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ABSTRACT

We report results of our studies of high-time-resolutiondataonCygnus X-1 collected
bytheOSSEinstrument inseveral observations fromJune, 1991toJune, 1993. Rate samples

were collected in several energybands witha time resolutionof 4milliseconds. Using Fast
Fourier Transforms and auto-correlation functions, we have searched these OSSEdata on

various timescales for evidence of 
ares and other time structures, both periodicities and
overlapping shots. We describe these searches, present the results, andcompare themwith

previous observations at lower energies.

INTRODUCTION

Cygnus X-1 is anX- and 
-ray source which varies on timescales frommilliseconds to

months (Rothschild et al. 1977; Sutherland, Weisskopf &Kahn1978; Priedhorsky, Terrell
&Holt 1983; Friend&Cassinelli 1986; Ling, Mahoney&Wheaton1990). The millisecond

variabilitycombinedwithmassestimatesprovidecompellingargumentsthat thepowersource
forthisobject is anaccretiondisksurroundingastellarmassblackhole. TheOSSEinstrument

has monitoredCygnus X-1 using its high time resolutionmode on several occasions. For
some observations, the detectors were operatedin their regular 'chopping' mode, switching

betweensource andbackgroundpointings everytwominutes. For other observations, one or
moredetectors were set tostareat the source the entire time it was abovethe horizon. Table
I summarizes these observations onwhichwehavecompletedpreliminaryanalyses.

DATAANALYSIS

Forthis report, thedataarecollectedinbatchesof 131.072secondswith4millisecondtime

resolution. Eachbatchis thendetrendedbysubtractingabest-�t second-order polynomial to
removee�ects of theSouthAtlanticAnomaly(SAA) andthe slowlyvaryingbackgroundrate

due togeomagnetic rigidity. AHanning�lter is appliedtoreduce the rippling e�ects of data
truncationandenhance theappearance of line features inthe spectrum. WeperformtheFast
Fourier Transform(FFT) andcompute the power density spectrum(PDS) fromthe square



of the absolute value. The data-set size andresolutiontranslates toafrequencyspace range
of zero to125Hz andaresolutionof 125/16384= 0.00763Hz. The PDSs of eachbatchare

thenaddedtogether (calledincoherent summingsince the phase informationfromtheFFTis
lost) inthe hope that features due torandomnoisewill tendtocancel out while real features

due tothe source variabilitywill be enhanced. Some results of this process are illustratedin
Figure 1.

Table I OSSE Viewi ng peri ods wi th RATEdat a for Cygnus X-1

Det ect or - hour sLowEner gy Aver age Hi gh Ener gy Aver age Aver age Comment s
On- Tar get Wi ndow ct s /s eca Wi ndow ct s /s eca Fl uxb

VP 002: 91/157 - 91/166 (June 6- 15, 1991)

8.49 hr 40- 190 keV 299. 5 190- 780 keV 170. 9 8:68 � 10�2 VP 002a

22. 58 hr 33- 132 keV 259. 4 132- 630 keV 121. 1 7:92 � 10�2

14. 81 hr 33- 132 keV 245. 4 132- 630 keV 118. 5 s t ar i ng

VP 203: 92/343 - 92/344 (December 8- 9, 1992)

14. 47 hr 88- 140 keV 105. 5 140- 414 keV 137. 6 6:42 � 10�2 s t ar i ng

VP 223: 93/151 - 93/154 (May 31- June 3, 1993)

18. 44 hr 40- 70 keV 83. 7 70- 169 keV 65. 7 6:19 � 10�2

a I nc l udes backgr ound 
ux
b Fl ux i n 45- 140 keVband, phot ons /cm2/s

The detrending process creates the lowpower near zero Hz. The error bars represent
the standarddeviation of the mean. We see no signi�cant features like the quasi-periodic

oscillations (QPOs) reported bysome observers at energies below70 keV(Vikhlinin et al.
1992; Angelini et al. 1992; Kouveliotouet al. 1992, 1993). Eventhe small features in the

summedspectraare generallynot consistent amongthe multiple detectors, agoodexample
being the `feature' at � 0:07Hz inVP203, whichis clear inonly twoof the four detectors
used for the observation. Inaddition, the appearance of features varies withthe batchsize

chosenfor theFFTlendingadditional support tothenotionthattheyaretheresultof random

uctuations. However, the general appearance of the spectra themselves varies considerably

fromone viewingperiodtothe next andmaybe relatedtothe variabilityintotal 
uxfrom
Cygnus X-1.

The auto-correlation function (ACF) is calculated in 6.144 second batches and then
summed. The functional formfor the chosenauto-correlationfunctionis

Cyy(u) =
1

N � u

N�u�1

i = 0

(y i � y)(y i+u � y)

(Enochson&Otnes 1968) whichgenerates goodresults for �nite-sizeddatasets. The ACFs,
if theyshowanystructure at all, reveal approximatelyexponentiallydecliningpro�les. Like

the FFTS, theyvaryconsiderably fromone viewingperiodtothe next.

