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The technigues used

analysis for determination of the

PRSFACE

throughout most of the 030-8 data

incident photon spectra

from cbserved counting~rate spectra are presented in this

thesis. FEeevaluation of these technijgues was motivated by

the systematically high photon flux

above the K-edge in the

Crab spectra which led to unacceptable values of X2. That

reeveluation, described here, was

completicen of this thesis. 3an assume

carried out 2 fter

d incident spectrunm was

folded through the detector response function, taking into

account absorption,

detector resolution

counting=rete spectrum
incident spectrum and analyzed hy

Chapter 2. At each step in

quantum

efficiency, K-escape, and

in the proper order. The resulting

wvas then +treated as an ohserved

compared with the a2ssumed incident

level of processing (e.q., after e

+he methods described in

the analysis the results vera

spactrum at the same

bsorption, af ter

absorption and guintum efficiency, efc.). &Any discrepancies

could then be identified with the processing step during

which they were generated. It was fo

in the final spectrum

apodization and is

a

)
was generated

consegquence of

und that the high point
by the process of

“hz2 dinzbility of

apodization to accomolate sharp features in tte detector

response function.

Difficulties in

the method are not
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entirely unexpected because apodization depen?s on the
assumption of an everywhere vwell-defined second derivative,

which is clearly violated at the K-edge.

Because the problen deécribed above iz inherent to the
method of apodization, the Crab data were reanalyzed with 1
different technique. Assumed incident spectra were folded
through the detector response function, and the resulting
counting-rate spectra were least-squares fitted to the
observed counting-rate spectra. S5tatistical uncertainties
in the spectral parameters were determined as Dbefore.
Systematic unc¢ertainties were obtained by perturbing the
detector parameters by their known uncertainties and
determining the effect on the spectral parameters. Thesz

uncertainties vere added in BMS fashlion to the statistical

uncertainties.

The results of the reanalysis of the Crab observations
have been submitted for publication in The Lstrophysical
Journal. The spectral indices presented there all agree
with the results presented in this thesis. The only
significant differences occur around the K-edge where
apodization induced fluctuations in individual date points.
The new techrnigque does not generate these systematic

fluctuations and consequently yields accaptable valiles of

X2.
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Chapter 1

INTRODUCTION

The disciplines of astronomy and space physics have
developed rapidly during the past 30 years. This development
stems largely from a variety of advances in the technical
capability for observations of celestial sources at photon
energies outside the visible bgnd of the electromagnetic
spectrum. Radio, infrared, ultraviolet, x-ray and gamma-ray
measurements have all contributed greatly to our knowledge
of the structure and evolution of stars and galaxies, indeed
off the universe itself. Measurements of the emission fronm
celestial objects over a wide range of energies have
clarified the interpretation of source structure and
radiative processes. Observations outside the visible
spectrumn have led, moreover, %to +the discovery of
astrophysical objects which are undetectable at optical
wavelengths. Celestial masers, radio pulsars, and black

holes are only a few examples of such objects.

Progress in ¥x-ray and gamma=-ray astronomy has been linked
most directly to the ability to place observing platforms
above the earth's atmosphere. For x-ray energies below 20

‘keV¥, observations £from altitudes obtained by rockets or




satellites are necessary to elimipnate atmosphuric
attenuation of the radiation. The short duration of rocket
flights (usually about five minutes) has precluded their use
for the observation of high—energy x rays and gamma rays
because of the low flux values at these energies. The
decreased atmospheric attenuation of high-energy photons, i
however, enables observations from balloon altitudes to be j
made for photon energies above 20 keV. At the present time
larger and more sensitive high-energy x-ray detectors can be
flown from balloons than from satellites. Balloon~borne

detectors are not subject to background problems related to

the high charged~particle fluxes encountered at satellite
altitudes. These advantages of balloone=borne detectors are ?
offset somewhat by the short observing times, on the order !
cf a few hours, obtainable with balloon £flights. The

detection of source variability during a single flight 1is ;
iimnited to time scales of wminutes or hours. Satellite

cbservations, on the other hand, can be performed over

longer intervals, making the detection of source variability
on time scales of days and weeks possible. Repeated
observations, mwmade over intervals of months and years with
the same detector, provide reliable information on the

long~ternm variability of cosmic x-ray sources.

A number of recent discoveries have denonstrated that E

observations with fine time resolution can contribute
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greatly to our understanding of compact astrophysical
cbjects. The temporal amalysis of the radiation which many
¢f these objects emit provides information concerning source
structure and evolution which cannot be obtained from
analysis of the steady erission or from measurements made
¥ith poor time resolution. For example, both secular and
random changes in neutron star rotation rate can be related
to changes in accretion torques, core-crust coupling
gechanisms, mass transfer in binary systeams, and binary
orbital parameters (Lamb 1977). More observations of
periodic sources, with instruments with £fine time
resolution, will extend the interval over which precise

timing information is available.

The current status of x-ray and of gamma~ray astronoamy,
including both experimental and theoretical aspects of the
field, has been reviewed recently by Giacconi and Gursky

(1974) and by Chupp (1976).

The vwork presented in this thesis 1is focussed on
satellite observations of two distinctly different
astrophysical objects: the pulsar in the Crab Nebula and the
x-ray binary Her X-1. The Crab pulsar, PSR 0531+21, is an
isolated pulsar in the center of the Crab nebula. The
pulsar and our knowledge of it are unique in several ways.

It is the remnant of a supernova which was observed in 1054
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A-D.; it is the fastest known pulsar, with a period of 0.033
seconds; and it is an intense source of psdiation from radio
to gamma~ray energies. The shape of the integrated pulse
profile, obtained by binning the observed radiation modulo
the pulsation period, is remarkably constant over 16 decades
in photon energy. Yariability in radio intunsity, however,
has been observed from pulse to pulse and on time scales of
months (sutton et al. 1975; Rankin et al. 19745 Lyne and
Thorne 197%). No such variability has been seen in the
optical emission. Forman et al. (1974) have observed rapid
variations in the time~averaged low-energy x-ray flux.
Recently Ryckman et al. {1977y have reported transient
pulsed structure in the high-energy x-ray pulse profile. A
better understanding of the temporal variability.observed
throughout the energy spectrum is essential to distinguish

between competing theories for the emission from the pulsar.

The emission of radiation from x-ray binary systems is
due to very different mechanisms than +those which
characterize isclated pulsars. A well studied example of an
x-ray binary system is Her X-1 and HZ Her. Her X~1, a
neutron star, is the secondary component in the binary
system whose primary component is the late A-type star HZ
Here. The x-ray emission is complex, with a break in the
spectrum pnear 20 keV and features both above and below the

break. Temporal variations are observed on several different
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time scales. These aspects of the x-ray emission are
discussed in detail in Chapter 6. Because of the richness of
both its spect:i:m and its temporal variability, Her X-1 has
been the object of an intensive observing program with
rockets, balloons, and satellites as observing platforms.
The results from this ongoing program should provide a
Letter understanding of not only Her X-1 but the class of

x~ray binaries in general.

The X-ray spectrum of Her X-1 is very complex. Shulman et
al, {(1975) and Catura and Acton (1975) have observed
intense x-ray emission below 2 keV. The spectium between 2
and 20 keV is relatively flat {Pravde et al. 1977). Iren
line emission near 6.7 keV has been observed by Pravdo et
al. (1976). The spectrum above 20 keV decreases rapidly with
increasing energy; however, Trumper et al. (1978) have
observed a feature in the spectrum which they interpret as a
cyclotron line at 55 keV. The richness of both the energy
spectrum and the temporal variation has motivated an
intensive observing program using balloons, rockets, and
satellites as observing proyrams. As with the Crab pulsar,
the variable x-ray emission can be related to the structure
of the neutron star and the binary system. The relationship
between +timing observations and source structure is

discussed in Chapter 4.
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The data presented in this thesis were obtained with the
Higb~Energy Celestial X-ray Detector on the last Orbiting
Solar Obserwvatory, 0S0-8. The detector has been used, during
the 39-month lifetime of the satellite, to observe most of
the known celestial x-ray sources which are known to emit
radiation above 20 kev. The satellite and the x-ray
detector are described in Chapter 2 together with the data
analysis techniques employed for periodic scurces. Chapter 3
contains a summary oé fupndamental physical prccesses which
are expected to be important in the producticn of x~rays
near compact astrophysical objects. A general description
of current 3ideas on the structure of pulsars and x-ray
binaries is presented in Chapter §&. The results from two
separate observations of the Crab pulsar are presented in
Chapter 5. The significance of the observations is their
unique potential to describe variations in the pulsed
emission from day to day and from 1976 to 1977. Integrated
pulse profiles and energy spectra for the pulsed, nonpulsed,
and time~averaged x-ray emission are derived. The results of
the Hercules X-1 observation are presented in Chapter 5.
This observation is the first during which the high~energy
x~ray enmission was continnally monitored for nearly an
entire ON-state. As such it makes a valuable contribution
to our knowledge of the temporal behavier of the source. The
results are conmpared with the predictions of several

theories for the x-ray emission.
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Chapter 2

INSTRUMENTAL TECHNIQUES AND DATA REDUCTION

The 0S0~8 satellite was launched or 1975 June 21 into a
circular earth orbit withk un orbital period of ~A95 minutex,
an altitude of 550 km, and an inclipation of 33° with
respect to the equatorial plane. The satellite consists of
two sections, a wheel and a sail. Six scientific instruments
are housed in the wheel, which rotates at 6+1 rpm to provide
a spin-stabilized platform for the +two solar instruments in
the sail. A schenmatic drawing of the spacecraft is shown in
Figure 2-1. The Celestial X-ray Detector is located in the
wheel. The design and construction of the detector, as well
as its performance in orbit, have been described in detail
by Dennis et al. (1976). A brief description of the
instrument and the method of data collection 1is presented
here, with emphasis on the aspects which are important in

the analysis of data from pericdic sources.

The Celestial X-ray Detector has as its central detection
elements two identical, sodium~-activated Cesium .Iodide
(Csl(¥a)) scintillators which are adjacent to each other but
optically isolated. Five more CsI{Na) scintillators surround

the central elements and provide active shielding with a

R <
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Figure 2-1. A schematic drawing of the 0Sn-R spacecraft,
showing the component of the satellite and the
location of the Higl .nergy ¥-ray Detector.
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thickness of at least two inches in all directions. Two
photomultiplier tubes (RCA C31016F) view each of the central
elements and twelve photomultiplier tubes (RCA 70132B) view
the shield crystals. The detector is shown schematically in
Figure 2=2. The top shield crystal, with seventeen holes
drilled through to one of the central elements, known as the
open central crystal, constitutes a collimator with a 5.1°
(FHHM) field of view. The total sensitive area of the open
central crystal is 27.5 ca®. The top of the collimator is
covered with plastic scintillator. The other central
element, the shielded central crystal, is completely
surrounded by active shielding and serves as a monitor of
the internal background of the instrument. Both of the
central crystals are operated in anticoincidence with the
CsI shield and with the plastic scintillator over the
collimator. In this wvay events resulting from the passage of
charged particles through the detector are rejected. The
active shield also simplifies the data analysis by
elimirating many events in which the incoming photon loses
only part of its energy in the central crystals. For the
purpose of in-flight calibration, a 2%1'Am source is imbedded
Fetween two solid-state detectors immediately below the
central crystals. The photopeak at 59.6 keV resulting from

its decay provides a continual measure of the detector's

energy calibration.
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Background counts observed in the detectur are due
primarily to the decay of radiocactive nuclei within the
detector crystals. These nuclei are made radioactive
through collisions with cosmic rays and with trapped protons
in the South Atlantic Anomaly, a region of high charged
particle density through which +the satellite passes several
times each day. The average energy of the princirpal peaks in
the background spectrum and the isotopes responsible for

their presence are shown in Table 1 (Dennis et al. 1976).

TABLE 1

Peaks in the Background Spectrunm

Energy in kev Species

34 K capture from isotopes
of all elements fron
Sb to Ba.

67.3 1257,

191 1257¢,L237,125%e, 123 e,

408 1277e.

603 1217, 1267,

[0 Swue SaBe RS M GO SIS e QW S S S ST G . 3w s—
M cam SN SR . WS PO A WD WSS CATEL SR S aai i o ol

The background spectrum exhibited an increase by roughly
a factor of two during the first 100 days in orbit; since
then, the average shape and intensity of the background have
remained nearly constant. There are, however, short-tern

increases in the rate as the satellite traverses the South

Noa o™ R
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Atlantic Anomaly. The background rate is continually

mornitored by means of counting rates in the various detector

confonents.

As mentioned above, the detector is sensitive to photons
in the energy range from 15 to 3000 keV. This wide range of
seusitivity is obtained through the use of 16 different gain
states which can be adjusted by command from the ground. 1In
practice, the two gain states employed for most observations
cover the energy ranges from 14 to 281 and from 14 to 746
keV. The energy resolution of the open central crystal, as
determined from pre-launch calibration data, in-flight
calibration data, and the observed background spectrum, is

well represented by the egquation
(2= 1) AE = 1.72 B%7? keV

where AE is the full width at half maximum (FWHM) of the
phoctopeak resulting from an incident beam of monoenergetic
photons with energy E in keV. This corresponds to a FWHM of
30 kev at 60 kev. The value of the coefficient in equation
(-1, 1.72, ‘is somewhat larger than that obtained in the
preliminary analysis and reported by Dennis et al. (1976);
the larger value found in subsequent analysis provides a
better fit to the observed in-orbit background and calibrate

spectra for the observations presented here.




An ultrastable clock was used +to time each detected
photon to the accuracy reguired for observations of the
33~ps periodicity of the Crab pulsar over many days. This
clock, on board the spacecraft, is a (5.126+0.000001)-4Hz,
temperature-controlled crystal oscillator which is stable to
tetter than one part in 109 per day. =Zach day the real-time
telemetry bit stream driven by the clock was precisely time
tagged to better than 0.1 ms with universal time (UTC)as
maintained by the LORAN~C network. Events in the
scintillation spectrometer were tagged with a pulse from a
3.2 kHz clock derived from the spac=acraft clock. The tine
resolution of the instrument is thus 0.3125 ms, sufficient
for the most rapidly varying periodic x-ray sources known.
The daily UTC time tag enables direct comparisons of x~ray
events observed on the satellite to be made with the radio
and optical events observed with ground-based egquipment.
Such ground-based observations are regularly made with 0.1

ns time resolution (Yanchester and Taylor 1977).

The method of data acguisition is determinped by the
spacecraft telemetry format, which consists of major frames
each lasting 20.48 s. A major frame contains 128 minor
frames, and sach wminor frame contains 128 B-bit words.
Eighteen of these words are available for telemetering data
- from the Celestial X-ray Detector. Eight pairs of adjacent

words are located every 20 ws in the minor frame. These




pairs are used to read out the pulse amplitude (8 bits) and
time of occurence (6 bits) of the first event detected in
the previous 20 ms. One bit is used to indicate which of the
central crystals produced the event and one bit is used to
indicate if a pulse from the 2¢1am calibration systen
occurred in coincidence with the central crystal event. If
more than one event occurred during the 20 ms interval, only
Jata from the first is read out. Subsequent events are lost
but the livetime encoded in the seventeenth word records the
lack of sensitivity during that time. Pulse amplitude and
time of detection for up to 50 events s—! can thus be
telemetered. The eighteenth‘word used in each minor frame
contains various counting rate data from the different
detector elements and housekeeping data consisting of

voltages, temperatures, etc.

The detector is mounted in +the wheel section of the
satellite so that the angle between the antispin axis and
the detector ccllimator axis is 59. As the wheel rotates at
a rate of 6+1 revolutions per minute, the detector scans a
small circle of 5° radius on the celestial sphere. For a
source 1ocated 50 away from the antispin axis, the whezl
rotation provides measurements  of the source and the
background once every 10 seconds. As is described in the
next section, this aspect of the satellite gecmetry figures

importantly in the analysis of the data.
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The length of time during which any one source can be
observed is also determined to a large extent by the
spacecraft geometry. Constraints are placed on the
.satellite orientation by the requirement that the two solar
instruments mounted normal to the spin axis be pointed
continuously at the sun. This allovs the possibility for
sources lying in the ecliptic plane to be observed by the
Celestial X-ray Detector for a maximum duration of 18 days
twice per year when the direction to the source is normal to
within +3° to the direction of the sun. A source located at
the ecliptic pole can be observed indefinitely. In practice,
because of the linited supply of gas for orientation

maneuvers, sources of interest were observed only once each

year.

2.1 CALCULATION OF OBSERVED SOURCE FLUX

The response function of the Celestial X-ray Detector to
a celestial source within 10° of the antispin axis is a
periodic function of +time. This is a consequence of the
rotation of the wheel section of the satellite and the
nonzero angle between the spin axis and the detector
collimator. Reduction of data from pulsed sources is thus a
two~-stage process: first, the modulation of the incident
flux by the detector response function must be deconvolved;
then the resulting variable flux from the source must be

analyzed for periodic structure.
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For a collimated detector with cylindrical symmetry, the
detector response function may he expressed simply as a
function of the angle between the collimator axis and the
source. This angular separation will be denoted hereinafter
as the distance from the source (DFS). The detector response
as a function of DFS is shown in Pigure 2-3 for an
infinitely distant point source. For a perfectly absorbing
shield, the response is trianqular except for slight
broadening at the base. For any real material, however, the
triangle is extended because of shield penetration by
high-energy photons. ¥For photons with energies less than a
few hundred keV this broadening is negligible. A calculation
of the detector response as a function of energy and DFS,
based on the work of Mather (1957), is described in Aépendix

A.

