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" Abstract

Sco X-1 was monitored at optical and X-ray wavelengths from 1970 April

26 to. 1970 May 21. The optical observations were made at six observatories

[
[

: around ﬁhe.world ﬁnd the X—ray‘obsef?ations were made by the Vela saféliites.
Tbérerwas a téndency for the obJjeet to show gfeater'variability in;X—ray when
the_object is'optically bright. A discussion of the intensity histogramsfis

presented for both‘thé optical and X-ray observations. No evidence for op- -

tical or X-ray periodicity was detected.
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I. Introduction

-
-

In April and May of 1970, six observatories around the world tocok part
in a coéperative effort to monitor -the optical variations of the 6bject iden-
tified with Sco X-1. bgring the same pericd of time, the Vela'Sﬁ,‘SB, 6A and
6B spacecraft monitored the X-ray flux from the source. The observers and
institutions participating and the apparatus used are listed in Table I. A
schedule of the monitoring.carried out by the various observers and the re-
sulting X-ray and optical data overlaps is shown in Figure 1.. The duration
of this program was 600 hours. Of this time, 225 hours (=37%) of on source
coverage wés obtained in the optical region of the gpectrum. The Vela satel-
lites were in the proper orbital position for X-ray observations of Sco X-1
for & total of T8 hours (13% of the total program), 67 hours (11%} of which
overlapped with opfical cbservations. The X-ray measurements consisted of
one-second samples obtained approximately every minute,,resulﬁing in a total
of 1.3 hours (0.2%) on source coverage. These data -are presented in Section
II with a discussion of the various observational techniques emplo&ed. Cor—
relations between X-ray and optical flux measurements are presented in Section
IIT, and flux histograms are discussed in Section IV.

A complete‘list;ng of the raw data in the form of page print-outs, micro-
film, or magnetic tape is available on a limited'basis,to workers in this
field. Inquires should be directed to jf'P. Conner at Los‘AlaﬂOs,Scientific

Laboratories. -
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~II. The Data

Plgure 1 presents the observed B magnltudes, the X~ray intensity,

- and an X-ray spcctral hardness index as funct1ons of Unlversal Tlme.

é) _Optical Observing Techniques. The local standard star gnd the
differéntial photémeﬁfic tenchique used in previoué monitbring of Sco ﬁ-l
{see, for example, Hiltner and Mook 1967) were employed. Ail optﬁcal sites
but Tokyo and Leiden Soﬁthern Station employed photoelectric UBV photometers,
UBV standard stars and staendard reduction techniques. When data from more
than one site overl&p, good agreement is generally found between 1ndependent
sets of data (for example, on 5/17 and 5/2 in Figure 1). All of the optical
sites were given equal weight ih the averaging process to be discussed in |
Section III.

Data from Tokyo were photographic photometric observations as déscribed
in Osawa, Ichimura,.and Tomita {1971). Periods of overlapping observations
with other sites show good average agreement within the large scatter inherent
in the technique of photographic photometry. .

Observations from the Leiden southern station were made on the Walraven
five-color photometef, the B band of which ié sufficiently close to the B
pand of the UBV system that no transfofmation was Judged necessary o convert
the differential Walraven B magnitudes to those of the UB& system. The good
agreement between the Leiden data and overlapping UBV observations from other
sites demonstrates the validity of this simplification.

Some aspects of the optical observations shown in Figure 1 have been
previously published. The Tokyo data appear in Osawa et al. (1971). The
relation between optical brightness and Walraven color resulting from the

Leiden data has been discussed by Mook, Messina, Pel and Hiltner {1974). The



color data fromrthe.CTIO observations appear in Mobk,;Blanco,‘Hesser,'Kunkel

© and Lasker (1972)-

b) The X-Ray Observ&tions; The X;raf data_from'eaéh of the four Vela
-“5pacecruft were collectcd 31multaneously in, two photon energy chaﬁnels of”
A&pproximately'B t0 6 kev and 3 to 12.kev. A detalled descrlptlon of the X-ray
instrumentation on board the spacécraft‘may be found,ln Conner, Evans and Belian |
(1969). In Figure 1 the quantity X = -2.5 Log (3 to 12 kev photon count

rate) has ‘been plotted versus Unlversal Time so that the X—ray and optical

flux measurements are directly comparable. The perlod of rotation of each:
~spacecarft was &pproxlmately one minute. The field of view was restricted by
ecollimators to six degrees to that Sco ¥~1 was §bserved effectifély for ohe'
second out of every minute; this is why, as noted in Sectien I, the X—ray flux
was monitored for a period of 78 hours durlng this program and of this time
tl.3-hours were effectively spent on source.

