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HIGH RESOLUTION MEASUREMENTS OF THE LOW STATE OF CYG X-1

R.E. Rothschild, E.A. Boldt, S.S. Holt, and P... Serlemitsos

NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

ABSTRACT

Cyg X-1 was observed on two occasions separated

by a year (Oct. 4, 1973 and Oct. 3, 1974) by the
same Goddard X-ray rocket payload. High resolution
temporal and spectral data reveal that Cyg X-1 was
essentially unchanged in these two observations

a year apart, with bursts of millisecond duration
vbserved in the earlier flight (Rothschild et al.,
1974) observed in the second, as well. Analysis

of these bursts has failed to reveal any internal
temporal structure, either luminous or spectral.
The shot-noise character of temporal fluctuations
on timescales ¥ 1 second can be explained by the
presence of exponential pulses with a fraction of

a second time constant and a rate near 8 sec-l.

The possible connection of these pulses with the

bursts is examined.



I. INTRODUCTION

Cyg X-1 was discovered by Bowyer et al. (1965) during a rocket
flight in June, 1964. Great interest in this source resulted from the
UHURU observations by Oda et al. (1971) that revealed the chaotic temporal
behavior of this source, including bursts of a fraction of a sec~nd
duration. Rappaport et al. (1971) reported significant flaring on time-
scales down to 50 ms. In a rocket flight in 1973 October, Rothschild
et al. (1974) observed several bursts of 1 ms duration with high statistical
certainty., This latter measurement placed the radius of the emission
region at less than 102 km which ruled out a white dwarf as the compact
object. When this compact nature of the source is combined with the
mass estimates (Hutchings, 1974; Avni and Bahcall, 1975; Bolton, 1975)
and the current estimates of the upper limit of the mass of a neutron
star (Rhoades and Ruffini, 1974; Brecher and Caporaso, 1976), the evidence
would suggest that Cyg X-1 is a black hole.

Leach and Ruffini (1973) suggested that the temporal profile of
the intensity from a black hole might contain quasiperiodic structure
on submillisecond timescales, and, if so, this would lead to a measurement
of its intrinsic angular momentum. As a résult of this scegestion and
in an attempt to confirm the millisecond bursts of the previous year,
an upgraded experiment with the same rocket payload of detectors viewed
Cyg X-1 for three minutes on October 3, 1974 with temporal resolution
a factor of two better.

The long term (> few days) behavior of Cyg X-1 may be characterized
by low and high states., The low state is described by a relatively stable

2-6 keV intensity with a constant power law spectrum of photon number



index about -1.5 to -1.6 over the range 2-60 keV. The high state has
a 2-6 keV intensity which is at least a factor of three higher with a
steeper (and variable) spectrum (c.f. Tananbaum et al., 1972, Boldt et
al., 1975, and Holt et al., 1975). Both observations reported here were

made during a low state, and both at binary phase .1l7.

ITI. EXPERIMENT

Observations of Cyg X-1 were made on two occasions (Oct. 4, 1973
and Oct. 3, 1974) with a rocket-borne X-ray payload launched from White
Sands Missle Range. This payload consisted of two gas proportional counters-—-
one containing xenon-methane and the other argon-methane--giving an energy
range of 1.5 to 35 keV with 128 channels of pulse height analvsis. The
basic temporal resolution was 320 us on the first flight and 160 us on
the second. The time interval between the first two events in each 160us
sample was also coarsely determined on the second flight, (See Rothschild
et al., 1974 for a further description of the payload). The detectors
were pointed within .2° of Cyg X-1 during both flights, and the attitude
control system's limit cycle during the respective exposures was +15
arcseconds. Hence, there was no detectable modulation of the X-ray in-

tensity due to aspect variations,

II1. SPECTRAL RESULTS
Figure 1 shows the incideni spectra from Cyg X-1 for the two
flights as measured by both detectors. These spectra result from the
analysis procedure described by Serlemitsos et al. (1975), and the best
fit results are tabulated in Table I. Since the statistical uncertainties

in most energy bins are quite emall, the effects of an imperfect knowledge



of the detector response near the L edges of Xenon and the K edges of
Argon become the dominant source of error in the inferred incident spectra.
The mean of the best fit parameters yields a power law of number

21 H atoms/cm2 of cold interstellar

index -1.55 with an upper limit of 3x10
material in the line of sight., This experiment is not sensitive to such
low amounts of absorption--hence, we can only give an upper limit., This
inferred upper limit of NH is consistent with a rocket observation in

1966 October (Gorenstein et al., 1967), the 0SO-7 results of 1973 January
(Kwok Li and Clark, 1974) and the ANS data of 1974 November (Parsignault
et al., 1976). The power law number index observed is consistent with
those measured with UHURU (Tananbaum et al., 1972), 0SO-7, ANS, and Ariel-
5 (Sanford et al., 1976) when the source was in its low state.

