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X-RAY SIGNATURES: NEW TIME SCALES AND SPECTRAL FEATURES

Elihu Boldt

Cosmilc Radiations Branch
Laboratory for High Energy Astrophysics
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

ABSTRACT

The millisecond bursts from Cyg X-1 have been duvestigated further,
and the current status of work on this is presented. The zverall chaotic
variability for the bulk of the Cyg X-1 emission is compared to that of
Sco X~1, showing that the essential character is remarkably similar (1.e.
shot noise) although the fundamental time scales irvolved differ widely,
from a fraction of a second (for Cyg X~1) to a fraction of a day (for
Sco X=1). A "light curve" constructed via the superposition of millisecond
bursts gives evidence for precursor millisecond pulsing at a low duty
eycle during the § 1 second interval preceeding a burst. An underlying
basic period of 9.946 ms implies a Schwarzschild black-hole of more than
8 solar masses.

Recently reported 0S0-8 observations of spectral features attributable
to iron are reviewed. In particular, line emission is discussed within
the context of a model for thermal radiation by a hot evolved gas in systems
as different as supernova remnants (e.g. Cas A) and clusters of galaxies
(e.g. Coma, Perseus, Virgo). Newly observed spectral structure in the
emission from the X-ray pulsar Her X-1 is reported. These features are
not simply understood according to standard schemes and might represent
some of the new physics to be encountered near a highly magnetized neutron
star. In particular, it could be due to iron fluorescence from an Alfven
shell co-rotating with the pulsar, ylelding Doppler shifted lines cor-
responding to speeds up to 0.léc.

*
Invited talk, Eighth Texas Symposium on Relativistic Astrophysics,
held December 13-17, 1976 at Boston, Massachusetts.
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NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

INTRODUCTION

In searching for new X-ray signatures as well as for fine structure
in established ones, our group at the Goddard Space Flight Center has
made quite extensive observations outside of the usual temporal-spectral
regime, During this talk I will be describing a variety of results that
have come from this program. This invelves a brief review of ocur obser~
vations of Sco X-l, a status report on ocur study of the rapid variations
in Cygnus X-1, including preliminary results on a new effect, and finally,
a summary of our recent observatilons of various spectral features attrib-
utable to dron in several objects, ranging from clusters of galaxies to
the X-ray binary Her X-1,

Table 1 summarizes our current experiments. For several years we
have been carrying out submillisecond timing with rocket-borne experiments.
The key features of our current "standard" rocket experiment are 1) the
large area (1300 cm2), 2) the broad spectral response (1.5 - 40 keV)
covered with 128 PHA channels, and 3) a pointing system with a stability
corresponding tﬁ a modulation of much less than 1% for our field of view.
At the other extreme, we have an e_xperiment2 on Ariel 5 with a particularly
smatl effective area (v 1 mmz), narrow bandwidth (3-6 keV) and crude

temporal resclution ( v 102 min). However, this images v 80% of the



TABLE 1

CURRENT GSFC X-RAY EXPERIMENTS

1. Submillisecond Timing.

Large area detectors on a pointed platform (rocket launched).

2. Long-term Variations (hours - months) .
A1l sky monitor of the brightest sources with a "pin-hole"
camera aboard Ariel 5 (Oct '74 - )

3. Spectroscopy (2 - 40 keV).

Proportional chambers aboard 0S0-8 (June '75 -
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sky for any particular orientation of the epacecraft and contipuously
monitors essentially all sources exceeding about a tenth of the intensity

of the Crab Nebula and hag been doing this for over two years, Tinally,

our major current experiment3 is one on 080-8 devoted mainly to spectroscopy
(1.5 - 40 keV) and spectral~temporal correlations down to 20 ms (on special
occasions, down to 1.25 ms)., Typical net exposures to a given source

are on the order of 107 cm2 sec, with gross observing times of a few days.

SCORPIUS X-1: A BROADBAND SEARCH

Our search for structure, both temporal and spectralé, began several
years ago with Sco X-1. It was quite natural that Sco X-1 be the initial
object for such a search, With an apparently thermal spectrum with kT «
5 - 6 keV, one would expect that, with near cosmic abundances, the iron
line blend at v 6.7 keV would be most pronounced. In particular we would
expect an equivalent continuum width of somewhat more than 1 keV. Since
good proportional counters provide an intrinsic resolutlon of about 1
keV (FWHM) at this energy we expected .n see a spectral feature at v 6.7
keV amounting to at least a 1007 increase above the continuum. Tn a rocket-
borne exposureh involving more than lO5 measured photons from Sco X-1
we obtained a continuum spectrum which did not really fit what one would
expect from an opiically thin thermal plasma and which did exhibit a 3¢
bulge at about 7 keV that was about 30 times smaller thaﬁ expected, Since
then, Bragg crystal spectral studies by groups at Columbia5 and the
University of Leicester6 have established that there is no appreciable
narrow K line emission from iron, with upper limits of a few eV equivalent

widthe In the meantime, several theoretical studies, starting with that



of Angel7, have explained the absence of narrow thermal lines in terms
of the severe spectral distortions due to Thomson scattering in a medium
with a high column density of electrons. The problem of fitting the Sco
X-1 spectrum in detail remains, We have seen this again with our most

