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h occultation obscrvations of the 25 keV- & MeV spectium

We present new BATS -
“:_m varability of Cygnus X-1 made between August 1993 and May 1994 We obscrved that the
normal soft 7y vay specttmm (7)) of Cygons X-1 has two components: a Comptonized part seen
below 300 keV, and a high-cncipy tail in the 032 MeViaange, We ntcrpret 1t in ternms of a two
Jaycrregion, consisting of a high-cncrpy core (with an cquivalent clectron temperate of - 210 250
EeV) nea the event horizon, cmbedded o a - 50 keV o coroni, T this scenarnio, the observed 25 300
keV photons were produced by Complon scatic ing, of sofi photons (- €.5 keV) by the hot clectrons
i the outer corona, ‘These sine hard x 1ays were fmihe up-scaticred by a population of energetic
clectrons in the inmer core, producing the spectial tal above 300 keV, Cygpnns X- 0 owoent through
an extended sequence of transitions between Avgost 1993 and May 1994, when the 45140 keV
flux fnst decreased steadily from -y, to 1oughly one quaricr of its intensity over a penod of - 140
days. The flux remained at this low level for about 40 days beforeretornmg, swiftly (- 20 days) to
approximately the initial ) Jevel, During, the tansition, the spectranevalved o a shape consistent
with ¢ither a powes Jaw with shoton judex of - 2.6 or a single tanparature Compton model with
clection temperatme K7 : 1100 11 keV, and optical depth = 0,404 0.06. @ d then ctuvned
cssentially to the orig il oy, spectiam at the end of the active period. The overall cooling of the
systermn during, the Jow flux period may be due to an increase in the soft photon population winch

clicetively yuenched the hot clectrons in these tegions through Compton scaticrng,

Subject headings: B3Wack Toles, Ganona Rays
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1. ) troductic

soft ponm e ay (225 keV) anitters (Viang & Nolan 1984; 1ing 1988) in owr galaxy, has been the

Cygnus X-1, the prototype black-hole (13} ) systcin, 5.6 d binay, and onc of the hiightest

subject of intense study for three decades. 1tis a highly vanable somec on tine scales yanging from
nilliscconds to years, but its long-tenm secular viniability cinains pootly understood, not only
theore ica ly. ot even at the pmely descriptive level, This is Jagely due to the Tack of @ body of
un ater apted and homogencous observations spanming a rcasonably wide tange of energies. For
ome nne we have cen attempting, (o addiess this question by studying the available data, and rv”
obtaining new obscrvations clevant to Cygnus X-1 and to its connection with othar possible BL
candidates (Iing 1088, 1091), evious and cunent obscrvationalresults are niel y simmanzed
rc:;_\.x,.:_:miz_n:3_.\w>‘_.wm§::Q..:flc::r,ﬁd_ﬁ_:c:mM_,:..m.__f..: in Scetion 2,

nter retations Hf the results are sunmnarized in Sceetion 3.

] Frevious Ohservations

From the beginming of the moden cra with the " Jhura' tansition obsaved 1n 1971, (o the
Jaunch of the Com tcn Gamira-Ray Obscrvatory (CGRO) 1 1991, at least two types of long-term
vaiability have been identified, cach accompanicd by distinctive flux and spectial changes,
Transitions in the 1-10 keV (which we hercafter tenm "soft”) Xeray s batween the "low state”
(1.8) of abou .35 of the Crab Nebulain the same yange, and the "high state” (1S, 1ave been
obscrved in 1975 (olt et al,, 1979) and in 1980 (Opawara et a . 10682). Morc recently, Cui ¢

(1996) 1epori the occunrence of a thivd  S/HS transition in 996,

The Normal State. The .S has been obscived epeatedly since 1971, both in soft and
45140 keV (hereafter "hard”) Xerays. Using 140 days of obscrvations 1o 1 HAO 30 1979

