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BULLETIN OF THE ASTRONOMICAL INSTITUTES
OF THE NETHERLANDS

1958 JANUARY 16 VOLUME XIV NUMBER 489

COMMUNICATION FROM THE OBSERVATORY AT LEIDEN

THE CRAB NEBULA

BY L. WOLTJER

The article describes an empirical as well as theoretical study of the phenomena observed in the Crab nebula. Use has been
made of spectra taken by Dr MayaLL with the Crossley reflector of the Lick Observatory and of plates taken by Dr BAADE with the
200-inch telescope. ’

In Part I a discussion is given of the motion of the shell, the spectrum of the continuum and the space distributions of the optical
and radio emission.

Part II contains the photometry of the spectra of the filaments. The excitation of the filaments is shown to be mostly due to the
ultraviolet radiation from the inner part of the nebula, with possibly a contribution from the central star. Collisional excitation
plays only a minor role. The temperature of the nebula is found to be 17 00o® or lower. The electron density in a few strong
filaments is about 1500 cm™. The abundances of H, He, N, O, Ne, and S have been derived. The ratio of H and He to the light
elements is probably not very abnormal. Helium, however, is at least a factor two overabundant relative to hydrogen. Information
on the temperature and density of the filaments has also been obtained from a plate taken by Dr BAADE in the light of the red [SII]
lines. From the ionization conditions in the filaments the strength of the far-ultraviolet emission from the inner parts of the nebula
has been derived. The differences between the line-intensity ratios in the various filaments may be ascribed to changes in the
excitation conditions. The intensity ratio of the [OIII] and [OII] lines shows a systematic dependence on the position in the nebula.
This may be due either to anisotropy of the ultraviolet radiation field or to an underestimate of the distance of the nebula, which
should possibly be doubled. The nebula would then resemble a prolate instead of an oblate spheroid. The total mass of the visible
filaments is found to be slightly less than a tenth of a solar mass, but if the filaments are surrounded by a less dense medium (as
indicated in section 38) the total mass of the shell might very well be as large as that of the sun.

In Part III the continuous radiation is discussed. It can be explained as synchrotron radiation produced by relativistic electrons
having an energy spectrum n(E) OC E# with a cut-off at a maximum energy of the order of 10" ev. The difference in space distri-
bution between the optical and radio emission cannot be due to their different dependence on the magnetic field. The only possible
explanation appears to be a different distribution of the radio electrons and the optical ones. The total energy of the relativistic
electrons is of the order of 10* erg if, as appears plausible, for the central parts of the nebula a mean magnetic field of 107* oersted is
adopted.

With regard to the possible mechanism for accelerating the electrons it is shown that they cannot have obtained their present
energies from a process near the surface of the central star. They may, however, have been accelerated by hydromagnetic waves
in the nebula. Under some plausible assumptions the energy spectrum and the maximum energy of the electrons may be computed
and a satisfactory agreement with the observed parameters can be obtained.

In Part IV arguments are given to indicate that the magnetic field in the nebula must be of the force-free type. A discussion of
such fields is given and the general solution is found for the case where the ratio of current to field strength is constant. The boundary
conditions require that a surface current must flow around the region containing the field, if there are no currents outside the
region. In the Crab nebula we identify the filaments with such a surface current. A few models of the emission by electrons moving
in a force-free field have been constructed, but a detailed comparison with the observations of the polarization in the nebula cannot
be made, as the theory of these fields has not been sufficiently developed. An attempt has been made to explain some of the details
of the structure of the nebula.

In Part V the expansion of the nebula is discussed. It appears that the magnetic energy must have been much larger in the earlier
stages of the evolution of the nebula than at present. The field cannot have been contained in a stellar object. It seems probable that
most of the present field originated about one or two years after the explosion of the supernova, as a result of large-scale turbulence in
the nebula. The field of the pre-supernova must have been rather strong to make this mechanism effective. The evolution of super-
novae and their magnetic fields are briefly discussed. The general results in this paper are consistent with recent theories on
element formation in supernovae. Radioactive elements formed during the explosion may be the source of energy for the relativistic
electrons as well as for the high activity still persisting in the central star and the nebula.

