significantly 
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different amounts of optical absorption - a constraint more 

easily applied to the source itself than to interstellar 

space. 

Models based on emission by thermal bremsstrahlung in 

optically thick plasma involve small, dense physical systems 

9 16 —3 
(R ~ 10 cm, ~ 10 cm ) (Shklovskii, 1967); (Chodil, 

1962); (Matsuoka and Oda, 1970). 

Following Matsuoka and Oda, we observe that the energy 

spectrum of free-free emission is: 

I(v) = (1 - e"T) (3.1 x 10~37) v2TTTJ&2/4d2 —  
cm -sec-Hz 

T = optical depth = 0.0178 g T 3/^ v 2n2 

where: d = distance to source 

n = electron density 

l = size of source 

T = plasma temperature 

g = Gaunt factor = 1 for 
x-ray 

— 5 for 
optical 

The ratio n & /d is obtained by equating I(v) to the observed 

spectrum. 

2 
From the expression for r, the quantity n i can be 

determined if partial optical opacity in the source is assumed, 

providing that interstellar absorption is properly dealt with. 

21 
Assuming d = 10 cm, kT = 6 KeV, the values: 
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1=5* 108 cm, 

16 3 
n = 6. 5 x 10 cm 

are obtained. At higher temperatures, the source is smaller 

and denser. 

Without a constant input of energy, a plasma cloud as 

described would cool with an e-folding time on the order of 

1/10 second. Thus, a source of energy external to the plasma 

cloud is a necessary consequence of the assumption of optical 

thickness. Proposals for these input mechanisms include: 

: a neutron star in a state of accretion, probably as 

a member of a binary system undergoing mass exchange 

(Shklovskii, 1967) 

: a white dwarf in state of accretion (Prendergrast and 

Burbidge, 1968) 

: a rotating neutron star, e.g., an old pulsar with weak 

magnetic field (Davidson, Paccini, and Salpeter, 1971). 

The thick source hypothesis is strengthened by the fact that 

+15 
the observed S line width is considerably less than that 

predicted for a thin plasma. 

Shklovskii (1968) proposes a test for the hypothesis that 

the x-radiation is being generated in close proximity to a 
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neutron star, and hence in a strong gravitational field. He 

computes the intensity of the Lyman-a line of Fe XXV, 

(hv =6.6 KeV) and finds it to be on the order of a few 

percent of the total intensity of the source, and hence pos¬ 

sibly detectable. Shklovskii estimates that the gravitational 

red shift due to a rather large (~2 m©) neutron star would be 

near 2%, or 0.13 KeV. If a shift is ever observed, the neutron 

star model would be greatly supported. As previously noted, 

the Fe line has been observed by Holt _et al. , at the 3.25a 

level; but not with sufficient resolution to test for the 

red shift. 

Thin-Source Bremsstrahlunq 

A strong objection to the optically thick model is raised 

by Tucker (1967). According to Shklovskii, the hot (5 x 10^ °K) 

plasma must be partially opaque at optical frequencies. Tucker 

shows that the same conditions that make Shklovskii's hydrogen 

plasma opaque to optical photons also make a plasma of cosmic 

elemental distribution opaque to soft x-rays. 

In a hot plasma of cosmic elemental abundance (Aller, 1961), 

the absorption of 2 KeV photons is due principally to neon 

and magnesium. At 10^ °K, 3% of the magnesium and 0.5% of 

the neon are in hydrogenic ionic states (Tucker and Gould, 



36 

1966). The relative abundances of these ions with respect 

-4 to N , the electron density, are N(N )/N - 4 * 10 , and 
e e e 

-5 
N (Mg) /S = 1.2 x 10 • The opacity is then: 

k , (2 KeV) = 7 X 10“26 N 
abs e 

The probability that a photon will be absorbed is enhanced 

further by the fact that the electron scattering cross section 

is ten times as great as the absorption cross section, and 

hence, the photon spends a greater amount of time in the 

plasma than it would if there were no scattering. In the 

-2 
diffusion approximation, the optical depth T(2 KeV) = 3 X 10 

N^R. The requirement that the optical depth at that energy 

becomes less than one is then: 

24 -2 
—■ N R « 3 x 10 cm 

e 

The observed flux at Earth is expressible as: 

„ 2 „3 . . v ._17 2 -3 N R = 1.4 * 10 r cm 
e 

Using the observed optical source upper limit of 1" of arc, 

— f) 
an inequality between R and r is obtained: R < 5 X 10 r cm. 