1080, Ving et al. (J987) found the hand flox in the 1S to be chmacterized as follows: (1) A bros dly
defmed mean flux Jevel of < 1.4 x 10 3y cnr? - L keV- 1 (called 7y, ) which {luctuated Heowear L7
and 1.6 x 103 with a i ¢ scale of days, This nange of fluxes is generally consistent witl “he
averape levels of .3 x 103 and 1.4 x10 3y e ? s ke observed by HEAO (Nolin ¢ al
1981) in the spring and fall of 1978, respectively. (7) A characterisiic spectionm in the 25-500 keV
range (Sunyacy and Tramper 1979; Nolan et al. 1981; Ving et al. 1987; Saloth ¢t a 1092) that has
been penerally chaacterized as cither a single tempeiatuie or- wo temperature Comptonization
madel (Sunyacy & ‘Titachuk 1980; Titarchuk 1994) with clection temperature K130 100 keV and
optical depth 1~ 3, o1 as an exponentially trancated power Jaw (Phlips ¢t al. 996). Above 500

keV, the shape of the spectran has not een wel established n the past duc to limited statistics.



With the majority of observations of Cyg X-1 being similar, we have 1efenied to this combimation
of .S and vy, the "nor nal state”.

The 1.S/11S transitions. Dwing the two obscrved transitions to the HS, the soft X-1ay
flux typically increased by a factor of 3-5, while the hard flux decicased (Dolan ctal. 19775 1 ang, ¢t
al. 1983). The 118 spectram is softer than the 1.8/, spectram below 100 keV; the two intersect

near 10 keV. Such bi-state, anticonrelated spectial behavior has been explained in tenms of
Compton cooling of hot clections by copious soft photons (Shapiro ¢t al. 1976) o1 changes in
the compactness parancter of the systemn (Kazanas 1986). Since the bolometiic Tmninosity above 1
keVacmained 1oughly constant duting the 1.8 t0 118 transition, Liang & Nolan (1984) suggested
that such ransitions are not necessanily duce to changes in the aceretion rate from the primary star,

but mmay be caused by intiinsic instability in the acaretion disk.

The 1979 v transition. In contrast to the 1.8/HS soft X-ray transitions, one major
instance of Jow 45-140 keV ramd X-1ay flux has seen observed fiom 1971-1991, in which the
conresponding change in soft flux was small, This was in 1979 when TEAQO-3 - obsarved the hard
tay flux at an vnusually low level, of 7.7 x 107y cinZ-s ke V-1, called the 'y level (Fing et al
1983; 1987). Yrom the begimming of he observation u the fall of 979, the md flux increased
slowly towards the notmal 5 level, bu then proceceded on to seach an even higher Jevel (y3')
where it stayed for abou 20 days before fimally setiling down into what was appmently the nosmal
1.S/y, state until the May 1980 1.5/11S transition. During this entire hard X-1ay excursion before
the 1980 118 transition, the 3-6 keV fluxes measured by the Ariel 5 All Sky Monitor (Hol et al,

979) stayed cssentially at the 1.S Tevel with weak evidence (20) for a possible correlated mercase
between 7y and ¥, (Ling et al. 1987). The 1979 7y spectiam was hard and complex, with a broad
cinission huinp at =1 MeV and a possible (-20) natrow 5171 keV o annihilation featu ¢ (Ling &
Wheaton 1989), both suggestive of the nesence of hot (450 keV) pait plasima (Iiaug & Dermer
1988) in the systenn, Such high temperatures might result from a decrcase in the number of the soft
photons that usually cool the clectrons by Comptonization processes, nany event, the (weak)
conelation of soft and hard X-1ay fluxes and heating, are in strong contrast to the anticornrclation
and cooling scen in the soft X-1ay, .S/HS tiansitions,

Besides he above vy spectium, transient cmission featuies above 500 keV ohave been
1eporied by several groups, including Nolan et al. (1981) o Ac - A4, and McConnell ¢t al,
(1989) fiom a balloon flight. lowever, the status of the high energy crmission 1emain unsettled due
tc : ack of confimmation from other experiments (Havis et al, 1993; Chlips etal. 9906). There was

also no obscrvation of najor excursions from the normal 1.5/, state since the 1980 cvent and




before continuous coverage was available with CGRO after April 1991, This included an extensive
monitoring of the souice by the Ginga A Sky Monitor (Ki=nctc cta996) from 1987 10 199