THESIMPLEEXPONENTIALSHOTMODEL

One of the popular models for the time variabilityof CygnusX-1is the shot noise model

whichassumes the signal is composedof 'shots' whichturn-onsuddenly, thenslowlydecay



Figure1: Some of the averaged Power Densit y Spect ra f or Vi ewi ng Peri ods descri bed i n Table

I. The resul t s are averaged over t he det ect ors and rebi nned on a l ogari t hmi c scal e. Not e t hat

t he y-axi s mi ni mumi s not zero. The spect ra vary consi derabl y f romone vi ewi ng peri od t o t he

next .



(Sutherlandet al. 1978; Meekins et al. 1984; Lochner 1989). Acommonshot model is the
simple exponential shot whichhas the functional form

f(t) =
0; t < 0

e�t =� ; t � 0

where � is acharacteristic decaytime for the shot.

RESULTS

The single shot model assumes the signal is generated by a randomsuperposition of
shots of constant amplitude andtime constant plus aconstant noise level. The double shot

model assumes the signal is composedof noise andtwouncorrelatedshots, eachwithits own
amplitude andtime constant. Tables II and III showthe results of �tting these models for

observations withsome time structure.

Table II Model Fits: Single Shot Model

Viewing Energy ACF FFT
Period (keV) � (ms) �2/dof dof � (ms) �2/dof dof

002a 40-190 957: 7 +25:2
�52: 7 1.1288 1497 1461 +68: 7

�69: 5 1.0662 297

203 80-140 30: 2+2: 2
�2: 3 1.0298 247 596: 3 +80: 3

�71: 4 1.98776 297

203 140-414 107: 8 +21: 6
�17: 5 1.08341 247 769: 8 +84: 1

�74: 7 1.8022 297

Table III Model Fits: Double Shot Model

Viewing Energy ACF FFT
Period (keV) �1(ms) �2/dof �1(ms) �2/dof

�2(ms) dof �2(ms) dof

002a 40-190 1380: 6 +78: 5
�62: 3 0.7243 2138: 7 +170: 1

�178: 0 0.8786

25: 8+3: 4
�2: 5 1495 311: 5 +56: 7

�64: 0 295

203 80-140 137: 9 +96: 9
�45: 1 0.9121 7616: 2 +15982: 5

�2476: 6 1.93488

18: 1+3: 4
�3: 3 245 421: 5 +75: 8

�59: 6 295

203 140-414 152: 5 +113: 8
�55: 6 0.9659 7563: 9 +1

�4997: 8 1.8061

2: 5+1: 4
�1: 3 245 695: 9 +86: 2

�93: 6 295

The agreement of the time constants for the ACFs andFFTs is poor, but it does seem
that the values for the FFTs are consistentlygreater thanthose for the ACFs. We see three

possible explanations for this di�erence: 1)Thereareadditional timestructures intheCygnus
X-1output whichappear intheFFTbut not intheACF, 2) The shots donot haveasimple

exponential pro�le, 3) The shot model paradigmis not applicable at all.

There is alsoconsiderable di�erence betweenthe time constants for the single anddouble

shot models. In fact, the prime motivationfor investigating the double shot model was the
appearance inmanyof the ACFs of anapparent steepexponential dropat short lag times

whichmergedintoamuchgentlerexponential-likedeclineat longer lags. This isveryapparent
inthe relative sizes of the twotime constants for theACFs. It's alsoworthnotingthatwhile
good�ts areobtainedwithboththeACFsandFFTs inVP002a, theFFTshavemuchpoorer

�ts inVP203. The shot times for VP203are alsoquite di�erent fromLochner (1989) who



obtainedshot times from0.82to1.46seconds at energies below60keV, andSutherland, et
al. (1978) withtimes from0.35to0.67seconds between1.8and8.6keV.

The FFTs andACFs at energies below� 140 keVshowsome time structure, but the
higher energies look like randomnoise. Since we knowthat Cygnus X-1 generates photons

in this higher energy range, one wonders if the region generating themhas anydetectable
time structure. Alternatively, these photons might be Comptonupscatteredfromthe lower

energies over suchlarge distances that the oscillations are washedout. Towashout say0.10
Hz oscillations the scatteringpathlengthwouldhave tobe onthe order of 10 9 meters. If we

assume theX-raysource is a10solar mass blackhole, this distance corresponds to� 50; 000
Schwarzschildradii, whichis far larger thanthe hightemperature (T e > 100keV) regionin

our current blackhole accretiondiskmodels. Themodel of Melia&Misra(1993) for Cygnus
X-1 indicate that the innermost regionof the accretiondisk shouldbe optically thick. This

regioncouldthereforeact as adirect sourcefor thesephotons andprovidesu cient scattering
toremoveanytemporal signatures fromthe lower energyphotons. Additionally, their model
exhibits considerable structural changes for the inner diskwithchanges inthe diskviscosity

andaccretionrate. These structural changes or the structures themselves maybe the source
of the radical variations inthe temporal signatures displayedinseparate viewingperiods.
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