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¡\BSTRACT: Plasma parameters that characterizc rhe :Tora)' emittin;.! ft';.!lOll

of Sco X-I arC' obtained by reference ro a s('ries uf simuJ.

rancous hard X-ra)' and oprical I)bsl.'rvarians af -"en \-1 <tnd

ro rhcories of radiarive transfer. Far the spherical, isorhermal

plasma rhe ('Iecrron remperarure, the e1('crron dcosity <tlld
the radius are 3.{) keV, 3x 1016 cm3 alld:lx IOBem, cespeuin'.

ly, in (he oprically bright but quier phase. ,.\r opr ieal flarc,>

rhe plasma mass ineceases by a few r('os of a pn ("cm. wh<'rl'a ...
(he e1ectroo rempcraruce dol's oot appc('ciahly e!Jaoge.

l. ¡:-.ITlWfJUCTIO:'-l

~l"\"('[;11 Illonths aftee rhe discovcry of cosmic X rays in 1962. a confer.
C!lec oq..:"nized hy Professor \'allana was la'ld ar [!le Pontifical :\cadl'IlIY of
.'cil'Ilc{'. The unexpectedly IJi,gh flux of coslllic X rays reported by Professor
Hossl n.Hurally became Orle of rhe !ories ar an unschnluleJ seSSlOn. The

result ohraitlcd by Ros ...•i ami his eollahorators illdicated rlJe <:XJS[efH:e uf a

diffuse cnmpooeor .1nd <1 source [()wards the galacric ceorer, borh ha\'ill1!-
high in[<:nsities «~iacc()oi ('t al. 1Y(2). The ohser\'ed in[e[] ...•itie, ..• exc('('ded
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by orders of magnirude rhose I had esrimared earlier, raking into accounr various
conceivable astroph)'sical condilions, and I was only able ro .poinr our a
contriburion of rhe invcrse Compron effecr rhar could be considerable in rhe
galaC(ic cenrre if borh relari\'isric elccrrons and radiarion in rhe as yer un-

nbs('f\'ablc ran~(' W('fe srrong.
T!lis sourc(' has, however, been found ro be locared ar abour 25 o norrh

of rhe galaelic centre in galacric coordinares and namea Sco X-l. In order
ro explaiii rhe X-ray emission I su~gesred rwo possibiliries ar rhe J aipur
Conference in 1963 (Hayakawa and ~larsuoka 1963). Qne is rhe neutron-
srar hyporhesis, rhar is, rhe black-hody radiarion ar abour 10

7
K which is ex-

pceted for a young ncurron srar, and rhe other is rhe binar)' hypothesis, rhar
is, rhe srellar wind from Ofle componenr hits rhe orher lO produce a hor plasma
of abour 107K rha[ ('mirs [hermal bremssrrahlung. \X/e r!len made a roeke[
obs('f\'a[ion of Seo X-l in 1965 anJ found an X-ray speerrum of rhe rhennal-
hremssrrahlung type our ""i[h a [emperarure as high as several times 10

7
K

(ILtyakawa e[ al. 1966). If X r.lY." are emiued by rhermal bremsstrahlung,
exrension of rhe specrrum [O [he op[ical region should give an oprieal magni-
tude of ahout 13. \leanwhile Professor Oda and his eollaborators (Oda er al.
l1J(5) succceded in measuring the position and size of Sco X-1 wirh rhe use
of a modular ion collimator. Tite smallness of its size indica[ed rhar Seo X-l
is nor nehulous but likely ro be stellar, and rhe error box of rhe posirion was
small enough ro seareb for rhe oprical counrerpart of Seo X-l. Oda then
asked for the collaborarion of optieal astronomers, Jugaku and Osawa; they
found a hlue srar a[ one of [he expected positions in June, 1966 (lchimura

er al. 1Y66). The stnr was found ro be variable and showed emission lines
whose equivalenr wiJrhs wcre also variable. Detailed properties of rhis un"
usual star were eonfirmed at Palomar Observarory in rhe nexr monrh (Sandagc

el al. 1YGG).
Un the basis of rhese observations Matsuoka, Ogawara and Oda (IY66)

