ACTIVITY IN THE CRAB NEBULA

Thesis by

Jeffrey D. Scargle

In Partial Fulfillment of the Requirements

For the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, Califofnia

1968

(Submitted February 8, 1968)



Frontispiece

Composite made from 200-inch plates taken 9
years apart, showing the general field of motions in the
Crab Nebula; yellow polaroid plates (PH 1300, 1955.7:

PH 4642, 1964.8) with the magnetic vector of the trans-
mitted light in the E-W direction; north is at the top,

west to the right.
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PREFACE

One day Guido Minch, aware that I had been working on the
theory of synchrotron radiation, showed me one of the 200-inch
plates and pointed out the wisp. This curious object has always
been the focus of the project, even though it led to other
aspects of the Crab Nebula. I am grateful to Dr. Minch for
suggesting and advising this thesis = more especially because
it was not a clearly defined or routine problem, and was therefore
challenging and interesting.

Several individuals have helped in general ways that do not
appear explicitly in the thesis, but nevertheless made it possible.
My wife, Karin, has shown much patience, understanding, and
encouragement. George Field introduced me to theoretical astronomy
and collaborated on the specific project which indirectly led to
this topic. Jesse Greenstein, both in his official capacities and
otherwise, has helped me in many ways. Nearly everyone in
astronomy at Caltech and elsewhere that I have associated with--
including astronomers, staff, and students--has been helpful in
many ways.

Turning to specifics, I am especially grateful to those who
have read all or part of the manuscript and offered numerous
valuable suggestions, many of which have been directly incorporated:
Fritz Bartlett, Jim Gunn, Dick McCray, Guido Minch, and Michael

Simon. I thank Chip Arp for taking several 200-inch plates, and
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assisting with two very long and cold L8-inch exposures. I'ritz
Zwicky kindly lent me several plates from his file., It is
impossible to remember and acknowledge all the discussions which
have contributed to this thesis. Guido Minch guided much of the
work in very major ways. Bev Oke provided much wisdom concerning
the photoelectric observations, and gave me access to his un-
published data. Leverett Davis, Jim Gunn, Ian Lerche, and

Eugene Parker substantially aided my understanding of the basic
theory of relativisﬁic hydrodynamics. Virginia Trimble
communicated helpful insight and data concerning the filaments.
Other discussions of much use were had with: Chris Anderson,
Becklin, G. Burbidge, Castor, Field, Ginzburg, Goldreich, Jokippii,
Kabakow, Keeiey, Leighton, Melrose, William Miller, Minkowski,
Morrison, O'Connell, Shklovskii, and Woltjer. Tom Gehrels, Oke,
and Visvanathan kindly offered to make polarization measures in
connection with the ultraviolet excess, but various circumstances
intervened. I am grateful to Barry Lasker and Fritz Bartlett for
the loan of their interference and Gaussian filters, respectively.
Several nights on the 100-inch were shared with Bruce Peterson,
who aided some aspects of the observations. Grant Snellen and
Ed Dobies were extremely helpful with various aspects of the
interpretation and measurements of the plates. Maggie Hayden's
expert typing under difficult circumstances does not deserve to

be mentioned last.
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ABSTRACT

Changes in the structure shown by the continuous emission
from the Crab Nebula are investigated observationally and
theoretically. . A beautiful series of 200-inch plates fromvl955
to the present provides the data on the morphology of the
activity. Near the center of the nebula is a striking series of
strongly polarized, elongated features called "wisps". The wisps
in this series appear to move at velocities a significant fraction
of the speed of light. The first and most prominent wisp is
rrobably a permanent feature which moves about a characteristic
pbsition. Nearby is a fainter but similar region which sometimes
shows one or more wisps. Centrally placed with respect to these
two regions is a very thin wisp which shows more restricted
notions. Since the two active regions are symmetrically placed
about it, this thin wisp is in a sense the center of the activity.
Th% nearby star is brobaﬁly not associated with the nebula.
Lbﬁion can be detected as well at the edgés of the nebﬁla. At
th; northwest edge in particular are rapidly mo#ing objects which
may be wisps which have propagated outward from the central region.
The area of the nebula intermediate between the central wisps and
these features near the edge is studied with a special technique,
and there are indications of motions here too. In a general way
all of the motions can be understood as disturbances in the plasma

composed of relativistic gas, thermal gas, and magnetic field.



The main wisp may act as a piston, exciting the other wisps in
the form of propagating compressional waves. The velocity of
propagation is set by the density of the thermal gas, which must
be on the order of 10™F em™3 to produce the observed velocities,
Damping of these waves by resonance phenomena may be a source of
energy for the relativistic particles sufficient to restore the
synchrotron losses. Photoelectric observations show that the
intrinsic spectrum is probably a power law with a slight excess
of ultraviolet radiation. The power law, which decreases with
increasing frequency, becomes steeper away from the center of the
activity., This may be caused by the evolution of the electron
energy distribution or by the injection of energy where the

activity is strongest.
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I. INTRODUCTION

In the heart of the relativistic plasma in the
Crab Nebula lies an elongated object. It would be
remarkable by its very appearance - - the high surface
brightness, strong polarization, and sharply defined
boundaries make it stand out from the rest of the con-
tinuous synchrotron emission. But in addition, it moves
at velocities approaching one-quarter of the speed of
light. The present thesis is an attempt to understand
this and other features of the nebula which exhibit fapid
motions and changes. This activity is important not only
because it exists and is unexplained, but also because of
its probable association with three other aspects of the
nebula.

The most remarkable of these is the point source
visible at low radio frequencies (Andrew, Branson and
Wills, 1964; Hewish and Okoye, 1965; Branson, 1965; Bell
and Hewish, 1967). It is definitely known to be rathei
sméll (ov2tov1l aécording to Bell and Hewish) and to have
a very steep spectrum. Its location has been ludicrously
discrepant as reported by at least three observers using
three completely different techniques. The original
occultation placed the source far to the southeast of the
center of the nebula (Andrew et al, 1964). But Moffet

(unpublished public remarks) has pointed out that



refraction in the atmosphere of the earth might sub-
stantially affect the position determined in this way,
because of the low frequencies involved. Interferometry
carried out at Jodrell Bank (Kronberg, 1966) gave a
positiqn far to the northwest of the center, but Bell
and Hewish (1967) express the opinion that the source
was misidentified in this observation. A clever dif-
ferential method (Gower, 1967), making use of the
scintillation of the point source, and not affected by
refraction, places it very near the centroid of the
radio emission. The error box is centered about 10"
west of the central double star, and is 20" wide in
right.ascension and 2‘.long in declination. It is
interesting‘that the occultation brightness distribution
obtained by Davies, Gardner, Hazard, and Mackey (1966)
shows a peak at precisely the position given by Gower,
ofiapproximately the intensity expected at the observed
frequency of 404 MHz. They did not notice it because
théy were expect%ng the source to lie off to the south-
east. Although éhe position cannot be regarded as firmly
determined, it seems most likely that it is near the
center of the nebula, close to the region showing the
violent activity. It is tempting to make the admittedly
circumstantial identification of the point source with

the seat of the activity. This idea is strengthened by



the indications that the mechanism producing the
radiation is synchrotron maser action (Zheleznyakov,
1966; McCray, 1966) or coherent plasma emission
(Ginzburg and Ozernoy, 1966). Both mechanisms require
high but not unreasonable densities (105 to lO8 par-
ticles per cm3), and the maser action also requires an
energy distribution which increases with increasing
energy over an appropriate energy range. The latter
circumstance could obtain if high-enexrgy particles
were injected, either with a low-energy cutoff or
merely preferentially at high energies. All of these
conditions could exist in or near a condensed remnant,
acting as a source of energetic particles or adding
energy to the particles already present.

This brings us to the second aspect of the
Ciab which might be associated with the activity, namely
the remains of the star which exploded. It is an open
question whether or not there is a condensed object
resembling a starileft over from the supernova. Despite
three unpublished attempts at the difficult spectroscopy
(by Kraft, Minkowsky, and Zwicky), proper motion measure-
ments (see the summary and references in Brosche, 1966;
Orlova, 1966; Trimble, 1968), and somewhat crude photometry
(Baade, 1942), neither of the two 15" stars near the center

is positively indicated as the remnant. The study of the



rapid motions presented in this thesis might have
suggested one of the visible stars as the center o
source of the activity, but did not (see Chapter II).
Some of the numerical modéls of supernova explosions
leave stellar remnants (Colgate and White, 1966; sce
also the references listed by Melrose and Cameron,
1967), generally in the form of collapsed or neutron
stars. But it is by no means established that such
calculations represent reality, and in particular the
unusual explosion which produced the Crab Nebula.
There is no fundamental reason why the debris could
not be rather widely dispersed, perhaps leaving a
remnant which is very dense compared to the rest of the
nebula, but not visible as a star.

We have already hinted at the third point, the
possible association of the activity with a supply of
energy for the relativistic particles, and in particular
for the electrons. The necessity fér thére being such
an‘energy supply #an be seen by evaluating the synchrotron
losses during the earlier history of the nebula (Scheuer,
1966). The losses were much greater when the magnetic
field was stronger, and Scheuer estimated that the total
energy half-life of the nebula was a few years at
t = +100 years. The gquantitative results depend on how the

magnetic field is assumed to vary (which is not obvious)



ard the effects of self-absorption, but it is not
possible to construct an evolutionary model which
arrives at the present-day state without postulating
improbably high initial energies or a continuing source
of energy. As soon as it was discovered, the activity
in the nebula was taken to be a manifestation of the
process by which energy is supplied. The idea that
the‘moving features are some form of hydromagnetic wave
seems to have occutred to many people independently, per-
haps the first being J. H. Piddington (apparently un-
published remarks, mentioned by Mayall, 1962; also,
Piddington, 1955), but c¢redit for the most detailed
theoretical discussion probably is due Shklovskii (1957):
the clearest insight to the observational evidence was
probably that of Woltjer (as quoted by Mayall, 1962).
The X-ray source is not considered as a possible
candidate for identification with the small objects dis—
cussed above, because:it is now known to be quite largé
(0Oda et al, 1967), poésibly as 1argé as the entire
nebula as seen in optical continuum radiation. This
fact and the X-ray spectrum are, at the very least, not
inconsistent with the X-rays being produced by the syn-
dhrotron process. If so, tPe argument for a continuing
source of energy is even stfonger. We shall discuss the

X-ray source in this and one other connection later.



The picture which rather naturally arises from
the observational data is that the remnant of the star
which exploded is now producing low-frequency radio
emission from a region about 092 in diameter near the
center of the nebula, and is generating the activity
which appears in the form of features moving at relativ-
istic velbcities and which somehow transfers energy to
the relativistic particles. We shall present obser-
vational data on the nature of the activity (Chapters II,
ITI, and IV), and then investigate the theory which des-
cribes how such activity should behave in a relativistic

gas.



ITI. THE CHANGING WISPS

The discovery of changes in the Crab Nebula
was made by Lampland (1921) during a survey for variability
in nebulae with the 40-inch Lowell reflector. He described
three specific features: (1) the "wisp" mentioned in the
Introduction, in a location and orientation which are
still characteristic of it today, (2) an elongated mass
about halfway tovthe edge of the nebula in the northwest
quadrant, and (3) a "partially cleared space" near the
row of three stars (%, S5, and S6 in Figure II.1) at the
northwest edge. All three showed definite changes, and all
three will be discussed below. Lampland's work did not
bacome widely known, and it is not clear just when Baade
bacame aware of it. What matters is that Baade discovered
rapid changes in the Crab, which occur too fast to have
been seen on Lampland's rather widely spaced plates.
Baéde's description of some of the motions from 100-inch
plates taken in 1944-45 was subsequéntly publishecl (Oort
and Walraven, 195%). Since then, Ehe primary new ob-
servational material is a remarkable series of 200-inch
plates begun in 1955 by Baade and continued to the present
by Minch. Some of the earliest of these plates have been
published (Baade, 1956) and a few other remarks about

them have appeared in the literature (Woltjer, as quoted
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by Mayall, 1962; Shklovskii, 1957). 1In addition, there
have been several motion'measurements which will be
discussed later in this chapter. Numerous interpretative
discussions have appeared, sdme of which will be con-
sidered below. Unfortunately, the lack of a definitive
and detailed publication of the observational material
has led to some confusions, aﬁd we'will attempt to clarify
these points. |

At the risk of repeating well-known facts, we
shall begin'with a brief general description of the
nebula. The purposes of this discussion will be the
elimination of any possible confusion about the basic
facts, and the establishment of a definite terminology.
In the first place, the Crab Nebula (M1, GC 1157, NGC 1952,
Taurus A, 3C 144, 4C 21.19, Parkes 0531+22, Taurus XR-1)
appears to be composed of two entities, commonly called
the filaments and the "amorphous region". The physical
and spatial connéction between them is not clear, and it
wiil not even be assumed that they represent different
ragions of space (Trimble, 1968). They can be completely
distinguished by the characteristics of their optical
radiation, the former emitting practically solely lines
and the latter continuum only. There is also a conven-
tional distinction that the filaments are sharply defined,

sometimes pointlike, whereas the continuum emission is
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"amorphous.” While there is an obvious morphological
basis for a distinction of this sort, the implication
that there is no fine structure in the continuum emission
ie totally false. 1In good seeing, the continuum region
is largely resolved iﬁto eriad filamentary features.l'
Herschel (1912) indicated with some hesitancy that the

Crab was resolvable into stars! On the best polarization
plates the nebula reminds one of a fibrous ball of cotton
which has been stretched and drawn out in a direction

which rotates with the polaroid filter. The correspondence
is such that the magnetic field lines run through the
fibers parallel to the direction of their elongation, on
the assumption that the polarized radiation is produced

by the synchrotron process. The same is true of the wisps
to be discussed below. A possible physical mechanism for
the existence and alignment of the fibers is to be found

in the thermo-synchrotron instability developed by Simon
and Axford (1967), whb suggest that}the mechanism may
explain the filaments in the Crab and the fine structure

of strong radio éources. In any case, diffusion of the

electrons along the field lines would naturally tend to

produce the alignment. Considering the smoothing due

1. The wisps are sometimes confused with the filaments,
and to call these features filaments would add to the con-
fusion - even though the term is probably more appropriate
here. Hence we shall use the term "fibers" for these
filamentary structures.
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to seeing and line-of-sight integration, it is quite
likely that the continuum emission originates entirely
from such fibers. Typical widths are 2" and typical
separations between the fibers are 5". As remarked by
Shklovskii (1957), it is interesting that the fibers
dc not very often screen each other. Of éourse the
topology of the field lines prevents them from actually
intersecting. In addition, the strong selection by
polarization direction enables one to see fibers from a
limited sample of the radial dimension on any one plate,
and this would reduce the screening of the fibers in
projection.

The general appearance of the nebula (se2
Figure II.l) is well-known. Special attention is called
to the hole near the center, which is actually part of
a roughly S-shaped region of reduced intensity. It is
not possible to know what the true three-dimensional
shape of this cavity is. Since even in brojection on
the sky we see rather sharp edges, it prébably has
sharp interfaces with the brighter regions. The smaller
intensity must be the result of a generally smaller
magnetic field or of fewer particles with the right
energies to radiate in the optical region, or both.
Whatever the nature of the hole, the main wisp - at

least in projection - seems to traverse it and cross
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its boundaries.

The rest of this chapter is a description of
the activity depicted on the above-mentioned series of
direct plates. At the outset we shall discuss some im-
pertant ambiguities which must arise in any such description.
Consider two plates, 1 and 2, taken some time apaft. Sup-
pose on plate 1 we observe a conspicuous feature at point
A, and on plate 2 we see no such feature at A but a similar
feature at point B. One is tempted to call this circum-
stance "motion from A to B". If the two features are dis-
tinctive and reasonably similar given the seeing and other
differences between the two plates, then the inference
that they are related is probably justified. Obviously,
however, it is not possible to say with certainty what
occurred during the intermediate period. It could be that
the feature at A disappeared and then a feature appeared
at B and was similar because of a similar environment.
Thén there would be no real motion.l' The apparent velocity

could, for example, exceed the speed of light. This

1. This ambiguity could be resolved by taking plates at
shorter time intervals (e.g.,{light travel time across the
object). Even then it would not be established that there
was a real motion. The experiment in which the intersection
of two lines can move arbitrarily fast suggests the kind of
situation imagined. A related question is whether or not
mass motion is involved, as opposed to the propagation of a
wave in which the particles remain on the average stationary.
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anbiguity is important because it shows up as an un-

certainty as to whether the wisps are forming, moving

awvay from the center, and disappearing, or whether they

are permanent features. The former has been the usual

interpretatior. of the few remarks about the wisps in the
literature (Oort and Walraven, 1956), but the ambiguity
just discussed makes it impossible to decide this question
with certainty. As we shall see, the general impression
given by the plates now available is that at least the
main wisp is more likely a permanent feature undergoing
violént inward and outward motions. The question could
be settled by a series of plates closely spaced (say 2

per month) over one or several observing seasons.

Let us begin the description of the activity
with a schematic picture of the central region as it
appeared on the early 200-inch plates of Baade, Figure
IT.2. The most prominent feature to casual inspection
is labeled WISP i, and has been called "the wisp", "the
lens", "a light ripple", etc. We shall always use the
term WISP for this and other similar elongated features.
Quite generally there is a series of wisps, more or less
parallel and on the same side of the star S1. In most
cases the first wisp in the series has the greatest
surface brightness, but this is not always so. 1In

February of 1962 (see Figure A.1(d)) the first two wisps
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were approximately equally prominent. There is a clear
trend for the wisps which are further from S1 to be

longer and, somewhat less clearly, thicker. Sometimes,
however, the outer wisps appear as fragments which are
comparable to or smaller than the main wisp. The relative
inconspicuousness of the outer wisps is largely due to

the fact that they are superimposed on the bright background
region labeled the PLATEAU in Figure II.2. In fact, on
some of the plates (notable PH 1624) the outer wisps are
so bright as to be very conspicuous even above the PLATEAU.
The "elongated mass" in this region reported by Lampland
(1921) is probably an example of a very prominent wisp

far from Sl. But in addition to this background effect,
there may also be a real décrease in the surface bright-
ness of the wisps with increasing distance from the
center. Besides the series of wisps, there is almost
always an extraordinary wisp not far (~ 1") from the star
Sliand roughly pérallél to the othe% wisbs. This has %een
duﬁbed the THIN WISP because it is %requéntly very thi£
and sharply defined. ‘On the other side of S1 from these
wisps is a region that also shows activity, but much |
less obviously. On the early plates this region showed
little structure and was roughly trapezoidal; hence we
shall call it the ANVIL. Finally, there is sometimes a

small, faint wisp between the THIN WISP and WISP 1, called



16

the SMALL WISP. It disappears if the seeing is not good,
but may be absent even in good seeing. It should he
stressed that all the wisps are stron¢gly polarized. The
direction of polarization is such that the wisps are
elongated along the field lines. Notes on the morphology
and polarization of the features listed here are contained
in Appendix A. We shall now consider each feature in turn

and summarize these notes, emphasizing changes and motions.

The Wisp Series

WISP 1 is the most active object in the nebula,
and WISP 2 is closely associated with it, as we shall see.
Measures were made on the Grant engine of the displacement
of the first two wisps in the series projected on the
direction defined by S1 and S3 (see Figure II.1l). This
direction is essentially perpendicular to the characteristic
elongation of the wisps and parallel to their motions. The
measurement refers to:that portion 6f thé wisps between two
parallel lines 6976 apért centered oh Sl. As the wisps
tilt and move perpendicular to this‘direction to some
extent, the physical meaning of this distance is not
straightforward. But in some sense we are measuring the
component of the motion along the given direction. The
results are plotted in Figure II.3. Attention should be
first concentrated on the filled symbols, which refer to

WISP 1. The squares are from sets of polaroid plates and
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are the averaces of the values for the different
orientations (all four were not always suitable for measure-—
ment); the circles are non-polaroid plates, and usually
represent one measurement; The range of the values at

a given epoch was always less than 0Y6, and usually on the
ordet of 0Y3. Some of this scatter is due to the polariza-
tion of the wisps and the background, and will tend to
cancel in the averages. It is felt that an expected error
of *0%'1 is a rather generous estimate. The actual errors
of measurement are nil. The major source of error is
simply uncertainty as to what part of the contour to
measure, an effect greatest when the profile of the wisp

is not symmetrical (which is true on a significant fraction
of:the plates). An attempt was made to measure the cen-
troid of the contour rather than the peak, which would be
more sensitive to gradients in the background. The solid |
line is a smooth fit to the filled §ymbols. If we take
WIéP 1 to be a singleéobject, and suppose that this line
reﬁresents a real motion, we see thét high velocities are
involved (v projected on the plane of‘the sky is »~ 0.2c
for d = 1500 pc., a distance which will be used in all
such calculations unless stated otherwise; for the dis-
tance of 2000 pc. suggested by Trimble (1968), and if the
real motion is at 45° to the plane of the sky, v ~ 0.4c).