The stability of the spectrum on the time scale of a minute was
also investigated in the data from the second flight. The three minute
exposure to Cyg X-1 was divided into three one minute observations.

The three pulse height spectra derived from these exposures were identical
within statistical uncertainties in the 2-20 keV range. Hence, we see

no variations in the spectrum of this source either minute to minute

or one year to the next with data taken at the same orbital phase (.17)
when the source is in the low state.

The luminosity of this source was the same for the two flights
7

within experimental errors. The 1.5 to 35 keV luminosity was 1.0x103

er; s/sec assuming a distance of 2.5 kpc.

IV. TEMPORAL RESULTS
a) Millisecond Bursts
The discovery of eight bursts of one millisecond duration

during the first flight have been reported earlier (Rothschild et al.,



1974). Five more millisecond bursts were seen in the second flight using
the same criterion as before. This confirms the observations in 1973,
and in a combined exposure of 230 seconds, thirteen bursts have been
seen when 1.7+.8 accidentals might have been expected based on the count
rate alone. This implies a duty cycle for such detectable bursting
of 6x10-5. We also searched for bursts on time scales from 160 us to
5 ms, with no excess beyond that expected from Poisson fluctuations that
had not been seen at one millisecond. Since burst determination depends
on the local mean rate, we are less sensitive to a given intensity burst
during times of enhanced activity.

The data from the second flight included additional information
about the time interval between the first and second counts, if any,
in each 160 us temporal bin. These data indicated whether or not the
second event occurred within 2,5 to 5.0 ps of the first or 5.0 to 50 us
of the first. Thc calibration of this temporal portion of the experiment
was carried out using radioactive sources as random pulse generators
to induce various rates in the payload and then directly noting the rates
in the various temporal ranges. Table II shows the distribution of the
time intervals for the five bursts observed in the second flight along
with expectations of this distribution for random events at the observed
intensities,

The time interval data from burst #3, with 18 counts in 1.28 ms,
is in marked disagreement with the predictions based on random rates,
This burst (the haraest (spectrally), as well as most intense observed

in the two flights), showed an excess of counts on the 2,5 - 5 us scale



and a deficiency of counts on the 5-50 us scale. The remaining four,
on the other hand, indicate that the internal structure of the bursts
is random within the coarse statistical uncertainties. As a result,
the most intense burst (#3) has not been included in any of the subsequent
analyses of bursts in general.

One of the purposes of this experiment was to investigate the
possible substructure c¢f these bursts, Such substructure could yield
a value for the intrinsic angular momentum of the collapsed object (Leach
and Ruffini, 1973). Scrutinizing individual bursts for structure is
essentially useless due to the statistical uncertainties associated with
so few counts. Instead a composite burst protile was created by aligning
the intensity centroid of each burst--this being the only temporal reference
for this aperiodic phenomenon. The rate data were binned as finely as
possible and the result for four of the five bursts seen in the second
flight is shown in Figure 2a. No significant substructure is nbvious
on this 160 us/bin scale. The dotted line is the non-burst intensity
(calculated locally over the 3.5 ms displayed) plus a one millisecond
rectangular pulse aligned with the centroid containing the same number
of counts as the four bursts. The composite burst for the twelve events
in both flights is displayed on a 320 us/bin scale in Figure 2b. No
significant internal structure can be seen., Hence, on both flights the
measurements are consistent with a constant intensity throughout a burst
with a duration of one millisecond.

Inferring the burst incident spectrum from the 53 pulse height

values sampled in the thirteen bursts is plagued by statistical uncertainties,



so that, the mean observed energy for each burst has been calculated
along with its formal uncertainty. This parameter has also been calculated
for the overall emission. The result is shown in Table III. The anamolous
burst #3 mentioned above has by far the greatest mean energy and uncertainty.
Since this event is apparently anomalous, it is not included in the followirg
analysis, The mean observed burst energy is 2 1/2 standard deviations
less than that of the cverall emission, while the mean observed energy
of the eight first flight bursts are consistent with the four second
flight bursts, The anamolous burst is harder than the overall emission,
but in fact is only 1.9 standard deviations above the mean observed burst
energy. 1he distribution of mean observed energies about their mean was
calculated in order to determine if (within statistics) the twelve bursts
came from the same spectral population. The x2 was not acceptable, but
this was due entirely to burst #8 with its small uncertainty. llence,
our data are consistent with a situation where most of the bursts display
a common spectral and temporal character.