32 from 080-3.

recent spectral data

With regard to rapid temporal variations, we searched for a suspected
pulsar and also possible flickering, as had already been seen in the
optical, Using a two-minute continuous exposure involving 0.32 ms temporal
resolutionl, we set upper limits of considerably less than 1% on the pulsed
fraction of any pulsar variations in the period range 3-360 ms and ahout
1% for flickering on the scale ¢f several seconds to less than 4% on
the scale of tens of milliseconds.

This brings us to our Arilel 5 observation, providing an entirely
different view of a source such ag Sco X-1. Although the irregular wvari-
abllity of Sco X~1 on long time scales has long been noted, an essentially
continuous ohservation over a few months has enabled us to finally model
this variability on time scales of hours or more. The result of this
analysis, recently publisheda, is that the bulk of the emission is consistent
with a simple two—pérameter shot-noise model (l.e. the random overlap
of many uncorrelated flare events, where the flare duration and size
can be characterized by typlcal values). The required flare rate is ~
200 flares per day and the flare duration is about a third of a day.

This can be seen qualitatively by looking directly at a sample of the
déta, shown in Figure 1.
Figure 1 shows the directly inferred 3-6 keV flux from Sco X-1 a=s

a function of time in units of 100 minutes, which is the satellite's orbit



time, The actual number of counts per orbit from Sco X~1 is only ~ 300.
The feature we note is that, for the most part, adjacent bins appear cor-
related and that this correlation lasts for several bins. An autocorrelation
analysis of v 103 orbits yields an e-folding time of about 5 orbits.

With such a characteristilc duration of about a third of a day and 200
events per day we expect Lhat at any given time there.would be about 70
overlapping events., Since the statistical rms deviation on 70 uncorrelated
events 1s about 8, this translates R 10% fluctuations over times longer
than a third of a day, and that is the sort of fluctuations we see here.

We have also searched one year's data record for the 0,787 day binary
period associated with the Sco X-1 optical candidate and find an upper

Limit?

of 1% compared with 25% modulation of the optical amglitude, Although
a persistent X-ray modulation at the binary period is absent, we recall
that shot—noise.is rich in quasi—periodicitieel0 and that for events of
a third of a day duration the wide range of periods clusters about two-
thirds of a day.
CYGNUS X~1 TFLUCTUATIONS

Our analysils of the apparently chaotic long-term variations of Sco
X~1 was a direct outgrowth of a similar study we did for Cyg X-1 with
respect to short-term variationsll. Following the original suggestion
of Terrelllo that the rich quasi-periodic variations on the order of 1
s-l discovered with UHURU were manifestations of shot-noise, we have
made rather detailed further.investigations of this. Our most recent
2

analysis involves a three minute exposure with our standard rocket payloadl .

We estimate the shot pulse rate by examining the variance in the counts



obtained for different sample times; this 1s shown in Figure 2. Here

we plot the observed variance per sample time versus the sample time.

For Poisson fluctuations due only to the number of counts, we would expect
this to be a constant equal to the mean counting rate, and we have verified
this sort of behavior11 on these time scales for Cyg X-~3., For times short
compared with the characteristic shot-pulse duration, we expect this measure
to go linearly, as observed here for times less than 1 second. In general,
for the limit that we look at times much longer than any of the coherence
times for fluctuations this measure should approach a constant. Conversely,
the observed flattening (see Figure 2) of the curve proves that these
characteristic gapid fluctuation times are bounded within a secale of about
1 second; this means that Cyg X-1 does not exhibit appreciable fluctuakions
on time scales from about 1 second up to at least 1 minute. The asymptotic
value of the variance (var(N))per sample time (AT) exceeds the average
count rate (N/AT) as follows:

%,%ﬂl = /AT [ 1L+ f (m+ varm)/m - 1) ] (1)
where f 1s the fraction of the count rate associated with flucltuations
arising from uncorrelated events at the source and m is the observed count
per event, For simple shot-noise, var(n9='5 + In this particular exposure
to Cyg X-1 in the low state such a model yields m R 130 counts (i.e.
fg 1) which, for the mean total counting rate, yields a shot pulse
rate A B s_l, This is comparable to the result recently obtained by
Weisskopf13 and his colleagues in their reanalysis of UHURU data for (yg
X-1 In the low state., Their autocorrelation time of about a half-sccond

is comparable to what we obtainlz, which varies somewhat from one ten-second



interval to another with values in the range 0.3 - 0.7 s, Rothschild12
has performed Monte Carlo simulations of our count rate profile using

a single shot-pulse shape and found that the basic character of the bulk
of the variations was adequately replicated. However, the occasional
pronounced enhancements lasting a fraction of a sccond (similar teo those
discussed by Gurskyls) seen I1n all our observations of Cyg X-1 are not
accounted for in this way. ‘his could be evidence for a more complicated
shot~nolse process with varying pulse amplitudes,

For the most part, the fluctuations in Cyg X-1 and Sco X-1 are remark-
ably similar in that the bulk of such emission can be attributed to in-
coherent events, For Cyg X-1, this amounts to contributlons from EA
randomly overlapping events at any one time, TFor Sco X-1, % 70 events
are Involved at any one time., The appropriate time scale for Cyg X-1
is a fraction of a second; for Sco X-1 it 1s a fraction of a day., Perhaps
these are the characteristic time sgcales for turbulence in the aceretion
disks surroundiug_these two different compact non-pulsars.

CYG X~1 MILLISECOND BURSTS

I want to say here that our program of rocket experiments devoted
to Cyg X~1 in 1973, 1974 and 1976 was initiated as a direct result of
discussions that took place at the Sixth Texas Symposium on Relativistie
Astrophysics held in New York City in 1972, The objective was to observe
and study extremely rapld bursts from a presumed black-hole, As most
of you know, millisecond bursts were discovered during our first such
Elight three years ago and confirmed on our second one, The detailed

results Erom our second flight are soon to be publishedlz, and I would



like to give a brief status report on some of the new things we think
we know about these bursts.

We have now accumulated 13 elearly distinct millisecond bursts in
230 scconds of exposure. On the second flight our baslc sample time was
160us, half that we used on the filrst flight. Tlve bursts were seen on
this second flight, four of which appeared to belong to the same class
as far as intensity and spectral content (the spectrum was also conslstent
with that of the overall emission). 'To obtain a best plecture of the average
burst temporal profile we superposed these 4 bursts. The phasing was
established by locating the centroid of the count for each burst and aligning
them along their centroids. The counts were interpolated accordingly.

The result of this superposition 1s shown in Figure 3. In effect, this

is what a portion of the Jight curve looks like for Cyg X-1. The millisecond
duration and absence of slgnifieant substructure is the result here.

These bursts were located in the first insvance using bin widths equal

to 1.28 ms, as in our first flightle. We also searched for bursts in

the same manner using bins ranging in width from 160 us to 5.12 ms with

no additional statistically significant events that had not already been
isolated using 1.28 ms bins,

Although the basic scaler time was 160 usec., we also bad some finer
temporal information, For each such 160 usec bin, the time Inkerval between
the second and flrst event accumulated was eclassified as wirher 1) between
2 -5 s, 2) between 5 and 50 ps, or 3) greater than 30 us., Since
the average count per 160 usec bin is only about 1,3 during a typical

burst, we thought this could give us a good handle on possible structure



on the microsecond scale such as might be expected for an extreme Kerr
biacl: hole, Except faor the anomalous burst already noted, the distribution
of counts was entirely consiitent with that expected frew the average
count rate during each of the bursts. For the anomalous event there was
an indication of excessive bunching that was statlstically significant
for times less than 5 us. This event was not only more intense (by a
factor of ~2) than a typleal burst, but also exhibited a harder spectrum,
What can we do to get a more complete "light curve” for the millisecond
pulses from Cyg X-17? Tor one thing, we already know from the shot noise
analysis that the longest coherence time in the Cyg X~1 emission 1s just
a fraction of a second. In that gense, a complete "light curve" for the
millisecond pulse behavicr would be achieved by extending this superposed
profile over a cime comparable to a second or so instead of the mere 3.5
ms exhibited Iin Figure 3. We have in fact done this over + 1 sccond for
all bursts separated by more than 2 seconds, Since this invelves many
bursts from the first flight as well, a common temporal unit of 320 us
equal to the resolution of that flight was used as a standard for this
composite profile, Although the average counting rate in this complete
light curve is about 207 higher during the 1 second interval preceding
the burst centroild than during the 1 second interval following the centroid,
there 1s no other obvious structure.
This 1is where things stood a few weeks ago when I started preparing
this talk. Then I realized that we had neglected to suffieciently investigate
é potentiﬁlly important effect that might be peculisr to a black hole,