| .:The hardness ratio, R, plotted in Figure 3;'is the' count rate obséfvédfin'
the 6 to 12 kev energy channel divided ty that observed in the 3 to 12 kev
channei. | | | | | 7
Corrections for source-detector aspect have been applied to the‘X—ray data;
.but.all data for which this multiplicative correction fagtot'was larger than
3.0 were rejected. 'Thié rejection threshold is‘admittediy arbitrary but was
consistently applied. It should be noted that the,hardnegs ratio is indepen-
dent of aspect cérrections.
The X-ray detectors exhibited significant differences in calibration, and,

in additiqn, the individual calibrations depended on the detector operating
temperature. During the pelriodr'of the World Wide Watch, the variatioﬁjﬂof the

angle.between the incident solar radiation and the spin axis of the satellite



caused appreciable changés in detector tempersture. Botb the sensitivity
and the hardness ratio measurements of all detectors have been normalized
by assuming that the average behavior of the source was the same for four
approximately equally-spaced detector tempera@ure intervals; This normali-
zation process may obscure some resl variations of the-emission intensity
but, in view of the known existence of the variations in detector responses,
was considered preferable to not appl&ing any corrections for these effects.
Other experimenté (é.g.,Burginyoﬁ,Grader, Hill, Priée,Rodrigues, Seward,
Swift, Hiltner and Mannery {1970)) have shown that.a bremsstrahlung spectrum
is observed for Sco X-1 in the X-ray energy range éonsidered hefe. The mea-
sured spectfal responses of the X-ray detectors 6n board the spececraft were
folded with bremsstrahlung spectra of plasmas at various temperatures ﬁo gen—
erate the hardness-to—temperaturé and the count-to-energy flux conversion

relations shown in Figure 2.



III. Correlations Between Observable Properties of Sco X~1

Aﬁong.the three quantities plotted versus UT in Figure 1, (that is
B, X and R), there are three correlations to discuss.

a) X vs. B.. Previous correlations between X-ray and optical flux have

i
~ been discussed by Gursky,(1973), Burginyon gz_gl. (lQTO)Iand Conner, Evans,
' Belien, Strong,,Hilfner and Kunkel (l9TO}. The'ﬁregent data,wére discussed
in'a ;ery préiiminary form by Hiiﬁnef.(1973) and ih a'mére refined stage by
'-Conner;_Belian; Evans, Strong, MQQk.énd Messing (1973). The present data an&. 
'~‘those.from“UHURU'rgprésent:thé-most:exfensive ﬁublishéd studies of ‘this 6bject
" to date.. ” |
| Figuré 3 is & plot of.one.minute:averages of overlapping B and X neas-

-urements obtéined‘in this sfudy (similar plots employing longer averaginé
intérvals show the same géneral charécter). The clumping of the optical data
around three preferred brightness states is typical of Sco X~1 [see thesdis— ‘
cussion of brightness histograms for Sco X~1 in Hiltner and Mook (lQTOa);'the
histograms for the present data are discuséed in Section IV]. Except for the
photographic data, individual optical observations have typical standard devi-
ations of +0702 or less. Thg absolute accuracy of the X~r§y intenéity data ié
about 30 pércent buﬁxthe relative accuracy is considerably better wifﬁ photon
count stétistics of typicelly L to 6 per cent standard'deviation. |

The date presented by Gursky (1973) and the greliminary reconnaissance
of thé present date by Hiltner (1973) suggested that hiéh;values of X-ray inten-
éity (X < =7.0) occured only when B < 12.7, that is, when Sco X-1 was brighter

than the optical "flare threshold“ discussed by Hiltner and Mook'(l967; 1970a,b)