There is no indication that the motion is always outward
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ass opposed to inward, except that by chance the series

of plates most closely spaced in time (18 plates between
1955.715 and 1955.943) covered a period of rapid outward
motion. Unfortunately the more recent plates are more
widely spaced; this makes the true motion much more am-
biguous and may be responsible for the apparent damping
suggested by the solid line. Otherwise it is a coincidence
that the motion became smoother when the plates became
less frequent. For illustration only we have drawn the
dotted line, compatible with the assumption that the
violent surges seen at first are continuing. A rough
two-year periodicity is suggested by the early motion,
but this should be regarded as tentative. To try to

test this picture, we looked for other properties which
might be correlated with the motion. The length of WISP 1
is an obvious choice. As noted in Appendix A, this wisp
is sometimes very nearly a point, ahd_it would be strange
if this extraordinary phenomenon were not connected wirh
thé origin and dfnamiés of the wisp. The lengths of the
vartical lines at the bottom of Figure II.3 are propor-
tional to the length of WISP 1 as measured with a reticle
and hand viewer (the vertical scale is multiplied by a
factor of ten). When the wisp has a definite core
surrounded by fainter extensions on one end or both, the

core is denoted by the solid line énd the extensions by
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the dotted line. There appears to be a very rough
correlation such that the wisp has a small core when it
is nearest the center. This relation would be expected
if the outward motion of the wisp were initiated by the
injection of electrons at a point, and subsequently
diffusion lengthened the point to a wisp. If this
process were repeated when the wisp returned, one would
expect a core embedded in the residue of the earlier
wisp.

Does the motion of WISP 1 affect the other
wisps? Plate PH 5002 (Figure A.2(d)) provides a clear
affirmative answer, because there is a distinct bending
of WISP 2 around the contour of WISP 1. In addition,
measurements of the positions of the wisps also indicate
a relation. Often there was a definite feature that
could be called the second wisp, and this was measured
in exactly the same manner as WISP 1. Less frequently

: ; ‘
a ﬁhird feature could be identified as WISP 3, and it
waé measured also. Bﬁt it is imporﬁant to keep in mind
that not all three wisps could be measured at all epochs,
and that even when they were, there was some margin for
confusion. In particular, it is not likely that the
feature called WISP 2 is really the same object from
plate to plate. The measurements of WISP 2 are shown

by open symbols, and their connection by the solid line
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seems the most reasonable. If this is the actual motion,
the first two wisps moved roughly parallel after 1960.

The relation between 1955 and 1960 is not so clear. An
alternative interpretation of the motion is drawn as
dzeshed lines, and is based on considering the motion of
WISP 2 as a continuation of that of WISP 1. The physical
picture suggested is WISP 1 playing the role of a piston
moving back and forth, generating compressional waves
which propagate outward. Neither of these interpretations
is conclusively supported by the data, but it is clear
that there is some kind of relation between the neighboring
wisps in the series. Again, an extended series of plates
with small time intervals is needed to delineate these

motions clearly.

The THIN WISP

The THIN WISP is a very remarkable feature. It
shows great variety of length, thickness, tilt, and
brightness. It is so close to the star Sl that it was
hoped that study of iﬁs motion would reveal a definite
relation to the star, thus identifying it as the stellar
remnant of the supernova. It seems fairly clear that
there is no relation. During its motions the THIN WISP
stubbornly refuses to pay any attention to Sl. The
proximity of the wisp to the star is the only evidence

for a connection. The distance varies between 1" and 3",
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and this is not too unreasonable for a chance coincidence
given the number of strange features near the center of
the Crab. The opposite view has been argued by Shklovskii
(1964). On several occasions (November 1955, Figure A.1l.
(a) ; December 1957; February 1958; February 1962, Figure
A.l.(d)) the THIN WISP was curved away from Sl1, but it
has never been seen concave toward Sl. Also, the length
of the wisp and its location in the N-S direction varies
considerably, but shows no symmetry about Sl. Because of
this and any lack of direct evidence for peculiarity in
the star, there is no reason to consider Sl as the super-
nova remnant.

The displacements of both ends of the THIN WISP
were measured as already described, and are plotted near
the bottom of Figure II.3. The north end was measured
midway between S1 and S2, the other end about 3" south of
S1l, both displacements being réferred to S1 in the same
way as for the wisp séries. Again the true errors are hard
tojestimate, but they are probably somewhat larger than for
WISP 1. Comparison of the measures for close epochs

indicates scatter on the order of fO?B, unless there are

very rapid and erxrratic motions. Motion larger than the

errors is clearly shown in Figure II.3. The amplitude is
about 2", but the motion is not well determined and does

not show any particular regularity. That there is motion
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and more especially tilting of this wisp is evident from
direct inspection of the plates (see Appendix A and
accompanying plates). It should be remarked that the

THIN WISP is sometimes totally absent. None of the
chianges in this wisp is clearly correlated with the motion

of WISP 1 in any way.

The ANVIL

As described in Appendix A the ANVIL, seemingly
amorphous on the early plates, often contains one or more
wisp-like structures which are similar in every way to the
wisps in the series so prominent on the other side of S1,
except that they are substantially fainter. The ANVIL
contained a particularly striking wisp in the plate‘by
Ritchey (1910), and several are visible in Figure A.l and
A.2. The brightest example is that of October 1963
(Figure A.2(c)), when there was a very sharp wisp in the
ANVIL, 6J35 from S1. A by-product of the photometry
deécribed in ParE Iv is a determinationéof the relativé
intensities of the ANVIL and the serieslof wisps. For
this date the wisp series contained three times the
intensity in a swath 5" wide than did the ANVIL in a
similar swath. It may be noted from Figure II.1 that the
path of the microphotometer scan cut across the wisp series
more centrally than it did the ANVIL, so that the true

intensity ratio is somewhat smaller. An average factor
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of from 2 to 3 is reasonable. In Chapter VI we shall
show how it is possible for the wisp series on both
sides to be intrinsically of the same brightness, so
they may be similar structures placed symmetrically
about the source of the activity. Another suggestive
similarity is the occumence of point structures in the
ANVIL similar to the appearance of WISP 1 at its
shortest. If we take the ANVIL features to be sym-
metrically related to the wisp series, an approximate
center is defined. 1In particular, the midpoint of

WISP 1 and the prominent wisp in the ANVIL of October
of 1963 is well defined at 1Y4 from S1 toward WISP

1. This is close to the mean position of the THIN WISP,
and also within the error box recently reported by
Gower (1967) for the location of the low-frequency
point source. On the other hand, on some of the plates
the THIN WISP and WISP 1 are curved toward one another
Ly approximately the same amount, so poésibly the center
cf symmetry is midway between at 478 from Sl. 'Thus
we cannot definitely locate the center of activity, but
it probably lies a few " from S1. It is a curious fact,
which needs explanation, that the location of the seat
of the activity is not better determined by these very
obvious motions. If there is no center, it is hard to

understand how the motions are excited.
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Tlie SMALI, WISP

This feature is quite faint even at its brightest,
but is very definitely present on a number of occasions. In
particular we mention the epoch of October 21, 1963, shown
in Figure A.2. (c¢), when there was a small feature near the
usual location of the SMALL WISP, visible on all five plates
taken at that epoch, but visible on no plate before or
since. It was small but definitely extended, and seemed
to show peculiar polarization. In the figure in Appendix
A it looks like a bright spot on the N end of the THIN
WISP, but seems disconnected from it on the other plates.
The point we wish to stress is that there is activity in
this region (generally between and to the west of S1 and

S2) which is at the limit of detectability.

Pther Motions

A few attempts were made during this study to
measure motions of features other than the wisps. The
dark "lane" in the NW edge of the nebula has long been
known to move rapidly away from the center. It is
almost certainly the same as the "partially cleared
space" mentioned by Lampland (1921) as a changing feature,
and was noted by Oort and Walraven (1956, Figure 11).
This object would better be described as two bright
elongated lanes separated by a dark lane. The displacement

from S1 of the two maxima and the intermediate minimum in
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intensity can be measured rather accurately on the

Grant engine. The results for a sample of the 200-inch
plates are shown in Figure II.4. Parallel linear motion
is well defined by the points, with a velocity of
0Y68/yr., or v = .015¢c. The dashed line has this average
slope and goes through the points for the dark lane. This
motion}' if unaccelerated, would put the dark lane at the
center in 1840. It is hardly conceivable that this object
has been accelerated since 1054 to the present velocity,
but it must be admitted that these measurements are not
sufficiently precise to detect such an acceleration were
it still acting. Dips in intensity possibly identifiable
with the lane can be seen on plates from 1909 and 1899.
The positions have been included in Figure II.4, although
these points should be giveﬁ small weight. The earlier

of these plates (Pub.Lick Obs., 8, 1908, Plate 9), taken
on Christmas Eve of 1899, is rather poor in the reproduction
available. The other plate, taken by Ritchey (1910, Plate
VIi; the original couid not be located, but a good copy
was found), is much better, and shows both the filaments
and the continuum emission with guite high definition.

After examining both of these early plates and the more

1. The same feature was also measured by Deutsch and
Lavdovsky (1940). For an unknown reason they measured the
motion to the NE (the principal motion is to the NW), ob-
taining "about 0Y1l per annum.
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recent ones, I have come to the conclusion that the two

bright lanes now at the NW edge of the nebula are members

of the wisp series which have propagated from the central

region to their present positions. They are polarized
similarly to the wisps. Their velocities are comparable
to those of the wispé neér the center (1" to 2" per year)
and to the velocities we shall find in Chapter IV for
motions in the intermediate region (1" to 6" per year).
That their velocities are somewhat lower, near the edges
of the nebula, may be evidence of a decrease of the field
strength with increasing distance from the center; it may
be also that the density of the thermal component increases
outward. The lanes are in the NW quadrant, in approximately
the region toward which the wisps seem to move. The dif-
ference and the lack of exact parallelism between the
lanes and the wisps could easily be due to non-uniformity
of the magnetic field. In fact, it is difficult to under-
stand how the wisps could be preserved so well in the
somewhat tangled field which the polarization suggests
(Woltjer, 1957). Finally, it is evident from inspection
of the plates that the wisp series extends quite far out
into the NW quadrant, the members of the series gradually
becoming increasingly diffuse and harder to distinguish
because of the background. The region beyond the PLATEAU

to the NW contains a number of diffuse elongated contours,
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ard the ones we have measured are mercly the most obvious
among them. This is perhaps most strikingly illustrated
by the plate of 1909, on which there is a well-defined
series of around a dozen wisps extending to the NW boundary
of the nebula. We have already said that a particularly
prominent dark space beﬁween these wisps can probably be
identifiéd with the dark lane now near the edge. If
this identification is correct, the wisps beyond this
dark space in 1909 must have by now left the visible ex-
tent of the nebula (or have perhaps reflected from the
boundary) .

Two other measurgments were made. The polaroid
plates which bring out objects elongated in the E-W
direction show a sharply defined series of fibers near
the northern end of the nebula. These are visible in
the Frontispiece, which in fact is made from the two
plates which were measured. Two fibers were found to
move 1Y53 and 1947 in that period, indicating a velocity
of 0%17/year, or v = 4x163c = 1200 km/sec. This motion
is comparable to the general expansion of the filaments.
A velocity of the same order of magnitude, but less well
determined, was found for the inner edge of the BAY on
the eastern edge of the nebula. Since this BAY seems to

be connected with the general magnetic field in a fun-

damental way (Woltjer, as quoted by Mayall, 1962), it
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would be expected to participate in the general expansion.
There seems to be a trend for the faster motions to be
concentrated in the NW guadrant, with some less conspicuous
activity in the SE quadrant (see Chapter IV).

Despite the existence of these fast motions, it
would be curious indeed if the continuum did not in some
sense share in the general expansion of the nebula. We
have just said that a few sharply defined features measured
over our ten-year interval show this. In addition, three
other measurements of the motion of the continuum features
have yielded similar results (Deutsch and Lavdovsky, 1940;
Johnson, 1963; Orlova, 1966). There are several problems
which this kind of effort must overcome. The most difficult
one is the lack of sharply defined features to measure (we
picked the sharpest fibers and the edge of the BAY, but
thereby sacrificed a representative sample). All three of
the above studies employed microphotometer tracings, and
measured peaks and level regions and sharp gradients in the
density curves. (In Chapter IV we develop an extension of
this technique.) This method is somewhat selective in
choosing such features, but it is at least possible to
make measurements all over the nebula. Another difficulty
is that the early plates had spectral responses which
admitted the filaments somewhat. Johnson attemptéd to

check this contamination by measuring the features he had
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seelected on a plate that régistered the filaments
st.rongly, and found that there were no systematic dif-
ferences between the measures on this plate and on the
"standard" plates chqsen to duplicate the early negatives
as closely‘as possible. He concludes that the effect of
the filaments is negligiblé, but the same results would

be obtained if the features were dominantly filamentary.

Another obvious check would be to inspect a direct

plate and see how strong the filaments are in the location
of the selected features; as nearly as can be discovered,
none of the authors indicates whether or not this was done.
It seems probable that some of the features measured in
these studies are filamentary. It is unfortunate that it
is not péssible to evaluate moré certainly to wha£ extent
these measurements refer to the éontinuum as opposed to

the filaments, as this is a very‘important point in in-
terpreting the results. For example, since Johnson seems
to;have been the‘most;concerned with the influence of the
fiiaments, and wés thé only one to 6btain motions sig-
nificantly different from the general filamentary expansion,
it may be that there is a real difference of the sort which
Johnson found (the results will be discussed below).
Another problem is that in addition to the slow motions
which would be measured by these three studies, using

time intervals on the order of 60 years, there are faster



mctions. To some extent the latter would be averaged

out, but to scme extent they will undoubtedly affect the
measures, perhaps to the point of causing misidentification
of features in some cases. This explains in part why the
scatter in the velocities obtained is so great; some of

the measured motions are toward the center.

It is difficult to decide how to consider the
study by Duncan (1939). The plates used by him record
primarily continuum radiation, but like the others admit
the filaments also. The major.difference is that Duncan
made his measurements directly with a blink comparator,
presumably of point-like features which can be located
accurately by this device. We have seen that the con-
tinuum féatures are primarily elongated and fibrous,
hardly suitable for the kind of measurement made by Duncan.
Hence we shall not include his results in this discussion,
on the basis that it is likely that the point-like fila-
meﬂts were measufed for the most paft. &he measurements
being carried oué by Trimble (1968) will refer unambigu-
ously to the filaments.

We shall now summarize the results of the
three studies listed above. 1In all cases the scatter is
too great for motions of individual features to have sig-
nificance, so allvdata will be given in the form of

averages. A convenient number is the date at which the
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erpansion converges to a point, assuming no acceleration.
Deutsch and Levdovsky (1940) obtain the date 1154 A.D.
with an error of t140 years. 1Including a correction for
the three-dimensional distribution of the matter omitted
by these authcrs, and using the same plates plus some
modern ones, Orlova (1966) obtained 1100 A.D. * 58 years.
The weighted mean of these two figures, 1116 A.D., may

be compared with Duncan's result of 1172 A.D. ¥ 20 years,
and with Trimble's data 1140 * 10 years (private com-
munication). Johnson (1963) reports faster motions than
any of the other studies. However, comparison cannot be
made in a straightforward way, because Johnson fihds an
expansion velocity which is rather different in different
directions. If we assume that the continuum features?!
fastest motions are responsible for this trend, we would
expect that the most rapid "expansion" would be found
along the major axis (to the NW). This relation is exactly
opﬁosite to what Johnson reports. 6n the other hand, the
microphotometer traceé made by Johnson along the major
axis traverse regions of muéh stronger filamentary emission
than do the ones roughly along the minor axis. It may be,
therefore, that the effect of the slowly moving filaments
along the major axis outweighs the effect of the faster
motions of the continuum features there.

To summarize, we have found that there is motion
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in the Crab Nebula, with a wide range of velocities.

The fastest motion (up to 9'1/year) is exhibited by the
main wisp, and the other wisps near the center. Other
features in the continuum have intermediate velocities,
rznging down to the rather slow velocity of the general
expansion shown best by the filaments (e.g., the BAY
and some of the well-defined fibers). The composite
picture in the Frontispiece illustrates the intermediate
motions rather well. If there were no changes in the
nebula over the interval between the two plates (9.1
years), and if the cancellation of the positive and
negative images were perfect, the picture would be
uniformly grey. The slower velocities yield motion of
one or two seconds of arc in this time (the scale is
readily determined from the double star near the center
with a separation of 4%9), which would be difficult to
see. Note that the bays on both the east and west sides
aré almost invisible. The rapid moéions of the wisps
aré too fast to be caﬁght by this technique, but the
intermediate motions on the order of 0Y5/year show very
well. The somewhat muddled wave-like appearance is
suggestive of disturbances propagating outward from the
center of the activity. As discussed in the Introduction,
this activity is usually taken to be connected with the

injection of energy into the nebula. The study of the
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motions gives information about how the medium responds

to the injection, but does not clarify the nature of

the mechanism of injection beyond suggesting that
relativistic motions are involved. 1In the next chapter

we shall explore the added information provided by spectro-

photometry of the continuum.
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ITI. THE CONTINUOUS SPECTRUM

Consider the frequently suggested hypothesis
that the process which generates the activity described

in the previous chapter supgliesl'enerqv in the form of

very high—-enerqgy ultrarelativistic electrons. One con-

sequence of this proposition follows readily from the
fact that for all relevant energy loss mechanisms
(Kardashev, 1962) the loss rate increases with increasing
energy: given certain reasonable assumptions about the
energy distribution, if we follow a given bunch of elec-

trons after their injection, their enerqgy distribution must

become steeper with time. The injection need not be in

the form of discrete bunches, but may be a continuous
process as long as there is some way to distinguish the
old from the new electrons. An example would be continuous
injection followéd by a flow away from éhe point of in-
jeétion. If there is no way to follow éhe electrons (e.g.,
if the injection takes place at a given location and the
electrons are trapped there), then the time dependence

of the energy distribution is governed by the injection.

What is suggested in a general way by these considerations

1. This process, which will be called "injection" can be
either in the form of addition of new high-energy electrons
or by the acceleration of those electrons which are already
present.
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is that the erergy distribution should become steeper
farther from the injection region. Hence the spectrum

of the synchrotron radiation would also become steeper,
and this effect would be observable if it were large
enough. We were thus inspired to carry out spectro-
photometry of the continuum with high spatial resolution,
especially in the active area, but also at representative
points in the nebula and in the outermost regions.

None of the previous investigations are satis-
factory for this purpose. Considering the widespread
interest in the Crab, the number of observations of the
continuum in the optical range is surprisingly small,
probably because of the rather low surface brightness
and the problem of contamination by the line emission
from the filaments. Perhaps the earliest reference
should be the lack of reports of a bright remnant in the
years following 1054 (although to my knowledge an exten-
si&e search has hot been made). The syﬁchrotron radiation
was originally iﬁvisible because the nebula was small and
optically thick. It increased in total brightness as it
expanded, and presumably could have attained naked-eye
visibility before becoming optically thin and therefore
decreasing in brightness. It would be valuable to check
star maps based on observations in the years after 1054

for the appearance of a star in the position of the Crab.
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Of some interest is Herschel's (Dreyer, 1888) description
of NGC 1952 as "very bright". An attempt to calibrate
his brightness notations by comparing them with modern
photometry of planetary nebulae, even allowing for a
d:pendence on the angular size of the nebula, failed.
Still, the remark "very bright" compared to the present
visual appearance of the nebula suggests that it was
possibly much brighter then. Herschel's drawings (1912;
see also Lassell, 1867) are too crude to allow any
estimate of expansion, but the very general structure of
the nebula has not changed since then.