In searching for usuval periodic pulsing one implicitely assumes that not
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only the frequency, but also the amplitude and phase of the pulsing remains
relatively stationary during the time of measurement, However, consider
the inner-most stable Keplerian orbits around a black hole. The rvotation
frequency of matter in such an orbit is certainly a stable pumber, but

a glven disturbance here would have a finite lifetime17’18, from a few
orbits up to perhaps a hundred or so, lience, we can not expect long-term
phase stability, TFrom our variance analysis, the upper limit would have

to be a fraction of a second.

What about amplitude stability? Unlike a highly magnetized peutron
star where the dipole field ‘controls the pulsar emisslon process, radiation
from an accretion disk is evidently dominated by random events ~rising
from turbulence. Hence, we have the intriqueing possibility of pulsed
emission with phase stability lasting up to a second, but where many ox
even most of the pulses are absent., Those pulses that do occuyr of course
take place at the proper time, However, given a grid of allowed times
for a pulse, the probability that one actually occurs could, in the limit,
be entirely random.

To investigate thils further, we examined the complete listing of
the 6250 individual entriea making up the composite light curve for the
ten bursts aligned along thelr centroids, Recall that the resolution
is 0.32 ms and that this covers a time interval extending from one second
before the centrold to one second afterwards. Based upon the mean count
per bin during the one-second interval following the centroid, I concluded
that a count of 10 per bin should be exceeded in 1.9 cases, on the average,

for the composite two-second interval outside the bhurst. Tn fact, 8 cases
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were found prior to the burst, and 2 were found afterwards.

By noting the smallest intervals among the 8 cases so tagged during
the one-second prior to the composite burst, I was struck by the fact
that these timeés were small integer multiples of close to the same basic
unit., This common unit was found to be about 31 resolution elements;
this corresponds to about 9.9 ms, By fine tuning to a value of 31,08,

I found that 5 out of the 8 cases were aligned to within one resolution
element (l.,e. .32 ms) of the phase defined by the centroid of the composite
burst, Detuning to 31 reduces the number of casecs so alligned to 2.

To graphic.i.y exhibit this new aspect of the light curve, we used
a basiec 9,744 ms eycle time (d.e. 31.08 resolution elements) to strobe
through the entire two~second profile. The phase was arranged so that
cycle #100 places the composite burst centroid just at the center of that
cycle, Those cycles dncluding the 8 tagged cases prior to the centrold
were superposed and compared to eycle #100, This is shown in Figure 4.
The bottgm graph in Flgure 4 shows the composite burst profile. The three
central bins (0.96 ms) appear to be an adequate definition of the hurst
duration. The top graph in Figure 4 is the superposition of the 8 cycles
prior to the burst for which we noted > 10 counts in a 0.32 ma bin., The
average level expected for the superposition of 8 cyecles selected from
among the first 99 cycles is shown as a dashed line. Tor the particular
8 cycles used here the actual average, excluding the thrée central bins,
is a higher number (38.2 counts) and the variatidns about that walue are
conslstent with statistiecal fluctuatlons. The three bins with the highest

count: appear at the correct phase. Based on the average for the other
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bins in this cycle, the enhancement in these three central bins, taken
together, represents a 5.7 sigma fluctuatilon,

Figure 5 exhibits a comparison of cycle #100 with the superposition
of the two cycles afterwards tagged on the basis of > 10 counts in a 0,32
me bin. In this case, there deoes not appear to be anything speclal about
the three central bins, Using intervals three bins wide, phased to include
the three central bins as one interval, the bottom profile does not correspond
to a statistically significant variation.

A superposition of the first (or last) 99 cycles, based upon a 9.964
ms cycle time, falis to show any statistically significant structure.
Considering this negative result in conjunction with the positive result
for selected cycles (Filigure 4) shows that, on the average, the integral
intensity of precursors i1s comparable to the intensity of the maln burst.

The time from the firs¢ noted precursor of > 10 counts/bin to the
centroid of the burst preiile is 0,696 s, comparable to the longest shot
pulse. The general tendency for millisecond variations to cluster over

times cn this scale had already been noted by Oda et 31.39.