The determination of source flux from the raw data can be
considered to be the calculation of the average source flux
from many independent measurements of the instantaneous

source flux, To make this notion precise, let

k,k* = summation indices each value of which
corregponds to a particular time interval.
The unprimed indices correspond to quantities
measured when the source is in the field of
view. The primed indices correspond to

quantities measured when the source is not in

-16_-
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AREA (cm?)

! ' ' I ! J ] I T T
27.2
23.8 TOTAL SENSITIVE AREA
-~—-= 300 keV
——-~ 160 keV
Sl I\ N 0 keV (no penetration)
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ANGULAR SEPARATION (degrees)

Figure 2-3. The effective area of the Telestial Y-ray
detector as a function of the angular distance
from the source and the incident photon energy.
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total number of counts in the

kth time interval:

2

number of background counts expected

in the kth time interval;
total livetime in the kth time interval;
background rate in counts per second;

total sensitive area to photons incident

parallel to the collimator axis;

sensitive area normal to the vector from
the satellite to the source during the kth
time interval;

source flux during the kth intervalj;
source flux in counts s-t cm—2;

angular distance from source(DFS); and

enerdgy loss in the open central crystal.
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The expression for the veighted mean Solurce flux is

Z(“k = B vy /By Zf;: Vi
k k

(2-2) £(B) = =k
Z ¥ Z"k
k k
vhere w = 1/0, and q is the uncertainty in £ . " For

sources which are veak compared to the background (a
situvation which is the case for most sources observed with
the scintillation spectrometer}) +the best estimate of the
expected number of counts is derived from the nean

background rate. The background rate is defined as

(2-3) r =Enk* E :tkc
k! k!

By is then egual to the product of r and the livetime Yo

L 1

The formal uncertainty in the source flux is calculated
under the assumption that ny and {nys}, the set of all
counts contributing to the background, are
Poisson~distributed independent random variables. The
guantities Ay and ty are further assumed to be known
exactly. With these assumptions the expression for the

square of the uncertainty in £, is

of 12 af. |2
‘2‘ 1&) 0—2 £ 0-2 4 k 0.2
k Z 1
an " o]
k‘
e & ,&4-5.‘"‘.:? M s

e

e
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where

9y, 1 3F 1

-

ank tkhl&'. ankg Ak Ztk'
k'

-e
! ]

*

g 2= rt, s and 0,2 =r1t, .

g 27

Hith these substitutions, equation (2-4) becomes

r 1 £
(2-—5) L. +
‘ % ty A2 pIE

k!
since t, << X t,,, the term in brackets in the above

equation is approximately unity, so that

r

-

F4
G ty A2

(2-6)

After substituting (2-6) into (2-2), the result is

(2-7) £(E) = 3 mhy - E‘tkﬁk/ZtkAkz .
k

k k

The expression for the squared uncertainty in £(E) is

Sf 2 2 af 2 2
- S0 2] B o
“ |

st
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Expressing the partial derivatives and uncertainties in

terms of measurable quantities, the result is

(2~ 9) g2 =r]  eee— %

2.2 CALCULATION OF INCIDENT PHOTON SPECTRUM

The source counting rate spectrum calculated using the
equations derived in the previous section diffexrs from the
incident photon spectrum. The measured energy-loss spectrun
must be corrected for attenuation in inert material
overlying the active volume of the detector, detector
quantum efficiency, the escape of fluorescent photons, and
the finite energy resolution of the detector. The following
procedure for taking thegse effects into account is based on
the work of Dolan (1972). The incident photon spectrum and
the observed counting rate spectrum are represented by
vectors, and the photon interactions as matrices which
attenuate or redistribute the components of the incident
spectrum vector. The dimension of the vector is equal to the
number of pulse amplitude bins wused in the analysis. The

equation for the observed source spectrun is

(2-10) V=NV

C e B M..‘.‘._......_.........J




vhere V¥, is the observed spectrum, V is the incident photon
spectrum, and M is the ratrix operator representing the
detector properties. H may be written as

o by

(2-11) N = gl Hy

"r

BA represents the attenuation of the incident £lux by any

residual atmosphere. Mw,represents the attenuation by window
material covering the central detecting element. The guantunm
efficiency, fluorescent escape, and detector enerqgy

resolution are represented by the matrices M |

or Ygr and Mgt

nA and HW thus take into account interactions of incident
photons before they reach the detecting elements, while the
remaining matrices describe the fundamental interactions
within the detecting element. Each of these matrices is

discussed in the following paragraphs.

Because there is no residual aatmosphere above the
satellite, HA_iS the identity matrix. For the sake of
comgleteness, however, expressions for M in the presence of
overlying atmosphere are given. If E(i) 1is the energy at
the center of the ith pulse height channel and TA(i} is the
optical depth of the atmosphere at energy 2 (i), then

(2-12) “A(i':}) = 6ijexP {“TA(i)}

vhere Sij is the Kronecker delta and

-22 =




(2-13) T (1) = (W/P), 4 (PX)

with (px) being the residual atmosphere above the detector
in g cm—2 and (v/Dk’i, the mass absorption coefficient of

air in cm2 g—t at enerqgy E(i).

The attenuation of the dincident flux in the window
naterial is treated in the same manner. If Tw(i) is the

optical depth of the window material at enerqgy E (i), then

(2~ 14) e (e d) = 8, exp (-1, (4))

MQ represents the quantum efficiency of the detector. The

expression for MQ is

(2-15) 1,G,3) = Gijﬂ - QXP("TQ(i))}

where TQ(i) is the optical depth of the detecting medium at
energy E(i). A plot of the detection probability, which

includes the effects of M, and M is shown in Figure 2-4.

Q

The redistribution of photon energies through fluorescent
escape is represented by L Fluorescent photon escape
occurs after an incident photon with energy E ejects a

K-shell electron from an atom in the detecting medium. When

/
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the K-shell vacancy is subsequently filled by an electron,
usually from the I shell, the emitted photon has a high
probability of escaping from the detector, mainly back
through the <front surface. The high probability arises
because the £fluorescent x~ray lacks sufficient energy to
eject a K-shell electron. The result is that a photon with
incident energy E(j) deposits only energy B{i)=B (j)~E(X) in
the crystal, where E(k) is the K line energy. To gquantify
this process, let "a" be the energy, in channels, of ths Ka
photon; let "b" be the energy, in channels, of the KB
photon; let o be the fraction of Ky photons emitted; and let
8 be the fraction of KB photons emitted. Note that Ka
photons result from transitions to the K shell from the L
shell and KB photons result from transitions to the K shell
from higher shells (#, N, etc.). If nj is the fraction of

detected photons with energy E{(j) (E(j)>E(k)) which are
detected with energy E(j)~E(k), then

Ho G J) = 6:’.3 (3<k)
(2-16)
ME(i!j) = Sij(1 - ﬂj) + 5i+a'j0¢nj
) +834m, P05 (3>k)

The values of 1 used in this analysis were taken from the
work of Riuszgler (1969). See also the work of Stein and Lewin
{(1967). A notational difficulty in Dolan (1972) has been

corrected in egquation (2-16).




The detector resolution, as discussed in section 2.1, is
vell represented by eguation 2-1. The standard deviation of
the gaussian line shape is related to its full width at half

paximum (FWHM) by

(2-17) o = 0.4287PWHN

The elements of the resolution matrix HR are

the corresponding values of the gaussian:

w(3) E(i)-E(j) 2
2-18 m_(i, = ———— XD e
( ) g G J o 7, P 2 o

where ¥ 1is the channel width in energy units and Uj is

derived from equations (2-1) and (2-17).

The incident photon spectrum is obtained by solving

equation (2-10) for V:

v = H-1VO‘= nEIMﬁlﬁ"

gl Mt HRAY

Since M,, M., and MQ are diagonal matrices, +their inversion

is trivial:

(2-19) MRt (5.9) =8, sexp (T, (1))
(2-20) MG (L) =8, jexp (Tu(d))

i
i
i
i
i
3




(2-21) Hor Ge3) =6;,/01 = exp(~T4(1)))

HE is not diagonal but can be inverted using any standard

nugerical matrix inversion subroutine.

The resolution matrix L is difficult to invert
numerically because adjacent rows are nearly equal, making
the determinant nearly zero. The matrix is, for all
practical purposes, singular. To avoid the problens
encountered in inverting Hge the resolution is taken into
account using the method of apodization (Lloyd 1969; Dolan
1972) . Apodization enables construction of a spectrunm v,
from an observed spectrum v, by using the known properties
of the finite detector resolution. V. is the distribution

of counts which would be observed if the energy resolution

vere¢ perfect. As shown by Lloyd,

(2-22) v () =7 _(1)-s () [0.5{vo(1+g}+v°(i—g) }-Vo(i)]
where g is the apodization length in <channels and
S(i)z(gi/g)a for a gaussian line shape. The final

expression for the incident photon spectrum is then

- = M= ilR—1 g1 Y
(2-23) Vo= MoMoUNS Moty

AT T i




The method of apodization, as discussed above, eliminates
problems associated with the inversion of singular matrices.
It provides a reasonable method for determining incident
photon spectra from observed counting rate spectra. Some
care nust be used, however, when interpreting the results of
apodization. Two points in particular must be remembered.
First, apodization has a tendency to enhance statistical
fluctuations, as may be seen from egquation ({2-22}. Seconily,
individual spectral points are no longer statistically
independent, so that care must be used in determining the
goodness of fit when an assumed spectral shape is fitted to

the apodized data.

2.3 SPECTRUN FITTING

Once the incident photon spectrum has been obtained, it
is fitted to model functions using a variation of the CURFIT
routine of Bevington (1969). These models were restricted to
either power-law spectra or thermal spectra with and without

additional gaussian lines. The physical basis for these

particular forms is discussed in subsequent chapters.

The uncertainties in the derived spectral parameters are
determined from the confidence contours in chi-squared space
as described by Lampton et al. (1975).  This method of
estimating the confidence in the spectral fit is based on

the distribution of Xz" X2

2 . ..
where X min 1S the ninimum

min *




value of chi~squared obtained during the fitting procedure.

The best fit values of the parameters are those for which

xzmin obtains. The parameters are then perturbed about their

best fit values and the value of chi~sguared calct ated. For

2

a spectral fit involving p spectral paranmeters, x2~ X min

is distributed as chi~squared with p degrees of freedom. The

determination of confidence <contours is most clearly
demcnstrated by considering the special case of two

parameters. The confidence intervals are obtained by

2

projecting constant values of x2%- ¥ min

onto the plane
defined by the parameter axes. The confidence contour so
projected defines a conic section, usually an ellipse. The
parameters are statistically independent if the major and
minor axes of the contour are paxrallel to the parameter
axes. If this is the case, then the uncertainty quoted for
cne parameter 1is independent of the value of +the other
parameter, If the axes of +the conic section are not
parallel to the parameter axes, then the quoted
uncertainties will be, in general, too small. tMore detailed

discussions of confidence interval estimation may be found

in Meyer (1973) and Lampton et al. (1976).

2.4 PULSE TIMING

Complete analysis of the radiation emitted fron periodic
x-ray sources includes the determination of spectral

variation as a function of pulse phase. The phase

e —




D A . MR

distribution, also known as the integrated pulse profile, is
accumulated by binning events according to their predicted
phase at the barycenter. The analysis described in section
2.2 is then performed for each phase interval. Each of the
relevant quantities is then indexed by phase as well as time
interval and energy. Because the background rate, r{j), is
expected to be independent of phase, j, r(j) was replaced in
the present analysis by the mean background rate,

r = r(j) /N, where N is the number of phase intervals into
which the period was divided. This change leads to a
reduction by a factor of ¥ in the second term of the

expression for the squared uncertainty in f£(E) (eguation

2-9).

To facilitate comparison with other pulse timing
techniques, a detailled description of the timing procedure

used in this wvwork is presented in the f£ollowing subsections.

24,1 Astrononical Time Scales

The three different time scales used in the 050-8 data
analysis are coordinated universal time (UTC), atomic tinme

{(AT), and ephemeris time (ET). The relationship betwean
these times 1is best understood by considering first the

definition of universal tinme. Universal time is determined

from Observations of the stars and is corrected for motion

of the earth's rotation axis and for variations in the

U
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earth's rotation rate. The natural anit of time in this
system is a fraction of the rotation period of the earth
relative to the fixed stars. The different universal time
scales are as follows (U. S. ©Naval Observatory Time Service

Repcrt, Series 11, 225):

1. UT0: obtained by okserving transit times of

stars:

2. UT1: UT0 corrected for polar motion; and

e UT2: UT1 corrected for seasonal variations in the

earth's rotation rate.

EH UTC: an atomic time scale defined to coincide

with UT1(see below).

The atomic time scale is defined in terms of the
frequency of an electronic transition in a particular atom.
The particular atomic time scale used in this work is the
A.1 time scale maintained by the United States Naval
Observatory. A.1 1is defined as follows ( U.S. Naval

Observatory Time Service Notice 6, 1959):

"1. A clock which keeps time A.1 advances one second
in the tinme required for 9,192,631,770

oscillations of cesium at zero field.

el
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2. at Oh Om O0s UT2 on 1 January 1958 the value of

A.1 wvas Oh On Os."

Ephemeris time is determined from the solution to the

equations of motion for the solar system. In some seunse the
unit of

time is a parameter which is used to fit the

positions of the sun and planets. The difference between ET

and A.1 is

ET - 2.1 = 32.15 s

a0 I AR

On the basis of observational data presently available, this

difference between BT and A.?1 is constant, i.e. BT and A.1

clocks run at the same rate.

The coordinated universal time (UTC) scale is defined to

have the same natural unit length as A.1; howvever, it is

also constrained so that

lurc -ot1| < 0.8 s

Since the 2.1 and UT! clocks have different rates, the above

restriction requires the periodic insertion of leap seconds

into the yUTC time scale. UT1, rather than 072, is used in

the definition because certain applications such as precise

navigation and satellite trackiang, require a time scale

referenced to the earth's rotation(National Bureau of

Standards Special Publication 432, 1976) The difference

e B =
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betveen A.1 and 0IC for the duration of the 050~8 mission is
shown in Table 2. The tabulated values of the time
difference apply to UTC and A.1 clocks which are at rest in
an inertial frame. Relativistic corrections are necessary
because of the earth's motion in the sun's gravitational
field. Relativistic effects vary in strength according to
the positioen of the earth in its orbit and lead to
corrections in the atomic time of the order of milliseconds.

The exact form of the corrections 1is presented in the next

section.

¢ .
! l
i TABLE 2 l
l |
{ Difference between A.1 and UTC |
} |
§ I
{ from to A.1-0TC (s)
| |
{ 1975 Jan 1 Oh UOT 1975 Dec 31 23h59m60s UT 14.0343817]
} 1976 Jan 1 0h UT 1976 Dec 31 23h59%m60s UT 15.03438174
{ 1977 Jan 1 0Oh UT 1977 Dec 31 23h59m60s UT 16.0343817]
| 1978 Jan 1 0h UT 1978 Dec 31 23h5Smé60s UT 17.0343817{
|

[S

2.4.2 Barycentric Arrival Tinme

The correct determination of pulsar fregquency and the
construction of integrated pulse profiles require that the
observed pulse arrival times be corrected for the relative
motion of the satellite and the source. This relative motion

introduces a time-varying Doppler shift irn the observed

e s X 1
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pulsar frequency. The motion of the earth in the sun's
gravitational field also affects the frequency of the atonic
clock used to generate the UTC time scale. To elinminate
these problems each photon arrival time, as measured at the
spacecraft, is corrected to the predicted arrival time at
the solar system barycenter (the center of mass of the solar
system). The barycenter is to a good approximation an
inertial reference frame. The only additional effect which
might be expected is a constant, unobservable, Doppler shift
due to the uniform rectilinear motion of the emitting

object relative to the detector.

The expression for the barycentric arrival time of a

photon is (Manchester and Taylor 1977)

~ -+
(2=24) ty = t, + (T (c, + r,))/c + tog ~ Dv=2 + t

vhere
L~ the barycentric arrival time;
te = the event time at the satellite;
?l = the positicsa vector of the satellite relative to

the earth;

?2 = the position vector of the earth relative to the

solar system barycenter;

Lz 30
1]

the unit vector from the earth to the x~ray source:
tbiz a time~of-flight correction to remove the relative

effectz of binary motion;

i et b R o
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¢ = the speed of light;

D = the dispersion measure;
v = the photon frequency; and
tr = the relativistic clock correction.