Turning specifically to measurements of the
continuous spectrum, the earliest photographic work seems
to have been by Minkowski (1942) and Barbier (1945). The
latter obtained a linear relation between log I and A_l
(in microns), with slope -0.59 (the modern slope is around
-0.40 in the same units). This is reasonable agreement
coﬁsidering the émalliwavelength rakge of Barbier's
meésurements (3300—4760§). Walraven (1956) made photo-
electric observations through wide-band filters, attempting
to detect color variations across the nebula; contamination
by the line emission prevented any definite conclusions.
O'Dell (1962) used interference filters, some of which
avoided line emission, to measure the continuum (as well

as some line strengths) from the nebula as a whole and
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from the central core. Most recently, B8rngen and
Chatschikjan (1967) have measured photographic UBV
colors at many points in the nebula, with fairly high
spatial resolution. As with Walraven, the filamentary
contamination makes interpretation difficult. The
authors promise a future paper correcting for the
filaments.

The measurements reported here attempt to
overcome some Of the problems which plagued the earlier
work, and to obtain improved spatial resolution. They
were carried out with an interference-filter photometer
at the 100-inch Newtonian focus.

The nocuous line emission from the filaments
was suppressed by two methods. The first was the use of
filters whose transmission bands fall in regions relatively
free from lines. Of the eight filter used (data are given
in Table III.l), only one transmits any strong lines: the
doﬁblet of [S Iﬂ at 6711A and 6728A falls in the
baﬁd—pass of filEer 6. This filter:was;therefore a uséful
indicator of the amount of contamination present. The
filaments probably emit very faintly in a large number of
lines other than those which have been reported (Mayall,
1937; Sanford, 1919; Woltjer, 1958; Miinch, private com-
munication). Lists of "planetary nebula lines" were

searched, and the few such faint lines found are listed in
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Table IITI.1l. The substantial Doppler shifts must be kept
in mind in evaluating the filters. To summarize, seven
of the eight filters are free of all but very slight amounts
of line emission.

The: second method of suppressing the filaments
was simply to measure areas of the nebula where they were
weak (the beautiful H® -interference filter plates by
Miinch show that there is no area of the nebula completely
free of the small point-~like filaments). The major strong
filaments can be avoided rather easily, and dquite some
care was taken to select areas and diaphragm sizes which
minimize the filamentary contribution and still cover
representative parts of the nebula. Often strong filaments
were located near the edges of the selected areas, so that
eaccurate positioning of the diaphragms was necessary, and
during nights of exceptionally bad seeing such configurations
were avoided. The positioning was donegby offsetting micro-
me£rically from an easily visible star in the nebula (S8 in
Figure IT1.1). Data oh the diaphragﬁs afe given in Table
III.2 and on the areas observed in Table III.3. The
coordinates were measured off a large work print of an HW
plate, and are accurate to about 1*. Once the telescope
was set on a given area, the positioning was maintained
during counts and reset after sky counts by means of a

guide star. Hence the positioning was repeatable with an
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TABLE I1I.3: OBSERVED REGIONS

COORUDINATES*

No. NAM:3 x(EW) y(NS) DIAPHEAM(S)
1 Oke scan T.57 2,83 C,D,E
2 south central TeT8 To19 C,b
3 9,89 2,54 c
4 western ring 4,33 2,84 c
5 11.98 8,70 c
6 east bay 15,10 4,920 C
7 SW corner 4,72 6,93 C
8 5,35 0,68 C-A
9 3.25 =0,67 B

10 wisp Te55 4,09 SPECIAL

11 - wisp T.47 3,92 A

12 arched filament = 8,97 0,00 C

13 anticenter 8.69 5,22 B

14 on the east bhay 12,65 5,30 C

15 SE end 16,75 6,64 C,D

16 NW end 1,44 =1,90 D

17 on the east bay 11,81 4,90 A

18 antiwisp 8.35 4,53 A

19 ; c

X-ray region see notes

*The origin of coordinates is the star S8 in Fig. I.1,
and the x-axis is parallel to the line joining S9 and
$10, This line is 1° 03' clockwise of true east-west.
The coordinates are measured in milimeters at the
Newtonian focus of the 100" telescope (lmm, = 16%2),

X is taken as 10,00 at the origin and increases to the
east; y is 0,00 at the origin and increases to the south,



44

NOTES TO TABLE 111,3

1 This corresponds most nearly to the region scanned
by Oke, and is the area of greatest general surface
brightness (the "core" of the nebula), With diaphram D
there is one minor filament, a few small points of
filamentary emission, and a 16th magnitude star in the
field. Accurate centering is rather critical, as there
are strong filaments on the edges.

2 This is in the south central part of the nebula, a
region fairly strong in the continuum, Centering is
critical because 0f nearby stars and filaments, but
within the region the tilaments are quite weak.

3 Near region 1, and similar except that a smaller
diaphram is used to discriminate against the filaments
more strongly.

4 A region on the west end surrounded by a ring-like
structure of filaments, The continuum is rather weak,

8 In the south east, with quite weak continuum,

6 This is located in the highly polarized "bay" on
the east side, See also no, 17,

(4 A region of faint continuum in the south west
corner of the nebula, straddled by two bright stars.

& A filament-free region in the western part of the
nebula, with a fairly bright star in the center which
can be subtracted by making measurements through A.

9 This is a small‘filament—freeiregibn in the NW.

10 The listed position is the usual location ot the
bright main wisp (and it was here in September, 1966),
On the best nights the double star near the center could
just be seen in the diaphram, and oifsets were made to
the wisp, Another method used on poorer nights was to
set in the neighborhood of the wisp and make counts to
maximize the counting rate (the wisp is a definite local
maximum of surface brightness). The special diaphram is
a very small elliptical pin hole in a piece of foil, and
admits an area slightly larger than the size of the main
wisp. The counting rates were on the order of tens per
second,
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NOTES TO TABLE III.3 (CONTINUED)

11 This is also the wisp area, but some measures were
nade with the larger diaphram A, in order to include
other members of the wisp series,

12 This is the position of the very strong arched
filament at the north end of the nehula, and was measured
to check on the amount of filamentary contamination in
whe filters.

13 The Crab Nebula is rather symmetrical about the
center, especially as seen in the polaroid plates at
position angle 45°, There is a region that is rather
symnetrically related to the core (region 1), but not
as bright. Unfortunately there are large, strong
filaments running through it. This region is the
clearest part of this feature, If C is used x=8,86 and
7=5439.,

14 Located on the southern portion of the bay mentioned
n note 6,

15 This is the very tip of the southeast extension °
of the nebula.

16 This is the very tip of the northwest extension
of the nebula,

17 This region was selected for a measurement of the
ultraviolet polarization which was never made, It lies
in the bay, and is strongly polarized. Lying between
two stars, it should be easy to locate and guide on,

18 As discussed in note 13, there is a great deal of
symmetry in the nebula, There is no exact reflection
of the wisp, but the "anvil" discussed in Chapter II is
the next best thing, ;

19 When it was believed that the x-ray source was
rather localized, it was decided to make a lattice of
measures in the suspected region to check for a
peculiarity in the optical spectrum. Since then it has
been learned that the x-ray source is not strongly
localized.,
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NOTES TO TABLE III,.3 (CONCLUDED)

COORDINATES OF THE X-RAY LATTICE

No, b'd y

19,1 8,00 3,00
19,2 8,00 2,00
19,3 8,00 1.00
19,4 7,00 1,00
19,5 7,00 2.00
19,6 7.00 3,00
19,7 7,00 4,00
19,8 7,00 5,00
19,9 6,00 5,00
19.10 6,00 4.00
19,11 6,00 3.00
19,12 6,00 2,00

19,13 6,00 1,00
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accuracy limited by the seeing. The procedure was to al-
terrate eight counts on the nebula with eight sky counts,
élways ending with a set of nebular counts so that the
systematic changes with hour angle (extinction and sky
background) would cancel in the average. 1In the early
runs it was found that the sky brightness varied quite
smoothly with hour angle, and during one night (February
4/5, 1967) the sky was measured only infrequently, and
then interpolated. Also, on one night (March 7/8, 1967)
the sky was measured through a very large diaphragm in
order to reduce the statistical errors. The added incon-
venience of changing diaphragms frequently and determining
the ratios of the areas of the diaphragms accurately were
bothersome, but this procedure seemed to be a slightly
more efficient use of the telescope time (especially since
the largest errors are the statistical ones, due to low
counting rates).

The obgervétional results are listed in Table
I11.4. The first coiumn identifies the region by its.
nuﬁber in Table iII.3 and the diaphragm size as given in
Table III.Z2. The next eight columns give the intensities
in terms of the magnitude measured through filter 2 (m2)
and the colors relative to this filter (c:.L =m, - m2).
The magnitude m, gives the intensity for the entire area
admitted by the diaphragm, and can be reduced to an
average surface brightness using the data given in Table

ITI.2. The listed errors are those expected from statis-
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tical fluctuations alone, and were caliculated from the
eéuations given by Baum (1962). Because of the low
okject/sky ratios for many of the areas, it is important

to use these equations rather than the simpler form often
eriployed. The statistical errors for Region 1 are all

less than 0701, and have been omitted. The non-statistical
errors for all the regions can be judged by comparing the
five independent measurements of Region 1, and are seen

to be typically *0702. The next column gives the spectral
index, © , a measure of the slope of the continuum to be
defined and discussed below. The next two columns give the
excesses of the intensity measured through filters 1 and 6
over the amount expected from the other measurements, and
will be discussed later in this chapter. The last column
gives the date of the observation.

In connection with presenting the data graphically
the question arises: which plane is more appropriate, the
log I-Logy) or the Log I-) plané? The synchrotron theory
predicts a linear relation in the former if the electrons
emitting in the spectral range of interest are distributed
in energy according to a power law. On the other hand,
electrons near an upper cutoff combine to form an exponen-
tially decreasing radiation spectrum, i.e. linear in the
Iog I-) plane. 1In principle we could use this result

to decide whether the optical electrons are near the upper
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cutoff or not, a question which is important in connection
w..th the nature of the X-rays. In practice the observational
accuracy necessary to distinguish the two cases is rather
too high. An elementary calculation shows that over the
range covered by our filters the maximum difference between
a power law and an exponential curve is on the order of
0™M03. Uncertainties in the shape of the reddening curve
(the total amount of reddening enters in a less important
way) plus obéervational and calibration errors would be
comparable to or larger than this difference. If the
maasurements were extended to 10,0003 the difference be-
tween the two laws could be as large as oM. Gett:ing back
to our measurements, the raw data are more linear in the
Log I-Log VYV plane (from the above discussion, this fact
must be a reflection of the shape of the reddening curve,
and hence provides no information about the intrinsic
spectrum of the Crab), which is therefore used to display
the data.

Region 1, fhe core of the nebﬁla, was observed
most often and with the best statistical accuracy.l' Its
colors from Table III.4 are plotted in Figure III.1l, along

with a scan with the 60-inch telescope of roughly the same

1. This is probably the only case for which the statistical
error is not the largest source of uncertainty. The good
agreement between data for different nights and different
alr masses indicates that the other errors are rather small.
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region, kindly communicated by J. B. Cke, and also O'Dell’s
(1962) measurements. The curves are shifted vertically to
obtain approximate agreement at log }) = 14.855 (filter 2).
The present data agree well with those of Oke, the only
significant difference being in the region wher€ the [SII] .
[NII] , and HA lines affect the continuum intensity in a
way that is very sensitive to the positioning and size of
the diaphragm. O'Dell's intensities are 0Tl to 072 fainter
on the red and blue ends of the range covered. Part of this
discrepancy is removed if recent improvements in the cali-
bration of Vega (Oke, private communication) are included,
as shown in the figure. The present data fit well to a
straight line, except that the ultraviolet point is sig-
nificantly too bright. Oke's scan shows the same effect
even more clearly, the points in the ultraviolet gradually
turning up from the linear relation. O0O'Dell's UV points
shéw, if anythiné, the opposite tréhd}' The straight
liﬁe drawn in Figure ITII.1 is a least—séuares best fiE to
thé points for filters 2-5, 7 and 8, weighted inverseiy

by the statistical errors. Data for the other regions have

J. O'Dell's observations are older and made with smaller
telescopes than the ones reported here. Also it should be
mentioned that they refer to an unspecified area containing
the whole nebula as well as a number of stars (25 stars
averaging 15™ could influence the measured intensity of the
nebula by roughly 0M1). Nevertheless, it is not intended to
reject his results. We simple take the concordant data of
Oke and myself at face value in order to see what the im-
plications are.
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bzen treated similarly: the quantity ©£ in Table III.4
is the slope of the least-squares lire divided by 2.5

so that it corresponds to the usual "spectral index" of
the radio astronomers. The excesses of the intensities
in filters 1 and 6 above this line are listed in the

same table. The latter can be directly interpreted as
the emission in the [SII] doublet, and is a convenient
index for tne filamentary contamination. The ultraviolet
excess is not so easy to interpret, and will be discussed
below.

We first examine the distribution of the spectral
index over the nebula. It will be assumed that the effects
of differential reddening can be neglected, so that any
differences observed are intrinsic. Figure III.2 shows a
plot of the index for the various regions against their
distance from the central star Sl. Filled circles are
regions lying in the NW half of the nebula, and the open
circles are for the SE. This distinctién was made because
of the apparent ésymmetry of the activity, which appeérs
to be concentrated largely to the NW. It can be seen in
the figure that there is a steepening of the spectrum
with distance from the center. No particular significance
is attributed to a linear relation, but it can be noted
that the filled circles all fall very close to the line
drawn in the figure. If all the regions are considered

together, the trend is less obvious but still unmistakable.
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No region farther from the center than Region 1 hes
a small measured spectral index than does this region.
Unfortunately the most important observation,
that of the main wisp, is the most difficult. Four
measurements were made, two through a special diaphragm
constructed to admit just the main wisp, and two through
the standard circular diaphragm 12" in diameter. 1In
both cases, location of the wisp was difficult because
it cannot be seen visually. The methods used to set the

diaphragm are described in the notes to Table III.3, #10.

The success of these methods can be judged post facto by
notiné that the measured surface brightness for the wisp
in the special diaphragm is very nearly the same as for
the core of the nebula (Region 1). This is quite con-
sistent with the known relative surface brightness from
the direct plates, and assures that at least part of the
wiSp was in the diaphragm (for the surface brightness‘
suirounding the Wisplis low compared to:the core). Tﬁe
spéctral results,forithe four attempts are tabulated
below. The wisp may have an index of ﬁ;Z.O if the
higher value with diaphragm A is due to the contribution
from the surrounding nebulosity (area of A/area of wisp

~ 7).
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MEASUREMENTS OF THE MAIN WISP REGION

diaphraqgm spectral index average
special 2.01 * .05 1.99
special 1.96 t .10 :

A 2.37 £ .10

A 2.37 £ .10 2.37

Additional evidence for variation of the slope
of the spectrum is obtained from the grid of measurements
made in the NW quadrant (Region 19). The original in-
spiration was the possibility of detecting some pecﬁliarity
in the spectrum due to a small object in this region. 1In
particular the X~-ray source was thought to be localized
in this general vicihity (Bowyer et al, 1964), but is now
known to be rather large (Oda et al, 1967). These measure-
ments were made under essentially identical conditions, on
a very good photometric night (internal consistency of the

standards was better than 0701 for all except m which

g’
ranged over 0@035. Transit occurred during the sequénce
¢f 13 measures, énd sec z ranged froﬁ 1.026 to 1.059.
Hence even gross errors in the extinction (which are
certainly not present) would not affect the differences
in the measured spectra. It is therefore established
that the expected errors in the rxelative values of the

spectral index are rigorously those due to statistics

alone. On this basis the expected deviation of o is *.0l.
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Taus the smooth trends shown in Figure III.3 are real.
The diameters of the circles shown are linearly rélated
to the value of the sbectral index, which is also written
next to the circle. The centers of the circles are
located at the points of the grid, the spacing being 16"
and the diaphragm diameter 24" (moderate overlap). The

slope in every case increases away from the line defined

by the wisp series and their motions, and also increases

outward alonq this line. These facts are taken as direct

evidence of a connection between the activity and the
slope of the spectrum. The sense and amount of the change
are consistent with the trend indicated by the other more
general measurements (Figure III.2).

Radio astronomy supplies interesting evidence
cn the matter of variations of the spectral index. There
was much discussion of this point based on the earliest
seiies of occultations (November 1955 through January 1956),
bu£ the reported large differences in the steepness of the
spéctrum are probably spurious. The mofe recent occul-

tation observations (Andrew et al, 1964; Davies et al,

1966; Gotwols, Erickson, Fremouw, and Owren, 1966; Taylor,
1966; Krishnan, Zisk, and Cudaback, 1967) are much more
reliable and consistent, primarily due to instrumental
advancements. In particular we call attention to the
results of Davies et al, at 404 Mc/s and 1420 Mc/s.

Their effective resolution was about 10", and many of the
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gross features visible in the optical region can b=
identified on their brightness strip distributions. The
optically bricht WISP/PLATEAU region is absent at radio
frequencies, as might be expected from the flatness of the
spectrum we have observed. Moreover, Davies et al, report
the following: (1) by comparing the 1420 Mc/s data with
the optical intensities of Woltjer (1957), the spectral
index is 0.16 steeper at the edges (Woltjer's contour of
intensity 5, compared to 300 at the center) than at the
center; and (2) from the data at the two radio frequencies
the index is 0.12 steeper at the half-intensity level than
at the center. These results agree with our purely optical
data, except that the amount of the change in A, is
somewhat larger than in the radio region. The meaning of
the change in slope of the continuous spectrum across the
face of the nebula will be considered in Chapter VI.

The other aspect of the spectrum which will be
diécussed is the so-called ultravioiet e%cess, defined
abdve as the excess intensity as measured through the
violet-most of the filters above a linear extrapolation
of the measurements through the other filters. 1Is this
excess real? The amount of the difference (E (UV) in
Table 2.4) is rather small (generally s_Cﬂb), but
consistently positive except for a few cases in which

the expected errors are large. The agreement on the
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existence and approximate amount of the UV excess be-
tween the present data and the scan of Oke (observer,
dispersing element, telescope, and dete were all different)
suggests that the absolute calibraticn is a possible source
of error, as it was common to the reductions of both sets
of data. (The extinction, of course, was determined com-
pletely independently even for different nights.) How-
ever, a calibration errcr of this size ( 2 0706) does
not seem likely, ahd its effect would probably be obvious
in the scans of other objects (e.g., stars whose atmos-
pheres are believed to be well understood).

| Next, consider the effect of interstellar red-
dening on the shape of the spectrum. The change in the
slope of the reddening curve at around N'= 2.0 is in
the direction such that it would simulate the observed UV
flux excess in a highly reddenédlobject. For each mag-
nitude of total absorption the differential increase 1in
the UV-intensity (filter 1) over the blue (filter 2) is
Mo28 (reddening data is taken from Whiteoak, 1966).
Hence, to explain the excess of 07065 for Region 1 (the
best determined case, and one of the freest from possible
filamenfary contamination) a reddening of AVfNIZTB would
be necessary. If this large value were correct, the de-

\)+0.41 .

reddened intensity would vary as ¢ This reversed

slope cannot be absolutely ruled out, but it would require
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an additional radiation mechanism or a peculiar energy
distribution for the synchrotron electrons (cf. our

remark on this point below). If we insist that the true
spectrum be no flatter than the radio curve ( o ~ 0.3),
the maximum reddening allowéble is Av = 1.68. Sc far we
have not said anything about the actual value of the ab-
sorption to be expected. This is a very uncertain quantity.
There have been two studies of reddening in stars in the
direction of the Crab. The photoelectric data collected

by O0'Dell (1962) is more detailed and accurate, but only
eight stars were included. Brodskaya (1963) presents
photographic photometry and objective prism spectroscopy

of 86 stars. Both authors graph Av against distance.
O'Dell's values for the total absorption are systematically
larger than Brodskaya's (by 0™3 to 0@8). The besti: pro-
cedure would probably be to shift Brodskaya's mean curve

to run through 0'Dell's points, but even then high accuracy
cogld not be expected. Since the exact distance to the
neﬁula is not known, the reddening is even more uncertain.
The limiting value of Av = 1768 proposed above comes at
approximately 1700 pc. from both authors' data. A dis-
tance of 2000 pc. or more is certainly possible given

this limit and the uncertainties involved, but would
strongly imply a reddening of at least 1% and o = 0.3.

Then, if the X-rays are a continuation of the synchrotron
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spectrum, the "break" in the spectrum must come to the
violet of the visible region. (It is interesting +that

if the radio and X-ray/gamma ray spectra are extrapolated
with power laws, they meet at about 2000%.)