Finally, the mean observed burst energy versus burst intensity
is shown in Figure 3. The highest point marked with the asterisk is the
anomalous burst #3 mentioned above. No drastic variation in mean energy
is seen with intensity, even though a better fit is obtained if one considers
a slow increase in energy with intensity as opposed to a constant value,

b) Shot Noise

The fluctuations in intensity of Cyg X-1 on time scales of

tenths to tens of seconds are not Poisson in nature. It has been shown

(Terrell, 1972; Boldt et al., 1975 and references therein) that the major



features of the intensity variations can be described as the superposition
of randomly occuring, overlapping, exponentially shaped pulses (i.e.
shot noise).
The mean shot pulse wave form can be determined through the use
of the autocorrelation function (see e.g. Papoulous, 1965; Brigham, 1974;
or Jenkins and Watts, 1969; Weisskopf, 1975). If the single pulse shape
as a function of time, t, is described by h(t) for t > 0 and zero elsewhere,

then the autocorrelation function, p(t)., is given by

o i h(t) h( t + 1) dt

p(t) =

© 2
of h™(t) dt

where 1 is the lag paramet2r. In the case of exponential shaped pulses
(h(t) = Ae-t/TO), the autocorrelation function is also an exponential

() = e %)

The data from the two flights were divided into 20 second intervals,
and p(t) was calculated in the energy ranges 2.5 - 5.1 keV, 5.1 - 12
keV, 12 - 40 keV, and 2.0 - 40 keV, and is shown in Figure 4. The
resulting autocorrelation functions can be described by an exponential
with a fraction of a second decay time, where the lag parameter is quantized
in 20.48 ms bins. The variations from p(1) = 0 for T > 1 second are
due to aliasing by the shot noise character of the data, finite statistics,
and a finite exposure, and are NOT necessarily indicative of additional,
longer period phenomena. This conclusion is based upon computer simulations
of the shot noise process. The same analysis was applied to the Cyg
X-3 exposure during the first flight, which had a comparable count rate,

and p(1) was consistent with random data. Also, no oscillatory behavior

was seen for 1 > 1 second.



The resultant autocorrelation functions were fit to an exponential
(with amplitude and decay time as free parameters) by a least squares
method, The decay time along with the mean rate for each exposure is
displayed in Table IV. The fitted values of the decay time vary from
+24 8 to 1,40 s throughout our exposures, while the mean counting rates
vary significantly less. This indicates that the rate of shot pulses
must also vary--perhaps as much as a factor of four on time scales of
teus of seconds., Halfway through the second flight the decay time abruptly
increased in all energy ranges, and this situation persisted for at least
a ninute. An examination of correlations between the 2.1 - 5,1 keV data
ard the 5.1 - 12,0 keV uata revealed that they were correlated, and that
any time delay between the two regimes had to be less than 10 ms, if
indeed any delay existed at all.

In order to estimate the shot pulse rate the variance for both
flights was calculated as a function of integration time. In the case
of a source of random intensity variations, the variance is independent
of integration time, and equals the mean rate It was indicated by Boldt
et al. (1975) that in the case of a source dominated by shot-noise intensity
fluctuations the variance is independent of integration time only for
times long compared with the individual shot pulses. In this case the
variance per unit bin width is (1 + f2 u/A)u where y is the mean rate, A
is the shot pulse rate, and f is the fraction of the overall rate due
to shot noise. Unless very long exposures are used, the uncertainty
in the variance for long integration times is considerable., Hence, a

mean value of A can be found only for the entire second flight. The



plot of variance per unit bin width vs, bin width is shown in Figure
5 for the second flight. In this case A = 7,9+.5 Bec-l assuming that
the intensity was entirely due to shot noise.

Weisskopf, Kahn and Sutherland (1975) have studied the UHURU obser-
vations of Cyg X-1 and find that the shot pulses produce an exponentially
shaped autocorrelation function with decay times in the range .5 + .1
seconds. If they assume the flux to be entirely shot pulse generated,
they arrive at a pulse rate in the range 9 - 15 pulses/second (Weisskopf,
1976) in agreement with our result.