The various vectors used for the barycentric corrections are
shown in TFigure 2-5. For x-ray photon energies the
dispersion term Dv —? is negligible. The event time at the
satellite is recorded in UTC. As part of the analysis the
event time is converted to atomic time A.1 and then
corrected fer gravitational red shift and the transverse

Doppler shift. The relativistic clock correction is given by

{(2=25) t = 0.001661{(1 - e2/8) sin(8& + (1/2) e sin(24
+ (3/8) e? sin(32))

vhere ¢ and e are the mean anomaly and the eccentricity,
respectively, of the earth's orbit. The mean anomaly is the
product of the mean angular rate of rotation 21/7T, wheras T
is the orbital period, and the time from perihelion, the
orbital position of closest approach to the focus of the
orbital ellipse (Smart 1977) . The satellite-~earth vector,
Fl’ is obtained from the 0SO production tapes as a function
of UTC for the epoch of date. The earth-barycenter wvector,
?2, is obtained from the Lincoln Labs planetary ephemeris
designated PEP311 &nd is given in ET for epoch 1950.0. A
list of constants used in the timing analysis is provided in

Table 3 (Ash et al. 1967).
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Figure 2~5, The vectors necessary for the calculation of
the barycentric time-of-arrival correction.
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TABLE 3

Timing Constants Used With The PEP311 Ephemeris

light Travel Time per A.O. 499.004786 s
Speed of Light 2.997925x1019 cm s—1

o M e R e S g - S )
b wor o —— c— o o—. — pol

Strictly speaking, the barycentric arrival time should be
calculated for each event. In practice, hovever, it is
sufficient to calculate the timing corrections at the center
of each telemetry minor frame. Each minor frame is 0.160 s
long; thus, the time for which corrections are calculated
may differ from the true event time by as much as 80 mws.
The maximum error induced in the barycentric arrival time by
this approximation can be estimated by considering the

change in the wearth's position, A r in an 80-ns

earth’
interval;

(2-26) AT = (2m/T

- 8
earth 080) 1.6x10 A. U.

earth)(0°

vhere Te is the earth's orbital period. This distance,

arth
vhen multiplied by the light +travel time per A.U.,

represents the error in the barycentric arrival tinme:

(2=27) A tearth= 8.0x10—¢

I
i
g
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This error is less than 3% of the instrumental resolving
time, and is thus negligible. This is also the maximum

. : > .
exror, since the inner product of T, and the source unit

arth smaller‘put never larger. A

~

vector r can nake Ate
similar calculation for the error in the satellite-earth
time~of~flight correction produces a value of 2x10~6 s,
vhich is again negligible.

The binary time~of-flight correction, t may be

bi’
expressed for circular orbits by

it

{2-28) tbi -r sin({i) cos (2w (t - ts)/T)

wshere

r = the light radius of the binary orbit in

units of tinme

i = the inclination of the binary orbit;

T = the binary period; and

t = the time of superior conjunction; and

t = the barycentric arrival time exclusive of the

binary correction.
The binary correction removes the effects of the relative
potion of the x-ray source and the center of mass of the
binary systen. For binary systems with eccentric orbits, a

more sophisticated treatment is required (see Manchester and

Taylor 1977).
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The events are binned by phase, 9 , at the batycenter

computed from the following expression:
- = - +) - 2/2 +y - 3
(2=29) ¢(tbc) ¢o+qétbc to) Vétbc to) / vétbc to) /6

where ¢o,v°,o°, and ﬁo are the absolute phase, £requency,
frequency derivative, and freguency second derivative of the
pulsar at the epoch to. These pulsar parameters are usually
obtained from other observers because it is difficult to
obtain them directly from the High=-Energy Scintillation
Spectroneter data. Por the Crab observations, radio pulsar
parameters from Arecibo vere used (Gullahorn et al. 1977).
The parameters for Her X-1 were provided by Pravdo (1978).
Fine adjustment of the parameters is sometimes necessary
because of differences in analytic methods, planetary
ephemerides, fundamental constants, etc. The absolute phase
is particularly sensitive to small differences in timing
technigues, and great caution must be exercised in the
comparison of phase measurements made by different

observers.

2.5 ANALYSIS OF PULSED EMISSION

Several different methods of analysis are currently used
to dJetermine the spectral content of pulsed enmission.
Ideally, the spectrum should be determined as a function of
pulse phase. When this is not possible, the following

questions may be asked:
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1. Is the integrated pulse profile naturally divided

into pulsed and nonpulsed regions?
2. what is the spectrum of the nonpulsed component?
3. WHhat is the spectrum of the pulsed component?
4, What is the pulsed fraction of emission?

5. Is the spectrum sensibly constant over each of
the above regions so that (2} through (#) are

reasonable questions to ask?

The data from the Celestial X-ray Detector lack the
statistical significance necessary for the ©precise
deternination of the spectrum as a function of phase on a
fine scale. Both x-ray sources considered in this work,
however, have well-defined pulse profiles so that spectra
may be obtained for the pulsed and nonpulsed regions of the
integrated pulse profile. Pravdo et al. (1978) suggest
that, even though the Her ¥-1 pulse profile is well defined,
spectral changes do occur within the pulsed component of
radiation so that information is lost by averaging the

spectrum over the entire pulsed component.

Tyo different methods of pulsed emission analysis were
uged in this work. The first, following Helmken (1975), is
the one traditionally used in the analysis of data from the

Crab pulsar. Its use requires the subjective definition by




the observer of pulsed and nonpulsed regions of the pulse
profile. Suppose that the integrated pulse profile consists
of N phase bins and suppose, for definite :ss, that the
first ¥ of these correspond +to pulsed emission., Then the

expressions for the pulsed flux, F average nonpulsed flux,

p'
anfand total time-averaged flux, F., are

M N
F .
Fpo= (/M) | 20 - W(N-ﬂnz:fm]
i=1 i=M+1
N
(2-30) Fop = 1/ (N=1) D £(i)
i=M+1

!
it

N
g = (/M) e
i=1

vhere f(i) is the source flux in phase bin (i). The above
quantities are evaluated for each energy interval to obtain
spectra for the nonpulsed, pulsed, and time-averaged x~-ray

emission.

A useful way to compare results from different
experiments is to consider the pulsed fraction of emission,
which is defined to be

(2-31) £ = Fp/Ft

Because the pulsed fraction is a ratio of fluxes at the sane

energy, its value is independent of systenmatic effects




associated with interstellar absorption, absorption in any

overlying atmosphere, and detector response. It is

sensitive, however, to some systematic errors in background

determination and subtraction. Moreover, transient pulsed

stiucture in the vregion defined +to be nonpulsed can

invalidate the results of the analysis. It should be noted

that the determination of the pulsed spectrum is not

sensitive to most systematic errors in the determination of

background, but it is sensitive to the other systenatic

effects listed above. Critical consideration of both

guantities is, therefore, prudent.

The second method of pulsed emission analysis involves

fitting the integrated pulse profile by a Fourler serizss

(Joss et al. 1976). The pulsed fraction is defined to be

{2-32) r = (ao - m)fao

where ao is the constant term in the Fourier series and n is

the minimum value of the series expansion. The number of

terms kept in the expansion depends on the gquality of the

data and the desired goodness of fit. Because only a finite

pumber of equally spaced data points are being fitted, the

resultant series is known as a finite Fourier series. The

crthogonality of the Fourier basis functions over discrete,

equally spaced points leads to sScme remarkable results, as

[ PR
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discussed in detail by Hamming (1973). 0f particular

importance are the convergence properties. For N phase bins,
there are only ¥ nonzero terms in the series. If all terms
are retained in the expansion, then the series exactly
reproduces the original pulse profile. Truncating the series
decreases the goodness of £it but has the effect of
smocthing the pulse profile, The pulse profile obtained
from this truncated series expansion is the one from which

spectral parameters are derived.

The above method requires no a priori determination of
pulsed and nonpulsed regions and can easily take into
acccunt transient pulsed structure. Use of the minimum of
the profile rather +than the mean of a group of phase bins
with low flux, however, results in a systematic overestimate
of the pulsed fraction relative to the values obtained using
the conventional method discussed above. The Fourier series
method also leads to larger uncertainties in the values of
pulsed flux énd pulsed fraction than does the conventional
pethod. This is a conseguence of the use of the minimun
value, rather than the mean value of a group of phase bins,
with its correspondingly greater uncertainty. For the Her
X-1 data presented here, the calculated uncertainty in the
pulsed flux was larger by a factor between 2 and 5 for the
Fourier series method. For these reasons the first of the
above methods was used for the determination of pulsed

emission from both Her X-1 and the Crab pulsar.
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Chapter 3

EMISSION MECHANISMS

The fundamental challenge of x-ray and gamma-ray
astrophysics is to relate the observed source flux to the
physical processes taking place in the emitting region and
thereby to infer the structure and properties of the source.
It is necessary to determine the spatial and spectral
distribution of the radiating particles, +the mechanism by
which these particles lose their energy through radiation,
and the modification of the radiation as it propagates fror
the 'emitting region to the point of observation.
Calculations aré usually performed by assuming particunlar
source dgeometries and radiating particle distributions,
considering a number of different energy-loss mechanisnms,
and conmnparing the predicted photon spectra with
cbservational results. The source geometry can be quite
complicated; several models are discussed in Chapter &.
Mechanisms for radiative energy loss include the
synchrotron, cyclotron, and curvature processes, Compton
scattering, photomeson production and decay, bremsstrahlung,
nuclear transitions, and particle-antiparticle annihilation.
Kot all of these necessarily produce photons in the

high~energy x~ray region of the electromagnetic spectrunm;

P .
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however, modification of an existing photon energy
distribution by Compton scattering or through Doppler,
gravitational, or cosmological redshifts can modify the
photon spectrum to give significant fluxes of high—-energy

X“"I‘.'a_YS-

A formal expression for the observed dircectional
intensity, I(E), of photons with energies between E and B+dE
arriving at earth from their point of generation within the

production region is the following, taken from Chupp (1976).
{3-1) I(B)dE = d’ﬂfdf g (E,T) exp -{ ax K(E,?)}
photons cm—2 s-t sr—1,

where I is the vector from the earth to the emitting region
and g(E,?) is the production rate per unit volume, also
known as the photon source function. The exponential term
in the integral accounts for the absorption of phovons in
the space hetween the emitting region and the earth: ¢ is
the absorption coefficient per unit path leagth of the
intervening medium. As discussed by Boldt(1967), the photon
source function may be written as the product of the density
of radiating particles and the energy emitted in the form of
radiation per particle. It is necessary to know both these

functions before the structuve of the source can be




determined. In the following Subsections those emission
pechanisms which are believed to be dimportant in the
production of x-rays from the Crab pulsar and Her X-1 are

discussed. They include synchrotron and cyclotron processes,

bremsstrahlung, and Compton scattering.

3.1 SYNCHROTEON RADIATION

The radiation emitted by an electron accelerated in a
magnetic field is referred to as cyclotron radiation if the
electrons are nonrelativistic and synchrotron radiation if
the electrons are relativistic. The radiation from the Crab
nebula is most likely synchrotron radiation emitted b~
particles injected into the nebula from the pulsar (cf.
Smith 1977) . Because of the very high nmagnetic field
strength in the pulsar magnetosphere, interactions bhetween
particles and the magnetic field are expected to play an
important role in the electrodynamics of the pulsar. The
radiation from wultrarelativistic electrons 1is considered
first; the radiation from nonrelativistic electrons is

discussed in a subsequent subsection.

The emission of radiation from a single ultrarelativistic
electron is discussed fully by Jackson (1975), Landau and
Lifschitz (1962), and pranofsky and Phillips (1962). Several

properties of the radiation are (Jackson 1975):
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1.

2.

The radiation is strongly peaked in the forward

direction. The angle,f between the direction

max *
of maxinmum radiation intensity and the elactron
velocliiy approaches 1/(2Y2) as the electron speed
approaches the speed of light. If v 1is the
electron velocity and ¢ is the speed of light,
then y=(1-vZ,/c2)—0S, The root-mean-square (RMS)
value of the angle of emission approaches +vy—1! in

the same limit. Note that vy = E/mnc2 where E is the

electron energy and m is the electron mass.

For a given magnitude of applied force, the
radiation emitted when the acceleraticn of the
particle is normal to its velocity is a factor of

v2 more intense than for acceleration parallel to

its velocity.

Point (2) allows approximate calculations of the
radiation from a relativistic charged particle to
be made by considering only the component of the
acceleration normal to the particle's
instantaneous velocity, i.e. by treating the
particle as though it vere undergoing

instantaneously circular motion.

For circular motion the radiation is thighly
polarized in the plane of the orbit, with B6% of
the radiation having its elasctric vector parallel
to the plane of the orbit.
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5. For circular motion, the intensity of radiation
at frequency w is proportional to wi/3 for
frequencies much less than the critical fregquency,

W e and is proportional to exp(—Zm/mc) for

frequencies nuch greater than W vhere

w, = 3y3c/p and p is the radius of curvature of

the electron trajectory. The critical frequency

is that frequency above which the intensity of

radiation is negligible.

The radiation emitted by an electron whose trajectory is
constrained by the Lorentz force to follow a curved magnetic

field line is known as curvature radiation. The formalism

for synchrotron radiation described above, as noted in

points 2 and 3, can be used without modification to describe

curvature radiatione

Liscussion of synchrotron and curvature radiation in

astrophysical environments may be found in Ginsburg and

Tucker (1975}, anéd

Chupp (1976). Chupp presents some useful numerical

relationships which fcllow from the above general

properties. The energy of a photon at the maximum intensity

of the synchrotron spectrum is

= -~12 f
(3-2) E__ = 5x10-12 428, keV
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where B is the magnetic field in gauss perpendicular to the
electron's motion. The total power emnitted over all

frequencies for an ultrarelativistic electron is
- = -6 2 1
(3-3) P, 10—-6BZYy kev s~

The time for the electron to lose half its energy by

radiation is
(3~ 1) T, = 5x109/(YB}) s

This lifetime 1is generally very short in astrophysical
terss, so that synchrotron emission at optical, x-ray and
gamma-ray energies is expected to he very weak except in
supernova remnants and near ccmpact objects, where high

pagnetic fields anl continuous energy injection may exist.

The properties of synchrotron radiation from an ensenmble
of particles are obtained by integrating over the particle
distribution function. An important result for

.
gltrarelativistic electrons is that a power~law electron
spectrun produces a povwer-~law photon spectrum for a wide
range of spectrql indices. The photon flux, ¥, from a
volume, V, of trapped electrons wwith a power-law nunber

spectrum of the form N(E)=KQB“a is given by the following

expression (Chupp 1976):
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(a+ 1) /2 (a+1) /2
(3-5) F = 3.27x10"2 a{a)K VB 2.59x10-2
R2 B

-

photons cm~2 s—1 Mev-1

vhere R is the distance from the scurce to the observer and

a{g) is a constant whose value lies between 0.3 and 0.07 for
values of between 1 and 5 (Ginzburg 1969). It is assuned
that no significant radiation is emitted by the electrons

near the endpoints of the electron spectrum.

The conditions under which the above formulas were

-
s
s
o
oS
.
5

derived must be stressed (Chupp 1978):

f 1. Ultrarelativistic electrons are moving in a
constant, honmogeneous magnetic field with no other

' fields present;

2a the influence of the ambient mediun is

negligible;
3. particle~particle interactions are neglected; and

| 4. the electron energy is such that vy <<108 /B80S,
i This requirement essentially states that the
electron will not lose a significant fraction of

its energy during a single orbit (Ginzburg 1969).
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3.2 CYCLOTRON RADIATION

Cyclotron radiation, here defined to be the radiation

emitted by a nonrelativistic or mildly relativistic electronp

undergoing circular motion in a magnetic field, is not

usually considered in astrophysics because of the normally

low frequency of the emitted radiation. It is important,

however, wherever strong magnetic fields exist. Examples of

astrophysical sites where cyclotron radiation is important

include solar flares, white dwarfs, and neutron stars

(Tucker 1975). Cyclotron processes have been postulated as

the source of the spectral feature from Her X-1 observed by

Irumper et al. {1$78), so a brief discussicn of these

processes is given here. More detailed descriptions may be

found in the papers of baugherty (1978), Daugherty and

Ventura (1978), Canuto and Vventura (1977), and in the bhook

by Bekefi (1966).

Cycloton processes in very large magnetic fields must be

treated guantum mechanically even for mildly relativistic

electrons (Daugherty 1978). The solution of the Dirac

equation in an intense magnetic field yields energy
eigenvalues, W{j), such that
(3~ 6) WZ () = p2c2 + mZc4(1 + 23R/B) 3 = 0,1,2,...

i s
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vhere p is the electron momentum parallel to the magnetic
field and Bc=mzc3/(eﬁ) is the critical magnetic field
strength with a numerical value of 4.413x1013 gauss (Bussard
1978; Daugherty and Ventura 1¢78). Note that B, is the
magnetic field strength for which the energy 6f a photon at
the Larmor frequency is equal to the electron rest energy.
Daugherty and VYentura (1978) have calculated discrete
emission rates and absorption cross sections and find that
the lifetime of an electron in an excited state is of the
order of 10-t6 s. Because this time is much less than
collisional time scales for reascnable densities, relatively
cool electrons will spend most of their time in the ground
state (Bussard 1978). It 1is necessary, therefore, to
populate the upper levels before transitions can occur.
Several mechanisms have been suggested for the population of
the excited states. Bussard (1978) has considered energy
loss from infalling protons with energies of the order of
200 MeV, Basko and Sunyaev (1975) suggest that line peaks
should reach the blackbody intensity but that the
bremsstrahlung continuum would remain considerably below it.
This is because of the high Thomson opacity reguired to
maintain the observed luninosity from accretion onto a small
area (cf. Meszaros 1978). The high~energy states in this
case are excited thermally. Bonazzola et al. (1978) regard

thermal excitation as unlikely.
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The cyclotron emission lines can be broadened by a
variety of mechanisms (Bekefi 1966): radiation broadening,
collisional broadening; Doppler broadening, self-absorption,
plasma dispersion effects, and nonuniformity of the magnetic
field, The spectral features cbserved to date have not been
detected with sufficient resolution to determine the line
shape precisely; however, Chapter 6 contains a discussion of
the general propertiss of the line emission which can be

deduced from the observations.