Since reddening cannot explain all of the ultra-
violet excess, we must also consider the possibility that
it is a property of the radiation from the nebula. For
example, the filaments are a source of ultraviolet radia-
tion through lines and the Balmer continuum. If such con-
tamination were the source of the excess, it would be
strongly correlated with the [SIf] excess, an effect
which is not found. There is some correlation in the
sense that when the [SIi] index is very large, the UV
excess is also larger than average (e.g. in Region 12,
centefed on the strong arched filament at the north end
of the nebula, the [SIf] excess is nearly a magnitude,
and the UV excess is 07'33. However; when the [§1i]
emission is only moderate or absent, there is a residu;l
UV excess of between 0706 and 0@12.\

A second possibility is that the excess is due
to thermal radiation adding to the synchrotron spectrum
to produce the observed flattening in the ultraviolet.

It has been suggested by a number of authors that the
X-rays from the Crab are produced by a thermal gas with

T~ 10° to 108 °x and ne'NlO2 cm™3. The chief



66

objection to this has been (Shklovskii, 1966) that such a
plasma in the known magnetic field would depolarize the
radio emission via the Faraday rotation. Recently Sartori
and Morrison (1967) have proposed a model which to some
extent avoids this difficulty. The thermal gas is pos-
tulated to be located mostly in the north-west quadrant

of ﬁhe nebula, as suggested by the X-ray data (see es-
pecially Oda et al, 1967). The fact that the polarized
radio emission is displaced toward the south-east relative
to the total power centroid (Allen and Barrett, 1967, at

2 cm; Seielstad, private communication, at 21 cm.; but

c.f. Davies et al, 1966) is taken as evidence of the de-
polarizing effect of the X-ray plasma. The bremsstrahlung
spectrum in this model would have a long flat tail (per-
haps more appropriately called the dog) extending into

the optical range. Curiously enough, their model yields

an intensity in the ultraviolet that would give an excess
of about 0706 above the synchrotron spectruml‘. In adaitidn,
ho&ever, the UV radiation would have to be strongest ih the

NW part of the nebula, and the present data do not indicate

1. The sum of the flat bremsstrahlung dog and the decreas-
ing power-law synchrotron spectrum is roughly the observed
flattened spectrum. However, when this point is considered
more quantitatively it is found that the transition between
the regions dominated by one of the two types of radiation
is rather broad (roughly an order of magnitude in the fre-
quency in this case).
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any such skewriess. Hence it does not seem very plausible
that this is the explanation of the excess. Furthermore,
the model of Gartori and Morrison would not be tenable

i the X-ray emission were distributed rather like the
optical radiation, a possibility that is entirely consis-
tent with the X-ray measurements (Oda et al, 1967). 1In
any case, the method of avoiding the Faraday rotation is
artificial, and it has not been shown that it can explain
the polarization data quantitatively.

Finally, it must be kept in mind that a synchro-
tron spectrum need not be linear, and under some conditions
an initially linear spectrum will evolve into one with a
flattened portion on the High—frequency end (Kardashev,
1962; De La Beaujardiere, 1966; Hirth, 1967; McCray,
private communication). An accurate measurement of the
ultraviolet polarization would clearly give an important
clue about the nature of this excess.

To summarize the data, thé observed continuoﬁs
spéctrum is described well by the Iiﬂc \)-* law, with oL
increasing slowly with distance from the center of activity.
This effect is most pronounced in the NW half of the nebula
where a difference of Q§®®~ 0.9 1is indicated between the
wisp region (el ~ 2.0) and the NW corner (& ~2.9). For
the whole nebula AA ~0.4. 1In addition, there is a

flattening in the ultraviolet, some of which is due to the
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curvature of the interstellar reddening law. If the
extinction is AV = 1.6 (which is likely if d = 2000 pc.)
a residual UV excess of at least 0202 may be intirinsic
to the nebula. Several possible sources of this ultra-

violet radiation have been mentioned.
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IV. ANALYSIS OF THE PLATES FOR WAVE PROPAGATION

Ih the following chapter we shall see how the
wisps and their rapid motions should theoretically produce
di.sturbances propagating outward into the nebula in the
form of hydromagnetic waves. Indeed, as shown in Chapter
ITI there are features beyond the main wisp which partici-
pate in the activity, and may be disturbances initiated
by the motions of the main wisp itself. These wisps are
seen out to distances on the order of 20" from the center.
The motions even further out are perhaps slower and more
regular than those near the center, but they are evidence
that even near the edge of the nebula the hydromagnetic
velocity is still a few percent the speed of light. The
present chapter describes an attempt to detect motions in
the intermediate regions of the nebula.

The fifst clue of a generél fiéld of motions
appeared on a composite photograph ﬁade from two polariza-
tion plates taken about a year apart (see Zwicky, 1956,
for a description of the technique). As expected, the
composite demonstrated clearly the motion of the wisps.

In addition the NW region of the nebula showed a mottled
appearance, visually suggestive of a field of waves or
ripples with fronts approximately parallel to the elon-

gation of the wisps. There was no evidence for motions
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in any direction other than toward the NW. Exper:mentation
proved that the ripples show best with the polaroid orien-—
tation 45° (i.e., parallel to the wisps) and with the time
interval roughly one year. The subtlety of the features
precluded satisfactory photographic reproduction, but a
similar composite is shown in the Frontispiece. This plate
shows the more distinct and widespread changes which appear
with longer time intervals.

A rigorous check of these photographic results
is desirable, especially in the case of the changes detected
for the smaller time intervals. Microphotometer tracings
of the sandwiched negative and positive plates confirmed
the visual appearance, in the sense that a series of wave-
like features showed up on the tracings, and were larger
than the noise due to granularity. But the real problem
with the method of composite photography is the danger
that spurious effects in the intermediate stages might
caﬁse incomplete‘cancellation of thé stationary structure.
In the present cése most of the positives cancelled very
well against their parent negative (the ones that didn't
were rejected), but this does not insure that cancellation
between different plates will be faithful. One can imagine
a number of tests of this technique, such as repetition with
different positives, correlation between different plates

and different polaroid orientations, and cancellation of
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an object which is Enown not to change.

The procedure that was actually adopted does
away with the intermediate photographic processes al-
together, and is based on photometry of the original
pilates. Because they exhibit activity most strongly,
the plates with polaroid orientation 45° were used ex-
clusively. Microphotometer scans were made along a path
traversing the region of greatest activity as indicated
by the composite plates. The path of the scan is shown
by the line in Figure II.l. The slit was narrow (1%3)
in the direction of motion, which was perpendicular to
the apparent wave fronts. This gave resolution in the
direction of scan comparable to that permitted by the
seeing on most of the plates. A slit length of 575 gave
a satisfactory integration over plate granularity and
corresponded roughly to the length of the mottles as
seen on the composite plates. A longer slit should
reduce the noisef but it was felt tﬁat the signal from
poésible waves might be reduced tool The scans were
stored digitally on magnetic tape in a form suitable
for computer analysis. The sampling rate of the digitizer
-was such that even at the fastest speed of the microphoto-
meter table the resolution was much greater than necessary.
The resolution in intensity was also much greater than

need be, given the inherent inaccuracies of the photo-
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graphic procesis. Nearly all the information on the region
0 the plate scanned by the slit was stored on the tape.
Information concerning variations along the slit is lost,
but should be unimportant.

The conversion to intensity profiles was first
effected by means of the wedges made for the plates by
Minch. This calibration gave relative intensities which
were consistent from plate to plate to an accuracy of about
t5 percent. The profiles could then be normalized to the
same total intensity and used in the subtraction process
to be described shortly. However, there is an easy way
to greatly increase the consistency of the calibration.
Ten short regions on the scan were used as standards of
intensity. They were chosen to cover the relevant range
of densities, and also were located in areas of the
nebula not indicated to be active on the composite photo-
graphs. Since the intensity changes actually found are
sméll, even if there ére some variagions in the ten
regions the effect on the calibratibn is small. The in-
tensities at these points were determined by averaging
the values obtained with the calibration by the wedges.

It will become clear that the method does not depend on
these intensities being correct in an absolute sense.
The calibration curve (intensity as a function of density)

was constructed for each plate by fitting a 5th order
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pclynomial to the ten points in a least squares sgense
(giving higher weights to the densities relevant to the
regions of the nebula scanned). The residuals from this
calibration curve were always so small that the ten points
were essentially forced to lie very nearly on the cali-
bration curve, which should therefore represent very
accurately the true relation between intensity and density.
The order of the polynomial is low enough to avoid oscil-
lations in the curve. Even if the intensity values for
the ten standard points are slightly incorrect, this error
will affect all plates in the same way.

Because of the rapid sampling rate, there were
many more values of the intensity than needed, so the
profiles were smoothed using a Gaussian filter, and the
smoothed profiles were stored_at intervals comparable to
the width of the filter. This width was chosen to be
roughly the resolution limit of the plate, so that no in-
fofmation be lost.

The fiﬁal step in the procedure was to subtract
the intensity profile for a given individual plate from
the intensity profilé averaged over a number of the plates.
This method was found to be more satisfactory than sub-
tracting one plate from another (less noise). The regis-
tration for this subtraction was conveniently provided

by stars along the scan. The scale of the plates was
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fcund to vary by less than one part in 103. The resulting
intensity differences would be zero if there were no
changes in the nebular intensity, and if there were no
errors in the entire process of converting the true in-
tensity to numbers. A sample of an intensity difference
curve is shown in Figure IV.1l, where the upper portion is
the region to the NW of the center, and the lower to the
SE. The intensity scale on the left of the figure refers
to an arbitrary system of units in which the maximum in-
tensity along the scan (where it crosses the core of the
nebula) is 0.72 units.

These profiles show, as must be expected, a great
deal of noise, part of which is due to the granularity of
the plates. 1In a more general sense, some of the noise is
due to the statistical nature of the entire photographic
process. The density of a given area of the plate is a
random variable, whose mean is related to the intensity
foéused onto that areé of the plate. Cohsider, for sim-
plicity, the image of an object that is berfectly uniform.
A small area of the plate would have a density which might
differ substantially from the "true" density corresponding
to the actual surface brightness of the object. A larger
area will on the average have a density closer to this
ideal, because of the greater statistical sample. But no

matter how large the area sampled, there will still be
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some randomness in the integrated density. Clearly this
source of noise will be operative in a more complicated
way when the intensity is not uniform, but rapidly varying
as in the Crab Nebula. The scalel' of this particular
kind of noise is not limited to the size characteristic of
the plate grains. There will be some noise on all scales.
This statistical process is not the only source of noise.
Differences in the seeing on the plates obviously plays a
role, and contributes noise on the scale of the size of
the seeing disk. Also the calibration errors will intro-
duce noise of a character which is hard to estimate.
Registration errors will give noise that will depend on
the size of the errors, and should primarily influence

the phases of the Fourier components (see below). Clearly
the total noise is a very complicated statistical process,
and it would be difficult to predict its power spectrum

a priori.

The problem is to extract a signal (any real
intensity difference) from this noise, The graphs of many
of the intensity difference profiles look to the eye as
though there may be a signal consisting of "waves" of a

rather ill-defined characteristic wavelength. Since

1. In speaking of the scale of the noise, we have in mind
the description of noise in terms of its power spectrum -
that is, in terms of spatial Fourier components of various
wavelengths
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there is bound to be some noise at this wavelength, a
subjective jucdgement of this sort is nard to interpret.

A better way to analyze the data is to perform a Fourier
analysis and exhibit the component of the difference
profile which varies at different frequencies. The ad-
vantage is that, for example, the high frequency com-
ponents which cannot be significant are readily eliminated.
This elimination was done to some extent in the smoothing
process, which is essentially a filtering out of the high
fréquency.components. For two sections of the scan (in-
dicated by ticks on the line in Figure II.1) a finite
Fourier series was calculated numerically. I.e., if xi
is distance on the plate and the length of the region
scannéd is L, we write the intensity difference profile

as

Tx-= i An cos (B n- %h) O<KL.

Ani and ¢n are the amplitude and phase of the n-th
Foﬁrier component. The two regions were essentially
radial paths from the center to the NW and to the SE.
Neither included any of the main wisps, and both ended
before the intensity dropped close to the sky background.
It was suggested by the composite plates that the section
to the NW would show real motions, while that to the SE

seemed inactive and was meant to be a control region.
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The amplitudes of the Fourier components as

a function of spatial frequency (we shall call these

curves power spectra, a term conventionally applied to
the absolute square of the amplitude) are graphed for
some of the plates in Figure IV.2. The abscissa is the
harmonic number n: n=l corresponds to a wave of length

- egual ﬁo the entire portion of the scan which was analyzed,
namely 53¢1. The intensity scale is as in Figure IV.1l.
The solid lines are the power spectra for the NW scan,
the dotted for the SE. It can be seen that the power
spectra for the NW region are generally larger than

those for the SE for the longer wavelengths, n € 20.

At the higher'frequencies, the two regions' power spectra
have comparable magnitudes. The indication is that the
NW# has more activity at these wavelengths. Plots of the
phase of the Fourier components as a function of frequency
Shdw, for the most part, the expected random behavior.
Of#en the low frequenc¢ies show some;sign of non-random
beﬂavior, as would be expected if there is a real signél
present at these frequencies. On a number of the plates
the very highest harmonics had phases very nearly equal
(i.e., nearly constant with frequency). The reason for
this unreal behavior is not understood, but fortunately
these components are not significant.

The result so far is interesting, but unsatis-
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factory because of our lack of knowledge of the noise
power spectrum. It is not clear whether the spectirum
for the SE region is similar to the spectrum of pure
noise, or whether there is some real activity in this
pert offthe Crab also. Furthermore, it is not known
how much of the difference betweén the power spectra of
the two regions and the noise spectrum could be due to
random fluctuations.

There is one further step in this analysis
that may resolve these questions, and that is a more
careful discussion of the phases of the Fourier com-
ponents. The phase determines the displacement of the
components from some fiducial point. Hence if the bumps
in the power spectra are real in the sense that they
represent actual disturbances in the nebula, then there
should be a relationship between the phases for the
various plates. The nature of the relation depends on
thé manner in which the disturbanceé are propagating.
Fof‘example, if they are standing wéves,:the phase may
depend on frequency (i.e., which Fourier component is
being discussed), but should not vary with time. Or if
a wave of a given frequency propagates at a constant
phase velocity, the phase should be a linear function of
time. Unfortunately, it is difficult to analyze the time

dependence of the phase of a component of a given frequency.
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Not only is there a great deal of scatter in the paases,
but there alsc is an ambiguity of an integer multiole of
2TC which usually makes it possible to fit the data with
lines of several different slopes. The data were analyzed
from this point 6f view, and the impression gained was
that the slope of the phase-time relation is not very
dependent on frequency. All attempts to find slopes pro-
portional to frequency failed. It is clear that this
method ishighly subjective and the results just mentioned
must be taken lightly.

Obviously we need to average the phases for a
given plate over frequency in order to reduce the scatter.
Unfortunately the nature of the average which must be
taken depends on the manner of.propagation. For example,
if the disturbances are visualized as bumps containing
a spread of spatial Fourier components, but the bump as a
whéle propagates;at a constant veloCityﬂ the time-rate-of-
chénge of the phése of any given cdﬁponent would be pro-
po%tional to its‘frequency. This cgn bé seen from thé
equation\fof the expansion written above: following a
given part of a wave, dx/dt is proportional to
d(,4%‘/ﬁn,)/a£. Thus, the quotient phase/frequency should
be averaged and examined for a linear dependence on time.
The phase ambiguity is particularly troublesome in this

average, and no conclusive result could be reached. For
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the simpler direct average of the phase itself, the
ambiguity was easily resolved and it was found that the
vector averaged phase correlated very well with tine.
Figure IV.3 shows for the NW scan the time dependence of
the average for harmonics n=3 through n=12

(W = 17"7 to 4%4), which were judged to contain the most
activity based on the power spectra. Since there is an
ambiguity of *2kTr (k any integer) in the phase, one

is perfectly at liberty to add such a phase shift to

bring the points as close as possible to the selected
linear relation. That is to say, all the points are forced
to lie somewhere in the region of the plane between the two
dashed lines. There is a significant correlation to the
extent that the actual points differ significantly from a
random distribution within this region. Actually, it is
more complicated@than this, because the line is not just
an§ line, but wiil bg the one chose% to fit the points as
weil as possible; That is to say, éven with a random
diétribution of points, the line éah be chosen to minimize
the scatter. The importance of tﬁis effect depends some-
what on the number of points (decreasing from the obvious
singularity at two points to no effect with a large number
of points). ©Neglecting this complication and taking a
uniform distribution of points within the allowed region,

the expected r.m.s. deviation of an individual point from
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the straight line is J%%T T = 2.56. The points in
Figure IV.3 were weighted according to the quality of
the cancellation, as judged from the smallness and
smoothness of the intensity difference profile. The
weighted r.m.s. deviation of the "good" points in

Figure IV.3 from the straight line was 0.26 radians,

for the "fair" points 0.78 radians, and 2.6 radians for
the "poor" points. Hence the statistical evidence for
the existence of a correlation between phase and time

is very good. The averaged intensity profile with
respect to which the subtraction was performed was ob-
tained from the middle six plates in the time series.
This no doubt explains why the cancellation seems better
for these plates, and why the correlation with time is
better. Possibly there are rather substantial changes
over the complete time interval, perhapé enough to affect
the calibration scheme. A less siénificant correlation
is found for the region to the SE (see Figure Iv.4). It
has a slope of the opposite sign, which means that for
koth regions the motion is away from the center.

Thus from two different ways of looking at the
data we obtain the indication that the rate at which the
phase changes with time is roughly independent of frequency.
This result is surprising but can be interpreted in a

simple way as being due to perspective. Let the vector E
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lie along the line of the microphotometer scan and also
perpendicular to the line of sight to the nebula, and let
kX be a vector in the direction of propagation of a wave

of wavelength A and velocity v. These quantities will
also be the okserved wavelength and velocity if the vectors
4 and %k are parallel. But if & and X are at an
angle © , the apparent (projected) wavelength of the wave
will decrease by the factor cos® and so will the apparent
velocity. That is to say, the (spatial) frequency of the
projection of the wave is larger, but the rafe of change

of the phase is observed to be the same. Our microphoto-
meter scans along é given direction undoubtedly include
disturbances propagating at a whole range of angles © :
some of the vectors k will have components toward or

away from us (consider a spherical wavefront) and some

will have position angles different from the scan direction.
But if the actual phases of all the waves have the same
time dependence, so will the observed projected waves.

Thus our data would be explained if all the waves had the

same temporal frequency a;.l'

1. If there were any intrinsic differences in wavelengths,
the velocity of propagation would have to satisfy 2W v/ ) =
constant = (W . Any other distribution of the observed wave-
lengths would be due to projection. The analysis of the
next chapter yields the theoretical result v = constant, so
that the above relation could be satisfied only if all the
waves had the same intrinsic wavelength. As only the pro-
jected wavelengths are observable, there is no observational
check of this fact.
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It is not necessary that the waves be strictly mono-
chromatic, but only that they be generated, roughly
speaking, at a characteristic frequency, which might be
identified with the crude two-year periodicity in the
motion of the main wisp noted in Chapter II. The period
given by the slope of the line in Figure IV.3 is 3.5
years, so the numerical agreement is poor, but then so
is the determination of the periods.

As described at the beginning of the chapter,
this analysis was inspired by the suggestive but incon-
clusive results of ecomposite photography. Howewver, it
should be noted that the technique can also be viewed
as an extension of the method used by several awthors
(see Chapter II) to study motions in the Crab Nebula.
Instead of measuring only selected features, we have in
effect included the whole intensity profile. Also, because
we were looking for faster changes on a shorter time scale
and with small amplitudes, the analysis of the data had to
be rather complex. The method has been only partially
satisfactory, mostly because the effects appear to be
near the threshold of detection set by the noise of the
process. The difference profiles show significaht changes
with a time scale on the order of years, but the changes
can only vaguely be described as propagating waves.