F
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This result, if correct, suggests an aésociatiﬁn between the phenomenon
triggering optical flaring and that triggéring'large_x—ray flux output.
Also, the earlier results indicated that the mean brightness of tﬁe X-ray
intensity increased with decreasing optical brightness, Figure §,,however,
shows & relation between X and B in partiasl contradiction to these two
earlier conclusions and the data presented by Bradt et al. (197k) and
Canizares et al. {(1974). It should be pointed out that the X-ray observations
corresponding to a B magnitude neaﬁ 13.5 were all made in a single passage
of one satellite where & significantly large normalization factor was ap-
plied in computing the X-ray intensities. On the basis of the present
data, prima facae for about 90% 6f the time of simultaneous X-ray and optical
obgervaticns, Sco X~1 shows X < =T when B X 12?7. Since the data presented
by Gursky (1973), Bradt et al. . (1974), Canizares et al. (19T4) iavolve a
substantially shorter periocd of observation than that represented here, our
result is not necessarily inconsistent with these othef studies except for
the low X-ray intensities near magnitude 13.5.- On the other hand; the 90%
figure should be treated with caution. Of the time X-ray data showed X < —j
only slightly more than ﬁalf was covered optically. Additibnal overlapping
X-ray and optical data could have altered the 90% estimate significantly.

b) X vs. R. Previous correlations between X-ray spectral hardness (tem—

%

pefature) and X-ray intensity have been published, the most recent and extensive



being ihat by Caﬁizares'gg_g;. (1973).

Figure & présents the resu;ts of the present_étﬁdy, which is similar
in appearance to Figure 2 of Canizares et al. (1973). There is a more or
less symmetrical distribution of points for most of the data, but a definite
indication of an extension of the distribution to highef7X4ray ihthneities
and hardness ratios is evident. This correlation was also obtained by Evans
33_5;.(1970)oﬁ the basis of limited data for Sco X-1. The sense'of the re-—
lation is what would be éxpected for a bremsstrahiung'source, viz., the hard-
ness (or temperature) is higher for higher intensity. However, the observed
slope is larger than tbat expected for the fliux vgriation to be due only to
variations in temperature of an optically thin isothermal plasma, which indi-
cates an increase in the emission measure af increased temperature.

¢} R vs. B. Pigure 5 shows one-minute averages for‘R.and B during times
of simultaneous X-fay and optical observations of the source. There is no
apparent correlation of the variables plotted; ‘

A search of the data shown in Figure 1 was made tp investigate whether
a systematic difference in R exist§ for optical flare and nonflare stétes.
No differences were found. Similarly, there is no evidence for a difference
in behavior of hardness ratio during times of ﬁ—ray flux activity. This sit~
uation is similar to th@% for the wavelength aependence of the optical wvaria-
tions (Mook et al. 1972a). Regardless of the nature of the optical variations
(flare, flickering, or more gradual changes), the wavelength dependence of the

enission is observed to be the same.



IV. Some 8tatistics of the Cbservations

Sco X~-1 is variable in flux ét all observed wavelengths. In this
section we consider first the presence or absence of any periodiczvariation
- and then two related quegpions: What wés the'nature of any pref?r%ed states
“of flux output from Sco X-1 during this program? And, how long and in what
'manne} should the flux from this variable object be samﬁled in order to ob-

tain a statistically meeningful sample of its behavior?

a) Nature of Variation. There have been mahy attempts to establish a

pé:iodicity Tor the fariablelmagnitude of Sco X-1. (i.e., van Genderen, 1969).
“The present .data were also inspectéd'for any poséible.periodicity. An eérly
'ihspection of Figure l_fevealed two essentially identical variations at 1970
May.B.QT and 1970 May 11.86, a separation of 7.89 days. .Thgse two rises. from

a B mag of 13.2 to about May 12.6 are spectactularly Similar, including 2 |
glitch bn‘thé two rising branches. There were no opticai observations T.9

days earlier -or later than fhe two above dates. With the announcemept of a

' 3.9 day period by Lyrety) and Efremov {19TLk) it was noted that this reported
peric& is nearly 0.5 that of the two obseﬁved changes of state observed on