3.3 BREMSSTRAHLMING

2n electron traversing an ionized gas can lose energy by
either nonradiative or radiative processes. Exanmples of the
nonradiative processes include the excitation of ionic
states and the generation of plasma vaves. In this section
the radiative energy-loss mechanism of bremsstrahlung is
discussed. The astrcphysical sites where it is expected to
be an important emission mechanism inclunde the envelopes of
supernovae and radio galaxies (Ginzburg 1969) and x-ray
binaries {Blumenthal and Tucker 1974). Tor nonrelativistic
electrons the intensity of radiation, X, as a function of

frequency, ®, and impact parameter, b, is given by Jackson

(1975} as

N




e e e e

8 (z2e2]2f22¢2(cl? 1
{3-7) I(%Db) =— }— —— - w <v/b
3 Jjwec? c v b=2
= 0 w >v/b

where Z2e is the charge of the scattering center (here
assumed stationary) and ze is the charge of the incident
particle, The radiatisn cross section, X (w), is determined

by integrating over all possible impact parameters. The

result is

16 |Z2e2fiz2%e2}2 2

3-8) xlw)=— — 1n(Y)
3] c nc2 ve

vhere Y is the ratio of maximum and minimum impact
parameters. It 1is here that the <classical calculation
breaks down, because the classical ainimunm impact parameter,

hmi£=zZe2/mv2, does not take into account the quantum nature

of the electron:mcmentum. By setting b i, aPproximately

n
equal to the de Broglie wavelength of the electron,
bmiﬁ= h/mv, ' a much better approximation to the
bremsstrahlung spectrum is obtained. In this case,

Y= mv2/h), where A is a factor of order unity which takes
into account the wuncertainties in the exact values of the
integration endpoints. ¥For rigorous results, or when the
radiated energy is a significant fraction of the incident

particle energy, the Bethe-~Heitler equation should be used

{Bethe 1957). For an optically thin, hot, <conpletely

o i et &
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ionized plasma, the energy radiated per unit volume of
plasma at temperature T with ion density n; cm~3 and

electron density n_, cn~3 is (Chupp 1976)

k4
32 27e%22n;n_ (kT/m) @5

I erg cn~3 s—1
37 “mc 3h

(3= 9) ¥

i

For a neutral hydrogen plasma,
(3=~ 10) = 1.57x10~27 n 2 TOS erqg cm—3 s—1

Equations (3-9) and (3-10) are valid for 105 K < T < 1010 K.
The differential enerqgy spectrum for the same temperature

range is

an
{3-11) Fi i 7.7x10-38 ne? exp(~hv/kT) erg cm—3 g—1 jz—1
L TOS

3.4 COMPTON SCATTERING

Compton scattering, the inelastic scattering of photons
by charged particles, «can redistribute the energy of the
rhoton field. Expressions for the scattering cross section
and energy of the scatteved photon, for the case of an
electron initially at rest, are well known {(cf. Evans 1955).
The differential scattering cross section, for unpolarized
incident radiation and fphoton energies much less than the

electron rest mass, is

PSVRT >
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(3~ 12) (do/dQ) = (rg/z)(1+ccsae;,

where 8 1is the angle betveen the incident and scattered
photon directions and T, = e2/mc? 1is the classical electron
radius. The integral of equation (3-12) over all angles is
just the Thomson scattering cross section, U= (8/3)rz =

6.65x10—23% cm?. The enerqgy, E , of an individual scattered

photon is

E
(3~13) E = e ,

1+ (Eo/mcz)(1 - £os0)

where B is the incident photon energy.

In astrophysical applications a more interesting
situation arises vhen a low-energy photon is scattered fronm
a relativistic electron. This process is sometimes called
inverse Conpton scattering because the scattered photon

enexrgy is larger than the initial photon energy.

Several assumptions are usually made relating to the
electron and photon distributions., The first is that the
photon distribution is isotropic; this allows a
determinaticn of the mean electron energy loss and the mean
scattered photon energy to be made. The second assumption is
that the initial phcton energy, E , is much less than the

electron rest mass, The total Compton scattering cross

=
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section is then Just the Thomson cross section. In the
opposite extreme, when the photon energy is much greater
than the electron rest mass, the cross section is given by
the Klein-Nishina equation. This case is not of importance
for the sources of interest here. Typical incident photon
spectra include anmbient starlight and the microwave
background —radiation; for these examples the former

condition on the photon energy is well satisfied.

To calculate the average enerdy loss per unit time of an
electron in a photon field, it is first necessary to
calculate the mean energy, Ey, 0of the scattered photons.

The expression for E, is (Blumenthal and Tucker 1974)

Y

(3= 14) B, = (4/3) Y2E,

vhere §o is the mean energy of the incident photon

distribution, defined by

(3= 15) E_= ﬁEoEon(E/ deG*(EO)

vhere n(EQ) is the initial photon distribution function.
The average energy loss rate of an electron in the photon
field is then the product of the collision rate and the mean

energy loss per collision (Chupp 1976)




(3~ 16) ~(dE/dt) = ¢ n(E) o, E

T Y

The rate of energy loss in both the synchrotron process and

Compton scattering is proporticnal to the electromagnetic

energy density and to the square of the electron energy.

This similarity is not coincidental; indeed, the synchrotron

process may be viewed as the interaction of virtual photons

in the magnetic field with electrons (cf. Jones 1965). &s a

result, Compton scattering dominates the electron energy

loss when (4/3)55 > B2/8w, and vice versa.

The situation for which most calculations have heen

performed is the case of a power~law electron spectrum and a

blackbody photon spectrum. Stecker (1971) has presented the

resulting photon spectrum, evaluating the coefficients

puperically.

(n+dy /2 = (0x1) /2
(3=17) I (E) = 6.22x10721L 10-2962F(q) KT E

{cn? s sr GeV)—t,

where I is the effective path 1length for gamma-ray

production and the electrons have the following enexrgy

spectrum:

— o
(3-18) I_(B) = K_E
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The coefficient f£(0) has values betvween 0.84 and 1.4 for

values of o bevween 1 and 4.

The lifetime, t, (= E/(dE/dat)), for an electron
undergoing Compton scattering in the Thomson limit is

(Blumenthal and Tucker 1974)

(3-19) t, = 3mc/ (Lo, YE ) = (2.1x1o7)/(yf0) (s)
where Eo is measured in erg cm—3. For compact astrophysical
sources the Conpton lifetime may be shorter than the

synchrotron lifetime.

The above results are subject to modification in the
presence of superstrong magnetic fields. Lodenguai et al.
(1974) have shown that, if a photon's electric vector is
normal to the magnetic field and its frequency is much less
than the cyclotron frequency, then the cross section, r is

modified as follows:

(3~20) GT(H) = (w/wH)ZcT(O)

wheredT(O) is the Thomson scattering cross section in the
absence of the field H and Wy is the cyclotrcn frequency.
This anisotropy arises because the electron cannot move

freely in directions normal to the magnetic field but can
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nove freely parallel to the field lines. As a consequence
the photon opacity becomes anisotropic. DBasko and Sunyaev
(1975} have suggested that this effect provides a natural 2
mechanism for the beaming of x-rays £from binary x-ray

sources. This idea will be discussed further in Chapter 6.

3.5 ELECTROMAGNETIC WAVE PROPAGATION IN PLASHMAS

Several models for the beaming of x~-ray emission require
a knowledge of electromagnetic wave propagation in plasmas.
A detailed treatment of plasma waves is beyond the scope of
this discussion; consideration of a simple model, hovwever,

reveals the essential physics. In this model a neutral,

.

staticnary, wuniform plasma is imbedded in a unifornm,
homogeneous magnetic field (cf. Pacholczyk 1970). The

propagation of waves 1s treated as a perturbation of the

plasma, and the equations describing the plasma (the Maxwell
equations, the continuity equation, and energy and momentum
conservation) are linearized by keeping only the first
povers of the perturbed gquantitiese. The resulting set of
egquations is solved assuming a solution in the form of a
propagating wave., The equations have a solution if and only
if the determinant cf the coefficients is zero. Setting the
determinant egual to zerc produces the dispersion relation,
which relates the wavenuwmber of the propagation, k, to the
frequency, W In general the dispersion relation is of

fourth order in k2. The radiation modes corresponding to the




four roots of this equation are known as the ordinary,
extraordinary, electron, and ion modes. If there is no
transverse component of the external field, then the
ordinary and extraordinary modes are transverse
electromagnetic waves and the electron and ion modes are
longitudinal. It is the electromagnetic modes which are of

interest in models for Her ¥X-1.

The difference between the ordinary and extraordinary
modes is best illustrated by the functional form of the
index of refraction. If, in addition to the assunptions made
in the previous paragraph, the plasma is assumed to be
completely ionized hydrogen, and if ionic motion is

neglected, then the index of refraction, n , may be written

(3-21) n =1 wpz/(w(miwﬂ))

vhere the + (=) sign refers to the ordinary (extraordinary)
mode, is the Larmor frequency, and mp= (47 e?n /m)yos is
the plasma frequency. Note that the index of refraction for
the extraordinary mode becomes imaginary for values of the
frequency near the Larmor frequency, so that the
extraordinary mode 1is strongly attenuated at those
frequencies. The ordinary mode is a left~circular polarized
wave and the extraordinary mode 1is a right-circular
polarized wave. The rotation of the extraordinary mode

polarization is 1in the same sense as the motion of an
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electron in the magnetic field (Denisse and Delcroix 1963);
this is why the extraordinary mode interacts strongly with
the plasma and why the ordinary mode is largely unaffected
by it. It should be noted that, in the application of this
process to the beaming of radiation from Her X-1,
temperatures of interest range from 1 to 50 keV. Expected
values of the optical depth to electron scattering range
from 71 to T30 in varicus regions of the accretion colunn.
The implications of this interaction for models of Her X-1

are discussed further in Chapter 6.

- (52 ™




W, T ETIT e

Chapter 4

STRUCTIURE OF PULSARS AND X-RAY BINARIES

The periodic emission of electromagnetic radiation
observed from a variety of astrophysical sources, is
believed to originate on or near compact obdjects. The
remarkable stability of the periodicity observed from most
sources argues for rotational motion rather than pulsations
as the cause of the periodicity. The various types of
compact objects which could serve as the source of such
periodic emissicn include dwarf stars, neutron stars, and
black holes. In many instances, which of these is involved
can be inferred from the characteristics of the emitted
radiation, Radio ghlsars, for example, are believed to be
rotating neutron stars. With one known exception they are
not members of multiple star systems. The frequency of the
periodic emission, and thus of the inferred neutron-star
retation rate, 1is observed to decrease with time. X~ray
pulsars, on the other hand, usually occur in binary systems.
Hodulations are <cbhserved at the frequency of the binary
motion and at the rotational frequency of the neutron star.
It should be noted that not all x-ray binaries are pulsars

in this sense; 1if the compact object is a dwarf star or a

black hole, there may be no well defined wmodulation
...63-
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corresponding to the rotational frequency of the compact

obiject.

The celestial objects considered in this thesis include
one in each of the above «classes. The pulsar in the Crab
nebula is an isclated pulsar and it is similar to other
radio pulsars with respect to its radio enmnission. It is
unique, however, in that it emits pulsed optical, x~ray, and
gampa~ray photons simultaneously with the radio emission.
Her X-1 is a rotating neutron star in a binary systen. The
emission wmechanisms and source dynamics are entirely
different in the %two cases. A description of these objects
as they are presently understood 1is given here, with
enphasis on those aspects related to the exission of

high-energy x rays.

4.1 TINING AND ZTRUCTURE

The observation of rapid temporal variability in the
radiation from <celestial objects immediately provides
information about their structure which would not otherwise
be available. ' In this section some consequences of rapid
variability are discussed, including both general arguments
based solely on the existence of such variations and the

results of scnme detailed calculations based on extended

observations.
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The powver of temporal analysis as a tool in astrophysical
investigations 1is immediately demonstrated by the
implications of rapid variability for the size of the
enitting region. The light travel time across the emitting
region cannot be any longer than the time scale of the
cbserved variations as reasured, for example, by the width
of an emitted radio pulse. The median period of a radio
pulsar is 0.65 s; the width of subpulses emitted by many
pulsars is 5x10-4 s. The maximum dimensions of the emitting
region are thus on the order of 5x10—~4 c, or 1.5x107 cm
(Manchester and Taylor 1977). This dimension is about 10% of

the radius of a white dwarf (Harwit 1973).

The precisely periodic emission observed from pulsars
also restricts nmodels of source structure. smith (1977)
revieus the various proposals made between 1966 and 1969 by
various investigators. MNelzer and Thorne (1966) showed that
a white dwarf could have a resonant period for radial
oscillations of about 10 s. Corrections for relativistic
and elastic effects reduced the minimum period to about 2 s.
The period for fundamental modes in neutron stars was found
to be from 1 to 10 ms. The period of the subsequently
discovered Crab pulsar (33ms) was thus too short to be a
dvarf oscillation and too long to be a neutron-star

¢scillation.




The possibility that the ObsServed pulsar periods were the
orbital periods of satellites revolving about condensed
stars was ruled out by the work of Ostriker (1968) and
Pacini 4nd Salpeter (1968). Ostriker showed that the time
scale for significant <change in the period due to
gravitational radiation is Tg=2.7x105 m/M , where m is the
mass of the satellite and M is the mass of the condensed
star. This is much too short, except for very small
satellite masses, to account for the observed stability of
pulsar periods. Pacini and Salpeter (1968) concluded that
such a satellite must have a mass no larger than 3x10-8

solar masses to account for the stability and must bhe

smaller that 20 meters in diameter to aveid disruption by 5

streng tidal forces in the gravitational field of the

condensed star.

The rotation of white dwarfs can also be ruled ocut on the
basis of stability; the most rapid rotation rate of a white
dwarf is about 1 s, again too slow to explain otserved
periods-. VNeutron stars, on the other hand, are stable at
rotation periods as short as 1 ms. By the r[process of
¢limination, then, +the rotating neutron star hsescame the

accepted model for radio pulsars.

The results presented in this thesis pertain to the x-Tay

emission of the Crab pulsar and not to the radio emission.

:
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Because the x-ray and radio emission exhibit the same 33-nms
periodicity, however, many conclusions about source
structure inferred from the radio observations can also be
inferred from the x-ray emission. Moreover, the enmitted
x-ray flux above 20 keV is not affected by interactions in
the interstellar medium such as Rayleigh-Gans scattering and

dispersion. J

The temporal analysis of emission from =x-ray binaries
provides the same kind of information as the radio emission ﬁ
from pulsars. No radio emission has been detected from many

x=ray binaries; in these cases x-ray emission provides the 4

only information available for the determination of source

structure and dynamics. L

4.2 PULSARS

Since the identification of pulsars as rotating neutron g;

stars, many calculations have been performed in an attempt

to relate the properties of the observed radiation to
detailed models of the emission process. These calculations
range from simple order-of~magnitude estimates of mass,
rotation rate, and magnetic field strength (cf. Dyson 1970)

to detailed magnetohydrodynamic calculations of

magnetospheric structure (Sturrock 1971; Ruderman and
Sutherland 7i975; Cheng et al. 1976). Aspects of pulsar
structure inferred from radio observations have been

reviewed by Smith (1577) and Manchester and Taylor (1977).
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Theories for the emigssion of radiation from rotating
neutron stars must be based on certain simplifying
assumptions about the structure of both the star itself and
the surrounding magnetosphere. The simplest assumptions,
which guided early work, included uniform magnetization and
infinite conductivity inside the neutron star, and either
aligned or anti~aligned angular moﬁentum and magnetic moment
(Goldreich and Julian 1969). 1Imn this way Goldreich and
Julian calculated the motion of particles in the
gagnetosphere. Mestel (1971} showed that the general
structure oOf the nmagnetosphere was wunchanged if the
geometrical restrictions on the relative orientation of the
magnetic moment and the rotational axis wvwere relaxed.
Sturrock proposed Coherent pair e¢reation in the strong
electronagnetic field as the mechanism for the observed
emission. The model described below is due to Ruderman ang
Sutherland (1975); Cheng and Ruderman (1876); Cheng EE.EEL
{(1876) . It is typical of pulsar theories presently available
for radio emission from pulsars and easily generalizes to

account for the optical and x~ray ewmission.