A Monte Carlo simulation of the shot noise process was performed
using a single shot pulse shape. The major features of the Cyg X-1
intensity variations on the .l to 50 second time scale were replicated.
However, the fraction-of-a-second enhancements (e.g. see fig. 1, Rothschild
et al. (1974)) seen in both flights were not evident. This could be
evidence for a more complicated shot noise process with varying pulse
amplitudes and/or deray times, or it could imply that these particular
enhancements are not associated wiZi the shot pulses.

It should be pointed out that the shot pulse rate, decay time,
the fraction of the intenrsity due to shot noise, and the intensity of
a single shot pulse cannot each be unambiguously determined at this time.
The decay time is measured .y fitting the autocorrelation function. The
shot pulse rate ) is dependent on the shot noise intensity. This, however,
cannot unambiguously be separated from the overall intensity. The intensity
of a single shot pulse can be determined from the variance of the portion

of the intensity due to the shot noise, which again is dependent on the



fraction of the overall intensity due to sk noise. Thus, we can deduce
a consiit:nt (but not unique) characterization of the processes involved
in the X--ray emission from Cyg X-1.

c) Fourier Analysis

Since the discovery of fast temporal variations in this source

(Oda et al., 1971), much interest has been shown in searching for a pulsed
component to the intensity. This would be compelling evidence of a neutron
star as the compact object. Several periods have been seen in the fourier
analysis of short time intervals (see Boldt et al., 1975 and references
therein), but none seem to be persistent. This is just the behavior
that a shot-noise model would predict.

The three minute exposure to Cyg X-1 of the second flight was
divided into 10 second intervals and searched for periodicities using
a standard FFT program. In all intervals the majority of the power was
in frequencies less than 10 Hz as expected for shot noise fluctuations
with 1 § 0.1 s. No one frequency was present at the less than 10-4
probability level in all intervals, and no interval was free of this
low frequency power., When the same techniques were applied to the Cyg
X-3 exposure, no frequencies less than 10 Hz had a probability less
than 10-4. Thus we conclude that the low frequency power seen in the
Cyg X-1 data is indeed due to fluctuations at this source and not due
to rocket motion or aliasing by the finite exposure. These results are
similar to the dynamic spectrum analysis of Oda et al. (1975) where the

power was seen to concentrate below a few Hz,
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V. DISCUSSION

We have observed Cyg X-=1 in its low state on two occasic~s, both
at the same phase of the binary system, and have detailed spectral and
temporal information. First, the spectrum from 1.5 to 35 keV is a feature-
less power law of number index =1.55 w:.h low energy absorption less
than 3x1021 H atoms/cm2 in the line of sight. This spectral signature
is indicative of the low state, and has been seen at various times since
1966. The Pringle and Rees (1972) spectral form expected for accretiun
onto a compact object from a uniform (A = p = 0) disk, where "free-
free” ¢ ssion dominates is a power law with a number index of -1.5,
in goud agreement with observations of the low state, Shapiro, Lightman
and Eardley (1975) have modelled the accretion disk of Cyg X-1, and also
predict a power law spectrum in this energy range. Using our measured

value of the index and their analytic form, we find

kTe
51 = 2 Nscat
m.c
e
kT
where ——32 is the high eaergy cutoff energy in units of the electron
mc

rest mass and Nsc is the number of scatterings experienced by a photon

at
before emerging from the cloud. A balloun observatiui made in late
August of 1967 (Haymes et a2l., 1968) found that an exponential with

kTe ¥ 95 keV fit the data as well as two power laws. Nine days later
Meckins et al. (1969) observed Cyg X-1 from 1.5 - 12 keV and found its
spectrum to be a power law of number index -1l._. Assuming it was in
the low state nine days earlier, kTe ¥ 95 keV vhould be indicative

of the low state cutoff energy. Matteson et al., (1976) report a low

state cutoff energy of kT v 85 keV in 1969 when rocket observations
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also imply the low state. Inserting k‘I‘e = 90 keV into the above equation

yields N 2.8. This implies that the optical depth for Thomson

scat
scattering is greater than one. Hence it is not surprising that the
observed spectrum is featureless.

Ryter, Cesarsky and Audouze (1975) and Gorenstein (1975) have
derived a relationship between interstellar reddening and X-ray absorption,
and Margon, Bowyer, and Stone (1973) measured the extinction in the
line of sight to Cyg X-1. Combining these two results gives a value

: H atoms cm-'2 for the interstellar absorption. This

of (7.5 + 1.8) x 102
is a factor of two greater than our upper limit, but still indicates
a minimum of circumstellar absorption.
Cyg X-1 exhibits variability on several time scales ranging from
millisecond pulses to high and low states lasting for a hundred days
or more (Holt et al., 1976). Recently, Canizares (1976) has postulated
that the giant X-ray bursts seen from 3U1820-30 can be the result of
shorter bursts of X-rays emitted inside an optically thick hot cloud
and then reverberating within the cloud, and that this may be the case
for Cyg X-1, as well, The millisecond pulses, only occassionally seen,
might be the embedded pulses and the shot noise pulses are the result
>f the scattering in the cloud. As discussed above the optical depth
for Thomson scattering is greater than one, implying the presence of
a hot cloud. The millisecond pulses would not be expected to be observable
through an optically thick cloud but the shot noise reverberations would.

