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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
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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,
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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 surro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>