The neutron star rotates with its magnetic moment
anti=aligned with its angular velocity. The rotating
magnetic field, which is expected to be dipolar except very
near to the surface, and the assumed infinite conductivity

inside the star give rise to a very large induced electric

B A oo 05
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field. The interior electric field, Ei,¢ and charge density,

Pine are given by

*
(4= 1) B, = -BPQ r, & /¢ ; Pin~ ~BPQ / {2wc)

where r; = r sin® is the cylindrical coordinate normal to
the rotation axis, Q* is the anqgular velocity, and Bp is the
value of the surface magnetic field at the pole. For a

corotating perfectly conducting magnetosphere, the exterior

field, Eex, and charge density,gex,are

-2) E =~@x Y x o o = -8B/ (2mc),

ex ex

vhere the above eguations are cerrect to order (v/c)2. The
exterior electric field under these assumptions is
essentially quadrupolar. If both positive and negative
charges were easily pulled from the surface by the electric
field, the result would be streams of particles leaving the
star, with the sign of the current depending on the sign of
the electric field at the origin of the stream. Charge
neutrality is maintained. It was originally thought that for
all pulsars except the rapidly rotating Crab pulsar the
surface binding energy of the ions was too strong to be
overcome by the induced electric field; thus, positive
charge could not flow from +the surface to maintain the
charge distribution in the =wagnetosphere. The result in

this case would be the formation and growth of a gap bhetween
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the surface of the neutron star and the inner surface of the

wagnetosphere. This gap, for which E‘B # 0, will occur at

the poles of the neutron star, and will lead to a potential

difference of
{4~3) V= QBphZ/c h<<R

with an electric field normal to the surface and of strength
(4~-4) B = —2QBPh/c h<<R

where h is the height of the gap, # is the rotation rate of
the magnetosphere, and R is the radius of the neutron star
(see figqure H-1). The rotation rate, % , of the
magnetosphere is not, in general, equal to the rotation
rate, Q*, of the neutron star. The gap will grow at nearly
the speed of light, so that the field E will rapidly become
large enough to break down by the formation of
electron-positron pairs (Sturrock 1971; Ruderman and
Sutherland 1975). The electrons are accelerated toward the
star's surface. The positrons are accelerated away from the
surface and emit curvature radiation. The curvature
radiation so produced can create more electron-positron
pairs. These secondary pairs are believed to be responsible

for the coherent microwave emission from radio pulsars.
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Figure U4-1. (a) The structure of the 1inner gap at the

surface of the neutron star (after Fuderman and
Sutherlarnd 1975); (b) Structure of the outer gap
{after Cheng, Ruderman, and Sutherland 1976).
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The above theory, developed by Ruderman and Sutherland

(1975) and based on the work of Sturrock {1871, bas
required some modification. New estimates of +the ion
binding energy were lover than those previously made; the
lower binding energy prevents the formation of the necessary
gap potentials and requires an alternative mechanism for the
preduction of the high-energy curvature radiation and the
subsequent pair production. Cheng and Ruderman (1976)
proposed Lorentz boosting as a possible mechanism. Radio
photons are Compton scattered to gamma~-ray energies
sufficient for pair production by the relativistic particles

in the magnetosphere.

The separation between the primary pulse and the
interpulse of the Crab integrated pulse profile can bhe
interpreted as relativistic aberration of pulses emitted
180° apart in a rotating systewm. The observed separation
requires that the emission region lie well away from the
surface of the neutron star. Cheng and Ruderman (1976) have
proposed a theory for the radio, optical, and x~ray emission
from the Crab which invokes gaps in the outer magnetosphere.
The properties of the outer gaps are very similar to those
of the inner gaps described above. The gap formation will
occur wherever §-§~vanishes, and in the outer magnetosphere
does not depend on a particular orientation of the magnetic

moment and rotation axis. The gap again breaks down by pair




creation. The radiation in this case, however, is produced
by the synchrotron process. It should be noted that an
outer gap will be formed whether or not an inner gap is
formed. In the case of the Crab, both an inner and an outer
gap are presumed to form. The radio precurser is formed in
the inner gap, While the remaining radiation is emitted from
the outer gap. The optical and x~ray photons result from
Compton scattering, and hard x rays and gamma rays are

produced by the synchrotron and curvature processes.

4.3 X~-RAY BINARIES

Cbservational evidence suggests that x-rays are generated
in binary systens by the accretion of matter frow a normal
primary star onto a compact secondary star. The strong
gravitational field of the secondaryY accelerates the
accreting matter and provides the energy for the emitted
radiation. While newtron stars and black holes are the most
likely candidates for the secondary star in intense x-ray
sources, there is some evidence that a white dwarf is the

compact component in some weak x~ray binaries.

The mechanism by which matter from the primary accretes
onto the compact object depends on the geometry of the
equipotential surfaces in the binary systen. Figure 4-~2
shows a diagram of equipotential surfaces for a typical

system. Of particular importance are the inner Lagrangian

4
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Figure 4-2. The gravitational equipotential surfaces for

a model binary system (after Rose 1977). L; is

the inner Lagrangian point and the equipotential

surfaces passing through L are the so-called
Roche lobhes.
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point and the equipotential surfaces vhich pass through it
{the so-~called Roche 1lobes). Note that a test particle
placed at the inner Lagrangian point is in a state of
metastable equilibrium. If the normal star is completely
contained within its Roche lobe, then matter can accrete
onto the compact ohject by a stellar wind. Petterson (1978)
has recently suggested that f£laring and streaming behavior
also contribute significantly to the mass accretion in such
systems, If, on the other hand, the normal star f£ills its
Roche lobe, matter will stream through the inner lagrangian
point and onto the compact component and the accretion rate

is likely to be considerabhly higher.

The luminosity, 1L, expected from mass accretion may be

yritten as

(t4--5) L = GMH/R

where G is the gravitational constant, M is the secondary
mass, R is the secondary radius, and M is the mass accretion
rate. Observed luminosities (1036- 1038 ergs s—!) suggest
mass accretion rates between 10—8 and 10-19 solar masses per
year. Roche~lobe overflow is much more efficient than solar
vind for the generation of x~rays, but at high accretion
rates (>107¢ Mgy y—t) the =x-rays are reabsorbed in the

optically thick accretion column and cannot be observed. .
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The behavior of +the accreting matter near the compact
object may be quite complicated. If the matter has angular
momentum, it is likely that an accretion disk will be formed
{Prendergast and Burbidge 1968). Centripetal force prevents
matter from free~falling onto the surface of +the neutron
star. In the absence of viscous forces and magnetic fields,
the matter would remain in Keplerian orbit about the neutron
star. The magnetic field forces the matter to corotate with
the neutron star at a radius rA, called the Alfven radius.
In general, this radius is not identical to the corotation
radiﬁs, rc, determined from centripetal forces alone. For
rA i rc conservation of angular momentum Yreguires spin-up or
spin-down of the neutron star. viscons forces and the
resultant turbulence eventually cause nmatter in the
accretion disk to fall onto the star's surface. The
magnetic f£ield requires the point of impact to bhe at the
nagnetic poles of the star. The x rays are produced at these
points. some part of the accretion disc may obscure the
x~ray production region from view depending on the geometry
of the systen. Thus, the disk structure affects the
radiation in two ways: it determines the exact nature of the
accretion onto the neutron star, thereby determining the
particle source function; and it alters the emitted photon

spectrum via scattering and absorption.
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Pringle (1977) has recently reviewed the present
understanding ¢f accretion disks and concludes that the
process of accretion onto a magnetized neutron star is so
complex that reliable calculations of the expected radiation
héve not been possible. Nonetheless, it is instructive to

exanine the general predictions of several simple models.

lamb et al. (1973) have considered the case of

spherically syummetric accretion onto a rotating, magnetized
neutron star. The accreting matter is channelled along the
magnetic field lines and falls onto the surface at the poles
of the field, thereby forming an accretion column above the
pnles. The x~rays are generated at a hot spot on the surface
of the star which has an area of 1 km2, The optical depth
vertically through the accretion column is expected to be
much larger than that normal to the column for photon
energies much less than the cyclotron energy. The radiation
which escapes from the star ig thus emitted preferentially
normal to the magnetic axis., Pulsed emission will be
observed if the magnetic axis and +the rotation axis are not
coincident. This beaming geometry is sometimes referred to

as a fan-beam geometry.

Gnedin and Sunyaev (1974) suggest that the radiation
emitted from the poles of a neutron star will be normal to

the magnetic axis if the emission mechanism is the cyclotron

it
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process. They propose two mechanisms, however, by which

radiation could be emitted parallel to the magnetic field

lines. wune such mechanism involves the existence

of an

anisotropic Maxwellian plasma for which the temperature of

pdrticles moving parallel to the field is greater than the

temperature of particles moving normal to the field. Another
depends on the modification of the Thomson scattering cross

section in strong magnetic fields as described in cChapter 3.

Bevause the cross section varies as sin2 (g), where 6 is the

angle between the the magnetic field and the photon momentunm

vector, the accretion column is more transparent to photons

travelling along field lines than ta those travelling normal
to the field lines, This produces a so-called pencil-bean
geometry.

The radiation transfer characteristics near the neutron

star sviface are treated by Basko and Sunyaev (1975). They

propose an accretion funnel cather than an accretion colunmn

based or details of the interaction between the accretion

disk and the magnetosphera. The general properties of the

radiation, however, are not expected to depend strongly on

the exact shape of the hot spot on the surface of the

neutron star. Basko and Sunyaev also favor the pencil-bean

geometry.
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Petterson (197%) proposes a warped accretion disk to
account for the 35-day ON~OFP cycle observed in Her X-1.
This warping could arise from precession of the primary
star. The OFF-state corresponds to times when the x-ray
source is obscured by dense matter in the disk. The
intensity dips, which occur approximately every 1.6 dayvs,
may also be explained in terms of the obscuration by the

disk.

The observed x-ray emission from Hercules ¥~-1 1is

discussed in terms of the above models in Chapter 6.
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Chapter 5

THE CRAR PULSAR
5.1 INTRODUCTION

The emission of electromagnetic radiation from the pulsar
in the Crab nebula has been studied by many observers. The
general shape of the integrated pulse profile, consisting of
a primary pulse followed 13.4 ms later by an interpulse,
remains unchanged over 16 decades in photon energy. Typical
pulse profiles from radio energies to high-~enerqgy gamma-ray
energies are shown in Figure 5-1. Note that a third peak,
known as the precurser, occurs below about 700 MHz in the
radio data. variability in both the temporal and spectral
characteristics of the radiation has been reported in

several energy bands.

The strongest evidence for variability is found in the
radio observations, which have been quite extensive. Rankin
_et al. (1974) obhserved changes in the pulsar intensity by a
factor of three with a characteristic fluctuation time of 30
days. These variations occur in the precurser, primary
pulse, and interpulse ¥ith a high degree of correlation.
Variability in the radio emission has also been detected

from pulse to pulse. Sutton et al. (1971) reported that
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Figure 5-1. Integrated pulse profiles of the Crab pulsac
at various energies (data from Manchester 1971;
Wwarner at al. 196%; Rappaport et al. 1971:
Kurfess 1971; and Kniffen gt s1l. 1977).
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"giant" pulses occur about onhce every 5 to 10 minutes. The
flux density in these pulses can exceed the flux density
from the entire nebula. Hapkins and Rickett (1975) reported
one such pulse whose flux density was 60 times that of the

nebula.

ITn contrast to the radio emission, the optical emission
from the pulsar shows no variations in intensity or pulse
profile over short time scales (Hegyl et al. 1971) .
Fhotometric measurenents made over the last few years show

less than 0.05 ragnitude variation (Kristian 1971).

When discussing wvariability in the x~ray and gamma~ray
emission from the Crab pulsar, it is customary to define
pulsed and nonpulsed regions of the integrated pulse profile
in the following way. The pulsed emission region of the
profile contains the primary pulse, the interpulse, and the
phase interval between them. The precise width of the pulsed
emission i5 subjective; values used by various observers lie
tetween 50% and 67% of the integrated pulse profile. The
different widths chosen reflect not only possitle changes in
pulsed structure, but possible systematic errors as well.
For example, fcld ing the data using slightly incorrect

pulsar parameters would result in an apparently broader

pulsed emission region.
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The remaining part of the pulse profile is denoted the

nonpulsed emission region of the profile. The integrated

pulse profile of the optical emission contains no
significant structure in this region, and most x-ray
observations 4lso exhibit no statistically significant bl

structure in this phase interval.

In the following discussion, structure in the integrated
pulse profile is called permanent if it is independent of
the integration time used to construct the pulse profile. In

this sense the primary pulse and the interpulse are

permanent pulsed structure. Observations with increased
sensitivity may reveal permanent pulsed structure din the
nongpulsed region of the profile, in which case the
conventions described above will require rtedefinition.
Iransient structure is taken to include all features in the 1
pulse profile whose existence depends on the particular time 4

interval used to construct the integrated pulse profile.

At x-ray energies above 25 ke¥, evidence for both

Permanent and transient pulsed structure has been reported.

3 : Brini et al. (1971) present statistically weak evidence for

f two additional peaks in the pulse profile, cne preceding the ‘f

interpulse by 2 wms and one succeeding the interpulse by 4

ns. Helmken (1975) has combined the results of several

observations and has concluded that the first feature
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remains significant, and is in fact present with low
statistical significance in each of the profiles wused to |
construct the mean profile. More recently, Ryckman et al.

(1977) report the existence of tranmsient structure in two of

five transits of the Crab during a balloon observation. .

To provide more information on the temporal variability
of the [igh energy x~ray emission from the Crab, the
Celestial X=ray Detector was used to observe the nebula and

the pulsar for eight days in 1976 and six days in 1977. A

description of the observations and of details in the data
analysis unique to the Crab is presented in Section 5.2. In
Section 5.3 integrated pulse profiles, photon spectra, and
values of pulsed flux and pulsed fraction are presented. The
results from these observations are compared with previous

results in Section 5.4.

5.2 OBSERVATIONS AND DATA AWALYSIS

The 1976 observation spanned +the time dintervals 1976

Harch B8.94 to March 11.09 UT and 1976 March 17.21 to March

22.96 UT. The 1977 cbservaticn spanned the time intervals

) 1977 Narch 6.97 to March 10.94 UT and #arch 19.00 to March
21.97 UT.

The observed counting rate from the Crab nebula is about

25% of the detector background rate, and the signal to noise
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ratio is about 9 to 1 if only statistical fluctuations are
taken into account. Long integration times are therefore
required to detect the pulsed emission using the Celestial
X~ray Detector on 0S50-8. This necessitates temporal
stabkility of the instrument to better than 1 ms or 1 part in
108 per day. The c¢lock on board the 0S5S0-8 spacecraft is
stable to better than 1 part in 10?9 per day so that
integration times over many days of observation are
possible. The daily UTC time tag and the event timing
information enables the arrival times of the detectedl
photons to be determined to better than 0.35 ms. The x-ray
Fulse profile can thus be compared on an absoluté time scale
with radio and optical pulse arrival times determined from

ground-based observations.

The results obtained from the preliminary analysis of the
1976 observations were very encouraging but raised some
worrisome dquestions. The integrated pulse profiles
exhibited the expected double~peaked structure. The primary
peak was somewhat broader than expected, however, and the
reak position was shifted in phase by 2 to 3 milliseconds
tetween the first and second observation intervals. The
absolute arrival time of the primary peak was shifted by
eight to eleven milliseconds from the position predicted
from the radio pulsar parameters (Payne 1976). A relative

change of 6104 in the pulsar frequency derivative corrected

A
-
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the two to three millisecond phase shift between the two
observing periods, but the ahsolute arrival time was still

incerrect.

To determine the cause of the incorrect absolute phase,
the timing calculations were reviewed in detail. The
barycentric time-of-flight corrections were calculated using
satellite~earth and earth-sun vectors (cf. Figure 2-5)
obtained from the 0S0 production tapes. The sun - solar
system barycenter vector was obtained from the Lincoln Labs
PEP311 planetary ephemeris. The earth-sun vector on the
0S0-8 ephemeris was obtained from the JpPL Development
Ephemeris Number 19 processed by the Goddard Space Flight
Center program ORB 3A. The value of the light travel time
per astronomical unit was 499.012 s (American Ephemeris and
Nautical Almanac). Integrated pulse profiles were
constructed according to UTC barycentric arrival times using
pulsar parameters having an epoch of 1975 Octoher 21.3125
obtained at Arecibo (Gullahorn et al. 1977).