Solving the three above relations simultaneously, one obtains 

the inequality: 

R N 
3/2 

e 
32 « 4 x 10 
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5 o 
The requirement that the 10 K plasma not be totally ionized 

by the x-radiation allows us to impose a lower limit on the 

size of the optical line-emitting region. That is, the 

photon density must be low enough so that populations of 

N III, C III, and 0 II can be maintained. Expressing the 

ionizing radiation in the cool plasma in terms of R, r, and 

the flux observed at Earth, it is found that photoionization 

is negligible if 

-2 -h 
R » 3 X 10 r N 2 cm 

c 

where is the electron density of the cool gas. Again 

invoking the 1" upper limit on the size of the source (Sandage 

7 _3 
et al., 1966), it is seen that N «4 x 10 cm 

c 
5 o An estimate of the relative sizes of the cool (10 K) 

region and the source of x-rays can be had by approximating 

the cool region as a spherical shell of radius R, thickness 

dR, and calculating the luminosity of its H8 line. 

L (H 3) « 4TTR2dR N 2 P (HB) » 2r3 (dR/R) P(HB) 

From the observed H-beta emission, it is seen that: 

L(H3) 4 X 10 ^2 r2erg/sec. 
observed 

Hence, 

14 
dR/R « 2 X 10 r 
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-5 
If r is greater than ten parsecs, it is seen that dR/R « 10 

It is to be noted that a very steep temperature gradient 

must exist between the cool and the hot regions, if the H-beta 

emission is not to exceed its observed value. 

The problem of containing the hot plasma (~5 X 10^ °K), 

and the maintenance of the steep thermal gradient between 

the hot and cold plasma must now be discussed. One possible 

solution is to confine the hot plasma in a strong magnetic 

field associated with some central object. If Sco X-l is 

not greatly less than 100 parsecs away, then it can be shown 

that the central object must be of at least stellar dimensions, 

^ .,11 
x. e. , ^ 10 cm. 

To be stable, the central object must possess a gravi¬ 

tational field containing more energy than that stored in 

the magnetic field. Assuming a dipole magnetic field, Tucker 

shows that: 

R > 2 x 10 ^ a/m 
o 

^ ,2 „ -3/2 . 3 a ^ 10 d Ng gm/cm , 

where R is the radius of the central object, .a is the dipole 
 o 

moment, and m is the mass of the central object in solar masses. 

2 2—6 
For B such that B = a R ^ 16 N kT , and considering the 

6 6 

previously established limits on R and N^, Tucker shows that: 
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-93 5 
R > 10 r /m 
o 

If R is to be the size of a neutron star, then r must be 
o 

less than 20 parsecs. 

The magnetic field energy, if originally comparable to 

the gravitational energy of the star, could be on the order 

48 
of 10 ergs. With a conversion mechanism of 10% efficiency, 

the energy output of Sco X-l could be maintained for about 

one thousand years. 

Tucker's model adequately describes the high-energy 

continuum and the optical line emissions. The observed lack 

of correlation between the variations in the H-3 , C III, 

N III, 0 II complex line intensities is readily explained 

5 
by the temperature dependence of each. At T^ = 10 degrees, 

the strength of the C III line varies as exp (-372000/T ), 

whereas the strength of the H-3 line decreases as temperature 

goes up. 

This model is consistent with the suggestion of Manley 

(1966) that proto-stars may shed their intrinsic magnetic 

fields through a period of high-energy photon emission. 

Indeed, without some radiation mechanism, very strong stellar 

magnetic fields would be expected in almost all stars. In 

this model, the magnetic energy is eventually converted to 
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thermal energy through flare-like events. Throughout most 

of the radiative period, energy is distributed in varying 

proportion between the magnetic field and the hot plasma. 
’9 

A mixed field of thermal bremsstrahlung and synchrotron 

radiation is therefore expected. Detectable, non-thermal 

radiation above 100 KeV is predicted. This model's excessively 

high prediction of the optical flux may be accounted for by 

assuming absorption in cooler material adjacent to the source 

(Grader, Hiltner, et.al.) . 

Synchrotron Models 

The problem of excessive flux in the optical and radio 

regions is alleviated if a synchrotron, rather than a thermal 

bremsstrahlung source is employed (Andrew and. Pur ton, 1968) . 

Manley and Olbert (1968) propose a model in which magnetic 

field energy is converted into x-radiation through the mechanisms 

of magnetohydrodynamic waves and the synchrotron process. 

Basically, the model supposes that a certain number of 

the ambient electrons in a plasma region are accelerated to 

ultrarelativistic energies by Alfven waves in special fila¬ 

mentary regions of the plasma. The aggregate of filamentary 

regions comprise the x-ray "star". The ambient plasma outside 

the filaments is seen to radiate thermally, accounting for the 
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observed' optical line emission. 

In order to account for the radiation observed from Sco X-l, 

three basic conditions must be met: 

(1) At low energies, the relativistic electron spectrum 

must vary as E a, a ^ 1. 

(2) At high energies, there must be a relatively sharp 

cut off. 

(3) The ambient plasma must be optically thin and at a 

5 o 
temperature of about 10 K. 