im;enrcd a model for Seo X-l. In order tha[ a hot plasma be gravitationally
bounJ by a star, [he size of rhe plasma should be as small as 109 cm or
sm.dler. The model has becn confirmed by an infrared observation (Neugcbauer
et al. ll)óY), aecording ro which rhe infrared spectrum of Seo X-l follows
lile H.ayleigh-Jcans law. This implics rhat Seo X-I is oprically thick in
the infrared region and oprically grey in rhe visible region. The facr rhat
horh X rays and optical radiation are emiued from the same plasma was pro\"ed
by simuhaneous observations in rhese two specrral ranges (Chodil er al.
1968). The ('lecrron density and size of rhe hot plasma responsible for opti-
cal and X-ray emission were derived by reference to a series of simultaneous
optical and X-ray observarions by Kitamura er al. (971). They also claimed
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r!lar rhc plasma rcmpcrawre was anticorrelated with the ernission measure.
On the other hand, the hardening of rhe >í-ray specerum was observed ae opd-
ca! fiares Oludson el al. 1970, Evans el al. 1970).

In order ro clarify furthcr derails of Seo X-l, a series of sirnultaneous
observations of hard X rays and opdcal emission were performed by a col-
laborarion berwcen rhc Instirute of Space and Aeronaurical Science of Uni-
versiry of Tokyo, Nagoya lJniversitl', Nizarniah Observatory, rhe Tata Institute
of Fundamental Research, and rhe Tokl'o Astronomical Observatory. The re-
sults of rhe observarions and rheir interprcration will be surnrnarized in what
follows, based on papers by Malsuoka el al. (1974), by Nishimura (974), by
lIayakawa el al. (974) and by Kasahara (974).

2. OIlSERVAT!ONS

A series of hard X-ray observarions wirh balloon-born scintillation
counters were started in 1970 ar Hyderabad, India. No sirnultaneous optical
observarions were available at the times of the rwo baIloon flighrs in 1970.
A photographic observadon with an 8" astrograph at Nizamiah Observatory
was available for a balloon flighl on May 1,1971. An enhaneemenl of Seo X-l
was observed al aboUI 2100 UT bOlh in lhe JWay and 0pliea! regions. Although
rhe enhancement appeared ro be a fIare, rhe time resolution of several minutes
prevenred us from drawing rhe definite conclusion rhar the enhancement was
associated with a fiare. Ir was noticed that the X-ral' intensiry increased
by a factor of about two while the optical emission was enhanced by abour
20%. Ir is worth while to mention rhat rhe :x-.ray spectrum in the enhanced
period was essentialIl' rhe same as that in the quiet period, during which rhe
B -magnilude was 12.6 (Malsuoka el al. 1972a, b).

On ApriI 16, 1972 borh a phorographic observadon with a 12" reflector
at the Balloon Facility of Tata Institute of Fundamenral Research and a photo-
electric observation with a 48" reflector at Rangapur were available. Owing
to rheir good rime resolurions ao optical fiare at 2241-2246 UT was observed
with an enhancernenr of 0.2 magnitudes in comparison with B - 12.5 in the
pre-flare period, and at rhe same time ao ~ray enhancemenr by a factor of
abour 1.6 was observed with similar balloon-borne CDuDters. Again the :¥oral'
spectrum remained ehe same at the optical fiare (see Figs. 1 and 2).

On April 19,1972 the opeicaI brighrness of Sco X-l was declining. Ar
a time when B z; 12.7, the hard X-ral' inrcnsity was subsranrially lower and
[he spectrum was sofrer.
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Lcr us no\\' consider rhe characteristic f('atures of Seo \:-1 in rhe

optically hright phase in which optical fIares are known ro take place rather

frequendy. At fiares bmiJ X-fal' and optical emissions are enhanccd, but (he

enliancemcIlt of hard X-ral' emission is considcrably larger rhan rhar of oprj-

cal cmission. The hard X-fay spectr<l in rhe ('ncr~y range 20 ro .10 ke\' ,He

('ssefltiallv [he same in horh flaring <1nd llon-f1aring pcriods. If rhe X-ray
speccrum is represen[ed by an exponential law, thar ¡s, exp(-H/kTa) where