1970 May 3 and 11. Consegquently, the observations were plo%ted with botﬁ a
period of 3.93l dayé‘and T7.89 days. Neithef showed any perilodiciity, but wafe_.r
essentially scatter diagrams. The phase of'fhe two chénges of state is near
.22 when computed by the elements given by Lyuty] énd Efremov (1974). Evidence
for a periodic Variafion of Sco ¥X-1 still remains obscufe}‘ [Seec also Messini
(197h)fofradia1'velocity obsér#ations.]

b} B-Magnitude Histograms. Figure 6 is a histbgram'bf the number of

" times (30 second jntegratiéns) Sco X-1 was observed td‘bé‘within~a given interval .
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of B magnitude during the course of this program (i.e., in Figure 1).

Three peaks are seen ét B ~ 12%6, 12T9, and 13?5 corresponding to the
propensity of Sco X¥-1 to emit at these three ﬁagnitude levels duﬁing this
progran. These preferred levels are reflected in the clumping oé.average
pdints seen in Figure 3, and they fall near (But do not aiways coincide
with) magnitudes at which peaks occur in previous hi;tOgrams for Sco X-1,
(see Figure 7). During some periods of observing, one or more of these
peeks have been absent, and‘the'rel&tiVelheightsfof thé peaks have been
different. The fact thét some peaks continue to appear at roughly the same
magnitudes, however, suggests the possible persistency of these favored
states of brightness for a time interval of years. Hiltner and Mook (1970a,b)

have pointed out that if their yearly histograms represent valid samples of

& true parent distribution of brightness states for each year, then the histo-

grams of Figure T demonstrate a temporal variation in the parent distribution
of energy output. On the other hand, it is unknown,how long one must sample
the flux from Sco X-1 to obtain a significant sample of the parent digtrivution.

c) Completeness of Coverage From Differéht’Optical Observing Siies.

Because this program was able to operate around the clock for 25 days, and
pecause different observing sites provided varying degrees of coverage, some
conclusioné may be reached regarding the significance of statistical results
for Seco X-1 which are based on limited observing periods. Table Il presents
some details of the optical coverage during this program for each of the parti-
cipating sites. The coverage represented by the histograms of Figure Lb are

included for comparison. Figure 8 shows the B-magnitude histograms obtained

gt each of the participating sites.
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A comparison of Figures 6 and 8 shows that different optical sites
obtained different brightness histograms during the coﬁres of this program.

The coverage of Sco X-1 by Hiltner and Mook in 1967, 1968 and 1969
‘ shown-in Table II is certainly no better than the coverage repregented by
- the sites taking paxrt in‘the present study. This means that the ﬁamples of
“data given by Hiltner and Mook (1970a,b) are probahly_not representative of
a true parent distribution and therefore, it is difficglt to.dréw significant
- conclusions conéerning tiﬁe variablilty.

Flgure 9 is the X—hlstogram for all the X-ray data comblned 'There are
no dlstlnct multlple peaks as is the case for the optlcal hlstograms, bhut the
Xéhistogrqm does shov & hlgh-lntens;ty "tall"f_ In 1971 October and November
"Canizares gg_ﬁg. (1973) alSO'dbserved'a high intensity tail in the‘x—ray in-
L.ten51ty dlstrlbutlon.‘ |

Figure 10 shows the X—hlstograms obtained by the 1nd1V1dual satellltes.
The varlablllty between ' observing sites is not so grEat as for the optlcal
‘case. This could be due in part to the normallz&tlon process descrlbed but
.somg differences remaln._g

The existence gf large differences in behavior of X-ray emission at
gifferent times is most clearly demonstrated by consideriﬁg adjaceﬁt'observing
periods of the same pair or satellites haﬁing the sameinormaiization factors .
for both perlods. Suéh an example is sﬁown in Figufe L2 Whére the X;hiStﬁé'
‘_grams for satellltes SA ‘and 5B are glven for . 1970 May 12 13 and 19TO May 17.

'The dlfference in behavior for these two perlods 1s also very ev1dent in

Figure 1.
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V. The Relstion of Sco ¥-1 to Other

Optically Identified X-ray Sources.