Discussions with the staff of Arecibo revealed several
important differences between the above technique and the
cne used at Arecibo to derive the pulsar parameters {Payne
1976) . One difference was the use of atomic time, including
the relativistic clock correction, iastead of UTC. Another

difference, far more significant, was the use of the PEP311
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ephemeris for the time~of=-flight corrections. A detailed
comparison of the earth~sun vectors from the two ephemerides
showed not only that the earthe-sun vectors were different,
but that the difference varied with time. The discrepancies
i the solar time of flight are shown in Taltle 4. Because of
these differences the barycentric timing programs were
podified to agree with the method used at Arecibo, even to
the point of using the same interpolation routines for the
epheneris. These modifications and the use of a more
recently published set of pulsar parameters, having an epoch
of 1976 March 21.875 AT (Gullahorn et al 1977), eliminated
the two to three millisecond phase shift between observation
intervals. The primary peak was also sonmewvhat narrower,
being completely contained in a four millisecond wide phase
interval. The absolute phase of the x-ray emissicn, however,
still differed from the predicted radio values by three to

four milliseconds,

TABLE 4

Compatison of JPL 19 and PEP311 Solar Vectors

B W gun AR e e i W N wwee O Wam en e e Sy
[ TR S S A

Date BEarth=Sun Time-of=-Flight Correction
t (JPL) - t{PERP) (s)
1576 March 7 Oh 0.015
1676 March 11 Oh 0,018
1976 March 15 0Oh 0.020
1976 tarch 19 Oh 0.018
1976 March 23 0Oh 0.023
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The constant offset of the absolute phase from the
predicted value stroungly suggested that some simple additive
constant was 1incorrect. After the conversion betwveen
various time scales was checked, the telemetry format was
examined to verify the location of the UTC time tag. It wvas
found that the time tag, Which had been assumed to refer to
the beginning of the minor franme, in fact referred to the
end of the third sync word in the minor frame. The end of
the third sync word occurs 3.75 milliseconds after the start
of the minor frame. The application of this ccrrection
brought the absolute phase of the x-ray pulsations into
agreement with the predicted radio phasé to within the
timing resolution of the instrument and the uncertainty on

the pulsar paranmeters.

The excellent agreement of the x~vay results with the
frequency and absolute phase based on the radio observations
is a good test of the correct performance of the timing
analysis. It was hoped that subseguent observations would
entail no further timing difficulties. Unfortunately, this
was not the case. In the absence of Arecibo observations of
the Crab in 1977, vpreliminary values for pulsar parameters
with an epoch of 1977 February 8.04457 UT were obtained from
the Five Coliege Radio Observatory (Helfand 1977). When the
data were binned according to these new parameters no

evidence for pulsed emission was found. When the data were
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rebinned using updated parameters from Arecibo values having
an epoch of 1975 COctober 21.3125 AT, pulsed emission was

cbserved, although the phase of the primary peak drifted
fror day to day.

Because Arecibo is no longer monitoring the Crab
routinely, current pulsar paraneters £from Arecibo are not
available. A calculation of the number of predicted pulse
periods which occurred during a 15~day interval near the
time of observation revealed a discrepancy of 15 periods
between the Five College parameters and the Arecibho
parameters. Since the PEP311 ephemeris was used in the
calculation of both sets of pulsar parameters, the reason
for this discrepancy is not clear. It presumably has to do
with details in the pulse timing calculations. The Arecibo
parameters and vere adjusted slightly to remove the
drift in the daily rhase of the primary peak and to position
the center of the primary peak at a phase value of 0.0, and
vere updated to an epoch of 1977 March 1.00 AT. The
adjustment in parameter values, while slight, was mnuch
larger than weuld be expected on the basis of the formal
uncertainties of the original parameters. The pulsar

paraneters used for the 1976 and 1977 observations ars

listed in Table 5.

U
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TABLE 5

Pulsar Parameters For The Crab Observations

Paraneter 1976 1977
9y 0.4375 0.087
Vo 30. 13041094174275 30.11902077839999
vy -3.8326129039x10~-10 ~3,8291458235x10~10
Y% 8.718x10—19 1.1837x10~20

Epoch 1976 March 21.875 AT 1977 March 1 00.00 AT

l
|
|
|
I
|
{
!
{
|
|
|
!
i

5.3 OBSERVATIONAL RESULTS

Among the wmost important results from the Crab
observations aré¢ those concerning the day-to-day variations
in pulsed emission. Three different indicators of pulsed
emission Were examined; the shape of the integrated pulse
profiles, the value of the pulsed flux, and the value of the
pulsed fraction. The values of pulsed flux and pulsed
fraction are not independent, however, they are subject to
different systematic errors. Examination of both quantities,
therefore, provides information on the magnitude of sone
such systematic errors. In order to reduce the sffects of
statistical fluctuations, a large energy interval (16 - 114
kev) was used in the search for day-to-day variations in the
flux levels. The data were integrated over time intervals of
approximately 284 hours duratiom. These time intervals are

identified with a day number in Table 6. In the following
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discussion all references to specific observation intervals
are by day number. :
|
| :
gf f L]
| i
i TABLE 6 |
I 1
) Data Analysis Intervals )
I |
| |
} Livetime within 39 |
| Day Number Time Interval (UT) of Source(s) §
I I
. i 1 1976 tarch 8:2250 - 9:2220 1523 |
) t 2 9:2220 - 11:0213 1550 |
5 I 3 17:0500 - 17:2330 1628 |
3 { 4 17:2340 - 18:2150 2046 |
2 { 5 18: 2355 - 19:2306 1987 {
A I 6 20: 0108 - 20:2319 1325 | !
% | 7 20:2320 - 21:2254 1962 I "
. i 8 2122255 ~ 22:2306 1786 | ]
i 9 1977 March 6:2317 ~ 7:2255 1086 | ;
i 10 7:2255 = 8:2305% 1702 { ]
{ 11 822330 -~ 10:2230 2412 I
§ 12 18: 2330 - 19:2330 1074 i }
| 13 19:2330 - 20:2307 1198 |
| 14 20:2309 -~ 21:2316 876 I
I i
The first step taken in the search for variaton in pulsed E
emission was the examination of the integrated pulse %
profiles for changes in pulse shape or phase of pulsed
emission. The integrated pulse profiles obtained each day
are presented 1in Piqures 5«2 through 5~6. Mean pulse
profiles for the 1976, 1977, and the combined observations
% are shown in Figure 5-7. In order to test the hypothesis of i
: i
cohetant pulse shape, the data in each of the 33 phase bins :
i
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The results from the 1975, 1977,
observations are shown separately.

16 to 114 keV.
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were examined for 1large excursions of the daily flux from

the mean flux in that phase bin. This analysis was performed

for the 1976 and 1977 observations separately. The value of

chi-squared obtained from this ccmparison was calculated for

each phase bin; improbatly large values of chi-sguared were

taken to be those values for which the probability of

exceeding chi-squared was less than 0.0%. The contributions

to chi~squared for each day and each phase bLin were examined

to determine which, if any, of the daily pulse profiles were

consistently contributing to the large values of

chi-squared.

Luring the 1976 obssrvation, four phase bins exhibited

improbably large values of chi-squared. For purposes of this

discussion, the phase bins are numbered sequentially

starting at phase = 0.0, so that the bins with large

chi-squared are identified as tins 16, 17, 20, and 33. The

observed values of chi-squared were 18.9, 16.3, 21.0, and

20.7, respectively, for 7 degrees of freedon. Days 1 and 4

vere the primary contributors to bin 15; Days 1 and 3, to

kin 17; pays 1, 2, 7, and 8, to bin 20; and Days 4, 5, and

6, to bin 33, Thus, no one day wvas a primary contributor to

all of the large deviations. Day 1 did contribute to three

of the four bins in gquestion,
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The 1977 Jintegrated pulse profile also exhibited four 1
phase bins, bins 3, 4, 16, and 27, having improbably large 1
values of chi=-squared. The values of chi-squared were,
respectively, 13.6, 16.2, 20.5, and 16.6 for 6 degrees of

freedon (for the purposes of this calculation, Day 11 was

RO

divided into 2 smaller intervalsj. Day 13 contributed

Tdis

Tttt

overwhelmingly to the 1largde values of chi-squared in the

last three bins with values of 8.3, 10.8, and 8.1. The flux
values were anomalously low in bins 8 and 16 and anomalously

high in bin 27. There is no simple explanation for the low

Lt o N TR R L

flux values; because the data are binned modulo the pulsar

period, a systematic error would have to exclude counts only

B3 o i i e MR

at specific values of pulse phase, and this is very

unlikely. The high value of flux in bin 27 may indicate
transient structure which occurred on this day only. This

possibility is discussed further in Section 5.4.

The statistical analysis presemted above does not check
for the simultaneous increase in two or more adjacent phase é
bins. To remedy this situation the pulsed flux in the

primary pulse and interpulse were calculated separately and

are shown in Table 7. The primary pulse was assumed to be 5 4

phase bins wide (out of 33); the interpulse was assumed to

SEBEL o e s

be 10 phase bins wide; this width includes the long leading
edge of the interpulse. By this measure of variability, both

the primary pulse and interpulse wvere consistent with

é
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constant pulsed emission during the 1976 observation. Once

again, the 1977 observations indicate statistically
significant departures from random fluctuations in the

pulsed emission. The primary pulse is significantly low

during bayY 13 and the interpulse has essentially disappeared

during Day 12.

S

i

} TABLE 7

!

} Pulsed Plux in Primary Pulse and Interpulse
|

!

| Flux (counts s—1 cn—?2)

|

| Cay Number Primary Flux Interpulse Flux
|

§ 1 0.36+0.08 0.61+0.1
] 2 0.14740.08 0.86+0.1
i 3 0.3240.07 0.48+0.1
§ 4y 0.251+0.07 0.089+0.1
i 5 0.2610.07 0.38+0. 1
§ 6 0.3510.08 0.68+0.1
i 7 0.52+0.07 0.58+0.1
| B 0.28+0.07 0.33+0.1
| 9 0.24+0.09 0.75+0.1
| 10 0.32£0.07 0.50%0.1
| 11 0.23+0.06 0.51%+0.1
{ 12 0.20£0.09 0.03+0.1
| 13 0.07+0.08 0.38+0.1
§ 14 0.2640.10 0.8540.2
i HEAN 0.30+0.02 0.488+0.03
i

[

o I apny . R Gm AR R W S M W W T wfs WD WS g AR G wh WG G S — o)

cbservations

When the data

from both the

are combined,

‘there is

and the

no evidence

W - R e e e T e
A ot S e e Wi s L R A

additional permanent pulsed structure at a statistically

significant level.
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The mean integrated pulse profiles presented in Pigure
5-7 show that the pulsed emission occurs in no more than 18
contiguous phase bins; there is no indication of significant
structure in the remaining 15 bins. The pulsed flux,
nonpulsed flux, total flux, and pulsed fraction wvere
calculated for each day; the results are shown in ¥Figure 5-8
and in Table 8. To determine how sensitive the resulting
values are to the chosen pulsed emission region, the
calculations were also performed for the 1976 data using 21
kins for the pulsed emission Tegion. There is generally good

agreenent between the two sets of values.

The observed fluctuations in the nonpulsed emission

indicate either real variations in the nonpulsed emission or-

a large systematic error. As discussed in Chapter 2,
incorrect background subtraction is a likely candidate for
such an error. The background rate in the energy range from
16 to 114 keV is shown in Fiqure 5-9. The background rate
varies more than was expected; this variation is most likely
due to differing times spent in the radiation belts each
day. There is no clear~cut correlation between the
background rate and the nonpulsed emission. For example,
the nonpulsed emission is essentially constant on days 5 angd
6 while the background rate exhibits a significant increase
during the same time interval. The value of the correlation
coefficient is -0.23; this value is consistent with the

hypothesis of no correlation.
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TABLE 8

Open Central Crystal Results

Flux (counts s—1 keV—1)

en O
B =
<o b

~NODE
s o o B
WO W
i+ 4 i+ M
-t sed =d mb
s & o 8 haild
0>

5.7+1.4
9.5+1.7
10.4+1.0
5.6+1.5
9.2+2.0
6.8£1.5
6.3+1.3
1.7+1.8
3.6%1.7
6.7+2.1

7.8+0.5
6.4+0.7
7.2+0.4

Honpulsed

£3G=zy

3.03+0.22
3.50+0.22
3.794¢0.21
3.69+0.18
3.62%0.19
3.6440.23
3.01+0.19
4,24+0.20
3.60+£0.26
3.5020.21
3.26+0.18
4.10+0:25
3.75+0.23
3.42+0.28

3.56+0.07
3.90:0.10
3.684+0.06

Total
(1072)

3.96+0.15
4.35¢0.15
4.48+0.14
4.3940.12
441830.13
4.59+0.16
4.06+0.13
4.80+0. 14
4.512£0.17
4.18+£0.14
3.68+0.12
4.28+0.17
4.11+0.16
4.09+0.19

4.24+0.05
4.53+0.06
4.41+0,.04

2310
20+U
1514
1643
1443
214
264
1213
204
164
16+3

4stt

9+4
1645

16+1
1442
16+1

Pulsed
Fraction (%)
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The values shown

in Pigure 5-8 for

the nonpulsed flux

obtained during the 1976 observation are not consistent with

constant flux.

The value of chi~squared is 28 for 7 degrees

of freedom. The probability that the observed scatter is due

to statistical fluctuations about a
than 1.5x10—¢,
is
constant pulsed emission.

pulsed fraction are consistent

€ for 7 degrees of freedon.

The

the punlsed and nonpulsed flux.
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constant value is less
The value of chi~squared for the pulsed flux
This value is consistent with
variations in total flux and

with the observed values for
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There are two Kknovn systematin errors which could
contribute to an incorrect estimate ¢ the background. The
first of these 1is a systematic change in rhotomultiplier
gain as a function of the distance from source. This gain
change, wvhich is described in Section 6.2, can be as large
as 1%. It can produce spurious results in observed :vectra,
especially for weaker sources. To estimate the maxinmum
effects of such a gain change, the background rate in :he
enexrgy range frxcm 16 to 114 keV was corrected for an assumed
1.4% change 1in the position of the lower energy channel
edqge, The resulting change in background rate was 0.15
counts s-1!, which is 20% of the observed variation in the

background rate.

The other systematic effect involves a simultaneous
change in the backgroound rate and the position of the spin
arxis. During the beginning of each observation the
spacecraft orientation is changed in order to bring the
source into the field of view. During this time source
counts will be collected even though the detector is not in
the optimum orientation. It sometimes takes on the order of
a day to optimize the detector orientation. If ¢the
background rate changes significantly between the time the
source first enters the fi=2ld of viaw and the time at which
the spin axis is 5° away from the source, then the

calculated source fluXx wmay be incorrect. A change by a
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factor of 2 in the background rate betveen optimum and
non-optimum detecter orientation is sufficient to cause a
~10% error in the source strength. A change of this
pmagnitude is sufficient to account for the observed
variation. The same effect is expected to occur at the end

of each observation, as the source leaves the detector field

of view.

If the first and last days of the 19?6‘ohservation are
excluded for this reason, the value of x2 for the nonpulsed
enission during the remainder of the observation is 10.2 for
5 degrees of freedom. This value is consistent with constant

emission at the 85% confidence level.

The 1977 observations also showed large flﬁctuations in
the emission from day to day. In this case the value of
chi-squared for the nonpulsed emission is 10.5 for 5 degrees
cf freedom and is consistent with constant emission at the
95% confidence level. The value of chi-squared for tha
pulsed emission is 14.2; the probability of exceeding this
value of chi-squared is less than 1.5x10-2, The pulsed flux

values obtained during Days 12 and 13 evidently lowered the

1977 mean compared the the 1976 mean.

For the sake of completeness, the correlation coefficient

. for the background rate and the nonpulsed emission was
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calculated for the 1977 observation. The resulting value,

-0.48, is consistent with no correlation.

Statistical limitations prevent the deteramination of

precise pulsed spectra on a daily basis. In this work,
spectra were obtained for the 1976 data, the 1977 data, and
the combined data. The spectral fits covered ¢the energy
range from 21 to 220 keV. Dolan et al. (1977) have presented
the time-averaged spectrum for the 1976 observations alone

from 16 to 500 keV. The more restricted energy range vas

used in this work because the pulsar was detected at

N R et o g e T
ST S PV PIRNCIT NONCIE TSNy, 1A% N SRR e FURE SR Ol

energies up to 220 keV only. Best fit spectral parameters ! j

for the pulsed, nonpulsed, and total emission are presented
in Table 9, The observed spectra are plotted in Figures
5-10 through S=-18. The uncertainties are derived from the

68% confidence contours as described by Lampton et a

(1676). The normalization energy, Eo' vas chosen so as to

it B A T Tt i 2t St

circularize the confidence contours, thereby making the

fitting parameters statistically independent.

Another measure of the pulsar spectrum is provided by the
variation of pulsed fraction as a function of energy. Pulsed

fraction values are shown in Figure 5-19. Also shown is the ;

fit obtained by Thomas and Fenton (1975) to previous

measurenments of pulsed x-ray emission.
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Figure 5-10. The 1976 Crab pulsed spectrum.
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Figure 5-1%. The 197641977 Crab total spectrum.
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f . Figure 5-19. The puls=2d fraction of emission as 2
Lo function of energy loss in the central crystal
; for the 1976, 1977, and combhined observations.

The so0lid 1line and the dotted lines are the
best~ function and uncertainties, respectively,
obtained by Thomas and Fenton (1975) for a
number of previous observations of the <Crab
pulsar. ‘
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TABLE 9

Crab Spectral Parameters

dnN/dE = A(E/Eo)-a photons s—% cm—2 keV—!
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2
i
|
{
i
|
i
|
| 1976 A o
4
i Pulsed 6.2 £2.0 x10—¢ 1.8 #0.3
| Nonpulsed 3.254¢0.33x10—3 2.0220.12
| Total 3.9140.14x10—3 1.98+0.06
|
|
| 1977
I
i Pulsed 5.7 £2.2 x10—4 1.8 +0.7
{ Nonpulsed 3.19+0.27x10-3 2.05+0. 15
§ Total 3.7640.20x10—3 2.02:0,07
|
|
| 1976+1977
|
{ Pulsed 6.3 £1.0 x10—+ 1.8 +0.3
| Nonpulsed 3.204£0.17x10—3 2.05+0, 10
| Total 3.83+0.11x10—3 2.00+£0.05
! Eo = 40 keV
5.4 DISCUSSION

The 1976 integrated pulse profiles all appear to be

consistent with the mean pulse profile.