1.2 Current Obscrva ions

Since the launch of the CGRO on 5 April 1991, Cygnus X-1 has been monitored
continuously by the Burst and Transicnt Sowce Experiment (BATSH) using the canth-oceultation
t al. 1992: caciesas et al. 1995; Ling ct al. 1996b). Light corves and 16-

chammel spectia in the 25- 1800 keV range with one-day time 1esolution are now available (Ling ¢t

al. 1996a; Pacicsas et al. 1995) for ~ (X0 days covering the -

technique (Havmon ¢t

st thiee ohases of the nmssion,

Except for few shoristerm vanations, Cygnus X- 1emained most of the time nean the nornmal state

dwing BATSE monitoring until the excursion 1eporicd here, which began in August 1993

In this paper, we focus on the spectra and vatiability duwing the major transition observed
between Augast 1993 and May 1994, Preliminary 1esults of this event were seporled by Paciesas ¢
al (1995). Results of a more compichensive study of the Phase 1-3 data are given ina scpaate
paper (Ling ¢t al. 1996a). During this ten-month period, Cygnus X-1 went through a sequence of
hard X-1ay transitions from the vy level, through ), to a new low level, o, whaere ittemained for
about 40 days, before 1eturning to 7y, The vy spectiam is consistent with previous obscivations
witl a 1ard X ay Comptonized component <300 keV. However above 300 keV, we now cleatly
obscive a high-cnergy tail, only hinted atin the HEAO 3 data, extending to ~2 MeV. We find the
1993 7} spectiom to be clearly different from that obscrved in 1979, and softer than v, As 1
hard X-1ay fluxes changed, the spectiam evolved from the two-component shape for 7y to a softer
spectium consistent with either a power-law (photon index --2.6) o1 a single-temperature Comptaon
model (K1: 110 keV, 1= 0.4) for y, before 1cturning to approximately the same vy shape at the

cnd of this pernod.

2. hse vations a1d Resolts

Results presented in this section were obtained using the 3’1 Enhanced “a it Decultation

(EBOP), dev .:._,8 under the CGRO Guest Invest gation Program 301 is an end-to
cnd systemn which starls with continuous (CONT) count da a fiom the BATS @ nge Arca
_x.:.‘c::m ( .ADs), and yiclds photon spectia and light curves for cacl cosmic sowee in a specified
inju catalog. © O’ consists of two major scctions: an carth-occultation fit waic  xtracts the
costmic souce count rate and associated Poisson and systamatic crror estimates fion the time SCIHICS

of CONT data, and a spectial analysis systern which conver count 1ate estitnates to a single




physical flux estimate using the standard spectial analysis program X SPEC. Details of the ERQP

system have been described by Ling et al. (1996b).

Figure 1-a shows the 45--140 keV light curve, with 1-day 1esolution, measured by BATSE
between August 1993 and May 1994, Several major data gaps are duc to periods of spacecraft orbit
1cboost (11D 9264-92779, 9310-9314, & 9334-9341), and when the instroment changed its
configuration (111 9401-9418). As shown in Figwe 1-a, the hard X-1ay flux decicased gradually
over 140 days fiom approximately the nonmal v, level (ing etal. 1987) to a very low flux level vy
(Paciesas ¢t al. 1995), roughly one-quaricr of the v level. The flux 1emained at the v level for
about 40 days before returning swiftly (20 days) to ¥, wheie it temained until at least the end of
May 1994,

Figuies 1 :b1-b4 shows average spectia obser ved in four different inter vals dun ing this
peri od. These include the two periods when the souwrce was approxi mately at the y; level, at the
stait (11D $)2.2 6--9250; 111 1 1D - 2440000.5) and theend (171 9448 --949S) of thetransition
se 1ies, and two periods between, yy (1J1) 9308--9347) and o (171 9356--9397). The spectial
deconvolution for conver ting the daily source countiates to photon fluxes, was done with XSPEC
using a sin gle-ter nperature Comptonized model (itarchuk 1994) (solid lines in Figure 1-b). Data
included in cach fit consist of average count rates in 14 ene 1gy channels nicasured typically by 2 1o
4 detectors exposed to the source fora given viewing per 1d, and sever al viewing per jods in cach
of” the four sclected inter vals, Othier 1hodels suchras the power taw and two temperatuie
Comptonized model were also used to fit the data, Table 1 sununarizes all the fitresults. None of
the thiee models tied provided aceeptable fits to the two vy, spectia (Figures 1-b1 & b4) which may
be qualitatively described as having two components, a Comptonized shape in the 25-300 keV
regiom,andapower lalv tail, 17 Al @ from 300 keV to - IMeV withphoton power law indices
o ~2.4 and o ~2.8, 1cspectively. The highencr gy fluxes are generally consistent with the 0.8--2
MceV fluxes micaswed by COMPTEL . (shownas #in Figares 1-b1 & b4; McConnell et al. 1994) i
Avgust of 1991, when the somce was inthe nonmall S/y) state.,