Numerical Fourier analysis yields a description of the
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changes in terms of sinusoidal components with a range

- in wavelength of about a factor of four, but with the
propagation velocity of the individual components being
rcughly proportional to the wavelength. This curious
behavior could be explained if the observed disturbances
are waves of a single temporal frequency seen at various
angles of projection. This frequency is on the order of
6 x 10_8 sec—l ; the basic wavelength involved is some-

where in the upper part of the range 4"-18", corresponding

to a propagation velocity < 5"/year.
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V. THE PROPAGATION OF DISTURBANCES IN A RELATIVISTIC GAS

The existence and motions of the wisps were the
starting point. of our development in Chapter II of some
of the observational aspects of the activity in the center
of the Crab. This chapter will begin from the same facts
and probe into some of their theoretical implications. We
shall presuppose that the wisps are localized enhancements
of the general synchrotron emission. The direct plates
(Chapter II) and the photoelectric data (Chapter III) prove
that the wisps have a continuous spectrum, and the
polarization plates show that they are strongly polarized.
Thus the evidence for this assumption is the same as that
for the synchrotron hypothesis in general. The theory of
synchrotron radiation implies that such a feature must
roughly speaking be an enhancement of the quantity

1
N-Beﬁﬁi) (s = index in energy power law), (1)

where N is the density of relativistic electrons (see

the discussion in Chapter VI). Actually the gquantity in

(1) is approximate in several senses; the exact expression
depends on certain assumptions, and is discussed in Appendix

C. Let us ignore temporarily the observed motions and see
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if the wisps can be interpreted as static features. 1In
such an equilibrium situation it can be shown from the
ecuations of motion given below that, as in the classical

case, the magnetic and gas pressures must balance:

P + B2/8n‘ = constant. (2)

Thus in regions where the field happens to be stronger

than average, the gas (particle) pressure is lower. The
effects on the synchrotron emission tend to cancel, but

the forms in (1) and (2) show that the cancellation is

not exact, and visible inhomogeneities could be present. .
However, Parker (1967) and Lerche (in a series of papers
referenced in Lerche, 1967) have shown that a gas-magnetic
field system tends toward a uniform state in which the
pressure is isotropic and the same everywhere. In addition
to unstable waves which isotropize the pressure if it is
initially anisotropic, there will be motions along the field
lines which will eliminate pressure gradients. The latter
will occur at roughly the speed of sound, which we will
show is a few percent ¢ in the Crab. These motions are
therefore rapid enough to have established constant gas

and magnetic pressure since the origin of the nebula,
unless there have been disturbances subsequently. (The
behavior of the main wisp discussed in Chapter II is pos-

sibly an example of this diffusion along the lines of B.)
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Under these conditions the emissivity should also be
constant. Thus the hypothesis that the plasma in the
Crab is in static equilibrium is not consistent with the
existence of the wisps and other obvious inhomogeneities.
Indeed, it may be noted that the most striking departures
from homogeneity (the wisps) exhibit the fastest motion,
while the more slowly moving features (as discussed in
Chapter II) are generally smoother.

This discussion has been rather academic, as
the wisps and other features are observed to move. This
motion is sufficient to disturb the plasma in the nebula,
and one would expect propagation of the disturbances just
as in a classical gas in a magnetic field. In this chapter
we shall discuss the theory of such propagation, in order
that a comparison between the observed and theoretical
properties can be made. In this discussion it will always
be assumed that there is both relativistic and thermall'
gas making up the plasma, as the latter turns out to be
important in determining the propagation velocities.
Indeed, we will use this relationship to estimate the
amount of thermal gas present. The subscripts "R" and

"T" will distinguish quantities defined for the two

1. The thermal component consists of those particles
which have a kinetic energy which is small compared to
the rest mass energy.
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components, and "B" will refer to the magnetic field.

The subject of relativistic magnetohydrodynamics
has been developed by a number of authors (most recently:
Tuab 1948, Harris 1957, Lerche and Parker 1966, Lerche 1967,
Lichnerowicz 1967), and such quantities as propagation
velocities for various modes are known. For the Crab, one
can estimate the energies at which the usual magnetohydro-
dynamic approximations will break down. If we take the
wisps (~2" wide) to be the smallest inhomogeneities, the
condition that the gyration radius be less is ¥ < 6x108.
If the fastest time scale for changes is taken as 3x106 sec
(the braking of the main wisp), the condition that the
gyrdperiod be less is ¥ < l.5x108. (The fact that these
two numbers are the same order of magnitude is not a
coincidence.) Thus if the 500 kev. gamma radiation
recently observed by Haymes et al (1967) is synchrotron,
the electrons are beginning to violate the adiabatic in-
variantsl: nevertheless, the majority of the plasma
satisfies the usual MHD assumptions. That is to say, the
magnetic field is strong enough that the relativistic
version of the Chew, Goldberger, Low method (Scargle, 1968)

is valid. In this note we showed that the energy-momentum

tensor for a relativistic gas in a magnetic field is given

l. Whether or not this can really be so is an interesting
question. If the orbits are not helical, the character of
the synchrotron radiation is altered.
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by °

Tug = [a+ @%@ '83*7:;]7;? +% ((P.L+6.’.D,,P+ (@€ ) Uy,

where P and Pw are the pressures perpendicular

and parallei to the field lines, B, is the magnetic field
strength measured by an obseérver moving with the fluid

(for whom we take E=0z it is possible to include a component
of E parallel to the field, which would be important for a
calculation of the sort of collisionless damping studied

by Barnes (1967), but is not important in the present
context; the perpendicular component of E is zero because

of the high conductivity of the fluid). § is the total
enerqy density, including rest-mass energy, for the same

Oobserver, and 'T;?? is the electromagnetic tensor, which

enters because of its contribution to the energy-momentum
directly (the 1 in square brackets), and also because the
magnetic field determines the direction about which the
pressure is symmetric (the term proportional to ¢, ~ @\\ ) .

In a frame where there is no electric field, this tensor

1. We shall use c=1 except in cases where the meaning is
clarified by writing ¢ explicitly. The signature of g is

+++- , soO gll = 9'22 = g33 =-g44 = l, and all the other
elements are zero.
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can be written (Lichnerowicz, 1967):

(a.\ B“e(B
(u“uf aj“f)'nr ¥ia (4)
where BFET— (Bl,Bz,B3,O). Substituting (4) into (3) yields

Tap = (Ot B0ty @ ) gp- B[l 182 4] o

The equations of motion and conservation of energy are con-

tained in the equations

Qg-;:‘if = 0 ( fi =1.2-,3,4). (6)

Now consider the case of one-~-dimensional motion

perpendicular to a uniform homogenous magnetic field; that

is
¥y, 0,0,8) g
where J = (1—1.12)—1/2 , and
B“ = (OIOIBOIO) I (8a)
Eq = (0,0,0,0) . (8b)

All gquantities will be assumed to vary only along the

direction of motion and with time. The four equations in
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(6) reduce to the following two:

?ﬁf[“u’(o’* +£)+(ﬁ+.‘2:] + < {X‘u (@, = 6)] , (92)

‘%{,\{Jm(& +£')] —-[b’a (6’ + )] =0, (§b)

the ather two equations being trivial. The continuity

equation,
S (fr1) = 2 (0

where f° is the proper density of rest mass (see Synge

1957), becomes
gi(f"')'* % (r")’u) = o (11)

Harris (1957, p. 1359; see also Taub 1948, p. 331) has
shown that the energy conservation equation (eq. (9b) )
can be replaced by an equation expressing the conservation
of entropy along the streamlines, which - coupled with the
equation of state - can in turn be replaced by an explicit
relation between the pressure and the density f °

(viz. P & ( f° Yr ). Hence, the motion is determined by

equations (9a) and (11), plus the appropriate constitutive
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relations. Eqguation (11) is exactly Taub's equation
(5.13), and (9%a) is equivalent to his equation (5.14)

i his pressure, p, is replaced with (P.L + 83/3'" and
h.s total eneigy density, Y‘,Ca‘ -l-f» € , becomes
our e + Bo‘/ﬂ'ﬂ' .l' Therefore, the results
derived by Taub for the propagation of disturbances in a
relativistic gas with no field can be carried over with

- no modifications (except for the substitutions mentioned)
to the case of disturbances moving perpendicular to the
field lines. Parallel propagation can be treated in a
similar way if the substitution P"—’ P“ - Bo‘/gn' is
added. Hence the characteristic velocities and Riemann
invariants can be readily taken from Taub's paper. In
particular the small amplitude limit for the propagation
veiocity can be determined by Taub's equation (5.15) with

a bit of algebra:

o = L+ B:/‘/?T

— (remember c=1), (12)
05.*“; 4,vaﬂyn’

1. Harris (1957) has shown that the field contributes

to the inertia of the plasma through its energy density,
as well as a contribution equal to the pressure. Thus pér-
pendicular to B the pressure is B&/8® and the inertia
Bo~/8M , while parallel to B the pressure is = B/ 81T
(a tension) and the inertia is zero.
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where an equation of state of the forn

€-p* = & (13)

€ - Cﬂ-l);’

has been assumed, as well as the equation for the

adiabatics mentioned above:
L
@_,_ < (r°) . : (14)

For a gas in thermal equilibrium £ is 5/3 at low
temperatures and 4/3 at high temperatures (Jiittner 1911,
Harris 1957), while for an ultrarelativistic gaé D =4/3
too (Lerche and Parker 1966). The value 4/3 will be
adopted for the plasma in the Crab (see Chapter VI).
Tidman (1966) has shown that in the first approximation
the medium is dispersionless, so that equation V(12)
gives both the group and phase velocities.

In a rather different way Lichnerowicz (1967)
has treated the case where the pressure is isotropic, and
derived the propagation velocity as a function of the
angle O between the field and the direction‘of propagation.
The result is given in terms of the solutions of the
equation

F(v2) =0 , (15)
where

Fn= (€« P B0 -(Epelihr Bdgtedl e, 00
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2 is the spead of sound (set BO = 0 in eq. (12) ):

a D @y

N

A

Ug = 1+(£)£{_ . (17b)
\ r°

Equation (16) generally describes two modes (the "fast"

or

and "slow" hydromagnetic modes), but for 6 = T/a one

of them disappears and for the remaining one

2 B:Vﬁ"-
. Ve + - Ve
v *  P+€ + BT (-2 ) » (i8)

entirely equivalent to our equation (12) for P = P. .
In order to evaluate these expressions for the
propagation velocities we need estimates of the relevant
physical parameters of the gas in the Crab Nebula. The
strength of the magnetic field and the density of rela-
tivistic electrons are usually estimated by comparing the
observed radiation intensity with the intensity calculated
from the synchrotron theory, adding the assumption that
the magnetic field and the‘particles have equal energy
density. The rationale that this assumption approximately
minimizes the total energy is of dubious validity except in
establishing limits. On the other hand Ginzburg, Sazonov,

and Syrovatski (1967) have shown that the relativisticl'

1. The actual condition is N <E vy ¢/c%) ((B"/STI' , from
which it is clear that the thermal component caf have no
important effect.
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erergy density, \’g , cannot exceed approximately six
times the magretic energy density, Ug ., without inducing
instabilities and screening of the magnetic field due to

the diamagnetism of the plasma. The point is ﬁhat the
gyration of the electrons produces a magnetic field which
tends to cancel the external field. This implies, inciden-
tally, that the effective magnetic field in producing the
synchrotron radiation from a given region is smaller than
the field imposed on that region, a point which is often
overlooked. Conversely, if the pressure of the gas, which
is mostly from the relativistic component, were much

smaller than the magnetic pressure, the nebula would collapse
at the Alfv&n velocity (which would be nearly the speed of
light) --on the condition that the magnetic field is genera-
ted within ﬁhe plasma itself. It is possible that the

field could be supported by currents within the filaments
(which have sufficient inertia not to be collapsed by the
field), but then it would be hard to understand why there

is not more correlation between the filaments and the struc-
ture of the magnetic field. Since the nebula is not collap-

sing, but undergoing slightly accelerated expansion, we

have

PR R Pa . (19)
or in terms of energy densities (PR = -%-UR in the ultra-
relativistic limit, and Py = UB'): '
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Up 23Uy . (20)

This, together with the Ginzburg g;_g; condition, gives
U, & U, £ 6U; . (21)

Thus the effective magnetic field is probably somewhat
weaker than the one corresponding to exact equipartition

(lO'-3 Gauss; Oort and Walraven 1956), and we shall adopt

B, ~ leO-h Gauss (22)

for the aveérage field strength, recognizing that it could
be rather smaller but not very much larger. The relativis-
tic pressure which balances this magnetic pressure is, of

course,

Py ~ 1x10°8 erg/cn’ (23)

The density of relativistic electrons corresponding to
this value depends somewhat on the form of the energy dis-
tribution function, but is on the order of

N. ~ 5x1073 cm™3 (24)

R

Given these quantities, most of the important physical

parameters are determined, and their approximate values



are given in Table V.1.
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teken as an unknown parameter at this point.

The thermal gas density, N

e is

TABLE V.1
QUANTITY FORM FORMULA VALUE (erg/cm3)
- - B, /3W -8
Energy density  Magnetic Ug = B /8 1 x 10
Relativistic 2 -
(total) Up=Npmeck¥y 4 x 1078,
(rest) UR: NRM.C’. 10
Thermal -16
(internal) €_=3n_kT 8-28 x 10_3 N_T
(rest) TN L 1.50 x 10 3NTT
U'r = N‘r Mg(
Pressure Magnetic ?B = Be /8™ 1 x 1078
.. . \ -8
Relativistic Pa = 3 Ug 1 x 10
‘ 1~—16
Thermal B = 2NrRT 2.76 x 10 "N, T

The Sound Velocity

In the iabsence of a magnetic field, disturbances
propagate longitudinally at velocity Vg given in equation
(17) above. 1In a purely thermal ga’s the quantity P/fo is

very small, and we have '!,,t's.'L - .E'P/?" << . In

a purely relativistic gas the same quantity is large, and

2
in the ultrarelativistic limit Uszz (.E")C = ?' <* (we

adopt L1 = 4/3 in all the calculations).

\

is a mixture of thermal and relativistic particles the

In a gas which
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sound speed is intermediate between these low and high
velues. 1In the Crab the pressure is dominated by =he
ultrarelativistic component and the proper rest mass den-
sity is mostly due to the thermal gas (see Table V.1).
Thus in equation (17b) the quantity P/'f° is given by
PR/ f:. . The form given in (17a) is more convenient

for the present calculations, and we rewrite it as
a
Vg = ‘E/Q (25)

where

Q= 0‘;5 = |+ (/) . (26)

Note that both the relativistic and thermal components can
contribute significantly to Ei , through kinetic energy

and rest-mass energy, respectively.

The Hydromagnetic Velocities

In terms of the parameter Q, equation (18) can

be written
1- B/a
V= L/q + YY) (27)

where

P
R (B: /‘i'“') (28)

has the value 1/2 for the parameters assumed here (indeed,
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the arguments which led to these values insure R ~ 1).
If we assume that v has a known value of about 0.0%5 (see
Chapters II and IV), equation (27) can be solved for Q

and thence N_ :

T
1L+LR-V 3
= = /33 x/0 29
and the value of NT' is
Np = 8.9 x 1072 em”> (30)

(scaling roughly as v “). The corresponding value of the

sound speed is

v, = 0.031lc . (31)

The variation of v with the propagation angle © can be
studied easily from equation (15), which is a simple quad-
ratic‘in v2 . The result is that the fast mode we are
considering here has only a slight angular dependence,
being slightly faster (by roughly one part in Q, or one
part in a thousand) in the perpendicular case. There is
another mode described by equation (15), appropriately
called the slow mode. It has a large angular dependence,
and is fastest parallel to B. Typical speeds are 10_3
t:0 10_5c, so that the slow mode may be neglected for the

present purposes.
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We shall now discuss dampinc¢ of hydromagnetic
waves. Damping is important as a possible mechanism for
transferring energy to the relativistic particles, and
also because moderately strong damping would have observ-
akle effects on the activity. As discussed in Chapter II,
there is no definite evidence that there is damping of
the wisps. If, indeed, they propagate to the edge of the
nebula almost unchanged, the medium must be essentially
dispersionless and free of damping. We also saw in Chap-
ter II that the ripples and wisps seem to be moving in one
direction, namely perpendicular to the magnetic field.
The composite photography discussed in Chapter IV showed
also that the motion is basically confined fo the perpen-
dicular direction. Since the phase velocity (real part
of co/k) is nearly independent of direction, there are
three possible reasons for this lack of motions at an
angle to the lines of B. In the first place, such dis-
turbances may be present, but not observable. In an
Alfvén wave (low frequency transverse wave propagating
along B) the change in the field, b , 1s perpendicular
to the ambient field, Q’ , so that the magnitude of
the field changes by an amount of order L"/B, . In a
magnetosonic wave (low frequency longitudinal wave pro-
pagating normal to B) the vector change is in the same

direction as the ambient field, so the magnitude changes
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by 4+ b . The synchrotron intensity is very sensitive

to the magnitude of B (see Appendix C), so Alfvén waves

dc not change the emission as much as do magnetosonic
waves. Alfvén waves would probably be visible only through
the bending of the field lines which they produce. For ex-
ample, the situation shown on PH 5002 is a perfect examplev
of "plucking the string" (the field lines through WISP 2)
by WISP 1, and a kink in the field lines should propagate.
A year later there should be two kinks in WISP 2 about 2"
from the center of WISP 1 (taking the Alfvén velocity to

be about 0.05c). These kinks are present on PH 5129 and
5130 (see Appendix A), although the bending is not as |
distinct as on the earlier plate. The bending of the wisp
and the general irregularity of the disturbances may be
associated with Alfvén type disturbances. In the second
place, disturbances at angles to B may just not be excited.
The main wisp seems to move characteristically perpen-
dicular to the field, and as discussed in Chapter II, it
may be the generator of the activity. But the motion of
even the main wisp is not completely unidirectional. Also,
irregularities in the field wouid be expected to deflect
some of the motion. Third and last, there may be operative
a damping mechanism which is dependent on direction and
allows; propagation normal to B (and perhaps also along B,

in view of the motion described in Appendix B). The rest
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of this section will be a discussion of possible damping
mechanisms.

The usual sources of damping of waves are
associated with collisions. 1In a relativistic gas of
the densities we‘are considering, colliisions are com-
pletely negligible because of the rapid decrease of the
cross—-sections with decfeasing energy. Even collisions
between the relativistic and thermal components are neg-
ligible. For self-collisions between the thermal =lec-
trons themselves, classical formulas (e.g. as developed
by Spitzer, 1962) are applicable. Collisions are quite
sufficient to thermalize the gas, unless the temperature

is wvery high, in a time

2, (-1, 3/2
Y hermalization ~ 10 (Np) =TT sec. - (32)

For collisional damping the relevant quantity is the
time during which significant particle diffusion per-
pendicular to B can occur, and is given by Spitzer (1962,
eqg. (2-38) ) as |

-13 .3/2 .2
e
t  PPusion 2x10 T L~ sec., (33)

where L is the length scale of inhomogeneities in the

+16

field. Even for L ~ 0.1 wisp diameter (i.e., ~ 10 cm.)

the diffusion time is immense, and we can neglect collision
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effects on the propagation of magnetohydrodynamic clis-—
turbances.

Thers are basically two kindsl' of collisionless

damping which will be considered here, both of which are
particle~-wave resonance phenomena. The first is called

cyclotron damping (Stix, 1962), and occurs if there are

particles for which some harmonic of the cyclotron frequency

H = .ﬂo/r = _S-__Q_ (34)
¥
is equal to the frequency at which they experience the

electric field of the wave, which is
w'= w(1- % wse), (35)
ph

where &J is the wave frequency, Vg is the drift
velocity of the particles parallel to B, 1{9& is the
phase velocity of the wave, and © is the angie between
the propagation vector of the wave and B. Because the
waves we are interested in have frequencies very roughly
of the order of 1078 sec™!, the non-relativistic cyclo-

tron frequency

1. It should be pointed out that neither form of damping
can be treated in the MHD approximation, for the averaging
Operation smoothes over such resonances.
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Q = eB/m = 2.8x106 B(Gauss) sec™t

5 (36)

is much too large for resonance. For ultrarelativistic
particles, the gyration frequency is decreased (eq. (34))
and the drift velocity can increase w' (eq. (35) ), so
that resonance can occur at sufficiently high energies.
The easiest resonance is at the fundamental gyration
frequency, and the condition Q= can be written for

ultrarelativistic particles as

C
- where L is the angle between the velocity vector

of the particle and B (the pitch angle). Resonance can
occur at the lowest energy if the particle is drifting
mostly toward the wave ( of A m, & © ). For
these values, equation (37) becomes, neglecting unity

comjpared to C/UPI. ~~ /01' ,

YRES"’ w \ ¢

J)c:(}hb) (38)

Taking W =~ 10—6 sec“l as the highest frequencies

present (see the beginning of Chapter VI), and with

vrh/c "'10—2. o™ 102 , we have resonance for rg_ 10°.
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Hence synchrotron electrons producing optical, X-ray and
gamma-ray photons are supplied with energy by this mechanism.