Some profiles look

“cleaner" than others, but this is to be expected because of

statistical fluctuations.
are readily identified.

integrated pulse profiles.

and 14,

sha {:eS.

which precedes

in particular,

The Day

the primary peak

The primary

This is not

40 not have

and secondary peaks

the case for the 1977

vell defined pulse

13 pulse profile appears to have a peak

to seven

The profiles obtained on Days 12
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milliseconds. The largest flux value in this peak vas
determined by the chi-squared analysis to he statistically

improbable as a measurement of the nonpulsed emission. It is

e Sitonstd

interesting to note that all three days with "questionable®

pulse profiles occurred during the 1latter half of the 1977

i

observation. The pulsed flux also decreased significantly
during Days 12 and 13, with the primary pulse flux
decreasing on Day 13 and the interpulse flux decreasing on

Day 12. These results suggest that there may be systematic

At

errors in the timing analysis which are strongly affecting

the results. As discussed in Section 5.2, there is a large

e R TN e

discrepancy (one pulse period per day) between the number of

pulses predicted by the Five College pulsar parameters and

EPO R TSN

the parameters used in the present analysis. When the data

s,

vere binned using the Five College preliminary parameters,

no pulsations were seen on any one day or for the entire

observing interval. The parameters used here immediately

T I

revealed pulsations during each of the first three days 4

(bays 9~11) and for Day 13. The cause of this apparent

discrepancy is not yet understood.

Another interpretation of the variatiomrs in the nonpulsed
emission is that variatle pulsed emission is occurring in
the so-called nonpulsed emission region. Two possibilities
then arise; either the nonpulsed emission varies uniformly

as a function of phase and is indistinguishable from nebular

% 19




RIET Lol

L O 2

emission; or there exists pulsed structure within thz
nongulsed region at a level below the sensitivity of thg
Celestial X-ray Detector. Of these possibilities the former
is less 1likely. Wolff et al. (197%5) detected no
contribution of the pulsar to the emission below 23 keV in
the nonpulsed region of the integrated pulse profile during
two lunar eclipses of the Crab in 1974. Toor and Seward
(1977) during a lunar eclipse measurement concurrent with
one of the two observed by Wolff et al. also found no
evidence of nonpulsed emission from the pulsar in the energy

range from 0.5 to 16 keV.

There is no evidence for additional permanent pulsed
structure in the integrated pulse profiles shown in Figure
5~6. The profiles, however, are consistent with the presence
of a feature on the rising edge of the secondary peak (Brini
et al. 1971; Helmken 1975%).

The observed variation of pulsed fraction with energy
agrees vwell with the results of previous observations as
tabulated by Thcmas and Fenton (197S5) and with the recent
results of Ryckman et al. (1977) . The agreement is
particularly good for the results of the combined
observations. PFluctuations in the pulsed fraction results
obtained from the 1976 and 1977 observations separately are

statistical in nature, The spectral fits presented in
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Section 5.3 shoved no unexpected results. The data from 16

to 21 kev were excluded from the fits because this is the

spectral range in which contamination by charged particles

has been observed. The pulsed spectrum is harder, although
not significantly so at the 68% confidence ievel. The 1976

and 1977 results individually are consistent with the

results of the combined observations.

Examination of the nonpulsed and total spectra shown in
Figures 5-10 through 5-18 reveals a consistently high point
between 33 and 40 keV in the results from both the 1976 and
1977 observations. The conversion from observed count rate
to incident flux 1in this channel is difficult for several
reasonss» Both Cs and 1 K-edges are contained 1in this
channel making it very sensitive to both dead-layer and
fluorescent escape corrections. There 1is also sone
uncertainty in the exact position of the pulse height
channel edges below 845 keV. These are nonuniform because of
a nonlinearity in the pulse amplifier preceding the pulse

height analyzer and it has proved difficult to exactly

calibrate this nonlinearity.

Cf the above effects neither the fluorescent escape

correction nor the dead-layer correction aione can account

for the observed excess. Setting the escape parameter equal

to zero reduces the S.40 excess in the total flux to a 3.3¢
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excess and does not significantly alter the spectral iniex.

Similarly, converting counting rate to photon flux with a

value of zero for the dead 1layer reduces the excess in the

33 to 40 keV channel. In this case the spectrum below 33

keV also is strongly affected.

It is not clear from the observed spectra that these

lower-~energy data are incorrect. It is, therefore, most

likely that the excess flux between 33 and 40 keV results

from the 3inability to precisely determine the lowu-energy

pulse-height channels.

5.5 CONCLUSIONS

The Crab nebula and the pulsar PSR 0531+21 have been

cbserved for eight days in 1976 and six days in 1977 using

the Celestial X-~ray Detector on 050-8., The pulsed flux

during the 1976 observation, measured day by day in the

encrgy range from 16 to 114 keV, was constant to within

statistics. The nonpulsed emission, defined to be that

emission occurring after the secondary peak and before the

primary peak in the integrated pulse profile, exhibited

stochastic fluctuations which may be indicative of transient

emission from the pulsar. The results from +the 1977

observation showed nonstatistical fluctuations in the pulsed

emission and in the structure of the integrated pulse

profile which cannot be attributed to any known systematic
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error. The nonpulsed emission was constant to within

statistics during the 1977 observation. The properties of

the mean x-ray emission in 7976 and 1977 separately, and of
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the combined observations, agree well with the results of

fFrevious measurements,

The observations reported here are the first to use a

single instrument to observe the pulsed emissiocn of the Trab

continually on these time scales, Because most of thz

possible systematic effects associated with each day's

results are expected ¢to be the same, the reported

variability in x-ray emission is more credible than if the

sape level of wvariabliity had been observed using several

different instruments.
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Chapter 6

HERCULES X~1

6.1/ INTRODUCTION

The emission from Her X=-1 is complex at all x~ray

energies. Intense soft x-ray emision (<1 kev) has been

cbserved by Catura and Actonm (1975) and Shulman et al.

4
{1975). The time~averaged spectrum from 2 to 20 kev is wvell

fitted with a power-law spectrum. Holt et al. (1974) report
a photon spectral index of 1.0%5 from the results of a 1973

rocket observation. Becker et al. (1977) report a spectral

index of 0.91£0.05 for data obtained during a 1975 satellite

observation. Pravdo et al. {(1977) report iron lines in the

spectrunm during the ON=-state.

Above 20 keV the Hercules spectrum falls off much more

rapidly than an extrapolation of a thermal f£it to the
lower-energy data would predict. Becker et al. (1977) fit

their observed spectrum with a quasi-thermal spectrum having

a temperature of 7.3 (+3.6, =2.4) XkeV. Triimper et al.

(1978) report that the pulsed continunm they observe is best

fit with a thermal spectrum with a temperature of 7.3 (+2.4,
-3.8) kev.
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Recent observations of the high-enerqgy x-ray emission
from Her X-1 indicate that the pulsed x-ray spectrum above
20 kev contains one or more spectral features and is highly
variable as a function of time (Triimper et al. 1977, 1978;
friimper 1978; Kendziorra et al. 1977; Matteson et al. 1978;
Gruher.gg_gl; 1478) . Trimper reports a decrease by a factor
of 2.7 in the intensity of both the pulsed continuum and the
58-keV line feature between 1976 May and 1977 Séptember.
Matteson et al. and Gruber et al. report an excess £lux in
the pulsed spectrum above the low-energy pulsed continuam at
a level similar +to that observed by Trumper in 1977
September. The measured values of the pulsed fraction also
have varied considerably, with values in the energy range
from 16 to 45 keV ranging between an upper limit of 10% of "

the total flux (Iyengar et al. 1974) to a value of 58+8%

(Kendziorra et al. 1977).

There also is evidence for considerable fluctuations in
the time~averaged spectrum of Her X-1 including the

observation of a very strong line feature at 63 keV (Coe et

al. 1977). Earlier observations made from balloons suggest,

vhen compared to more recent observations using both
talloons and satellites, that the time-averaged spectrum has
beccme significantly steep;: since 1973 (Iyengar et al.
1974; HManchanda 1977; Dennis.gf_giz 1978a). It is possible

that some of these apparent variations are instrumental in
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nature, resulting, for example, from <the different

instrumental and analytic techniques used by the different B

cbservers. Extended observations of Her ¥X=1 made with a

single instrument are, therefore, especially valuable in the ’

search for systematic variability in the high-energy x-ray

epission.

il

Such a long~term observation was performed in 1977

September using the Celestial X-ray Detector. The results

from this observation for the time-~averaged spectrum and

preliminary pulsed-flux results were presented by DPennis et
al. (1978a, 1978h) .

PP PSRN TR Ve

The work presented here is a detailed

analysis of the observed pulsed flux.

At

The results of the

cbservation indicate that significant changes in pulsed flux

& Sk Yo e

intensity may have occurred from binary orbit to binary

orbit. The observed changes, although of limited statistical

significance,

alic

serve to further

characterize the temporal
variability of the source.

it SN R

A discussion of +the analytic techniques unique to the

Hercules observation 1is presented in Section 6€.2. Th2

expcrinmental results are presented in Section 6. 3. In

Section 6.4 the results from the present work are discussed

. . . . % R
in relation to previous observations and currently available

models for x-ray emission frcm Her X-1.
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6.2 OBSERVATION AND LCATA ANALYSIS

Hercules X-1 was observed with the Celestial X-ray
Detector from 1977 August 31 to 1977 September 10. The
observation, during which the detector was sensitive to

photons with energies between 14 and 281 keV, spanned nearly

and entire ON-state, and is the first observation in this

€nergy range to do so.

During the analysis of <the Hercules data, difficulties

were encountered both in the construction of the integrated

pulse profile and in the determination of the source
spectrum. An inaccurate value of ts, the time of superior
conjunction, was mistakenly used in the preliminary analysis

of the data. The error in to. 0.0036 day, corresponds to an

errcr in the angular position of the x-ray source in its

binary orbit of 0.7°. An error of this magnitude was
sufficiently large to prevent the successful construction of
an integrated pulse profile over a time interval of seven
days. Indeed, when the data vefe examined binary crbit by
binary orbit, the pulse peak appeared to change phasz
systematically as a .function of binary orbit. For this
reason a frequency derivative was included in the pulsar
parameters and different values of both frequency and
frequency derivative were tried in an effort to remove the

variation in peak position with time. No suitable set of

parameters was found. The use of the correct time of
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superior conjunction removed the problem and phase stability

was maintained for the duration of the observation. The

tining parameters used for the analysis of the Her X-1 data
are shown in Table 10.

PRI SR = TR
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&1
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¥ € ] 2
3 t i 3
N } TABLE 10 i 4
3 | t g
2 ! Hercules X~1 Timing Parameters i .
» i | L
- { FPulsation period* 1.237736600 s { £
§ § Binary period¥* 1.7001656 d { .
2 { Binary Radius%* 13.183 lightes | 5
. 2, I Superior conjunction* 1977 RAugust 31.2778 uT { %
l '
« i " ]
! *pPravdo (1978). | -

{ #*%Becker et al. (1977). 1 B

l ! ¥

' 3 3

E
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The problem encountered during the spectral analysis was 3

the occurrence of a change in photomultiplier gain as a E

function of the rotation of the satellite. The effect of the é

gain change was to 1induce peaks at 60 and 135 keV in the :
time~averaged spectrum of Her X~1. These features, which i

‘ ' 1

resenbled lines in the spectruam, wvere close in energy to . :

E those reported by other observers, so that the initial E
‘ . 4
{ results were very misleading. Because of the high g
intensities of the features, and the slight discrepancy in :

energy compared to previous observations,

the data were
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re-exanined with particular emphasis on small systematic
errcrs which could produce the observed effect. It was found
that a periodic gain change, with a magnitude of even less
than 1%, during the rotation of the vheel section of the
satellite could result in the appearance of these features.
The gain change essentially shifted the nominal energy at
vhich an event was recorded. The background rate in any
energy bin became a function of the wheel rotation angle as
different numbers of events were moved into and out of the
bin as a result of the gain change. This varying background
rate in the different energy bins masqueraded as an apparent
source. Consequently, incorrect values of the observed
source strength were calculated. The energies and strengths
cf the apparent features can be predicted from the shaps of
the background spectrum, which contains peaks as a result of
the induced radioactivity discussed in Chapter 2. The
kackground spectrum, and the apparent sotrce spectrunm capsed

by a 1% change in gain, are shown in Figure 6-1.

The cause of the gain change is apparently the changing
orientation of the photomultiplier tubes with respect to the
earth's magnetic field. Although the photomultiplier tubes
are surrounded by magnetic shielding, the detector design
prevented the shielding from extending beyond the
photomultiplier tube faces. The magnetic shielding,

therefore, is less than ideal. It should be noted that a
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Figure 65-1. The observed background spectrum and the
apparent source spectrum (magnified by a factor
of 25) rosulting from a 1% change in the gain of
the photomultiplier tubes.
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gain change of this magnitude (<1%¥) would be quite difficult
to detect during pre-launch calibration. Moreover, since
this is a problem associated with the background
subtraction, it does not affect the pulsed spectrum, as
discussed in Chapter 2. Because it involves a difference
measurement between the cn~source an. ~Lf-source
backgrounds, the effect is less signific..t for strong
sources than it is for weak ones. It did not, therefors,
present problems during the analysis of the Crab data
described in Chapter 5. A more detailed discussion of this

effect has been presented by Dennis et al. (1978a, 1978b).

6-3 RESULTS

} Integrated pulse profiles, obtained by binning each event
according to phase, are shown in Figure 6-2 for energies up
to S8 keV. The pulsed emission between 16 and 33 keV
clearly occurs during 30% of the profile width, Since the
i statistical significance of the pulse profiles deteriorates
| rapidly above 33 keV, the relative phase and width of the
pulsed emission region belo; 33 kevV was used to define the

pulsed emission at higher energies.

. The variation of pulsed flux with binary orbit is shown
in Figure 6-3. It should be noted that the last observed

binary orbit, centere&‘on September 11.33, occurred after

; the end of the CN-state as defined at lower energies (Pravdo
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6-=2. Integrated pulse profiles for the interval

1977 Eugust 31 - September €, which covers the
noneclipsed porticn of the first four binary

orbits after the start of the observation. V%o
significant pulsed flux was detected above 9f
keV.
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Figure 6~3. The variation of pulsaed flux with binary

orbit, The last observad binary orbit, centered
after the end of
apergies

at Septembter 11.33, occurred

the "2N-state as defined at lover

(Pravdo 1978).
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1978) . The pulsed flux in the 16 to 33 keV interval is

consistent with constant emission

during the first four
binary orbits and with zero emission thereafter. The pulsed

flux in binary orbit 2 was observed to increase in both the
33 to 49 keV and the 49 to 71 keV

energy intervals with a
comtined statistical

significance of 1.9 0. Duxring the

sixth observed binary ortit, the pulsed flux letween 49 and

S8 keV was observed to increase with a statistical

significance of 2.5 0,

1he distribution of flux as a function of binary phase is
shown in Figure 6~4 for the first four binary orbits (1977

August 31 through September 6) with the binary eclipse

cccurring between phase 0.93 and 0.07. The noneclipsed data

are consistent with constant emission, although there is a

systematic trend in the flux between 16 and 33 keV. This

trend, although statistically marginal,

suggests that the
pulsed flux increases linearly with binary phase.

value of flux

The low

betveen phases 0.79 and 0.93 is due to the

presence of intensity dips which occurred

exclusively in
this binary phase bin for

the first four binary orbits

(Pravdo 1978). Pulsed flux, with a statistical significance

of 2.20, was obhserved between 71 and 98 keV during eclipse.

No significant pulsed flux was observed at 1lower energies

during the same time interval.
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Figure 6-%. The variation of pulsed flux as a function of

binary phase. The plot includes data betwesn
1977 August 31 and September €, covering the
first four binary orbits after the beqinning of
the observation. The phase interval between 0.93
and 0.07 covers the binary eclipse times and the
phase interval between 0.79 and 0.93 includes
the times of the absorption dips observed at
lower ensrgies.
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The value for the pulsed fraction of emission between 16
and 33 kevV obtained during this observation is plotted in
Figure 6-5 along with several previously reported values.

There secems to be some fluctuation in the measured values

above 20 kev.

The pulsed spectrum of Her X~1 for the time interval 1977
August 31 through 1977 September 6 is shown in Pigure 6-6.