As thesource evolved from 7y 10 yy (Figure 1 - b2) and then to yg (Figwe ] -b3), the over all
spectr umn softened. "The specti um obser ved by BATSE at y; can be best fitted with a single-
temperatore Comptonizedmodel with k' :106.5 (-1 40.(), -27.6) keV,and1:1 (K) (4 0.46,
-0.36). 'This ismarkedly different than thatobscrvedinl1979by HEAQ-3 (1 ing et a. 1987) which
showeda broadspectialfeature centeredat~1 MceV superposed 011 Comptonized spectrout with KT
2730 1'7,-1 1) keVandt:1.67(10.20,-0.24). BATSE data show clearly that yy IS not a unique

‘Stat e.” inthesense of a characteristic conditionto which the source 1epeatedly retuins, “The



difference shownin the 1979 and1993 yyspectra was fir Sl pointed out by Pacicesas ¢t al. (1995). 1 t

is likely that in time periods, the. source merely passed through the. samie flux level, but was driven
by ver y differ ent physical processes in the system, 'The yg spectrmmn can be fitted well with cither a
single temperature analytical Compton model [solid line kT @ 1-/0 (-t 200,-66 keV),1: ().25
(-1 0.40, -0.25)] o1 a power law (photonindex = 2..S/) with ¢?/v: 1,2.3 (v:165)and 1.27 (V: 1 66),
1espectively., Single-parameter uncet iainties were estimnated at the 10 level, for models which gave

acceptable fits only, according to the. method of Avni (1976).

Cygnus X-1 was also observed by the Oniented Scintillation Spectroscopy Experiment
(OSSE) (Phlips et d. 1996) on Yebroary 1--8 (131> 9384--9391, VP-318.1)and May 24--25 (11D
9496- -949-/, VP-328) 1994 w hen the source was inthe yg and near ¥ level, 1espectively (see
Figuie 2). A direct comparison of al other OSSE and BA'TSE's spiectia obtainedduing the Phases
1-3 of the CGRO mission, iS given in @ separate paper (1 ing et al. 1996a). Biicfly, for VP's 318.1
and 328, changes in the ove 1all flux level and spectral shape be tween yg and vy, similar to those
seen by BATSE, have al sobeenobseived by OSSE. ‘There are some app atent systematic
diffciences inthe normalization, but the spectial shapes generally agree well. For vy-31 8.1, a
powct - law spectt al shape was observedby both OSSL @ and B ATSE. The best- fitphotonindex for
0SS is o :2.72:4 ().03 (Phlips ¢t a 1996), which is consistent With BATSY'sa = 2./ 4 0.2,
OSS) fluxes, however, were gencrally lower than BATSE's, by about 25% at 1 00 keV. Yor V-
328, both B A'T'SE and QS SEspectiashow consistent flux and ('o)lillltgjlj-like. spectialshape. The
OSSYAlux a 100" keV is estimatedto be ~5% lower than BA'FSYH's,

3. Discussion

Problems with the A nalytic Comptonization Model, Because standard analytic
Comptonization models fail to give adequate fits to the two 7y spectia, we have sou ghtother S
which we conceptually simple and physically sensible. It IS important to recognize that there are
scrious shor tcomings of the analytical Comptonization inodel which has been fiequently used iu
the past for characterizing Cyg nus X- 1 spectra without questioning its applicability as well as
1chability of the 1esults. Fitst, for @ 2-temperature model, any likely coupling between the two
1egions 1S totally ignored, which IS physically iimplausible. Also, the analytical formula for the
(Comptonization specti unn is valid only within @ region in the parameter space (3, k77) defined by
Figure “/ inHua & Titarchuk (1995), where is a function of optical depth 1 (Titaichuk 1994). As
indicatedinthe previous section, 0111 y two of the four spectia(seeTable 1), namel y -y and yg, can
be best-fitted with a single-temper a ut ¢ Comptonizationmodel. The conr esponding fi values for