The fact that the only observed instance of bursts bunched together occurred

during the peak of a period of enhanced intensity, might be explained

" UCBILITY OF THR
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by a local thinning of the cloud due to the increased X-ray flux. Taking
the three bursts observed during the peak of the enhancement (see Fig.

2, Rothschild et al., 1974) as representative of the basic millisecond

pulse rate, an order of magnitude estimate of the millisecond pulse rate
(100 pulses/sec) is about 10 times the derived shot noise pulse raie
(v 8/sec). This would imply that the driving milli: ~ond pulses are
not 100% efficient in creating observable shot pulses. On the other :
hand, the enhanced intensity could have been caused by a period of enhanced
millisecond pulse rate, thus causing the estimate of the millisecond
pulse rate to be larger than nominal.

As .>ed above the mean observed energy of the millisecond bursts
is 2 1/2 standard deviations less than that of the overall emission if
the one anomalous burst (#3) is excluded from the sample. This is con-
sistent with Canizares' model where the driver pulse is softer than the
reverberation or shot pulse. This, then, would suggest a softer component
embedded in the accretion cloud. Garmire and Ryter (1975) and Gorenstein
(1975) suggested that the anomalously low measured X-ray absorption noted
above during the low state might be explained by the presence of an additional
soft X-ray component at the source.,

Finally, we can estimate the energy of the bursts and the shot
noise pulses observed in the two flights., The data indicate that a burst
contains 1035 ergs and an individual shot pulse contains f x 1036 ergs,
where f is the fraction of the overall emission due to shot noise.

There remains the explanation of the source of the millisecond

bursts. Sunyaev (1973) lias suggested that the turbulence in the accretion



disk can lead to hot matter being convected out from the inner portions

of the cloud, and that these hot spots can exist for times on the order

of the orbit time. The duration of these events then depends uvpon the
angular momentum of the collapsed object. Then, the minimum period for

a non-rotating blackhole is ~,5 (M/Mo)ms, and for a maximally rotating
blackhole is ~.06 (M/Mb)ms, where M is the mass of the blackhole (Novakov
and Thorne, 1972), If the millisecond bursts observed are a result of
this process, the nonrotating case would predict a mass on the order

of 2 M.o whereas the maximally rotating case would predict a mass on the
order of 17 MO. The derived mass of Cyg X-1 is in the range 8-15 Mo
(Hutchings, 1974; and Avni and Bahcall, 1975). Thus, the model ci Sunyaev
would indicate that the collapsed object is rotating and-that the
Schwarzschild metric is not applicable. It also should be noted that

the burst intensities dominate the overall emission when present, and

are not in the nature of a small perturbation,
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FIGURE CAPTIONS

Inferred incident spectrum of Cyg X-1 observed on both
flights. The solid circles represent the spectrum seen
by the xenon detector and the open circles represent the
spectrum seen by the argon detector.

Centroid-aligned mean burst profile for the Oct. 3, 1974
observation of Cyg X-1. The temporal bins are 160 us
wide and the data are from four superimposed bursts. The
dotted line represents the expected burst profile for a

1 ms wide rectangular pulse containing the same number

of counts as the four bursts.

Centroid-aligned mean burst profile for the 8 bursts seen
in Oct., 1973 and the 4 bursts seen in Oct., 1974. The
temporal bins are 320 ps wide. The dotted line represents
the expected burst profile for a 1 ms wide rectangular
pulse containing the same number of counts as the twelve
bursts.

Variation of burst mean energy with burst intensity. The
asterisk denotes the anomalous burst (#3) mentioned in
the text.

The autocorrelation functions, p(t), versus lag parameter,
1, for 20 seconds of exposure during the Oct., 1973
flight, as a function of energy. The energy ranges are
2-35 keV at the top, 2-5 keV second from the top, 5-10
keV second from the bottom, and 10-35 keV at the bottom.

Variance per unit bin widih versus bin width for the
Oct., 1974 flight. The dotted line shows the mean
count rate of Cyg X-1.
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