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1.0 INTRODUCTION

Cyg X-1 is one of the most intriguingamma-ray sources ithe sky. Inaddition to being one of the
brightest sources in theky atenergiesaround 1 MV, it is thearchetypalstellar mass black holeandidate. A
thoroughunderstanding ofhis sourcewill surely have animpact on oumnderstanding oéll black holesources,
from the (stellar mass) soi-ray transients to the (supermassive) ActBelactic Nuclei (AGN). The history of
Cyg X-1 is riddled with several reports of emssion in the region around 1 MeV v¥ahniekceededhat whichwould
be expected from a simple extrapolation of the low energy spectrumse-ttadled “MeVbump” (e.g., Ling eal.,
1987; McConnell et al., 1989). Both the COMPTRhdOSSE experiments on CGRMave failed to confirm
emission levels aeported bysome of thesearlier observations (McConnell et al.,, 1994, 1997; Phlipsalet
1996). The CGRO data have, however, confirmed the fact that the broad-band emission (100 keV up to ~2 MeV) is
not well-fit by asingle-temperatur€€omptonization model. Relative tstandardComptonization models, the
spectrum hardens considerably near 1 M&¥é propose a continued analysis of CGRO data that will provitigha
sensitivity measurement of the spectrum to beyond 1 MeV, maximizing the return of archival CGRO data.

2.0 SCIENTIFIC JUSTIFICATION

For many years, thstandardspectral model focCyg X-1 and other black holecandidateshas been the
inverse Compton model of Sunyaev and Titarchuk (1980). Based on thacdiskion ofmatter onto a blackole,
this analytical model is quite successful in describing the spectrum of many blaatahdidatesources, including
that of Cyg X-1, up to ~300 keV. High quality spectra of Cyg X-1 at higher energies (300 ke\eV)lhkE only
become available in the last few years. These data, most notably those obtained with SIGMA (Grebenev et al. 1993)
and OSSE (Phlips et al. 1996), now clearigicatethat a single-compone®unyaev-Titarchuk mode&loes a poor
job of describingthe full spectrum up to ~1 MeV. In particular, thieservedspectrumappearsharderthan that
predicted by the S-T model. Several models have been discussed in the literature which seek tihisxXadinX-
ray tail. For exampleTitarchuk (1994)developed aranalytic modeWwhich extendsthe range ofvailidity of the
Sunyaev-Titarchuk model to include the range of optical depths encompassing the observations. Haété02} al.
developed a model which incorporates a hard X-ray component arising from the scattering of photons off an optically
thick region of the accretion disk (see also Done et al. 1992). Thermal stratification witliocteonregion has
also been proposed to provide an improvgdo the broad bandpectrum (e.g., Liang &ermer1988; Skibo &
Dermer1995; Ling et al. 1997; Misra et al. 1997)Jourdain & Roques (1994) have suggestedearission
componentnear 1 MeV based opion decay. Ithas alsobeenshown that a non-thermal tail in theectron
distribution can lead to a hard X-ray tail that is more consistent witlokibervedspectrum (e.g.Li, Kusunose &
Liang 1996; Li & Miller 1997; Crider et al. 1997; Moskalenko et al. J99Bhe spectrum at energies above 1 MeV
can be most useful in defining thgact shape othe hard tail. Only thencan wehope to distinguish between the
various spectral models.
Data from COMPTEL offer our best hope for precisely defininghigbestenergy parts othe spectrum.
The analysis of COMPTEL data for Cyg X-1 has been complicated bfaththat it lies within thegalactic plane
andthat there is considerablgtructure in the COMTEL images of this region. laddition, allowance mst be
made for the presence of PSR 1951+32, which lies onR&@vayandalso appears to be a source of Mg\fays
(Kuiper et al. 1998). These obstacles have been largely overcome and there is now a high degree of confidence in the
resulting spectra. Avroper interpretation of CORITEL spectrahowever,requires acomparison withspectra at
lower energies. A broad-band CGRO spectrum based on contemporaneous data from COMPTEL, OSSE and BATSE
is shown in Figure 1. An earlier version of this composite spectrum (McConnell et al. ste®®ed adiscrepancy
at low energies betweethe OSSEandBATSE spectra. This was onlyery recentlytraced tovariations in the
relative exposure ofachinstrument,coupled tointrinsic variations in thesourceitself. In order to producehis
composite spectrum, observation time intervals were selected (from phases 1-3 of the CGRO mission) in which all
three instruments were observing the source and in which the hard X-ray flux was at a similar level (c.f., Figure 2).
The composite spectrum exhbits a nearly power-law shape extending oueast & MeVand perhaps to
near 5 MeV.(The highest energy COMPTHElatapoint at 10-30 Me\WWoes not appear to representsignificant
detection.) A detailed study of this spectrum is now in progress, but it is clear that a standard Comptonization model
does not adequately account for the full spectrum. Some type of hard tail component appears to be required.
Observations with OSSE have demonstrated evidence for two distinct classes of blapebimabased on
the form of thespectra at energies abovB0 keV (Grove etal. 1997, 1998). One clasgcorresponding to the
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traditional softX-ray “high” state) exhibits a single continuopswerlaw out to thelimit of detectability (>200
keV), with peak luminosity below 10 keV. A second clé&ssresponding tdhe traditional sofiX-ray “low” state)
exhibits exponentially breaking spectra, with peak luminosity around 100 keV. Thesehatatatso beentermed
they-ray low and high states (Grove et al. 1997, 1998), respectively. hdmmssuggestethat these twalasses
correspond to two distinct Comptonization mechanisms (Ebisawa, Titarchuk & Chaki®®&}i Suchbispectral
forms are also exhibited by Cyg X-1. The spectmepresented byigure 1corresponds tahe highy-ray state of
Grove etal. (1997, 1998), i.e., thdow’ soft X-ray state. Cyg X-1spends a large fraction dfs time in this
spectral state.Therehave, howeverbeen atleast two ocassionduringthe CGRO mission in which COMPTEL
observed Cyg X-1 in its lowray state (near TJD 9400 and TJD 12500, as can be seen in Figure 2).