A pilcture
that emerges is one involving a disturbance in the accretion disk that

1is carried around inner Keplerilan orbits for a fraction of a second at

an essentially constant frequency, sometimes emitting radiation in our
direction and sometimes not and then disappears after a particularly large
burst. If the burst duration is fixed by the zelipse of the disturbance

by a black hole (e.g., by focusingl7) then the ratioc of burst duration

to period may be estimated, in the case of a Schwarzschild metric, as
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£ ¢ () (1)

where R is the distance of the disturbance from the black hole, Rg is

the Schwarzschild radius (Rg = 2 GM/cz) and the inequality allows for
observations at angles away from the plane of the disk. Measured in units
of the lnnermost stable Keplerian oublt (Ro 3 Rg), Equation 2 yields

the radial distance of the disturbance (R) as

& 17 % 03 (3)
o
where we have used AT = (0.96  0.16) ms as the burst duration (see
Figure 3) and v = 9.964 ms as the period.
While the estimated radial distance (Equation 3) of the disturbances
giving rise to millisecond bursts is consistent with the radius of maximum

brightness (expected19’20

at 1'36Rb) it is difficult to imagine that the
required disturbances almost always occur within a radial band at R >

Ro sufficiently narvow to account for the apparently sharp period discussed
here, However, if they do we can then estimate the mass of the corresponding

Schwarzschild black hole, using the following relationl7:

M B " R -3/2
-ﬁ = ————_Z' ""R‘"’ . (4)
o 6 x 10 s o

From Equations 3 and 4, we obtain
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It should be noted, however, that the shortest possible stable period

1ls that for the innermost stable orbit, given by20

T o= (4.52 x 107%) MM (6)

For the mass estimate given by Equation 5, the corresponding period obtained

via Equation 6 is
T (minimum) R (4 + 1) x 1073 seconds. (7

The scale given by Equation 7 1s comparable to the shortest interval { ~

6 ms) obtained from among the four distinct bursts associated with a

very pronounced enhancement (i.e, about a three-fold increase of intensity
over a fraction of a second) observed during our first experiment. Taken
together, these 4 bursts are possibly associated with the same event.

At the innermost gstable orbit, the burst duration (via Equation 2) cor-
responding to a period of about 6 ms would become A 1 ms, couparable to
that observed,

A more plausible alternative would allow for multiple disturbances
at the inner region of the accretion disk, especially during pronounced
enhancements, In such a situation we would account for the rare case
of bursts exhibiting an interval shorter than the sharp period of 9.964
ms ag arising from multiple disturbances azimuthally clumped around the
inner reglon of the accretion disk. In general, the sharp period would
be associated with an isoclated disturbance while at the innermost stable
orbit, prior to extinction by the black hole. On this basis, we estimate

the mass of a Sclwarzschild black hole via Equation 6 as M = 22 MO,
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gpomewhat larger than previous estimates arising from considerations of
the binary system21’22’23. Any appreciable spin for the black hole appears
to be ruled out since such a case {i.e. Kerr metric) would only increase
the value for the mass corresponding to a sharp Keplerian period as large
as that indicated here for the inner reglon of the accretion disk.

As referred to earlier, there was one burst during our second experi-
ment12 which was clearly in a different class from that associated with
all the other 12 distinct bursts we have seen to date, The substantially
higher intensity, harder spectrum and temporal substructure for this anomalous
one might be indicative of an infalling disturbance while in a marginally

stable orbit ilmmediately prior to reaching the event horizonzl.

SPECTROSCOPY: BRIGHT SOURCES

The spectrum of Cygnus X~l was remarkably constant during these
observationsl2 just described. As shown in Figure 6, even if we compare
data from the two rocket flights involved, which were separated by a year,
we get the sama spectrum. For this power law spectrum, the number index
is n & 1.5. The three-minute exposure of the second flight was broken
into three separate one-minute spectra. Comparing the four one-minute
samples we get from the two flights, we conclude that there are no varlations
(to within én = + 0.04) either minute to minute or year to year, at least
for the low state of Cyg X~1 represented here (at binary phase 0.17).

As is evident from Figure 6, this is an essentially structureless
spectrum, although small deviations from a strict power law are not ruled
out. The upper limit (30) for narrow K line emlssion by iron corresponds

to an equivalent width of ~ 40 eV, comparable to the level expected34’35
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for fluorescence from the optical companlon when Cyg X-1 1s near dinferior
conjunction (i.e. not the case here}.

Qur 0S0-8 experiment observed Cyg X-1 during a high state in November
of last year, when it again exhibited an essentially structureless but
steeper spectrum, In addition to Cyg X-1 and Sco X-1 (discussed earlier),
some of the other bright sources observed with our 050-B experiment to
exhibit spectra devold of any pronounced features includes Cyg X-2 and
the Crab Nebula (e.g. see Figure 8).