E is rhe X-ray cnergy, rhe arparent tcmperaturc JeTa is abour ') keV inde-

pcndentl}' of whcrher Seo :'\-1 is f1aring or nor. The ObSCfV{"d restlles are

summarized in Table l. Tite X-fay spcctra obrained on April 16, 1972 are

showlI in Fig. 1, and variariofls of R-magnirudc, rhe X-ra}' in[ensirics in

rhree {'nergy ranges and rhe apparenr remperarurc are SIIOWIl in Fig. 2. Thc

X-ray spec[ra in five selected pcriods arc shown in Fig .. 1 along wirh r!te
spcctra !lelow 20 kc\' obse[VeJ wirh rockc[s in diffcrcflr pcriods.

3. SDII"'()PAQlIF PL\S~l:\ ~lOnEL

The observcJ properries of Sco \-1 arc now in[erprereJ in [('[ms of

rhe semi"'opaque plasma mode!. Since Jcrails are describeJ by lIayakawa

et al. (974) and by Kasahara (1974), wilerc use was made of rhe rheories

of radiarivc rransfer worh.d our for rhe oprical region by Felr('n arid ({ccs

(1972) and for rhe hard X-ra)' region by ~ishimura (1974), 1 here givc onIy a
qualirariv(' descriprion anJ csscnrial resu1rs.

In a plasma of remperarure as high as s{'vcral kc\', ~lOtons are cmirreJ
by rhcrmal bremssrrahlung or frcc'" fr{'{' emission. If rbe plasma is isorhermal

and homogen('ous wirh rhe clecrron rcmperarure !eTe and rhe e1cctron densiry

'le' rhe volume emissiviry of photons in a givcn energy range, 4rrj (F. )dE,
can he obcained from rhe rheory of rherma! bremssrrahlung for a given chemical

composirion. If rhe plasma size r i.s so large rhar rhe oprical deprh fOf e1ccrron
scartering

(1)

where JTh is rhe Thomson cross secrion, is much grearer rhan unir)., rhe
phoron.s emirrcd undergo a random walk in rhe plasma. Ifence rhe average
parh lengrh of pilorons in [he plasma is as large as'" r, if nor absorbed.

e5
Ar low phoron energies rhe pho[ons are subjecr ro fret'~ frcc ahsorprion

wirh <lO absorprion coefficienr J.1.// ' which inereases quadraricaIly with wave'"
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lengrh. If rhe oprical deprh for free-free absorption

.,.//- 1"//' (2)

is comparable [O or grcarcr rhan re5 ' rhe inrcnsiry of photons escaping our
of rhc plasma is considerably reduced in comparison with thar for a tenuous
plasma. For a spherical plasma of radius r the intensity of photons emitted
per unit solid angle is approximately given for the optical region by

),
1(F.)dF. - (.,..,.//)", ,¡(F.)dF.,

",here'" =.,. + .,.//. For'" «"',I(F.) [ends [O [he black.body spectrum.e5 e5

The electron scattering of photons results in an energy exchange. If
the ener,gy of an electron taking part in scattering is grearer rhan that of a
colliding phoron, rhe scattering results in rhe photon gaining energy with
considerable probability. Hence photons of low eneq!;ies are rransponed
roward high cnergy. The effecr of energy gaio. by Compton scatterin~ dis-
torts the energy spectrum, especially in rhe :\:"ray regioo. where the specrrum
falls off sreeply towards higl~ energy. The X-ray spectrum mooifieu hy Compton
scattering is approximately expressed as (~ishimura 1974)

l(l!) -'1, ,¡(IO) W(x,y), W(x,y) = 1 + ~ ..2..-0 +xy+ %x'y')
7T' 1 + Y

(4)
where X!! E/JeTe and y 11 67T-

2(JeT(/mc2
) r;', mc2 being the electron rest

energy. The modification factor W(x,y) is large ami depends rather strongly
00. 'Te5 in rhe hard X-ray region, \\fhereas it is small ano weakly depenuenr
00. "'(,5 at a few keV, as shown in Fig. 4. 00. the other hand, the slope of
rhe specrrum represented by rhe apparenr temperarure decreases rarher rapid ...
Iv ar several keV as'" increases, bur changes only slowIy with'" in the. es e5
hard X-ray region, a.s shown in Fig. '5.