The values of ¥ for protons are smaller by the rest-

ReS
mass ratio, but there is nothing known with certainty

about even the existence of ultrarelativistic protons and
ions. For any kind of particle,»the damping depends not
only on tﬂé‘existence of particles able to resonate with
the waves, but also on there being more particles just
below the resonant energy than just above. It is this
situation which produces a net flow of energy from the
waves into the particles. Thus this is a self-consistent
problem: the damping depends on the details of the particle
distribution, and the distribution depends on the details
of the energy input through damping. In addition, the
spectrum of wave frequencies turns out to be an important
but unknown factor. Therefore, we shall not make a
detailed theoretical analysis}' but confine ourselves to

a few general remarks.

First, in deciding whether electrons of energy

1. The treatment by Tidman (1966), which inspired the
present discussion, can be applied directly to the damping
of waves propagating parallel or perpendicular to B by a
possible ultrarelativistic proton component of the gas in
the Crab. The modifications necessary to treat the electron
component are simple and obvious. The case of propagation
at arbitrary angles is difficult, and apparently has not
been treated in any detail.
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M8Xﬁ£s exist, one cannot use their short synchrotron
lifetimes as counterindicative evidence. For it is just
these electrons which would constantly be supplied with
energy by the waves. We should look at it the other way:
if wavés with a spectrum of frequencies (say from @ a0 10
sec_l, which resonate with the "optical" electrons, to

W ~ lO_8 sec—l . which we have just seen resonate with
gamma-ray producing electrons) are generated at the center
of the Crab, then electrons of the corresponding energies
should exist. Their distribution in energy, and hence the
spectrum of the synchrotron radiation, would depend on the
spectrum of wave frequencies.

Next, we can deduce from Tidman (1966) the
relative importance of damping for parallel and perpen-
dicular propagation. If L is the characteristic damping
length (over which the amplitude decreases by a factor of,
say, e), we obtain from Tidman's equations (42) and (43)

the expression

e _ S+ (%) (v,,l. =
Ly 2T <

(39)

where s is the usual index in the power-law for the dis-
tribution of energies for the particles which do the

damping. For the electrons in the Crab (s «~ 1.5 to 2.5,

\Jph/c~0.05),

5
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Ln/LL ~ 10%% 1072, (40)

which is to say that waves may propagate relatively freely
perpendicular to B (as observed). The physical reason, as
pointed out by Tidman, is that the parallel waves resonate
with the less energetic particles, which gain energy more
rapidly and are more numerous (s> 0).

Finally, in connection with the interpretation
of the spectrophotometry, it will be important to know
what effect this damping would have on the energy distri-
bution of the electrons. The effect depends sensitively
on the frequency spectrﬁm of the waves,\which is known
only roughly (as outlined in the summary in the following
chapter), so that a detailed calculation is not justified.
We shall briefly consider the case of waves propagating
perpendicular to the field, as the wisps seem to be examples
of this "magnetosonic" disturbance. Tidman's expression
for the imaginary part of the frequency can be written
in terms of the energy distribution function n( § ) as

follows:

- T (8] (@ejord ],

where N = NR + NT is the total particle density, VA
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is the Alfvén velocity, (e is the non-relativistic
plasma frequency, and £l is the non-relativistic
gyration frequency. By evaluating the rate at which
energy is transferred to the particles by a disturbance
which contains energy density u( ¢ )dw (erg/cm3) in
the frequency range (W, W+ dw ), we cén calculate the
rate of increase of energy for particles of a given

energy:

d (m¥c2) = CJ{C\_)‘L((Q‘./X) , (42)
& (T e) FnCY)

where we have made use of the condition for resonance

w-‘-ﬂg/b' . Hence

= s (—Y—)Ue’d(—f ] @

Tlmr

DAMPING

The effect on the energy distribution can be obtained by

solving the well-known continuity equation

InQ,t)
< Tt [h Q“)Jt

qulzdfr&)] =Q, 4
DAMPING

where the synchrotron loss rate has been written -a Xa' .
If we substitute a power-law for n( ¥ ) in the expression
(43), we can obtain a solution valid for small departures

from a power-law energy spectrum. In this approximation
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the continuity equation becomes formally equivalent: to
that for synchrotron losses plus injection of eleci:rons
with a power law spectrum, and can readily be solved

(Kardashev, 1962):

n@t) s KYCL1+Cey™?] s

3 2
=TI N_ PA e (S+1-T)(SR)Yo,  (46)
< WMmc?
Y : -§
where the initial spectrum is taken to be KX , and
the spectrum of the waves in the region of interest is

assumed to be representable by a power law:

U(n/F) = Yo ¥ " o il , (47)

Hence fér r > 2 the electron energy spectrum at least

initially becomes flatter due to cyclotron damping, and
for r € 2 the spectrum becomes steeper. The constant C
determines the time ‘T in which there is a significant

change in the spectrum:

arl~r' moczb«l
< T Il (U

(48)

T-=
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i

3 -,
aniotoe (Bl (£ (22) o

where we have written the numerical coefficient in terms
of the approximate wvalues 5'6‘106 (optical electrons),

VA ~ 10_2c, and AB (the perturbation of the field
strength in the wave) ~ 10_6 Gauss. Because of the high
sensitivity to the roughly known parameters ?A_aml A.B ’
the time scale is quite uncertain, and because of the lack
of knowledge of the form of the wave spectrum, even the
sign of the effect on the electron energy spectrum is
uncertain.

The other form of collisionless damping of
hydromagnetic disturbances we shall discuss has been
developed by A. Barnes (1966, 1967) for a classical gas.
It arises from resonance between the component of the
wave electric field along the magnetic field (as opposed
to the perpendicular component in cyclotron damping) and
the random particle motion. It is related to Landau
damping and "transit time damping". I have not been
able to extend either of Barnes' two methods of performing
these calculations to the relativistic case, but it seems
hopeful that the procedure used by Tidman (1966) can be

applied with merely an increase in the complexity of the
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algebra (all the integrals are easily evaluated). A few
considerations suggest the role that this form of damping
might play in the Crab. The amount of damping per wave-
length becomes small for waves propagating neariy parallel
tc B (within 20°) or nearly perpeﬁdicular to B Z;i;ﬂ;;fégi:
This is reminiscent of the motion of the main wisp described
by Baade in Appendix B. The general mechanism is operative
if PgasZ- (l/Z)Pmagnetic, a relation which holds for the
relativistic gas pressure in the Crab. Finally, we can
judge in a crude way how effectively waves in a relativis-
tic gas will be damped by Barnes' mechanism. The particles
all have essentially the same speed, ¢, and the average
speed along the field lines will be some fraction of c.
Hence one would expect damping for waves whose phase
velocities are relativistic. It seems reasonable that
there will be many particles capable of damping the
moderately relativistic waves we have observed, although
quantitative estimates cannot be made without performing
the calculations for the relativistic gas.

We have reviewed some of the physics of a rela-
tivistic gas which seems relevant to our study of activity
in the Crab Nebula. Except for the estimation of the
values of the physical parameters in the nebula, we have
not made a specific application of this theory to the
observations. This task will be the main burden of the

concluding chapter.
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VI. CONCLUSION

It is important to see to what extent the ob-
servational results in Chapters II, III, and IV can be
understood in terms of the theoretical discussion in
Chapter V. We consider in turn the nature of the wisps
and other disturbances, their motions, and thei: energy
content. A few general remarks can be made about the
results concerning the spectrum. Let us begin with a
summary of the observations.

We saw in Chapters II and IV that, superimposed
on the slowly expanding general structure, there is a
variety of changes which occur in the Crab Nebula. For
the most part these changes can be described as motions
in the sense that intensity patterns appear to change
location. The distinction between changes and motions
is largely semantical on the observational level, but
there is a real difference on the level of physical des-
cription which will be discussed shortly. The velocities
of the various patterns range over two orders of magnitude,
from /* ~ 0"1/yr (some sharply defined continuﬁm
features near the edges) to fk ~ 10" /yr (the fastest
observed motion of the wisp). The actual velocity pro-

jected on the plane of the sky is given by

% = 238 x107" p (Vo) (T&%{)
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If the time dependence of the position of the main wisp
ie Fourier analyzed, the highest frequencies present are
or. the order of 1070 sec ! (the abrupt halt of the main
wisp in 1955 took place in 0.1 year or less), with some
indication of a preferred characteristic frequency of
about 10_8 sec—1 (two year period) and some components
at smaller frequencies. The motions are generally per-
pendicular to the ambient magnetic field (magnetosonic
disturbances), but there are probably also Alfvén dis-
turbances (wiggles in the field lines). The activity

is much stronger in the NW guadrant, or at least its
effects are more readily perceived there.

The most significant result of the spectro-
photometry is that the continuous spectrum shows a slight
but definite variation across the nebula, and is flatter
near the center and steeper toward the edges. In addition,
the region of greatest activity (the érea of the wisp
series) has a generally flatter spectrum. There is a
small ultraviolet excess, partially cauéed by the shaée
of the interstellar reddening curve.

Let us begin our analysis of these observations
by discussing the basic nature of the wisps. As argued
in Chapter II we can regard the wisps as regions in

which the synchrotron emissivity is greater than in the

surrounding medium (self-absorption can be neglected).
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Increased emissivity may be due to one or more of the
fcllowing ( €A = pitch angle; 4) = observation angle,
bcth measured from the magnetickfield):
(1) stronger magnetic field
(2) greater density of electrons

(a) of appropriate energies ( Ve ~Vosas )

(b) of appropriate pitch angles ( R ~ P ).
A gquantitative statement of these factors can be made
(see Appendix C) if the forms of the distribution functions
for energy and pitch angle are assumed, but this restriction
is not necessary for the present discussion. Effect (2b)
can be important when the pitch angle distribution is
strongly peaked iﬁ some direction, rather than approxi-
mately isotropic. The arguments for isotropy given in
Chapter V are not relevant here because of the short time
scale of the activity. For example the "injection" process
might give *the electrons momenta preferentially normal to
the magnetic field (éhis is the case for energy injection
via pure cyclotron damping). Anisotropy is also produced
by transverse compression of the plasma, for as can be
seen from eq. (4) of Appendix C, the pitch angles of all
the electrons increase with the field strength. To see
what the effects of these "flat" distributions (i.e., a
preponderance of nearly circular orbits) might be, we

consider the simple configuration shown in Figure VI.1l.
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>
TO OBSERVER

FIG. VI.1: TORROIDAL MAGNETIC FIELD CONFIGURATION
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A plasma of ultrarelativistic electrons with pitch angles
mostly near /& is embedded in a torus of closed cir-
cular field lines. ;Then because of the "searchlight"
effect (condition (2b) above) the observer will receive
radiation most strongly from the points nearest and far-
thest from him (A and C), and only Weakly from the regions
B and D. For a moderately peaked distribution of pitch
angles the effect is strong, because it is augmented by
the natural.tendency for synchrotron radiation to be
strongest perpendicular to the field. Even for an iso-
tropic distribution the radiation varies strongly with
the angle (P (as (sinq) )]"5 for the Crab; see Westfold,
1959), and would show a concentration at points A and C.
We have in mind the identification of the bright spot at
A with the main wisp, and that at C with the wisp-like
feature in the ANVIL. The curvature of the wisp is
somewhat variable, but it generally has a radius of cur-
vature larger than half the distance from the ANVIL to
the main wisp, which we take as due to the fact that the
torus is not seen face-on. 1In fact, the effects which
localize the radiation to points A and C depend on the
torus being viewed approximately edge-on. Because of

the variation of the curvature it is difficult to make

a quantative estimate of the angles. But if we are

viewing the torus rather obliquely it follows that there
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wculd be a rather large radial component of the motion
of the wisp. This fact could provide an explanation of
the apparent asymmetry of the activity in general, and
specifically of the faintness of the ANVIL relative to
the wisp series. The effect which we adduce is the fact
that the observed intensity of an object is altered if
it has a relativistic radial velocity (see e.g., Kristian
and Sachs, 1966). There are several factors which con-
tribute: the time it takes for the radiation emitted
during a given interval to sweep by the observer, the
Doppler shift, and the relativistic alteration of the
s0lid angle. For observations in a fixed band pass, the
effect depends on the spectrum of the source. For a
flat spectrum the ratio observed intensity/emitted in-

tensity can be written
3
2
(i:‘:SBCod- ‘P) ;

where P is the magnitude of the wvelocity in units of
c. For a decreasing spectrum of the sort we are dealing
with, the factor is larger. Hence an approaching wisp
would be brighter than a receding one by a factor even
larger than the above expression. Given the observed
velocities of the wisps on the plane of the sky, it does
not require a very extreme angle 4) to make the inten-

sity ratio between the wisps equal to the observed value
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of approximately 3. The main objection to this ex:-
planation is that the motion of the wisps inward should
reverse the intensity changes, so that the ANVIL should
sometimes be brighter than the wisp series. It should
also be menticned that the electrons must actually par-
ticipate in the motion of the wisp for the intensity
effect to be operative, a point which will be returned
to below. This model has been discussed to demonstrate
that the asymmetry shown by the wisps may be due to as-
pect effects. We do not propose it as a specific model
for the wisp region.

Other causes of variation in intensity must
be present, in particular to explain the sharp variations
exhibited by the wisp series in the direction perpendicular
to the field. The remaining causes are that there are more
electrons whose critical frequencies (vc:% _e%?_ﬁ X"’)
lie near the observed range (condition 2a) and t;at the
magnetic field is stronger (condition 1). These are
related because the critical frequency depends on B and
because, to the extent that the particles are frozen to
the field, changes in B are accompanied by changes in the
density. As noted in Chapter V, only the extremely ener-
getic electrons can penetrate the field lines to a sig-
nificant extent. (One could therefore picture the stellar

remnant injecting these electrons into the field, where
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thkey too become trapped and lose energy rapidly.) The
majority of the electrons, and certainly those which emit
al. optical frequencies, must be solidly frozen to the
field. This argument (stated in a different way by
Stklovskii, 1957) eliminates the possibility that the
wisps actually move relative to the field lines. Hence,

the wisps and other inhomogeneities are regions where

the plasma is more compressed relative to the surrounding

medium, and both the field and electron density are in-
creased. The increase in intensity is due to all of the
several effects listed above, and a simple quantitative
analysis is given-in Appendix C.

This key result brings us to the motions of
the wisps; which can be of two sorts: (1) the compressed
region can maintain its identity and move, carrying the
field along (bulk motion), or (2) the compression can
propagate as in a sound wave, so that the peak in in-
tensity appears to move relative to the field lines (no
bulk motion). We now attempt to decide which of these
is the true description of the wisps' apparent motions.
Because of the unchanging general structure of the
nebula, we can assume that the magnetic field is quasi-
stationary, and for the most part participates in the
slow expansion only. Thus, if the main wisp actually

continues to move outward, it must be an example of the
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second kind of motion, or else it wéuLd drag the field
with it. However, we have seen that the photographic
evidence points toward the main wisp being a single
feature which moves back and forth. Hence, if it is a
propagating compressional wave, the wisp must somehow
be reflected at the two extremes of its motion. It
would éeem difficult to explain these reflections
without postulating barriers or discontinuities for
which there is no direct evidence. The alternative is
that the main wisp is a permanent blob of plasma which
moves about but always returns because it is anchored
to the field. An analysis of the mechanics of such
motion provides useful information. Since the bulk
velocities are not highly relativistic, a simple quasi-
Newtonian treatment is sufficient. We assume that the
blob is given an initial velocity Fc in a direction
perpendicular to the field. The observed behavior is
a braking and complete reversal of this motion, which
suggests a resilient restoring force. The magnetic
field seems ideal for this purpose. However, with the
values for the physical parameters adopted in the
previous chapter, the inertia provided by the thermél
component overwhelms the field. The wisp would pene-
trate much farther than observed if the only braking

force were that provided by the magnetic field. An



125

obvious solution is to postulate that the thermal gas
(which is conveniently unobservable) is much rarer in
the wisp regicn. One can visualize the sluggish thermal
gas being squeezed out of the wisps along the field lines
by whatever forces generate the motion. In this way it
would be possible for the inertia of the wisp to be small
enough for the observed motion to result. The inter-
pretation of the main wisp as a compressional wave also
requires different conditions, because the magnetosonic
propagation velocity would have to be larger in the wisp
region than in the nebula generally. In fact, both
interpretations require that the thermal density in the
wisp be roughly a hundred times less than in the main
body of the nebula. As a result of this discussion, we
see that the gquestion of whether or not mass motion
occurs in the main wisp is not easily answered. It does
seem less artificial to suppose that mass motion is in-
volved, because the reversal of the motion is provided
in a natural way by the magnetic field. The wisps
beyond WISP 1 are not observed to oscillate, although
the evidence is meager. It seems reasonable that these
outer wisps are compressional disturbances propagating
outward.

The velocities of such disturbances were

derived in Chapter V. The value I’ = 4/3 was adopted
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there for convenience, although by definition the thermal
gas is not hot enough for this value. From the way IT
~enters, however, it is clear that the error introduced
is not large. The logical sequence which seems mcst
appropriate is to regard the magnetic and gas pressures
as approximately determined by the kind of arguments
outlined in the previous chapter, and then the observed
velocities allow determination of the otherwise unknown
remaining parameter, the thermal gas density. We saw
that NT = lO_l gave a velocity of about 0.05c, appro-
priate for the intermediate motions. If the other para-
meters are constant throughout the nebula, the suggestion
is that the thermal density is smaller (10—3), near the
center where the motions are perhaps an order of magni-
tude faster, and larger (1O+1) near the edges. These
numbers should not be taken too seriously, since dif-
ferences in the field strength and gas pressure may

also affect the propagation velocities (but recall the
arguments for uniformity in these quantities alluded to
at the beginning of Chapter V). However, it is quite
certain that the fastest motions take place in regions

where the thermal gas is substantially rarer than in

the interstellar medium.
There is a large range in the intensities of

the waves, ranging from the main and secondary wisps
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which dominate the PLATEAUVarea to subtle ripples at the
level of a few percent of the average surface brightness.
Stklovskii (1¢957) claimed that the ratio of the volume
enissivity in the wisp to that in the "hole" is on the
order of 1000. The actual value is certainly much
smaller. As a by-product of the work described in Chapter
IV, we obtain measurements of the surface brightness in
the wisps. As the slit size was roughly comparable to

the main wisp, the values obtained refer to an average
intensity over the wisp. This average surface brightness

(with the background subtracted out) is typically a factor

of two less than the surface brightness in the brighter
parts of the nebula. Of course the very central parts of
the wisps, éspecially when there is a sharp core present,
have a higher surface brightness. The visual appearance
of the plates is very misleading in this connection,
because the eye is quite sensitive to the differences in
density and tends to ignore the backgroﬁnd'surrounding
the wisps. For example, the "hole“‘looks quite dark, but
is in reality about 80 percent as bright as the brightest
parts of the nebula, excluding the wisps. The actual
volume emissivity depends on the line-of-sight depth of
the wisp, which Shklovskii assumed is comparable to the
smaller dimension in the plane of the sky. This is a

reasonable assumption, but it is also possible that we are
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viewing a sheet nearly edge-on. Such a sheet could have
arn emissivity not much greater than average, and would

be: inconspicucus seen face-on. Thus there is considerable
uncertainty, but even if the wisp is sausage-shaped, its
eniissivity is probably only a factor of 10 greater than
the faintest part of the surroundings. Since the point-
like cores may not be resolved, it is impossible to
estimate their surface brightness. Because the intensity
.depends so strongly on the compression factor (roughly as
the third power; see eqg. (21) of Appendix C), the necessary
perturbation in the field is not large, as we see in the

following table, based on the results of Appendix C with

s =1/2:
TABLE VI.1
ji'/3 B'/B AB (for Bf~10_4 Gauss)
1.1 (waves) 1.03 3 x 10_6
10 (wisps) 2.2 120 x 10°°
100 (wisp cores?) 4.6 360 x 10°°

Let us take lO"5 Gauss as a representative
magnetic perturbation, and use this value to estimate
the energy content of the field of waves. Barnes (1967)

has given the following expression for the energy density
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irn waves propagating perpendicular to the ambient

field:

Unores. = (%.,?.)t<i* %‘1)

Taking Pgasf~rPB "~ (cf. eq. (19) of the previous chapter),

and the nebular volume as 3 X ld“(3n3 (5°' diameter at
1500 pc.), we have
2

_ -11 3 =5
U aves = 2 x 10 (exgs/cm”) ( AB/10 ) ,

and for the total energy in the nebula,

2

10-'-45 (ergs) ( AB/lO—S) .