3.0 PROPOSED WORK FOR CYCLE 8

To date,the analysis of COMPTEldatafor Cyg X-1 hasconcentrated on abtaining aCGRO-wide
composite spectrum, in part temonstratéhe reliability of the COMPTELspectralanalysis. Such an analysis
required using only those observations in which all three instruments were observing Cyg KutheAconstraint
was required tansure that Cyg X-1 waalways in the same spectral state j(@gied bythe level of 45-170 keV
emission).Now that this cross-calibration has been demonstrated (Figureve would like to movérward in an
effort to maximize the scientific return from the COMPTEL ddtawards thisend, we propose tgenerate spectra
with substantially bettestatistics. Inaddition, it would be of greanhterest to obtain similaspectra for other
spectral states of the sourtlée therefore propose to continue our efforts to analyze these data in swantmar that
a more coherent picture of the MeV emission can be obtained.

Figure 2 shows the level of hard X-ray emission for those days in which COMPTEtbéawedCyg X-

1. (This plot is complete through tineiddle of cycle6.) Thedaysthatwere used to generatBe spectrum in

Figure 1 are shown as open circles. It is clear that Figure 1 represents only a small fraction of the total COMPTEL
data. Itis also clear that there is COMPTEL data available for other spectral states. We can therefordeatpect to
much more about the MeV emission from Cyg X-1 with a more complete anlaysis of all COMEI &L
Unfortunately, many COMPTEL observations of Cyg Xate not accompanied bysimultaneous OSSE
observations. So in order totake full advantage ofthe COMPTEL data, we must relax the requirement for
contemporaneou®SSEdata. BATSE data, orthe otherhand,arealways availableand can therefore be used to
generate the broad-band spectra for those epochs when OSSE data is not available.

Spectra from BATSE data can benerated byising standardEarth occultatiortechniques or bwsing the
JPL Enhanced Earth Occultation Package (EBOP; Lirg).€1996). ThestandardEarth occultatiorapproach uses
only those data collectatkarthe time ofeachoccultation ste@nd islimited to deriving reliable source spectra at
energiesbelow afew hundredkeV. The EBOP algorithm makes use of stlurcedata (eventhosedata at large
geocentric angles) by performing a multi-parameter fit (including 65 point sources) to the time-series data. With the
EBOP, spectra fortCyg X-1 cantypically bederivedfor energiesmuch higher than thetandardEarth occultation
algorithm.

For cycle 8, we propose to continue our analysiamchival COMPTEL datafor Cyg X-1and to generate
broad-bandspectrausing datafrom BATSE and, whenappropriate, OSSE. We would also include constraints at
higher energies from EGREdata tocomplete they-ray picture of Cyg X-1. In particular, we propose to do the
following:

1) Generate three COMPTEL spectra, with the data being selected on basis of the harfluX-ragpecifically,
we would generate COMPTEL spectra for times when the BATSE 45-170 keV flux wasrangjfes of <
0.06 cn¥ s?, 0.6-0.15 ¢ s, and >0.15 cn¥ s* (c.f., Figure 2). This analysisould coverall of the
available flight data.

2) BATSE spectrawould begeneratedfrom the same timentervals using both thestandard occultation
algorithm and the JPL-EBOP algorithnThe use of both algorithmsovides aconsistencycheck at lower
energies. At present, EBOP spectra are only available through the end of phase 3. For later times the EBOP
software will have to be resurrected at JPL or else spectra frostatidardocculation analysis alongould
have to be used.

3) Generate OSSE spectra using whatever OSSE data is avdilaiehe same time interval®ur experience
in generating the spectrum in Figuraeiiderscoreshe need tocompareonly compatible spectraspecially
when considering a source that is as variable as Cyg X-1.
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4) Determine the flux level (or upper limit to the flux level) using EGRET data for these same time periods.

This analysis will concentrate on those data which are already available wiiltha available by theend of cycle
7. Although we are not specifically requesting any new observations, we would like to incorporate into our analysis
any new observations that may become available dagiolg 8. The results of thianalysis effort shoulgrovide
our best measurement yet of the MeV spectrum and how it connectshtwdtieray spectrum. Thesedata should
provide a useful input to theoretical modeling of the broad-band spectrum of Cyg X-1.
The proposed funding level of $15,000 will be used to support the analysis of CGRO data (which may also
include the resurrection of the JPL-EBOP softwarg) to preparepublications resulting from the analysis tbese
data.
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Figure 1 : Spectrum of Cyg X-1 frontontemporaneousCGRO
observationsduring the first three phases othe CGRO mission.
OSSE data points above 900 keV (mostlyupper limits) have been
removed for clarity.
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Figure 2: Hard X-ray flux as measured by BATSE for each day of COMPTEL observation.
Open circles indicate those days that were used to generate the spectrum in Figure 1.
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