THERMAL SOURCES

The objects just discussed are evidently not representative of the
typiecal situation in X~ray astronomy. To i1llustrate this, Filgure 7 shows
the spectrum we inferred25 for one of the weakest known galactic sources.
This thermal spectrum indicates dron K line emission at a level corresponding
to an equivalent ﬁidth of over 1 keV, the sort of result we originally
expected for Sco X-1. However, thilis source corresponds to only 3 UHURU
counts (i.e. v 6 x 103 times less than the intensity of Seco X-1). If
we make a tentative identification with the radio supernova remnant G287.8 -
0.5, then we can classify this source with other young remnants such as

Cas A26 and Tychoza’z?

which alsoe show strong iron K line emission,

We study these apparent line features in thermal spectra by assuming
optically thin emission by an isothermal plasma, omitting any line emission
expected from iron, fitting the continuum to an optimum temperature and

then examining what remains. This is illustrated32 in Figure 8. The

residual for Cas A corresponds to a narrow line at 6.7 keV. The connected

levels shown here give the expected response to a sharp line of the observed
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intensity at 6.7 keV and is determined entirely by the measured resolution
function of the detector itself. At a temperature of ~ 50 million degrees
(that for the hot component of Cas A) the dominant lines are from helium
type lons of iron at energies of 6.70, 6.68 and 6.65 keV, and we call
this the "6.7 keV blend". For a temperature of 80 million degrees (such
as for the Perseus cluster of galaxies) the hydrogenic ions of iron make
a non-negligible contribution at 6,97 keV ("7 keV"). 1If we take into
account the expected redshift (z = 0.018) of ~ 120 eV, it just about com-~
pensates for the increased mean energy of the feature, The lack of narrow
iron K-line emission from the Crab Nebula corresponds to an upper limit
(37) for the equivalent width of about 30 eV.

Most of our data on the Perseus, Virgo and Coma clusters are now
in hand, Our preliminary analysis of these data indicate that our earlier
conclusions28 based upon about 10Z of the data in each instance have remained
substantially the same. At that stage, a simple isothermal model was
adequate, with the possible exception of Virge. We considered only the
6.7 keV line blend of helium-type iron. We have not as yet considered
other models, guch as an adlabatic model. ©Nor have we as yet considered
small spectral features such as would arise from iron KB line emissions
and an iron emission edge. Effects due to calelum, argon, sulphur and
sillicon are probably less lmportant, 1f our temperature estimates for
these clusters are at all correct, With these qualifications, TFigure
9 gsummarizes the results obtained from the first 10% of our data. These
theoretical curves were calculated29 for an isothermal optically thin

plasma at collisional equilibrium, The key parameters involve the abundances
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of iron and helium relative to hydrogen. The numbers used were 4 X .'1.0"'5

for iron and 8.5% for helium. We consider separately the Ka line from
helium and hydrogen type ions, and these are given by the solid curves,

The dashed curve gives the effective total equivalent width for an ex-
periment which combines these two energies into a single spectral feature.
The remarkable thing about this plot 1s that it shows that the line emission
from each of these very different clusters 1s consistent with the same
thermal model. In particular, it means the same abundunce of irom fits

all three and that this amounts to about half the value assumed, giving

a number of v 2 x 10_5

relative to hydrogen. This value 1s not inconsistent
with some estimates30 of solar abundance and is a strong indication that

the emitting plasma is a highly evolved gas (e.g. it is probably not primordial
matter), The fact that these three clusters are so different in richness,
morphology and predominance of active galaxies and yet are so unified

in their thermal X-ray characteristics indicates to me that this emission

is one of the most fundamental manifestations of a cluster and might turn

out to be one of the few unambiguous ways of identifying 4 cluster. On

that basis, we have preliminary indication532 of iron.K line emission

from two more clusters. One of these is the Centaurus Cluster. The other

is a cluster candidate40, apparently associlated with Cygnus A, The temper-
ature and equivalent width for both of these are comparable to those for
Perseus. Three key features of the Cygnus A results which are consistent
with the cluster interpretation are 1) the absence of absorption, indicating
an extended source, 2) the constant intensity relative to early UHURU

observationsSl, indicating the probable absence of major transient contri-

butions, and 3) the best f£it line energy of 6.3 keV, consistant with
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the anticipated redshift of 67% down from 6.7 keV.