The spectrum can be fitted by a pover law of the form

5.0

+
-;5.4_3.2

an

(6-1) 3E = (1.7&0.4)x10—3 (£/25) 1

} photons s-l c:m'-2 keV .
a thermal sgpectrum of the form

= (E-25.2)

(6-2) W= (4.1:0.7)x1072 exp +5.9 photons s+ cm .2 xkev L.
dg 5.8
~2.4
E
and a thermal spectrusm with a superposed gaussian
{6-3) an (3.6+0.8)x10 2 exp wt5.2 24+ (4.1%2.6)x%x10 2exp ,F§L§§l.}
dE el l5.7_2 4 4
photons st em "2 kevt

The uncertainties are derived from the 68% confidence
contours in chi~squared space as described by lampton et al.
(1976) - For the latter fit, the thermal (line) parameters
were held fixed for the determination of the uncertainties
on the 1line (thermal) parameters. The normalization

energies (25.2 and 19.5 keV, respectively) for the thermal
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Figure 6=5. The pulsed fraction as a function of photon
anaergy. v~ - 4 ~~ i 1lyengar at al.
(1978) ; +—~— Joss et al. {19758y ¢
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Figure 6-6., The pulsed x~-ray spectrum of Her ¥-1 for the
time interval 1977 August 31 -September 6.
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spectra vere chosen so as to circunlarize the contours of
equal chi-squared, thus making the parameters statistically
independent. The width, F¥HM, of the line centered at 55
keV is 3.4 (+9.1,-2.6) keV and the integrated intensity is
1.5(+4.1,~-1.4)x10-3 photons s~ cm—2, The value of
chi-sguared for the first two fits 1is 21 for 14 degrees of
freedom, while the value for the 1latter fit is 14 for 12

degrees of freedom.

6.4 DISCUSSION

The Hercules X-1 observation presented here provides
information on three different aspects of the pulsed x-ray
zmission: the variation of pulsed flux as a function of the
time from the beginning of the CON-state, the variation of
pulsed flux as a function of binary phase, and the energy

spectrum of pulsed emission.

The intensity as a function of time from the beginning of
the ON-state, as exhibited by the 16 to 33 keV pulsed flux,
differs qualitatively from the behavior of the total
intensity determined by other observers. In particular, the
sharp cutoff in intensity following the fourth observed
kinary orbit differs from the gradual decrease reported by

Giacconi et al. (1973) and Pravdo (1975). The occurrence of
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larger than average intensity dips during the fifth and
sixth binary orbits is not responsible for the low flux
values. Analysis of these orbits both including and
eXxcluding the dips produces the same flux values to within
the statistical uncertainty. Joss et al. (1978) have
presented an analysis of the 2 to 6 kev pulsed flux from
Hercules X-1 from three consecutive ON~states. They report
no significant variations in the observed nonpulsed flux.
The variations which they report in the pulsed fraction,
therefore, can be compared directly with the resﬁlts
fresented here. It should be noted, however, that the first
binary orbit as defined in this work is the first complete
binary orbit of the ON-state, and corresponds to the second
orbit of Joss et al. (1978). The 16 to 33 keV pulsed flux
variations shown in Pigure 6~3 agrees qualitatively with the
Fulsed fraction variations presented by Joss et al. (1978);
the decrease in pulsed fraction which they observe following

their fifth binary orbit, hovwever, is not so rapid.

The variation of pulsed flux between 33 and 71 keV
appears not to be correlated with the variations obhserved
tetween 16 and 33 keV discussed above. The increase observed
during binary orbit 2 suggests that changes in flux of the
pagnitude observed by Trumper can occur from binary orbit to

btinary orbit. The results presented recently by Gruber et

al. ({1978) also indicate significant changes in the
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high-energy pulsed x~ray emission from binary orbit to

binary orbit.

Two interesting results were obtained from the analysis
of pulsed emission as a function of binary phase. The trend
of increasing pulsed flux with increasing phase observed
here disagrees with the result of Joss et al. (1978), who
cbserved higher pulsed fraction values before midorbital
phase than after. Their results, together with those
presented here, reinforce the hypothesis that significant
changes occur in the pulsed emission £from ON-state to

CN~state.

The other unexpected result in the analysis of variations
vith binary phase was the observation of pulsed flux between
71 and 98 keV during eclipse. This is especially suprising
in view of the absence of pulsed flux at lower energies. The
statistical significance of the observed flux is low;
however, when considered along with the positive flux
betveen 2 and 6 keV measured during an eclipse by McClintock
et al. (1978), it suggests that variable emission during

eclipse is possible.

There 1is considerable scatter in the spectral data
between 33 and 98 keV, Pover-law and thermal spectra

without features fit the data equally well. Because others
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have cbserved a feature in the spectrum near 55 keV, a

thermal spectrum with a superposed gaussian was fitted to

the data. The peak of the gaussian was fixed at 55 keV

during the fitting procedure, but its width and intensity

were allowed to vary. The resulting integrated intensity of

1.5 (+4.1,-1.4)x10-3 photons s-! cm2has 1lovw statistical

significance but 1is consistent with the value of

Te1 (£0.1)x10-3 photons s-1 cm—2 obtained by Trumper during

the same ON~state. The narrow width of the feature leads to

the result that the gaussian ris2s and falls within one

10-kev wide energy interval. The limited statistical

significance of the feature makes its interpretation as a

line speculative. The goodness of fit as measured by

chi-squared, however, 1is better for the spectrum with the

line feature than for either of the .spectra without line

features. Moreover, the shape of the spectrum obtained in

the present work is consistent with that obtained by the

JEAC A~U4 experiment from an observation of Her X-1 in 1978

February (Matteson et al. 1978).

& comprehensive model for the x-ray emission from Her X=1

nust explain all of the spectral properties described above

as well as the complicated temporal behavior of the source.

The various models which have been proposed to perform this

task have already been described in Chapter 4. In the

following paragraphs these models will be considered in

light of specific observational results.
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The iron line observed by Pravdo et al. (1977) has been
interpreted as fluorescence from a subrelativistic shell at
the Alfven radius. The existence of +this shell was
postulated by McCray and Lamb (1976) to explain the intense

soft (< 1 keV) x-ray radiation.

Boldt et al. (1976) have used the modification of the
Thomson scattering cross section to explain the sharp cutoff
in the energy spectrum near 20 keV. By using a cyclotron
energy of 100 keV, they have been able to reproduce the

shape of the observed spectrum up to energies near 30 keV.

The 57-keV line in the x-ray spectrum has been
interpreted by Trumper et al. (1978) a&as a cyclotron line.
The observation of a statistically significant pulse profile
at energies near the cyclotron energy calls into question
the explanation of Basko and Sunyaev (1975) for the beaming
mechanisn. This model predicts, on the basis of the
anisotropy in the Thomson scattering cross section, that the
pulse shape, degree of modulation, and pulsed fraction at
high energies will differ from ¢those observed at lower

energies, The observations do not confirm this prediction.

Trumper et al. (1978b) suggest that the narrowness of the
observed line (AE/E = 0.20) supports a fan-beam emission

geonmetry; this value for the relative width requires that
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the angle between the magnetic field and the line of sight

ke greater than 70°. Pravdo et al. {1978), on the other
hand, state that a pencil beam of the type proposed by Basko

and Sunyaev (1975) and Tsuruta (1975) is more likely on the

T LT

basis of their data.

Pravdo et al. (1977, 1978) have shown that significant

variations in spectral index occur within the pulsed part of

the integrated pulse profile. They originally proposed

Thopson scattering as the cause of the spectral variatons,

but later suggested that cyclotron absorption should

dominate Compton scattering above 20 kev.

2 e T
Bt R o

It is clear from the above discussion that, even without
the complication of the high~energy 1line, +there 1is ud
general concensus regarding the detailed geometry

of the
emission region or the

radiative processes responsible for

the observed spectrum. The interpretation of the line also

Trusper et al. (1978)

s TR Ts. R PP
P AT e oA

is not unigque.

S T

have proposed

transitions fron

the first excited Landau state as tha

mechanisn for

et e

the observed emission. They suggest that
cyclotron absorption is a possible but less 1likely

crcipanih

mechanism. Gruber et al.

(1978) using data obtained with

the A4 experiment on HEAO~1 during 1878 Pebruary cannot

distinguish between a cyclotron emission line at 56 keV with

s
st s AR e

indeterminate width and a cyclotron absorption dip centered

at 40 kev with a width of less than 30%.
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The continuum under the lines observed by Trumper et al.

(1978) is approximately thermal, having a temperature of A

7.3 (+2.4, =3.8) keV. This temperature agrees well with the

et

result obtained from the present observation. If the
temperature does 1in fact represent the average kinetic

enerdy of the particles in the emitting region, however, it

bRl i s i o AT e n

is difficult to see how the Landaun levels wculd be excited.

90 eliminate these difficulties, Bonazzola et al. (1978)

RO

have proposed resonant Compton-~cyclotron scattering to

explain the iHer X=-1 x-ray spectrum. 1In this model the

e

enission of x-rays occurs at a hot spot

i AR 20 i

(7x107 K < T < 1.8x170% K) near the surface of the neutron
star. The spectrum of the emitted radiation is expected to
be tlackbody. The radiation is then reprocessed in the

significantly cooler (T = 2 keV) plasma in the accretion

et o bl st LI B e

column. A resonance occurs in the scattering cross section

for the extraordinary mode photons (see Chapter 3), leading

Tk & T IR R A

to strong absorption at the cyclotron energy. The spectrunm
calculated from +this model reproduces qualitatively the -
powerwiaw low-enerqy spectrun, the approximately thermal

high-energy spectrum, and the presence of features near the

cyclotron energye.
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6.5 CONCLUSIONS

Her X-~1 has been observed between 16 and 280 keVv for an
entire ON-state. Significant pulsed flux was measured
during the first four of seven binary orbits observed. This
observation, which is the first to continually monitor the
source in this energy range for a complete ON=-st=z%g,
suggests that the pulsed emission can vary in intensity by a

factor of three from binary orbit to binary orbit.

The spectral data are better fit by a thermal spectrunm
with a superposed gaussian centered at 55 keV than by
power-law or thermal spectra without features. The low

statistical significance of this feature in the spectrum,

however, makes independent interpretation of it as a line

impossible on the basis of our data. In the light of other
cbservations, however, our results add credibility to the
existence of a variable feature in the high-energy x-ray
spectrun of Her X-1.
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Chapter 7

coDA

In the years which ".tve passed since the Celestial X-ray

betector was proposed, high-energy x-ray astronomy has

advanced tremendously. A better understanding of detector

performance and the background counting-rate spectrﬁm at

kalloon and satellite altitudes has led to significant

improvements in detector design. These improvements, along

with the ability to launch larger scientific payloads, have

enabled a reduction in the minisunm detectable source

strength by more than an order of magnitude.

Scientific advancas in high-enerqy x-ray astronomy depend

on improvements in the ability to detect 1low continuum

fluxes and the ability to make spectral measurements with

fine energy resclution. The first need is being met by the

use of large scintillation detectors with sensitive areas in

excess of 750 cm2. These detectors provide the capability

to resolve some of the issues raised by the work presented

here. In particular, variability at the two-sigma level of

statistical siqgnificance can be confirmed or ruled out, as

the case may be. lLarge-area detectors can be used also to

cbserve high—-energy x-ray sources too weak to be detected
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with the previous generation of instruments. Among the most
exciting candidates for such observations are extragalactic

x-ray sources such as Seyfert galaxies and BL Lac objects.

These are, generally speaking,

low-intensity sources with
very flat spectra (Mushotzky et al. 1978). Knowledge of
their

high~energy X-ray spectra is essential for the

verification of models proposed for their structure. For

exarple, coordipated x~ray, infrared, and radio observations

will clarify the interpretation of the processes occurring

in these active sources in terms of the synchro-Compton and

blackbody~Compton models (Grindlay 197%; Mushotzky 1977;

Tucker_gg al. 1973; Beall et al. 1978).

The possible
contribution of these

sources to the diffuse component of

the cosmic x-ray flux can also be better estimated from a

knowledge of their high~energy x-ray spectra.

The improved counting statistics obtained with large-area

detectors enables mor2 precise determination of sourcs
spectra to be made, thus improving the ability to detect

spectral breaks and possible line features. Breaks in
spectra can support or refute models for x-ray production,
as in the case of Cyq XR-1, where the latest models predict

a break at an energy betvean 100 and 500 keV (Shapiro et al.
1976; Eardley and Lightman 1976). A break in the Crab

spectrum has been reported by Strickman et al. (1979) but

its theoretical implications are not clear at this tisme.
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The capability of scintillators to determine fine

spectral features is 1limited by the inherent energy

resclution of the scintillation process, which results in a

best~possible resolution of approximately 7% at 660 keV. To

overcome this difficulty, experimenters are turning to the
use of semiconductors such as germanium for the detection of

high-enerqgy photons. Germanium has an intrinsic energy

resclution more than an order of magnitude finer than

scintillators, typically 2 to 3 keV at 1 Mev,

gerbanium crystals

The largest
currently available provide detecting

areas on the order of 30 cm2 and volumes on the order of 100

cu3., The small size of these crystals has limited their

application in astrophysics. The use of large arrays,

comprising many individual detecting units, will remove this

limitation.

Measurements made with germanium detectors should be able
to resolve the ambiguities now present in the interpretation

of the 55-keV feature in thexray spectrum of Her X-~1. Fine
energy resolution in the epergy range characterizing the

high-energy x-ray and low-energy gamma-ray emission will

enatle exploration for other spectral features in a wide

variety of additional sources, such as other x-ray binaries,

the interstellar medium, supernovae, and solar flares.

Narrov features are expected from several mechanisms,

including cyclotron line enmission from hot plasmas, nuclear

transitions, and positron annihilation.
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Fine time resolution will continue to be an important g
requirement for future observations. The determination of ;f
spectra as a function of pulse phase for periodic sources ‘s
;4
will provide insight on both emission and absorption ;
processes. Autocorrelation studies which are now being used Y
to study aperiodic low-energy x~ray emission from black hole “i
- : ;
candidates require fine time resolution; the increased “
sensitivity of large—-area scintillators wmay make such
analysis feasible at higher energies. :
high~energy x-ray astronomy, because of advances in both i
science and technology, will continue +¢to be an active and 3
cxciting area of astrophysics research. 'j
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Appendix A

COLLIMATOR PENETRATION EFFECTS

The sensitive area of a collimated detector to a parallel
team of x rays is a function of x-ray energy and the angle
between the ccllimator axis and the photon momentum. At low
enexrgies, the collimator material is completely cpaque to
the x-rays; as the angle between the collimator axis and the
photon direction increases, the sensitive area decreases as
the ccllimator blocks the passage of photons to the detector
itself. At higher energies, however, photons may penetrate
the collimator material, so that at a given angle the

sensitive area is increased.

The effects of ccllimator penetration for the Celestial
X-ray Detector on 0S0~8 have been calculated following the
treatment of Mather (1957). Several results from that

calculation are presented here.

Three fundamental assumptions vwere made in the

calculation. *irst, the angle, » of photon incidence as

gseasUred from the collimator axis is assumed to te small

enough so that small-angle approximations are valid.
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Secondly, the penetration of photons through the maximunm
thickness of collimating material is assumed to be

negligible. Thirdly, the collimator is assumed to comprise : 3
a single cylindrical hole in”; semi=-infinite slab of ? K
collimating material. The first assumption is | ¥
straightforward, and is used to set cosf approximately |
equal to 1. The validity of the second assumption can bhe

determined by <calculating the probability of penetration

throagh the top shield, This probability is shown for

TR P TR TR PR

several incident x-ray energies in Table 1] . The thickness

cf the top shield, 13.335 cm, was used in this calculation. E

TABLE 11

Probability of Penetration Through Shield

e s s it atasic

E (keV) Probability

400 0.00075 ;
500 0.0042 A
600 0.008 i
700 0.014 §
800 0.02 :

P —————— g Y L
b o . G . S S A M NS G I e S W
s

The third assumpticn, namely that the collimator is a
single cylindrical hole in a semi-infinite slab, must be

examined carefully. The multigle~hole configuration of the

s S e SR O i bl Tl O Eorsr s B850 e

050-8 detector will enhance the penetration effects because
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of penetration through the wall separating two collimator
holes. To estimate the size of this effect, angle. wvere
calculated at which incoming photons have probabilities of
0.1 and 0.2 for penetrating the minimum wall thickness
(0.307 cm) between adjacent ccllimator holes. These angles
are shovn in Table 12. Since the average wall thickness is
greater than the minimum wall thickness, the values in Table
13 represent: the maximum probabilities of penetration and

not the average probabilities for photons of the same en=rgy

and incident angle.

i |
! TABLE 12. |
i |
i Angles for pPenetration of Minimum Wall Thickness 1
| |
i |
] E(keV) P=0.10 P=0.20 i
i {(degrees) {degrees) !
| i
{ 180 13.18 !
} 200 10.37 i
} 220 B.67 12.45 i
] 240 7.58 10.89 }
I 260 6.89 9.89 |
t 280 6.20 B.89 |
} 300 5.66 8.11 I
}j 400 4.13 591 {
I 500 3.13 5,49 {
| 60D 2.75 3.94 I
i ' {
4 F

The effects of multiple hole penetration can be significant,
especially above about 400 kev. Consequently, the results

from the calculation presented here may not be valid at

energies above 300 keV.
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The total sensitive area as a function of angular
distance from the source was calculated under the above
assumptions; the results for photons with energies of 160
and 300 keV and the results assuming no penetration are

shown in Figure 2-3,
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