Suggestions for Further Work. {

8co X-1 was the first extrasolar X—ra& sourée to be discovered and

the.first stellar X-ray source to be optically identified (Giacconi, Gursky,
and Van Speybroeck 1968). In the recent past a number of other optical
counterparts have been identified,lincluding a‘number of binary star systems
(Gursky 1973). Interest seems to have turned to this class of objects. ﬁe
wish to emphasize.the fact that the properties displayed by Sco X-1 continue
to stand alone. There is no definitive obser#ational evidence for its mem-
beréhip in 2 binary system, thus leaving the energy generating mechanism an
open issue. The ratio of optical to X-ray flux is much smaller in Sco X-1
than in any of the knownjbinary systems. In fﬁct, the.optical and infrared
- radistion is so smallifhat self-absorption must be introduced in order to
bring this region of the spectrum into agreement with.the X-<ray bremsstrahlung
spectrum. The ifregular photometric beha§ior and variable brightness distri-
butioh are also unusual.. While Som? of the hinéry sources show dramatically
f variable spectra  (for examﬁle,‘2U1700f3T and 0906*&0 -~ see Boley and Mook

1973) no other source yet‘studiea presents such be&iidering variatioﬁs in the.
._optlcal line spectram ccupled to (and often in correlation w1th) large, irreg-
{ ular photometrlc activity (Mook, Edwards and Hlltner 19?2&) In many respects,
' this source remains the most excltlng because so little is understood of its
basic nature. |

It seems clear from our dlscu551on in Sectlon IV that llttle is to be
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gained ﬁy further progfams of simultanecus hroad-band X—réy and opfical

flux measurements such as the one presented here. However; we would like

to strongly encourage observational efforts along several other lines to
complement aﬁd extend our present body of knowledge of Sco X-1. We note
with regret that the complexity of the properties this soﬁrce displays has
discouraged workers in both X-ray and optical astronomy from céntinuing'to
gather meaningful deta. The demanding gquestion of the relationship between
this source and binary sources will only be seﬁtled fhrough further ?igorous
sccumulation of data along the.following lines:

a)‘ X-ray spectral information-éorrelated with optical flux measurements,
especially informatidn'(even upper limits) on X-ray line emission.

b) High resolution optical spectra; the line profiles are complex and
time variables (Messina 19T4; Mook et al. 1972b), and only high dispersion
speétra will permit aﬁ untangling of the various features aﬁd a thorough
investigation of possible periodic radial velocity variations, the existence
of which would lead to the establishment of limits on orbital motions present
in the system.. The complex radial velocity’variétiohs reported by Westphal,
Sandage and Kristian (1968) and Messina (197L) provide a clear incentive for
further work in this area; indeed, radial velocity;analysis of the optical
lines may be the only effective techniqug of establishing the binary {or mul-
tiple) nature of the object.

o) Low dispersion, high time resolution spectra simultaneous with X-ray
observations to_pefmit study of the goupling btetween X-ray flux level and .

excitetion state in the line-emitting region.
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a) . SimﬁltgnEOus X-ray and/or optiqa;;céveragé witﬁ radio ébserﬁaﬁioﬁg 
fo éétermine the-relétionship betﬁeen tﬁe éompiei raaio-stfpéture‘énd the_‘ |
':‘better—known pray and optlcal propertles of thls object in particular,
the relatlon between the radlo emission and the hard X—ray component deserves
attention (Ramaty, Cheng'Enﬁ-Tsurgta 19Th), - o | B ',';_ |
| Tﬁis 1ist is not meant to be compréhehsive; The itemg_giveﬁ, however,
.“seem to be the most pressing to the present authors.

It is & pleasure to acknowledge f1nanc1al support from NASA grant NGR

f _23 005 h6h



TABLE I

Part1C1pants in the 1970 World Wide Watch on Sco X-1

Institution

Observers

Apparatus.