IRON FLUORESCENCE: HER X~1
Finally, I will summarize some spectral line observations in Her
X-1 which have been most puzzling, These have been described in detail
in a recently completed thesis by S, Pravd033. Here are the main features:

1} Averaged over binary cycles, the line is centered at 6.5 + 0.4 keV,
but exhibits appreciable intrinsic broadening (FWHM % 2.4 +
«7 keV). The equivalent continuum width is N 340 eV,

2) When examined for times short compared with 1.7 days (the binary
cycle) the character of the line can be very different., For
example, at phase 0.2 of one particular binary cycle the line
appears with the correct energy, as shown in Figure 10. However,
at phase 0.1 of the mext binary cycle the line character is quite
different, as shown in Figure 1ll. In this latter case we have
two lines, one at v 5.5 keV and another at ~ 7.4 keV, and there
appears to be a deficiency between v 6 - 7 keV.

3) Line energiles vary from 5.5 - 8.2 keV. Sometimes there is a single
line, sometimes there are two. There is no apparent correlation
with binary phase.

4) fThe equivalent width of the line or the composite equivalent width
for two lines remains essentially constant with binary phase,

5) With respect to pulsar phase, the off-pulse line emission is broad
and relatively strong while the line is probably absent for a
portion of the peak of pulsed emission., At pulse minimum, it is

consistent with a single line, as shown in TFigure 12,
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What does all this mean? Consider these alternatives:

1) Thermal lines are unlikely since the effective temperature of
Her %-1 is probably too high. Furthermore, it is difficult if not
impossible to account for all the line energies observed.

2) Ordinary fluorescence can account for iron Ko line emission
between 6.4 and 7 keV depending upon the state of ifonization, but
it can not simply account for energies as low as 5.5 keV or as
high as 8.2 keV.

3) There are several possible targets for fluorescence, e.g.

a) Iron near the surface of the neutron star might account for
the low energies by gravitational red-shift, but not the high
energies.

b) HZ Her should fluoresce35

, but the Ko line of low fonized iron
should alwavs Be at ~ 6,6 keV, In addition, the observed line
intensity 4is probably too high.

c¢) Some absorption dip533 show unit optical depth for irom. If
the reglon of matter responsible for such dips 1s somehow always
present, i1t could account for the intensity of the observed
line emission by fluorescence, provided it subtends an angle
close to 2w sterad., The variable energy observed is a
complication.

The only fluoreseing target I know of which has any chance of accounting

for all the main features of this line emission is the Alfven shellaﬁ.

In such a case the various line energies would be accounted for bv Doppler

shifts., At the equator, the required velocity is 0.l6e. This shifts
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a 6.4 keV line to 5.4 keV and 7.5 keV for emission at the equator; the
gpectral intensity to be observed at 6.4 keV would be relatively small.
Line emission at 7 keV could be shifted as high as 8,2 keV. ¥For a perioed
of 1,248 this requires a radilus of 9 x 108 cm, which is comparable to
that of an Alfven shell for Her X-1 recently described by McCray and

Lamb37. The magnetic dipole required would correspond to a field of close

ro 1013

G near the poles at the surface of the neutron star; the steep
high energy spectral cut-off for the X-ray emission from Her X-1 has already
been interpretedas as a measure of a field with this strength.

When viewed near the equatorial plane of a subrelativistically spinning
shell, the monochromatic radiation emitted by a spot on this shell will

exhibit a finite spectral density (dN/dhv) which, when averaged over a

cycle, is given by

a___
d(hv)

. [1 - (Ahv/hvo)2 (l?.mc:orsu‘i/c‘.)_z]_]’/2 (8)
where (h\l)0 is the emitted photon line energzy, R is the radius of the
shell, & is the latitude of the spot(s), w 1s the angular velocity, c
is the speed of 1ight and Ahv is the observed energy shift relative to
(hv)on The range for hv is in general given by the limlts

-1/2

(hv)+ = (hv)o [ 14 (Rwecosé/e)] [ 1 -(Rmcosé/c)z] (9)

From Equations B and 9 we note that the apparent spectral density
corrcsponding to a fluorescence line emitted from an Alfven shell co-rotating
with a pulsar will in general exhibit a minimum at the unshifted energy

and two essentially symmetrical maxima at the opposite extremes of Doppler
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shifted energy.