The abov(' fearure demonsrrates thar the observar ion of hard X rays
is appropriarc in obraining the value of T .. In the few.keV regioo, 00. thee,
orhcr hand, tht, .shape of the spectrum depends on Tes in a complicated way,
and rhe electron temperarure and consequendy the valut, of.,. are hardly

€5
obtainable from observation. The 'T"e5 dependeoce of rhe specrrum is shown
in Fig. 6. In facr, the slope of the specrrum in the haru X-ray region does
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not change appreciahIy as Tes increases from B tu 12, whereas [he spectrum
in rhe few-keV regioo becorncs appreciably harder. 'n1C hard X-cay inrcnsiry
¡ncreases rathee sreeply wirh 1"es' whereas rhe opeieal intensity ¡ncreases
nnly slightly.

The observed results can no\\! be undcrs[Ood in rhe light of character-
istic features of the semi-opaque plasma. 'nlC fan dlar the apparent tempec"
arure cloes flor appreciably depend 00 rhe radiarion intensity implies rhar rhe
electron temperaturc of rhe plasma is essentially constant in rhe oprically
bright phase of Seo X-I, indcpendent o( whethcr ir fiares oc noto

13

12

11

10
Tes

9

8

7

6

o ' 300 pe

10~

Fig. 7. The comoucs oí (he hard X-cay (30 keV) and aplical (B-band) intensities
in (he "~- ,...~S plane for (he spherical model. The intensities are ex-

d . . k -2 -1 -1presse In .unlts ol eV cm sec keV . An apparen( (empera(ure of
5 keV, a dls(ance ol 300 pc and 3n inrers(e!lar exrinction ol Ji • 1.0
are assumed. B
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The values of other plasma parameters can be derived by comparison
berween rhe hard X-ral' and optical intensides. Because of rhe ~elation (l),
only rwo of ne ,T and '-es are independenr variables. Choosing ne and Tes as
independenr variables, we draw contour lines of the hard X-ray and optical
intensiries in Fig. 7. There are duce other parameters to be determined.
They are the plasma shape, distance and interstellar extincrion. As for the
first, we examine rhe ratio of rhe radius ro thickness of a disk, regarding a
non - spherical plasma as a disk. Sinee a rhickness larger rhan the radius is
meaningless, the disk geomerrl' is possible onll' for a disrance grearer rhan
300 pe. Sine e rhe inrersrellar extinetion in the opdcal region and the soft
X"ray absorpdon (Deerenberg et al. 1963) do nor seem to favour roo large a
distance, we assume a spherieal plasma at a distanee of 300 pe. The ínter-
stellar extinction is assumed te be AB - 1.0. Then a crossing point of two
contour lines gives a set of paramerers ne and 'res' The value of 1'es allows
us to obtain the electron remperature JeTe. Their values in corresponding
periods are listed in Table l.

It is almost needless to remark rhat these values are subject ro an
uncertaintl' associared wirh the assumptions on other paramerers, and mat
rhe uncertainry wi11 be removed by simuItaneous observations in more energy
bands and an analysis along the lines described in the present papero

4. ENERGY SOURCE

The values of rhe plasma paramerers given In Table 1 indicare the
following properties for Seo X-lo

The size of rhe hot plasma is as small as 4)( 108 cm. This gives an
upper limit ror the radius of the central sta!. If ir is a white dwarf, ics mass
should be very close to the Chandrasekhar limito The probabili,y ,hat a
whice dwarf has sueh an extreme mass is very small. Ir is rherefore likely
rhat the central star is a neutrOn star or a black hole, which have a much
smaller radius.