Condition (3) and its application to optical line emission 

has already been discussed. it has been shown (Manley, 1966), 

that if conditions (1) and (2) are met, a synchrotron model 

can be constructed which produces an x-ray spectrum indis¬ 

tinguishable from a thermal bremsstrahlung spectrum. Further¬ 

more, at optical and radio frequencies, the projected synchrotron 

radiation is appreciably less than that of bremsstrahlung, 

and more in accordance with the observations. 

The radiation source is presumed to be an optically thin 

plasma, permeated by large-scale electric and magnetic fields. 

Macroscopic plasma instabilities give rise to random MHD waves, 

particularly Alfven waves. It is shown that through the compet¬ 

ing effects of radiative instabilities, thermal conductivity, 
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and pressure expansion, that stable plasmoids (regions of 

local plasma stability) will form. In the presence of a 

strong magnetic field, the characteristic plasmoid length 

parallel to the field lines, Lu , is much longer than the 

length perpendicular to the field, L . The ratio of the two 
x 

lengths is given by: 

si Ln (vcoll./ujc) 

where vcoll. is the collision frequency, and oic is the 

cyclotron frequency. It is shown that the propagation of 

Alfven waves along the plasmoids in conjunction with a general¬ 

ization of the Fermi acceleration mechanism might well give 

rise to an electron energy spectrum having the properties (1) 

and (2) that are required by the rftodel: 

N(y) = const. Y2 ^exp {- (^~) [1 + + y1] 5 , 
o o m 

wl>ere C = 10U) 3
Y /3 Acw 2, Y = 320 v .. L /3TT2c, and bn 2 m coll " 

2 
Y = 3mAB/4TTerm n. o p 

is a measure of the high energy spectral cut off. The photon 

spectrum given by the above electron spectrum is: 

CO 00 

f = BerV3 J dyN(y) J* 2 dvK . (rj), 
v o 3y 2x/3y 

where x = 2rrvnic/eB. v being the photon frequency. 
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This general model is now applied to Sco X-l. The 

absence of forbidden lines, taken together with the indicated 

5 o 
electron temperature of 10 K suggest that the electron 

4 -3 
density is well in excess of 10 cm . A large portion of 

2 
the spectrum may be obtained by setting the product By^ , 

approximately equal to 6 • 10^ gauss. By the definition of 

2 *~ 6 
y , B /n ^ 6 X 10 ergs, 
o e 

To compute the lifetime of this system, an estimate of 

the total stored magnetic energy is necessary: 

W — R^B^/6 = (R^n /6) X (B^/n ) ^ 10 R^n ergs, 
m e e e 

Optical thinness requires that a x R < 1, where a is the 

Thomson cross section and. R is the radius of the source. Let 

it be assumed that the contribution to the optical spectrum 

from free-free emission in the ambient plasma is comparable 

to, but not greater than, the synchrotron contribution. It 

can then be shown that an upper bound to W can be given by: 
-4 3 m 

2 X 10 R n _ ,.51 
... e 6x10 W < ———  L «   ergs. 
m V Q x-ray n 

where Q , is the volume emissivity. Let n be sufficiently 
IT clCt 0 

high to quench forbidden line emission by collisions 

5-3 . 
(n > 10 cm ), and solve the above relations simultaneously, 

e 

Enough constraints are placed upon R and n^ to make the model 

practically unique. 
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The magnetic energy associated with a typical electron 

6 3 
density of about 10 cm is sufficient to sustain the observed 

output of radiation for about forty years. As noted by 

Sandage (1966), optical radiation from Sco X-l was detected 

by the Harvard Observatory seventy-five years ago. However, 

prior to the onset of synchrotron radiation, the visual magni¬ 

tude of the object would have been less than one magnitude 

greater than at present, a change small enough to fit within 

the uncertainty in magnitude measurements over the years. 

6 “*3 
For a plasma density of 10 cm , the following para¬ 

meters can be obtained: 

B = 2.3 Gauss 

R = 1.5 x 1015 cm 

28 
Mass (Sco X-l) = 2 * 10 gm. 

By assuming that the x-ray flux is primarily synchrotron, and 

noting that: 

J* d N(y) N = 
o 

Y = J* dv v 
o 
00 

,2 N,(.Yl_ 

N 

it is seen that upon substitution of observed and hypothesized 

-7 -3 
numerical values, N becomes approxiirately 10 cm . The 

o 
2 . 

associated relativistic electron energy N y me is then on 
o o 
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__ 8 —3 
the order of 5 X 10 ergs cm . Typical dimensions of the 

12 8 
plasmoids become L — 10 cm, and L^— 10 cm, i.e., the 

plasmoids are quite filamentary in nature. The lack of 

polarization in the observed radiation is explicable as ■ 

arising from the random orientation of the plasmoid filaments. 

2 
The v spectral dependence observed by Neugebaur (1969) 

from .3 to 2.2 microns presents a serious problem for this 

model. Pure synchrotron emission exhibits a low-frequency 

-1/3 
dependence of v , and known self-absorption mechanisms do 

not readily account for this discrepancy if plasma parameters 

are to be within the bound of the synchrotron model. 
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