Mauna Kea Observaﬁory

University of Hawaii, USA -

Mobk

2h-inch reflector, single channel photometer with 1P21,
anglog output, B-magnitudes

Leiden Observatory
- SBouthern Station, Africa

"Pel and Hiltner

36-inch reflector, Walraven five color phbtometer, Walraven

magnitudes (Walreven, T. and Walraven, J. H. 1960; Rijf, Tin-

bergen, and Walraven 1969)

Cerro Tololo InterAmerican
Observatory, Chile

Blanco, Hesser,
. Kunkel, and Lasker

36-inch reflector, dual channel photometer with 1P21's pulse
counting (Lasker 1971, 1972), Band V-megnitudes

Kitt Peak National
" Observatory, Arizona, USA

Golson

-36~inch reflector, 50-inch feflector, single channel photo-

meter with 1P21, DC integrator, B-magnitudes

Sldlng Spring
Observatory, Australla

Stokes (assisted by

Mr. Vinco Ford on

some observations)

16-inch reflector, single channel photometer with lPEl De
integrator, B-magnitudes

Dodaira, Japan

‘Tomita,_Shibasaki,
S8ato, Nakagiri

50-cm Nikon Schmidt, 1 minute exposures on Fuji FL-0II
emulsion through an L-39 filter

Okayama, Japan

Osawa, Ichimura,
. Noguchi, Norimoto,
Watanabe

30-cm reflector with reducing camera,-10 minute exposures on
103a2-0 emulsion through a L-39 filter

 Los Alemos Scientific
- Laboratory Los Alamos,
New Mexico, USA

Connér, Belian,
Evans, Strong

Vela 54, 5B, 6A, 6B Spacecraft, 3-6 kev and 3-12 kev
NaI{TL) Scintillation detectors

v -ht




TABLE II

Coverage of Sco X-1 By Participating Optical Observatories

-4

Hours % of 225 we | Days on Which Ob- | # of 25 dey

Site Source - Program servations were made | Progran
Cerre Tololo by, 3 20% 10 Lo%
Australia oh.2 S 11% 6 2h%
Hawali 52.2 23% 17 68%
Kitt Peak 52.3 23% 1k 56%
Leiden 47.4 21% 17 68%
Japan | 10 Lo%
Hiltner & Mook: bo, 1% ﬁeo

1967
Hiitner & Mook 20/20%% 7/8 |

1968 L
Hiltner & Mook 50/25%%* | 12/6

1969 -

# vyery broken coverage over a‘60d'interval

#% two runs separated by about a month
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Figure_l.

Figure 2.

Figure 3.
Figure 4.

Figure 5.

Figure Captions

The Observations. ~Top Half: A schedule of the observations..
Foz; eéch observing location or spacec'raft, a symbol appears
at .each time an observation was made. Lower Half: , A time
history plot of all optical and X-ray data. The ordinates

sre defined in the text.  All normslizations and correchions

discuszged . in the text have been"applied.f One minute averaging

"of the date has been performed. Satellite 6909 = 54, 6911 =

5B, 7033 = 6A, and TOhk = 6B.

Plot of the count-to-energy flux conversion factor, K, and
the hardness ratio, R, vs. spectral tempersture for 'a thermal
breﬁsstraﬂmg spectrum. The experimer‘;ta'.lly determined speec-—-
tral response and resolution gharacteristics’ of the X-ray

detectors were employed in the calculation.

One minute averages of simultaneously observed values of B

7

vs. X, for é,ll of the data shown in Figure 1,

One minute averages of simultaneously observed values of X and

R for the data shown in Figure. lb. A

One minute averages of simultaneously observed values of R

and B for the data shown in Figure 1lb. -



Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

18,

B magnitude brightness histograms for Sco X-1. N is the

number of times (30 second integrations) Sco X-1 was obser-

ved to have a B magnitude within the range indiceated.
' )

B magnitude brighitness histograms of the seme type &8s in

Figure 6 for the years 1967-1969 (Hiltner and Mook, 1970a).

B magnitude histograms for Sco.X—l obtained at each of the

sites participating in this program.

X histograms for the X-rey data obtained in the World Wide
Watch., N is the number of times (unaveraged) Sco X-1 was

observed to have a value of X within the range indicated.

X = -2.5 log (count rate of 3 to 12 kev photons).

X histograms for Sco X-1 obtained with each of the Vela

satellites.
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