In conclusion, I call attention to some practical criteria for
further studies of spectral lines whieh emerge from ocur observations.
The sources of narrow lines we discussed earlier are well behaved,
asgoclated with emission from extended regions (e.g. thermal plasmas In
supernova remnants and clusters of galaxies, the fluorescing atmosphere of
the optical member of an X~ray binary) and should therefore be amenable
to studies with high resolution dispersive spectrometers where small
throughput lmposes the requirement of long exposures. However, sources
such as Her ¥-1 which exhibit broad and variable line features require
' spectrometers of relatively high throughput (e.g. non-dispersive) over

an extended band that allows for simultancous measurements of spectral

structure and the continuum.
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FIGURE CAPTIONS

Figure 1. Sample Sco X~1 single-orbit data from the all-sky monitor aboard
Ariel 5. The apparent coherence of most intensity variations over
several orbits 1is ty,.lcal of the total Sco X-1 record.

Figure 2. Variance per unit bin width versus bin width (seconds) evaluated
for counts from Cyg X-1 obtained in GSFC Flight 26,037 (3 October 1974).
The dashed line shows the mear count rate of Cyg X~1 during the three-
minute exposure,

Figure 3. Centroid-aligned mean burst profile for the 3 October 1974
observation of Cyg X-1. The temporal bins are 160 ps wide and the
data are from four superposed 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.

Figure 4. A strobe of the first half of the Cyg X~1 "light curve", at a
period of 9.946 ms, The "light curve" from which this is constructed
is the centroid-aligned profile of ten bursts (see text) over a two-
second interval (i.e. + 1 second relative to the centroid), at a
resolution of 0.32 ms.

Bottom graph: Counts per 0.32 ms bin as a function of temporal phase
for cycle #100. The initiatdon of cycles is determined from a
period of 9.946 ms, where the absolute phase is chosen such that

cycle #100 exhibits the centroid of the composite birst at bin #16.

Top graph: Superposedvcounts per 0.32 ms bin as a function of temporal
phase for those & cycles selected from among the first 99 cyecles upon

the basis of exhibiting a count > 10 for one or more bins. The dashed



- 28 -

line gives the count per bin expected for a superposition of 8 cycles
selected at random from among the first 99,

Figure 5. A strobe of the second half of the Cyg X~-1 "light curve", at
a period of 9,946 ms. The "light curve' 1s the same as used for
Figure 4.

Bottom graph: Superposed counts per 0.32 ms bin &s a function of
temporal phase for those 2 cycles selected from amony the 99
cycles following ecycle #100 upon the basis of exhibiting a count

» 10 for one or more bins.

Top graph: Counts per 0.32 ms bin as a function of temporal phase
for eycle #100, Same as Figure 4 (bottom graph).

Figure 6. Inferred ineident spectra of Cyg X-1 observed on two flipghts
separated by a year (#26.037 on 3 Oct. '74 and #13.010 on 4 Oct. '73).
Binary phase was 0.17 for hoth observations. The solid circles represent
the spectrum seen with a xenon filled detector and the open circles
represent the gspectrum seen with an argon filled detector.

Figure 7. The inferred incildent X~ray spectrum for 4Ul043-59. The solid curve
represents the best-fit thermal continuum ts the data (DS0-8 GSFC
X-ray experiment}.

Fipure 8. The residual count rate (cmpzs_l) observed per channel relative
to the count rate expected from a continuum best-fit to the overall
spectrum versus pulse-height-analyzer channel number. The continuum
fit used for the Crab Nebula was a power-law spectrum while those used for

Cas A and the Perseus Cluster were thermal continua. These data
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are from the GSFC X-ray experiment aboard 0S0-8, The connected levels
shown for Cas A give the expected response of the detector to a sharp
line of the observed intensity at 6.7 keV.

Fiaure 9, The equivalent continuum width (eV) for dron K line emission versus
temperature (keV). The data polnts and assoclated error bars are for
the 080-8 "'quick look" observation528 of three clusters of galaxies
(Virgo, Perseus and Coma). The curves were calculated29 on the basis
of iron Ko emission from an isothermal optically thin plasma at
collisional equilibrium, Relative to hydrogen, the abundances used
were 4 x 10_5 for diron and 8.57 for helium. The dashed curve is the
sum of the solid curves (one for the 6.7 keV blend from helium-type
ions of iron and the other for the 6.97 keV line from hydrogenic ions
of iron).

Figure 10. The inferred33 incident X-ray spectrum for Her X-l at a binary
phase 0.2.

Figure 11, The inferred33 incldent X-ray spuectrum for Her X-1 at a binary
phase 0.1, one cycle subsequent to that assoclated with Figure 10,

33 incident X-ray spectrum (cm_zs_lkeV—l) for

Figure 12. The inferred
Her X-1 during the portion (v 10%) of the pulsar light curve exhibiting

minimum intensity.
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