these two spectia based on the best-fit parameters are ().61 and 1.81, 1espectively. Forthe Y1



spectram, the point determined by the coordinates (B, k7 ¢), o1 (0.61, 1(16. S) is within theregion
where analytical formulaisapplicable. “I"hisis not troe, however, of the Yo spectiun, for which the
coordinate point (1,81, 170 keV) ison the. boundary of” the region. The problem is moreserious
for the lower limit of the vy fitting, whichhas coordinates (infinite, 372.9 keV), far outside Of the
region. Thus the best-fit parameters derived fiom the analytical Compton model cannot be
consider ed reliable for character izing the condition of the sow ce at the 1y level. Hua & Titarchuk
(1995) haveconductedan extensive comparison of 1esults produced by the analyticaland Monte
Carlo Comptonization methods, and have shown that many of the weaknessesandrestiictions
shown in the analytical model have beeneliminated with the Monte Carlo method. 1 ‘or these
1 casons we have adopted the. Monte Carlo Commptonization code developed by 3 Tna & Titar chuk
(199S), which we believe is asuperior method for modeling the conditions of the source
represented by the four spectra spown in Figure 2. Table 2 lists the corresponding fluxes for cach

of the four spectra shown in Figure 2. which we used for our Monte Car lo study.

Monte Carlo Core/Coronn Model. The t wo-tegion Monte Cat lo model sh own in
1igwe? offers aphysicaly attractive picture for interpreting the -y, spectra. Such aconfiguration is
similar to one proposed recently by Skibo and Dermer (1996). 1t consists of a high temperatuie
'cote’ embedded in a cooler 'corona’. For simplicity, spherical synunetry equal elect 1 on densities
incore and corona have. beenassumed. AS inputs to the model fit, we. used ().5 keV soft source
photons, which were fed 1 adially into the system at the outer sur face of the cor ona. Note that the
proposed gcometi Y is 011] y one possible configuration which has been extensivel y studied to date
under this investigation. Other geornetrical configur ations for both the hot Comptonizationiegion

as well as the. incident soft photon sou rce cannot be 1aled out at the present.

The corona/core model IS desciibed by fow paramcters, the temperatare k77 and optical
depthag of the corona, and of the core, k79 and 1. The best-fit1esults for the two 7y) spectra are
shown as dashied lines in Figares 1-b1 & b4 and listed in Table ] . Our study shows that the low-
cner gy component (<300 keV) of the yy spectrum S primar ily due to Cotnptonup- scatter ing of the
incident soft photons in the corona, with k7" ~48 keV and 1 --1.3, The high-encigy (>300 keV)
component, however, mainly 1esults from fui ther Cormpton scattering in the core of hard X-rays
produced in the cor ona. i the elections in the core are thenmal, theiraver age k77 1S --2.30 keV and
1 -- (0.4, We have also mnodeled the four spectt a using the Monte Car lo code for a single-
temper ature 1egion (sec Table 1). We find that the, single-temper atwe Monte Catlo Comptonmaodel
(dashedlinein Figure 1. b3) fits the yg specttum ver y well (kT 110 411keV andt:=0.4:4 0.6),
but poor 1y, as expected, for the two ¥y spectia (X?/v ~2.55, 2.72 for v:=11). The best-fit
par ameters for the yg spectt um are consistent with those obtained using the anal yt ical model.



Fowever, the parameter space derived from the Monte Carlo method scems to be better
conditioned or more tightly confined than that derived from the analytical inodel. This demonstiates
anotherfundamental difference in the Ic.suits produced by the two models. The best-flt parameters
for the. yyspecttum (k1'=1 15 4 8 keV, 1: 0.7 1 0.06; dashed line inFigure1 -b?) are also
consistent withthose derived fiom the analytical model wr =106.5 (-1 40.0, -27.6), 1 = 1,(1
(-1 ().46, -0.36)]. The fit, however, isnotas good (x2/v ~2.1fo1 v=11). By excluding channel 1
fromn the model fit, the x2/v improves to 0.7. Yirors shown for they] and yg parameters derived
from the Monte Carlo model fit were estimated using the method prescribed by Avii (19%/6).
Corresponding errors for the two- temper ature cor ¢/cor ona model are more difficult to assess as
they have to be determined fiom afoul- dimensional h yper space (Iwo t emperature and wo optical
depth pararneters) mapped withiesults obtained from a large nuinber of Monte Carlo