Evaves = > %
We can only speculate:about'the damping rates. If waves
1oée 1 percent of their energy per waveiength (the value
found by Barnes for the least dampéd moées in typical
directions), the effects on the disturbances would be
essentially unobservable, except perhaps as a slight
dispersion of the forms of the features after several
wavelengths (Tidman showed that if the damping is small,

so is the dispersion). Assuming the waves pervade the

whole nebula, this damping would supply energy directly
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to the particles at the rate lO36 ery/sec. This is of the

same order as the synchrotron losses of 4 x lO36

erg/sec
(Kardashev, 1962). Hence; damping of the disturbances
observed in the Crab Nebula is a plausible mechanism for
supplying energy to regenerate the radiation losses.

At this point we shall attempt to draw a
picture of the center of the activity. Our picture is
phenomenological to the extent that it merely represents
- the observed structural features (of the wisps and the
magnetic field). It is speculative also, in that it sug-
gests relations between the observed phenomena that are
not directly implied by empirical evidence. We do not pro-
pose a model for the process of generation of the relativ-
istic electrons; we assume that there is a condensed rem-
nant (probably the small radio source) which somehow
throws out high-energy particles. This is an assumption
which is not trivial because at best all we know is that
energy is supplied. Those electrons which have small
enough energies to be trapped by the magnetic field will
tend to drag outward the field lines which do not actually
penetrate the remnant, forming the field configuration
pictured in Figure VI.2 (the observer is, roughly speaking
off to the right-hand side of the diagram). The particles
which are ejected along the lines threading the remnant

would form a narrow tube of emission which we identify
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FIG, VI,2: PROPOSED PICTURE OF THE ACTIVE REGION
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with the THIN WISP. The remnant itself is invisible.

Tte region just outside has been swepi clean of magnetic
field and plasma, and therefore would be a dark volume
which we associate with the "hole". 'The electrons which
are currently ejected by the remnant *travel freely to

the region where the field lines are compressed together,
at the points labeled "main wisp" and "ANVIL". The lower-
energy electrons are stopped abruptly, and the most
energetic ones do not get much farther. There would
generally be a balance between the outward particle
forces and the inward magnétic pressure forces, with the
wisp remaining near a characteristic position. Fluctu-
ations in the particle flux from the remnant would dis-
turb the equilibrium and rapid inward and outward motions
would result. We suppose the thermal gas to be long ago
squeezed out along the field lines and not replenished

as is the relativistic gas. The hydromagnetic velocity
would therefore be that of a'pure ultrarelativistic gas
in a magnetic field, namely a large fraction of the speed
of light (see eqg. V(12)), as obsgerved. Thus the main
features of the observations are explained by this model.
The major problem is that the three-dimensional picture
is not clear. If the ejection is axi-symmetric, we can
use the limb-brightening effect to explain the wisps,

but then the "torus" explanation for the differing inten-
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siﬁies of the two sides does not apply. It could be
that the magnetic configurations are simply different
on the two sicdes. In order for the torus to apply
strictly, the eje;tion would have to be in a plane
through the magnetic axis, a highly artificial sugp-
position. Another difficulty lies in understanding how
the main wisp can be seen within the hole most of the
time, rather than right at the edge.

Let us turn to the problem of interpreting the
spectrophotometry. We will not be concerned with the
nature of the spectrum, say at the center of the nebula,
because that probably depends on the energy distribution
~produced by the acceleration process, about which we know
very little. We discuss only what changes might occur
across the nebula. Changes in the energy distribution
can be brought about by three general causes:

(1) energy and/or particie gain,

(2) energy and/or particle loss,

(3) change in the magnetic field.

If the details of the energy supply mechanism were known,
effect (1) could be evaluated. It was made reasonable
in Chapter V that cyclotron damping has some importance
in this connection, but we found that even qualitative
remarks could not be made without knowing more about the

disturbances. On the other hand, the losses are rather
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well understood (Kardashev, 1962), and in particular syn-
ch.rotron losses dominate. If thereis a migration of elec-
trons from the center of the nebula outward (along the
field lines), the distribution near the edges will be
older and hence steeper. Also, if there is leakage of
the higher energy particles from the edges, a similar
steepening would occur. These two effects are reasonably
likely to exist, and are unambiguous. Unfortunately,
there are other effects which confuse the matter. For
example, if the field were weaker at the edges, the
synchrotron losses would be slower there, and under some
conditions the evolutionary effect could be reversed.
Conversely, a larger field near the edges would amplify
the evolutionary differences between the center and edge.
Even this matter is not so simple, because it is possible
for field changes to produce changes in the form of the
energy distribution. We proved in Appendix C that a power
law spectrum is not altered by a change in the field (ex-
cept that the cut-offs are shiftedx, but this conclusion
is altered for any other distribution. To be definite,
let us suppose that the distribution function becomes
steeper with increasing energy (as indicated by the radio,
optical, and X-ray data). As the field increasesl', all

electrons increase in energy by the same relative amount

1. Changes in the field can refer to spatial variations
coupled with migration (convective derivative), or to
changes with time (partial time derivative).
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(see Eg. (5) of Appendix C), thus shifting the distribution
toward higher energy. This brings the flatter part into
play, and the observed spectrum would be flatter. A
dacrease in field strength would similarly produce a
steepening of the spectrum. The spectrum observations in
the NW quadrant can be explained in this way, since the
field is stronger in the wisps and weaker in the surrounding
plasma. Unless the field increases with distance from the
cehter, the general steepening of the spectrum at the edges
can be explained as a combination of the physical effects

just discussed.

There are several areas in which further work
is needed. On the observational side, it has already
been noted that important ambiguities could be cleared up
with a series of direct plates with very fine time resolu-
tion. The variation of the spectral index over the nebula
should be confirﬁed and investigated further, both optically
and in the radio region. The ultraviolet excess should be
checked with careful, accurately calibrated observations.
Far infrared and ultraviolet spectral observations will
undoubtedly clarify the nature of the continuous spectrum.

An important theoretical need is for a detailed discussion



136

ot damping of MHD waves in a relativistic plasma. Non-
linear problems such as large amplitude disturbancas
and the formation of shock waves may be important, and

have not bheen considered here.
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APPENDIX

A. DISCRIPTION OF THE 200-INCH CONTINUUM PLATES

This appendix contains a qualitative description of the central
region of the Crab Nebula as it appeared at cach of 25 "epochs". The
erochs correspond to runs on the telescope, and in every case the
plates grouped into an epoch are separated by no more than four days.
Except where noted, the plates are 103a-D emulsion with a Corning
3484 (yellow) filter, defining the spectral region 5200-6500 &. The
filter transmits 2.5% at 5185 R and rises sharply, reaching 27% at
5285 R; the D emulsion is about 15% efficient (relative to its
efficiency at 6000 %) at 6500 &, The weak lines 5875 % of Hel,

6300 R of [01] (Minkowski, 1942), and H-alpha on the tail of the

band pass are the major contributors to the small amount of
filamentary contamination. In this listing the plate number is
followed by the initial of the observer (B = Baade, M = Minch,

A = Arp, Z = Zwicky). If two images are on one plate, the suffixes

a and b distinguish them., The date, exposure time, seeing, and
position angle (if the plate is with a polaroid filter) follow.

The angle given is the position angle of ‘he minimum transmission

of the electric vector by the polaroid HN 38 filter. This corresponds
to the direction of the magnetic field in the nebula for synchrotron
emission, which has the electric vector directed perpendicular to

the ambient magnetic field (Westfold, 1959). Any remarks about
polarization in this appendix are rough esﬁimates based on visual
inspection. Because of the strong polarization and the marked
elongation of many of the features discussed, it 1s possible to
estimate the strength of the polarization and whether or not it is
aligned with the direction of the extension of the feature. The
usual sense of polarization is such that this direction of elongation

is parallel to the magnetic field, as discussed in the text.
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(a) PH 1347 1955.931 (v) PH 3055 1958,.638

-

{c) PH 3728 1960,947 {d) PH 3896 1962 ,088

FIGURE A.1
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4321

1962,734 (v) PH 4104

1963,802 (d) PH 4986

FIGURE A2

1962,912

1966,.698
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The genefal structure of the central region, and the changes
lisclosed by the present series of plates, are discussed in the
text, in Chapter IT. To clarify the terminclogy used here, we
shall merely restate that the wisps define a characteristic
direction, roughly parallel to the line between the two stars
near the center of the nebula. This line will frequently be
referred to in this appendix. For example, a wisp being "opposite"
S1 means that it falls on an imaginary perpendicular to this line
errected at S1. The region to the SW of a point opposite S1 is
sometimes called "past SL"., For the meanings of the descriptive
terms "THIN WISP", "PLATEAU", etc., see Chapter II. Epochs for which

there is a plate in Figure A are indicated by an asterisk.*

/1/ September 19-22, 1955

PH 1281-B  Sept. 19, 1955.715 30" 3

PH 1291-B 20, 1955.717 10 3-k

PH 1292-B 20, 1955.717 5 Y

PH 1299-Ba 21, 1955.720 20" 2-3 0°
PH 1299-Ba, 21, 1955.720 20 2 usg
PH 1300-B 21, 1955.720 20 2-3 907
PH 1305-B 22, 1955.723 20 3-4 135

The large number of plates with different exposure times
and seeing makes it possible to form a very good picture of the
nebula at this epoch. Fig. II.1 is from this epoch.

THE THIN WISP extends from approximately tangent to the seeing
disk of S2 at its NE end, to about 4" past S1 at its SW end.

Midway between S1 and S2 it is 1U7 NW of the line between the

two stars, and about 2" past Sl it is 1.5 from the same line.It

is perfectly straight as well as can be judged visuvally. It is
definitely brighter and sharper at its SW end, and becomes diffuse
at the NE end. Unfortunately, seeing differences in the set of
polaroid plates affect the images considerably, and it is difficult
to estimate the polarizations of the sharply defined features.

THE SMALL WISP. Between S1 and S2 there is a faint wisp 316 from
the line between the two stars, and is also parallel to them.

It is somewhat confused with the diffuse end of the THIN WISP,
but is definitely separated from it on the profiles displayed by
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she Grant measuring engine, and is consistent in position and
appearance on all the plates., It is extremely vague on the
polaroid plates.

WISP 1 is just on the edge of the PLATEAU. It is about 5" long,
but fades out gradually at the ends so the total extent is somewhat
Longer. It is about 1" wide and appears tc be resolved in tnis
dimension (the seeing is quite good on some of the plates).

There is no definite indication of curvature of this wisp on any
of the plates. Also, the wisp seems symmetrical both along its
extension and perpendicular thereto.

WISP 2 may really consist of two wisps superimposed. The main
feature is about the same width as WISP 1, but about twice as
long (10"). It also fades out gradually at its ends, and may
traverse the entire PLATEAU. Starting opposite the midpoint
of S1 and S2 it bifurcates, one branch continuing straight and
the other extending towards the south. Each of these wisps is
polarized according to the rule "electric vector perpendicular
to the direction of the extension of the wisp".

WISP 3 can be seen beyond WISP 2, and is very similar in size,
shape, and orientation. Both are somewhat curved toward S1 and
S2, WISP 3 may be fainter than WISP 2, but this is not certain
because of the changing background,

WISP 4. There is a hint_of a wisp beyond WISP 3, best seen on
the shortest exposure (5° direct) and the 45° polaroid. It is
shorter than the other outer wisps, possibly due to its faintness.
It is much like a faint version of WISP 1, and is located more

or less opposite it.

THE ANVIL is very uniform (other than a streak parallel to the
other wisps on PH 1291, presumably a flaw, there is no wisp-like
structure evident), except for two curious point-like objects on
the edge of the ANVIL nearest Sl. They appear to be strongly
polarized in the direction perpendicular to the wisps. (Since
these features have no obvious direction of elongation, they do
not necessarily violate the usual rule.) These features are
marginally visible, but can be seen on at least three plates.
The ANVIL itself is not strongly polarized.

REMARK: While the spacing between the wisps in the series varies
from epoch to epoch, there is a characteristic value well-
represented in these plates. The average separation of the
centers of the wisps is about 3" or 4",
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/2/ October 13, 1955

m
PH 1314-B Oct, 13, 1955,780 10 3=4

PH 1315-Ba  Oct. 13, 1955,780 20  3-4 675
PH 1315-Bb 13, 1955,780 20™ 34 157%5

THE THIN WISP extends from midway between 31 and S2 on the NE to
about 4" past S1 on the SW, The difference in the extent of the
THIN WISP to the NE between this epooh and the previous one may or
may not be real,

THE SMALL WISP reported at the previous epoch is not apparent to
visual inspection, although a small feature on the Grant profile
was measured at the seme location to within 031, so it is un-
doubtedly real,

WISP 1 eppears somewhat asymmetrical in that to the NE it trails
off gradually into a thin streamer, whereas the SW end is abrupt,
This faoct makes it diffioult to judge the position of the wisp in
this direotion., Its brightest part is 5" long. This wisp can be
easily measured in the perpendicular direction, and it is 0%2
further from S1 than at the previous epoch, confirming Baade's
remarks in Appendix B,

WISP 2 is possibly the remnant of the bifurcation seen at epoch /1/.
It is very faint and at an angle to the usual direction,

WISP 3 is well-defined and runs down the middle of the PLATEAU for
10" or more., It may have & kink in it about midway between S1 and
s2.

THE ANVIL shows the two spots mentioned at the previous epoch,
again polerized roughly perpendicular to the wisps., At the SE end
of the ANVIL there is a larger, more diffuse patoch with roughly

the same direction of polarization as the two spots, This feature
may be elongated parallel to the wisps, but that is not certain,
Note that if the two spois were blended by the seeing, they would
simulate a wisp-like feature parallel to the main series of wisps,

REMARK: The plate with the polaroid at 15795 shows WISPS 2 and 3
oxtended much more to the south than on any of the other plates,
They ocurve around so that their southern ends are more nearly

parallel to the polaroid filter, which undoubtedly explains this
faot,
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/3/ November 14-17, 1955

PH 1344-B  Nov. 14, 1955.868 20" 1 902
2329 17, 1955.876 30 2 90
2330 17, 1955,876 30 2 0°

Baade's plate is nearly useless beoause of the poor seeing,

Zwiocky's plates were 103a=-D emulsion, with a GGll and a plastic
polaroid filter,

THE THIN WISP is quite broad, mostly to the SW of Sl but with a
diffuse extension between S1 and S2,.

WISP 1 is about 5" long, definitely curved toward Sl (i.e,, S1 is
on the seme side as the center of curvature), and somewhat past
the edge of the PLATEAU,

WISP 2 is well defined, with a core about 5" long and a total
length of between 15 and 20",

*/4/ December 7-8, 1955

m
PH 1353=B Dec, 8, 1955,934 10 5
PH 1346-B 7, 1955.931 20" 2.3  22%
PH 1347-Ba 7, 1955,931 20 23 6735
PH 1347-Bb 7, 1955,931 20 2-3 11295
PH 1348-B 7, 1955,931 20 2-3 15795

The direot plate was taken "through thiokening haze! (sky
covered afterwards)," and is essentially useless because of
underexposure (naturally the seeing was exquisite), The seeing
for the polarization plates was poor, but the positions of the
wisps could he measured very acourately.

THE THIN WISP is too diffused by the seelng to show much of
interest. It seems to be in its usual positiom,

THE SMALL WISP may be present in the same position as before,
although it is difficult to distinguish it from the end of the
THIN WISP, It is strongest on the polaroid which should
emphasize features elongated at 2295,

WISP 1 is present, but ill-defined, It is about 5" long, possible
with a core near the SW end (located a bit SW of the point opposite
S1).
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WISP 2 is nearly washed out by seeing, but looks much as it did
at earlier eposhs,

THE ANVIL shows some structure near the pousition of the two bright
spots seen before, but in the form of a wiap-like feature ourved
toward S1, with indefinite polarization,

/5/ Merch 9, 1956
PH 1360-B Maroh 9, 1956.183 10" 34

THE THIN WISP and THE SMALL WISP, This plate is very difficult

to interpret, There is no trace of the THIN WISP to the SW of Sl
where it is normally strongest, The sesing is good, and can'%

be responsible for this disappearance, Between Sl and S2 there
appear to be two very faint, thin wispse--roughly in the usual
position of the THIN WISP and the SMALL WISP, respectively,
Moreover, to the SW of S1 are +two features parallel to the ones
just mentioned, somewhat further from the S1-S2 line, All four of
these features are quite sharp, and could be plate flaws.

WISP 1 is well-defined, and has its center displaced from its
usual position opposite S1 toward the SW (see Appendix B), by
roughly 2", It is about 5" in length,

WISP 2., There is possibly & very faint, short section of a wisp
between WISPS 1 and 3, centered betwesen Sl and S2,

WISP 3 is very strong and long (total 1ntenslty probably 5 times
that of WISP 1), extending for 10" or more, It is slightly curved
toward S1, and may extend a bit more toward the SW than usual,

THE ANVIL, The edge of the ANVIL toward Sl is a wisp-like feature,
possibly curved toward S1, !
|

REMARK: There is no wisp structure visible beyond WISP 3,
/8/ October 10, 1956
PH 1570-B Oct, 10, 1956,772 ™ 2
THE THIN WISP, There is a plate flaw in this region, extending

from S1 at position angle 280°, The true THIN WISP shows up only
as a very diffuse region to the SW of Sl,
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WISP 1 is not well-defined, but its center of gravity is nearly
opposite S1 again. The brightest part of the wisp is 5" long.

WISP 2 has its usual appearance in such sesing,

THE ANVIL has a wisp-like structure toward S1, but this is nearly
blended into the ANVIL itself,

REMARK: There are a number of flaws on this plate, the largest
one obsouring the SW extension of WISP 2,

/7/ November 30, 1956
PH 1597-B = Nov. 30, 1956,912 e 4

THE THIN WISP is here very narrow and ourved toward WISP 1, It
is brightest to the SW of S1 where it extends about 2", In the
other direction it extends about 4" and curves so that its end
is about 2%5 west of S2,

THE SMALL WISP, Between the THIN WISP and WISP 1 there are some
features--not a single small wisp, but perhaps 3 or 4 fragments
that are jumbled together.

WISP 1 is quite ocurved toward Sl, It is brightest at its NE end,
which oomes %o a narrow point, Thus while the wisp as a whole is
somewhat SW of Sl, its center of gravity is slightlv to the NE,
The wisp is about 4" in length,

WISP 2, It is not olear what to oall "WISP 2", There is a small
fragment due north of WISP 1. In that position it would normally
fall on top of WISP 1, which however ourves from its ususl position
toward S2 so that this does not happen,  Sinoce this feature

follows the curvature of WISP 1 if extended to the NW, and is
displaced away from S1 by roughly the same amount that WISP 2
normally is, we shall call this very faint objeot "WISP 2."

WISP 3 is very long and about 2" wide, in its usual position,

WISP 4, There is some indication of a feature about 4" beyond
WISP 3, curved away from Sl.

THE ANVIL is generally uniform, with a hint of a diffuse wisp
toward S2,
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/8/ December 28, 1958
PH 1624~F  Dec. 28, 1956.988 7 34

THE THIN WISP is almost absent, appearing only as a faint streak
very close to S1 on the SW side and perhaps visible on the NE
side also,

WISP 1 is rather sharply defined, It is widest opposite 1 and
narrows toward the NE; toward the SW it narrows %o a thin streamer,
The brightest part is 3" long, but with the streamer it extends

a total of about 6", WISP 1 has tipped over to a smaller position
angle, as noted by Baade (Appendix B).

WISP 2 is more prominent and longer on this plate than on any
other, From the point opposite S1 it extends 10" to the SW and
35" to the NE, If extended about 10" gore to the NE this wisp
would run direotly into the bright filament whioch leads to the
very strong filementary arch at the north end of the nebula,
Just opposite S1 WISP 2 broadens with a suggestion of a shorter
wisp breaking off, although this reglon is somewhat confused by
what seems to be a small plate flaw,

WISPS 3 and 4, There are two smudges beyond WISP 2 opposite
WISP 1 at about the right distences to be members of the wisp
series,

THE ANVIL has a faint wisp-like feature on the side toward S1,
extending from opposite S1 to a few " beyond S2,

REMARK: The wisps, espeéially WISP 2, are very bright relative to
the PLATEAU, and at this epoch most of the intensity from the core
of the nebula must ocome from the wisp series,

/2/ September 21, 1957
PH 1740-B  Sept, 21, 1957,720 7% 3-4

THE THIN WISP is well-defined from S2 to almost 5" beyond S1.
Its SE edge is very sharp, but to the NW it fades away gradually.