Ar fIares either rhe electron density or the plasma size increases. In
either case the plasma mass increases. Sílice rhe duraríon of a fIare is a
few minutes, the excess mass supply rate is a few rimes 101.6 g/seco lf rhe
matter supplied brings energy, the eoeegy per particle is of che order of lO" erg,
in order ro account for the excess radiaríon rate of abour 1036 erg/sec.
Energy supply by sueh high-energy particles has been sugges,ed in eonnee,ion
wi,h ,he eoceoon model (Davidson e, al. 1971). lf high-energy particles are



TABLE

Plasma parameters of Seo X-l in selected periodso
In deriving (he vatues of tia'se paramct("fs (he distance of Seo X-l and the interstellar extinetion are assumed

(o be d = 300 pe and AIl = 1.0 mag, respective1y.

ex>
N

2217 - 2225 UT 2241 - 2246 UT 2046-2117UT 2009 - 2018 UT 2057 - 2106 UT
APRIL 16, 1972 APRIL 16, 1972 APRII. 19, 1972 ~AY 1, 1971 ~AY 1,1971

preflare fiare preflare fiare

B magnitude 12.5 12.3 12.7 12.6 12.4

X ray IntC"nsüy ar 30 keV
0.12 10.01 0.20 10.01 0.035 10.009 0.060 10.023 0.12 10.01(keV /cm2• s("c. keV)

Apparenr Temperature (keV) 5.110.4 5.310.5 4.010.7 4.710.7 5.110.3

T 10.0 10.7 11.0 8.6 9.9.,
nf'<cm.3) 3.7 l( 1016 3.6>( 1016 5.0)( 1016 3.0)( 1016 3.4)( 1016

, (cm) 4.1 )( ID' 4.5 )( 10' 3.3' 10' 4.4)( ID' 4.4 • 10'

O (steradian) 6.2)( 10.25 7.6 )( 10.25 4.1 , lO." 7.0 x 10.25 7.0 )( 10.25

Mass (g) 1.8)( 1019 2.3 x 1019 1.3 x 1019 1.7 JO( 1019 2.0 x 1019

.IT. (k<V) 3.6 3.6 3.0 3.6 3.6

Ratio of intensities al 15 keY

and 5 keV 0.14 0.16 0.10 0.11 0.14
=

Luminosiry (e> 1 keV) •'"4.1 1Il lO~ 5.6, lO" 3.5 x IO.3rl 2.9 l( tOló 4.2 )( IO~ •«("rg/sed •..
•1•
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suppli{'d, they may contribure [O the hi~h-ener~y tail of dle X-ray spcc[rum.
Our ohsery¡uions indicare enhancelllcnrs at eIH:r,gics abo\'c '50 keV when the
:\:"ray intcn ..••it)" in [hc ran~e 20 to 4U keV is (,llhanC'ed, but their sratisrical
si,gnificance femains to tw irn'esti,gated.

The rnass supply mal' also be n{'ed{,d in til{" ..••tationary state in order
[O maintain thc plasma mas s a~ainst its loss by ins[abiliries. The mass
could be supplied hy accretion. If this w{'rc [he casc, the circums[cllar
mauer formed by the accretin,g maU{"f ...•hould show absorption in the soft
X-ray re,gion (lIayakawa 1973). i1owc\'cr, th{" sof[ X-ray spectrum tloes not
show <inabsorp[ion fea[ure charactcristic to the mattcr surr()undin~ 3n X-ray
SOUfce (ncerenber~ et al. 1973). Tbis would also su~,gest rhar the central
star could be an energy sourcc.
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:\ partir de una seri(' de observaciones simultáneas en rayos X duros y

úpticas de Seo X-l y haciendo referencia a las teorías de transferencia radia-
[i\'<l, se obtienen los parámetros del plasma qU(' caracterizan la región emisora

de rayos X en Sco X-l. Para un plasma esférico e isotérmico la temperatura
electrónica, la densidad de electrones y el radio son 3.6 keV, 3)( 1016 cm"'3 y

.4)( 1OS cm, respectivamente, mientras el plasma esté en fase ópticamente lumi-

nosa pero quieta. En erupciones ópticas la masa plasmática aumenta en unas

decenas de por Ciento, mientras la temperatura electrónica no cambia aprecia-
lJlemente.