computations,

Results of our Monte Carlo study canbe summarized as follows: (1) A modcl of soft
photons with characteristic black-bed y temperatur ¢ of ().SkeV, which are radiall y fed into atwo-
tempet atu e cor ¢/corona syster n descr ibed above seems to describe the. t wo Y2 spectrawell. (2.) As
the source evolved fiom %), to Y, the systemn changed from t wo-tetnper atur e to asingle-temperature
region with kT - 110 keV and 1 ~0.4. The apparent ceding of the cwc.rail system is consistent with
the disappear ance of the outer corona while the core temperature diopped from~230 keV to ~110
keV, and the optical depth remained unchanged. As discussed in Section ], the decrease in hard X-
1ay luminosit y coupled with anoverall cool ing Of the systern, are gene.1 ally expected in a soft X-lay
1.8 to 1 IStransition such as that obscrved by Hakucho (Ogawaraetal. 1982)and 1111A()- 3 (1.inget
al. 1983) in 1980. They are also consistent with the temporal and spectral variability observed by
B ATSY for the 1996 1,S to 11S transition (Zhang, private conununication).

In this core/corona model, we have assumed the core to be described by a thermal electron
population of temperature k7'y. 1ts ti ue nature, however, could include both thermal and
nonthermal componer its. Chakrabar ti and Titarchuk (1 995) recently proposed that relativistic
clectrons with enct gics up to 1MeV may be associated with the fice infalling matter onto the black
hole in the ‘converging flow’ region nearthe event horizon (1 to a few R, ). They further
predicted that during an X-ray 1.8 to HS transition, a continuum of soft photons produced in the
outer disk could be up-scat tered directl y by high enct gy electrons in the ‘converging'iegion,
changing the spectram from the. standard Comnptonized shape to a power-law with photon index of

~2.5for t}]¢.11S. This scenario IS generally consistent with the evidence presented her e,

In summary, ourmain results arc as follows:

9



1. We. have observed and characterized the 'normal stat€’ soft gammarray spectram as having,
two cornponents, a Comptonized shape below 300 and aspectral tail extended {1 om ~300
keV to ~1 MeV. The latter is consistent with that observed by the COMPTEL experiment
(McConnell et al. 1994).

2. Weinterpr eted the normal 1.S/y, spectram in terms of a simple 2-temper ature core/corona
mode.], using the Monte Car 10 calculationtodemonstr ate that the emergentspectiaagree

well with t he observeddat a

3. Cygnus X- 1 went through an extended trausition between August 1993 and May 1994, the
i1 st observed since the 1979-1980 cvent observed by HEAQO-3 (Ling et al, 1987). Over a
period of ~300days, the hardx-ray flux (45-140 keV) decreased slowly (~140 days) from
Y2, through v;, to a new low level yy one-quarter of 7y, before retur ning to ;.

4. 'The yyspectramshoweda very different shape than that observed by HE{ AO-3in1979
(1ingeta 1983 andl.ing ct al 1987). Thus the. ylevel of the 45-140 keV flux cannot be
considered as the signature of any single unique “state” of the. system.

5. The low-flux 7pspectrumhada softer power Jaw form. Our Monte Carlo modeling of the

spectrum suggests a gencral cooling had occuried in the system.