WISP 1 has a curious appearanoce, as though it is composed of two
wisps, one tipped at an angle (about 20°) to the other, The two
are not well separated, so the whole feature looks like & fan
opening toward the NE, and quite pointed at the other end, The
length is a bit hard to judge, but is about 4 or 5",
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WISP 2 is ratler faint and complioated in structure, It may
really oonsist of & long wisp with a branching toward the SW,

THE ANVIL is rot well defined, and shows little remarkable
structure, It does, however, appear to be more extended in
the NS direction then previously,

/10/ November 19, 1957

PH 1772-B  Nov, 19, 1957.882 7 3

THE THIN WISP is sharply bounded on the SE, but fades very
gradually in the other direction. This may be partly due to
blending with a SMALL WISP, The THIN WISF reaches from about
4" past S1 to S2,

WISP 1 has a nuoleus somewhat SW of the point opposite S1, and
extends rather far in the other direction (a few " or more past
S2). The nucleus is about 4" long, but the total extent of the
wisp is about twice this value,

WISP. 2 is almost absent, What is there may not be a single wisp,
but fragments of a wisp which twists around in a peculiar way,

THE ANVIL has & wisp sticking out from the middle of its northern
boundary, extending about 5" to the NNE,

/11/ December 20, 1957

PH 1792-B  Deo. 20, 1957,266 8 4

THE TBIN WISP is rather diffuse, considéring the seeing, and is
definitely curved away from S1, It extends 3-4" to the SW of S1,
and in the other direction extends about the same amount, but not
directly toward S2 es is usual (it ourves off %o the right),

THE SMALL WISP. There is a small, faint wisp between the curved
THIN WISP and WISP 1,

WISP 1 begins opposite S1, extends about 3" to the NE, where it
abruptly drops in intensity and continues on for 5" or more,

WISP 2 is a very weak smudge, shorter than WISP 1, and to the SW
of its customary position,

THE ANVIL is very diffuse, and seems to extend to the north into
regions from which it is usually separated by a dark lane,



148

/12/ February 13-1€, 1958

PH 1806-B Feb, 13, 1958,118 g™ 1-2
PH 1816-B 16, 1958.126 8 3-4

THE THIN WISP is brightest between S1 and 32, is quite diffusse,
and may be curved toward WISP 1,

WISP 1 shows e curious doubling. Its core, opposite Sl, is single,
but the extengions in both directions seem to consist of two
parallel spikes. The core is 3" or less in length, and the spikes
bring the total length to about 6",

WISP 2. There is no definite WISP 2, just a general brightening
of the whole central PLATEAU region.

THE ANVIL shows some structure south of its usual position, in the

form of & wisp which is broad opposite S1 and extends to the south,
reaching a faint star in that region and coming to a point,

*/13/ August 22, 1958

PH 3054-Ma  Aug. 22, 1958,638 15 1 90°
PH 3054-Mb 15 1 180°
PH 3055=Ma 17 2 135°
PH 3055-Mb 17 2 225°

THE THIN WISP is sharply defined from S1 to the SW , but is quite
weak between Sl and S2, Even though the seeing is different on

the pletes, it is olear that the THIN WISP is strongly polarized in
the usual direction. There is a knot showing peculiar polarization
on the end of this wisp near S1, as this end is hooked toward S1

on two of the plates (the one oriented perpendicular to the wisps
end one of the two at 45° to the wisps). The strange feature at
the SW end of the wisp is due to a bubble in the Corning filter,
and appears on & number of the plates,

THE SMALL WISP. On the two plates in better seeing, there is a
slight hint of a feature between S1 and S2, to the NW of the THIN
WISP,

WISP 1 has & nearly stellar oore, which is strongly polarized,
It is directly opposite S1. The total extension of the wisp is
less than 3",

WISP 2 is a faint streak about 5" long, spproximately centered
opposite WISP 1., It is not visible on PH 3054, probably because of
the bad seeing, but is definite and strongly polarized on PH 3055,
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WISPS 3 and 4 are evident on PH 3055, WISP 3 is straight and
similar to WISP 2, but WISP 4 curves toward WISP 3 and thoy meet
at their SW erds, They are 5" apart to the NE,

THE ANVIL has some vague wisp-like struoture parallel to -the other

wisps. It is polarized, but not in a way that can be desoribed
simply.

/14/ October 9, 1959

PH 3439-M  Oot. 9, 1959.769 20 3 og
PH 3440-M 20 3 90
PH 3441l 20 3 45°
PH 3442-M 20 . 3 135°

These polaroid plates were taken on the finer-grained IIa-D
emulsion, which has a very similar cheracteristio curve to the
103a-D,

THE THIN WISP is essentially absent, There is only an extremely
diffuse brightening spread out between S1 and WISP 1,

WISP 1 is 4-5" long in its brightest part, and is centered opposite
S1. There is a faint extension to the NE, about 3-4" long,

WISPFS 2, 3, and 4, There is a faint indication of three more
wisps beyond WISP 1, but they are not very bright or sharp,

THE ANVIL is oomposed of two distinct wisps farther from S1 than
usual (one is 5", the other 7" from that star)., They are strongly
polerized along their extension (parallel to the wisps on the
other side)., At this epoch the ANVIL was strikingly like the

wisp series, i

/15/ February 21, 1960

PH 3490-Ms  Feb, 21, 1960.140 20 0°
PH 3490-Mb 20 90°
PH 3491l 20 45°
PH 3491-}b 20 135°

The seeing is rather poor (about 2),

THE THIN WISP again is totally absent, but this may be partly due to
the seeing in this ocase,
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WISP 1 is only slightly more extended (3") than the rather large star
images. It is centered 1" or less SW of its usual position opposite
sl,

WISP 2. There is a rather bright, broad wisp beyond WISP 1,
extending about 15" from opposite the SW end of WISP 1 to the NE,

THE ANVIL shows no definite detail,

*/16 / December 13, 1960

PH 3727-Ma  Dec. 13, 1960.947 150  2-3 0°
PH 3727-lib 15 2-3 90°
PH 3728-Ma 15 2-3 45°
PH 3728<-Mb 15 2-3  135°

THE THIN WISP., There is a sharp, strongly polarized wisp about 5"
long, a bit SW of being opposite S1, It is rather further (about 2")
from S1-32 than usual,

WISP 1 is thickest at & point 1" or so NE of the point opposite
S1, ends rather abruptly to the NE, but thins and trails off
gradually to the SW, The total length is roughly 6",

WISP 2 is rather straight along most of its length, but at its SW
end bifurcates into two pieces,

WISP 3., There is possibly a broad feature beyond WISP 2, but it is
not oclearly defined.

THE ANVIL is composed of two wisp-like features parallel to the
other wisps, They curve toward each ot&er at the SW end of the
ANVIL, and both have fainter straight extensions to the NE,
The sharp E-W feature in Figure A,1(c) to the E is a flaw,

*/17/ February 2-3, 1962

PH 3895-Ma  Feb. 2, 1962.088 17" 3 90°
PH 3895-Mb 17 3 0°
PH 3896-lia 15 3 45°
PH 3896-Mb 15 3 1352
PH 3897-Ma  Feb, 3, 1962.090 20 23 oq
PH 3897-Mb 20 2-3 90

PH 3898-la 20 2-3  45°

PH 3898-Mb 20 2-3 135
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THE THIN WISP has a very narrow, faint part which runs closely

to S1 in the ragion to the NW of the star, This straight section
joins e much brighter sgotion to the SW which is curved toward WISP 1
end is rotated about 30~ counterclockwise if'rom its usual orientation.

WISP 1 is quite narrow and well defined. Miorophotometer traces
show that a great deal of the apparent width of the wisps is due to
the seeing (by comparison with traces of fauint star imeges), but
that the profiles are definitely wider than given by the seeing
alone, The brightest region of WISP 1 is about 4" long, but it
extends several " in both directions.

WISP 2 is very similar end close to WISP 1, The main differenoce
is that it is curved toward WISP 1 and its center is displaced
1 or 2" to the NE from the center of WISP 1.

WISP 3 is rather broader than the previous wisps, and is about

15 to 20" long,., The separation between this and WISP 2 is slightly
greater than that between WISPS 1 and 2,

WISP 4 is parallel to WISP 3, and about the same distance from it

as WISP 2 is from WISP 1, It is slightly fainter than WISP 3, Both
outer wisps are slightly ocurved toward S1,

THE ANVIL is weak on these plates, and shows no obvious structurs,

*/18/ September 26, 1962

PH 4019-Ma  Sept, 26, 1962.73¢4 17" 23 07
PH 4019-lb 17 2-3 90
PH 4020-Ma 17 2-3 45°
PH 4020-Mb 17 2-3 135°

THE THIN WISP., There is absolutely no trace of this wisp, even as
a diffuse objeot, The plates are rather weak,

WISP 1 may be double, It is quite small and nearly as wide as
long (about 1"x2"), It is opposite S1 and not very bright.

WISP 2 is twice as long as WISP 1, somewhat fainter, and in its
usual position,

WISP 3 is similar to WISP 2, but fainter, It extends diffusely
quite a distance to the NE,

THE ANVIL is very weak on these plates, with no distinctive structure,
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*/19/ November 30-December 1, 1962

PH 4104-Ma Nov., 30, 1962,.912 20™ 2-3 453
PH 4104-Mb 20 2-3 135
PH 4106-Ma  Dec, 1, 1962.914 25 0°
PH 4106-Mb 25 90°

THE THIN WISP is a broad, rather faint patch, detached from S1
by 1" or more, Its position angle is about 320°, so it is rotated
signifiocantly clockwise from its usual position,

WISP 1 is very unusual, The brightest part is definitely thicker
than it is long. There is no indication of doubling, although
this might be hidden by the seeing., There is also an extension
of this nearly rectangular core (3"x2") to the NE by a few ",

WISP 2 is in its usual position, and is quite long and fairly bright,
It is slightly thinner than the thiokest section of WISP 1,

WISP 3 fuses with WISP 2 to the NE, and branches away from it
~ (starting opposite S2) to the Sw,

THE ANVIL contains two short wisps whioh are at the SW end,
opposite S1, Their polarization is directed more nearly NS than
than thet of the other wisps, but they may be directed that way too
(orientations are hard to judge because the wisps are so short),

*/20/ October 21, 1963

PH 4320-Ma  Oot. 21, 1963.802 20" 3 0°
PH 4320-Mb 20 3 90°
PH 4321-Ma 20 3 453
PH 4321-Mb 20 3 135
PH 4322-M 36 2-3 0

The last plate listed is a 103a-U, with RG 10 and polaroid
filters,

THE THIN WISP, On the polaroid in position angle 45° there is

a diffuse suggestion of the THIN WISP, mostly between S1 and S2,
About 3" west and 1/2 " south of S2, possibly on the end of the

THIN WISP, is a remarkable feature., It is slightly more extended
than stellar images, but it is quite condensed and point-like, Its
polarization is such thet it changes position and shape with the
polarizstion angle, If it is a knot on the end of the THIN WISP,

it is peculiar because it has some polarization perpendicular to the
usual direction, It is even apparent on the weak plate PH 4322,



WISPS 1 and 2, The "first" wisp is actually composed of two wisps
which interseot opposite the point midway between S1 and $2, The

more distant cf the two is brighter, quite thin, nearly 10" long,

and basiocally straight. The inner wisp ourves around and becomes

parallel to the outer one, and they both extend rather far to the

SW. The joined wisps extend only 2-3" beyond S2 to the NE,

WISPS 3 and 4 may intersect also, but near their SW ends., They
are well defined for quite a distance (10 or 15"), but only rather
far to the NE of their usual position,

THE ANVIL contains a very bright and narrow wisp 6935 from S1,

This wisp. is rather strongly polarized in the usual sense, There is
some other fainter and more diffuse structure in the ANVIL which is
polerized in other directions, and is partioularly striking on

PH 4320a.,

/21/ October 9-11, 1964

PH 4642-Ma Oct. 9, 1964.769 20™ 2 90°
PH 4642-lb : 20 2 0°
PH 4643-Ma 20 135°
PH 4643-Mb 20 45°
PH 4651=M Oct. 11, 1964,775 80 3 270°

PH 4651 is the same plate-filter combination as PH 4322,

THE THIN WISP appears as a trace on the 45° polaroid only. It is
close to and approximately even with S1,

WISP 1 shows some signs of being composite, but is basically thin,
sharply pointed on the NE end, blunt to the SW, and with a faint
diffuse fragment extending to the south, The core is about 3" long.

WISP 2, There is only one other wisp, rather long and consisting
of two straight segments intersecting nearly opposite S2.

THE ANVIL shows some indistinot knotty structure, mostly concen=-
trated at the south end.
*/22/ September 13, 1966

PH 4986-4  Sept. 13, 1966.698 20"  good 45°

THE THIN WISP is only a diffuse spot betweaen 31 and 32,
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WISP 1 is elliptioal, about 2"x4", in its usual position opposite S1,

WISP 2 is well defined for 20 or 30", It ocurves around WISP 1 as
though the latter were pushing against it, This is the only clsar

case of an interaction between the wisps,
|

WISP 3 is similar to WISP 2, and is parallsl to it, followinp the
curve around .. ISP 1, Although a bit fainter to the 54, iu oan be
traced as far as can VWISP 2 in that direction,

THE ANVIL may consist of two wisps parallel to the wisps on the
other side,

/23/ October 15, 1966
PH 5002-A  Oct, 15, 1966,786 20" 2 45°

The seeing is very bad, There are no detectable differences
from the previous epoch,

/24/ PH 5011-A  Deo, 7, 1966,931 20" 1 45°

Terrible seeing, No detail visibls,

/25/ November 10, 1967

PH 5129-Ma Nov. 10, 1967.860 20" 3 90°
PH 5129-Mb 20 3 0°
PH 5130-Ma 20 3 45°
PH 5130-Mb 20 3 135°

THE THIN WISP is nearly as bright as WISP 1, and is ocurved markedly
toward it, It is about 1"x5", approximately centered opposite S1,

WISP 1 is about 6" long, and tapers to points at both ends. It is
slightly ourved toward Sl,

WISP 2 is 10" or more in length, and is slightly thinner than WISP 1,
It curves around WISP 1 slightly, exhibiting rather angular bends.,
There are no obvious features beyond WISP 2,

THE ANVIL is almost featureless, and is shaped much as it was on
the sarliest plates in the series, But in addition, there is a
diffuse jet extending to the north,
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APPENDIX

B. MOVING LENS ON 200-INCH PLATES
1955 SEPTEMBER TO 1957 I'ECEMBER
(NOTES BY DR. WALTER BAADE)

FH 1291B - PH 1314B
1955 Sept. 20 = 1955 Oct. 13

PH 1314B - PH 1360B
1955 Oct. 13 = 1956 March 9

PH 1360B — PH 1570B
1956 March 9 = 1956 Oct, 10

PH 1570B - PH 1597B
1956 Oct. 10 = 1956 Nov. 30

PH 1597 - PH 1624B
1956 Nov. 30 — 1956 Dec. 28

PH 1624B - PH 1740B
1956 Dec. 28 - 1957 Sept. 21

PH 1T740B - PH 1772B _
1957 Sept. 21 - 1957 Nov. 19

- PH 1772B - PH 1792B
1957 Nov. 19 = 1957 Dec. 20

motion away from central star

motion of lens now in PA, 30°+180°
(towards SSW - direction of its
own extension)

motion of lens has reversed
itself and is coming back (motion
reverse to that observed for
preceding interval)

lens moves toward central star!
ridge begins to move away from it

lens essentially stationary, but
it tips over to smaller P.A.

both lens and ridge moving away
from star fast (ridge getting
faint and narrow)

lens still moving away from star
but getting faint; ditto faint
remnants of ridge

lens (faint) has again reversed
motion and is now again moving
toward star

1958 January 3
Walter Baade
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APPENDIX

C. SYNCHROTRON RADIATTON FROM A HYDROMAGNETIC DISTURBANCE

Consider a gas composed of relativistic electrons in a magnetic
field. We shall calculate the spectrum and spatial distribution
o the radiation when a disturbance passes through the gas, altering
the field and particle densities. We assume that the disturbance
propagates slowly enough that the changes are adiabatic, and fast
enough that radiation losses can be neglected.

The synchrotron radiation is completely determined by the
magnetic field and the distribution of the particles in momentum
space. For the present calculation the field can be arbitrary,
and we shall represent it as B in the undisturbed medium, changing
to B' as the disturbance passes (E' is an arbitrary function of
space and time). We assume ﬁhat the distribution of momenta is
initially azimuthally symmetric about the field, constant in space,
and a power law in the electron energy:

-8

xdt = § ° f_(o)dydrd
0 otherwise

N(Y,o;x,t)dyded 3xdt (1)

where Y is the dimensionless energy (Y = E/m002 = (l—ve/cg)% ),
and @ is the pitch angle (angle betweeﬁ the velocity of the particle
and the magnetic field).

If the change is slow enough, the following relations for the
relativistic momentum follow from the perpendicular and parallel

adiabatic invariants:

P, = /(B'/B) Pa (2)
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' -~
Py = Py (3)
(1nprimed quantibies are the initial values, primed ones are
the disturbed values). These equations give the changes in the

pxtch angle and energy:

tan @' = tan o V(B'/B) , ()
y' = v 1 +[(3'-B)/Blsince . (5)

We can now calculate the change in the distribution by equating
the number of particles originally in a given area of Y-a space
to the number in the transformed area:

N'(y',at)dy'dr' = N(v,o)dvdo , (6)
where we have implicitly assumed that the disturbance is symmetric
about the original magnetic field., In the usual way, the relation

between N and N' is given in terms of the Jacobian:

N'(y',at) = NIY(v',a'),a(y',a')] a(y,a)/d(y' ') , (7)
where
dy/3y' v/’
a(Y',Ol)/a(Y',OI') = \ (8)
d/3y' /3!
= (dy/ov')(dx/3a") (9)

= “/E{B/B')(l+tan%y')/(lr(B/B')tan2a') ] (10)
where the derivatives in (8) have been evaluated using equations

(4) and (5). Thus
U

] i XY ' ' " ,d‘
(SRR weras LG
’1

N'(X,'o('\ - ‘(o
g OTHERWISE



wlere fo stands for
fo (G [ V&, Tanw']). (12)

I we assume that ’Yl K v L Y2 for the electrons which procuce
the radiation of interest, then for reasonable disturbances the
same relation holds for the primed quantities (which are given in

terms of the unprimed quantities by eq.(5) ). Hence

N )= b, () —':;5"_1:‘:-,)&{;4 (%.;'[\gﬂz.d]) 13)

One way to interpret this is to say that the distribution (1)
goes over into one of the same form with the same Ko and exponent s,

but the angular distribution changes thus:

o (R ) (i fand]),

It should be kept in mind that this formula gives the change in

the distribution function refering to a volume which is frozen
to the matter. In general there will be another factor for the
change in the total density (proportional to Kb).

In terms of the distribution function, we can now evaluate
the synchrotron emissivity. At angle ¢ ‘between the direction
of observation and the field, and for a distribution of the form (1)
(dropping the subscript " o"), the synchrotron volume emissivity is
(Westfold, 1959; Field, 1964)

Jv(?-;r—‘-'t{;‘cm —:—l&) ))_( =Y (yn) &&)|

where

Vi = Vao aiu? , (16)
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vci = .g W Xc& . (18)

The function Gc(x) is defined in terms of Bessel functions, and is a
different function for different polarizations. Again assuming
u¢,<<v«))“ , the factor in square brackets in (15) is constant,

and we have the often quoted formula

—(J
v“"fzﬁf‘é‘](”&&v( = (19)

From this equation and the results above, it is a simple matter

to derive the dependence of the emissivity on B. For example,

if B changes because of a disturbance which causes compression

and expansion only perpendicular to B (e.g.. longitudinal waves

propagating perpendicular té B), then because the matter and field

are frozen together, the total electron density is proportional

to B'. Hence both K and ) are proportional to B' in equation

(19), and the total dependence on the magnetic field is
.c<8 HE..'.(‘)?-’-’ L ('ﬁ.[ Ed]) (20)

HEa) e

The dependences on ¢' and fo are not very important in most

applications. The maximum energy change of the relevant electrong

occurs when o' = 1/2, and this corresponds, of course, to @ = /2

(observing perpendicular to B)., In this case the last factor in

equation (20) approaches fo(n/E), and we have simply

(21)



160

A similar calculation was performed by Shklovskii (1957), wtro

arrived at an exponent of s+l in equation (2Ll), in place of our
s + 3/2 . It arpears as though all the assumptions are the same
ai; those adopted here, but Shklovskii does not exhibit enough of

the intermediate work to be sure of this.
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