We hope that these results will stimulate an interest in more extensive. investigations, both
theoretical and observational, in the future.
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Table 1. Cygnus X-1 Modéel-lit I*aramecters

Power-law Model

D 9226 -92S0
Flux-l.evel (12)
photon index 2.20
D) 137 (82)

Compton Analytical
Model Param eters

D 9226-9250
Flux-l.evel (y2)
KTy (keV) 53.1
1 2.68
k17 (keV)
T2
VN ) 4.3 (81)

ComptonMonte Carlo
Model Paran cters

9308-9347 9356-9397 9448-9495
(o) (Yo) (y2)
2?94 0.02 25710.04 2.09
1.61 (180) 1.27 (166) 8.5 (138)

Single-Compenent Compton Model

9308-9347 93 $6-9397 9448 -949s
(1) (Ye) (72)
106.5* 400 169.9'° 55.7

-27.6 - 66
1.00* @46 0.250 * 040 2.73
- 03 -02%
1.23 (179) 1.23 (1.55) 284 (13-/)

Single-Temperature Corena Model

Two-Component Compton Model

9226-9250 9448 -949s
(72) 72)
40.4 51.7
3.36 291
440 260.1
0,39 154.7
427 (/8) 258 (134)

Two-layer Corena/Core Model

TIp 9226 -9250 9308-9347 93 S6-9397 9448 -949S 9226-9250 9448-9495
Ftux-Level (72) (1) (70) (72) (v2) (72)
k1, (Outet Corona) 80 111.618.0 107.7 i 11.0 85 48 48
1 1.35 0.7231 0,0s5 04354 0.060 140 1.30 1.35
kT2 (Innes Cone) 210 250
1) 0.40 0.40
YN ) 755(11) 1.98 (11) 0.18(11) 272(11) 1.23(9) 1.35(9)
Table 2, Cygnus X-1 Fluxes
Energy FLUX
(keV) (ph otons/c m2.s-keV) x 10-¢
13 9226-9250 9308.9347 93 $6-9397 9448.9495
Flux-l.evel (12) (11) (o) (v2)
24 31 9230 4 164 7852 4782 45414 191 89594 13S
31 41 5669 166 37064101 23511 69 5663 4 62
41 55 3449 4 34 2104 2 54 1189436 3504435
55 73 1988 4 20 1178430 566.2 4 19.7 2075420
73 98 11744 13 66594 16.5 27718412 9 12331413
98 123 675.549,0 376,7411.2 137.219.0 733,43 8.7
123162 373.4 46,0 201.747.5 69.115.8 4245158
16?7 230 1587 1 3.6 §7.744.3 3091437 18441 39
230 313 57.5427 344434 9.12 1 3.04 68.312.9
313 429 20.14 2.0 122426 3.614 2130 24747 1
429 595 5.8911.73 3,144 2,62 -1.0342.44 8.16 1 201
595 766 2.2841.05 2.47 1 2.00 0.75641,909  3.1311.42
766 1104 1.5640.93 0,76541,373  0.7014 1,619  2.4741.1?
1104 1-/00 -0.24140.393 -0.71510.998 -0,3924 1.144  0.68130.553
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Figure Captions

1 igure1. (@) The first complete gammarray transition of Cygnus X-J, of-300 days duration, was
observed by B ATSY: between August 1993 and May 1994 asindicated by the lightcurve of the 45-

140 keV fluxes. The solid lines represent four typical flux levels. Three of these levels (Y1, v, ant]
va) were seen by HEAQO-3 in 1979-1980, and the fourth (y,) is a new level seen for the first time

by BATSE(Paciesas et al, 1995). (b) The 7, spectra (b1 & b4) consist of two-components: a high-
cnergy tail above 300 keV superposed on the Comptonized component below 300 keV. As the

hard X-ray flux decreased from 1y, to 'y, the spectrum evolved to a shape consistent with either a
power-la w with spectral index of ~2.6, or asingle-temperat ure Compton model (panel-b3). The
solid line in each panel represents the best-fit single-temperature analytical Compton model and the
dashed line represents the best-fit produced by Monte Carlo simulations of the system. Fluxes
measured by the COMPTEL experiment (McConnell et a, 1994) in August1991(:k) are also

i ncluded in pancls-b1& b4 for comparison.

Figure 2. Simultaneous observations of Cygnus X-1were made by BATSE and OSSY during VP-

318.1and VP -328 of the mission when the source was in the y and ~¥2 level, respectively. Two
contrasting, spectral shapes were observed by both experiment below 500 keV: a power-law for
VP-318.1 compared to a Comptonized shape for VP-328.

Figure 3 A two-layer system consisting of a inner high-energy core embedded in an outer corona

is used as the model for detailed Monte Carlo simulations of two vy, spectra. Results of these
simul & ions arc smmmarized in Table 1.
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