The filamentary structure of the shell is explained by the pinch effect. It appears probable that the visible filaments are low-
temperature condensations in filaments of much lower average density and rather high temperature.

The electrons needed to explain the non-thermal radio emission from the Galactic System may possibly have been formed in
supernovae. Additional acceleration in interstellar space or in the galactic halo is possibly of minor importance. It is pointed out
that, though objects like the Crab nebula produce too small an amount of cosmic rays, larger numbers of cosmic-ray particles may
have been produced in the early stages after a supernova explosion.
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PART I. BASIC DATA

1. Introduction.

It has been known for some time that the Crab
nebula is the remnant of a supernova, which flared up
in the year 1054. The nebular spectrum consists of
two parts. First there is a strong continuum. The
observed brightness of the nebula is largely due to this
continuum. In spectra of the nebula or in photographs
taken with appropriately chosen narrow band filters
we see that besides the continuum there is also some
line emission in the nebula. On the photographs it is
clearly seen that this line emission is concentrated in
filaments (BAADE 1942) and on the spectra we see
that these filaments form an expanding, more or less
hollow shell (MavaLL 1937). The spectra of the
filaments are similar to the spectra of planetary
nebulae (MAYALL 1937). The continuum is emitted in
regions inside this shell.

The interpretation of the continuum gave large
difficulties at first when it was assumed that the
continuum was due to free-free transitions in a gas at
very high temperature. It now appears much more
probable that the continuum is synchrotron radi-
ation (SHKLOVSKY 1954; OoRT and WALRAVEN 1956).
In the synchrotron mechanism the radiation is due to
relativistic electrons spiraling in a magnetic field. The
light is emitted in a very narrow cone around the
velocity vector of the electron. The emitted radiation
is completely polarized with the electric vector perpen-
dicular to the lines of force of the magnetic field. The
fact that strong polarization is observed is a confir-
mation for this theory. On the basis of this mechanism
Oort and WALRAVEN (1956) built a theory of the
nebula. They found a magnetic field of about 10?
oersted at the centre of the nebula. The relativistic
particles would have an energy spectrum similar to,
but perhaps somewhat flatter than cosmic rays. The
total energies in the magnetic field and in the rela-
tivistic particles are then of the same order of magni-
tude and both equal to a few times 10* erg. The
total mass of the relativistic particles is very small.
According to Oort and WALRAVEN the filaments
can be ionized by the ultraviolet radiation from the
inner part.

It seemed of interest, as a plausible theory of the
emission of the nebula is now available, to assemble
all data that could be obtained to construct a more
complete picture of the Crab nebula.

2. New observational data.

The new observational data which form the back-
ground of the present investigation may be summa-
rized as follows. From Dr BaADE we obtained some
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plates taken with the 200-inch telescope, from which
we derived the polarization and intensity distribution
in the continuum. The results have already been
published (L. Wortjer 1957. In the following we
refer to this as Paper I) but the discussion is given in
the present paper. These data are important to
derive the structure of the magnetic field in the
nebula. Dr BAADE also sent us some older plates of
the nebula taken with the 100-inch telescope at Mt
Wilson. The earliest of these plates was obtained in
1924. These plates are useful for investigating the
changes which have taken place in the nebula.

Dr MavaLL sent us a number of spectra of the
nebula which he had taken with the Crossley
reflector at Lick Observatory, with the aim of
measuring radial velocities. These spectra form the
basis of our photometric studies of the filaments.
Dr BaabEk also provided glass copies of photographs
of the nebula taken in the light of the forbidden [OII]
and [OIII] lines at A 3727 A and at A 5000 A. More-
over Dr BAADE obtained for us a plate of the nebula
in the forbidden [SII] lines at A 6724 A. Without all
these valuable data, which were put so kindly at our
disposal by Dr Baape and Dr MavaLL, it would have
been impossible to make this investigation.

3. Structure and motion of the filamentary shell.

The filamentary shell of the nebula is roughly
elliptical with semi-axes of 178” and 120" according
to BAADE (1942). The angle between the major axis
and the galactic plane is about 20°. The coordinates
of the centre of this ellipse referred to the SW com-
ponent of the central double star are Aa = +- 6".9,
A3 = +4".4. The centre of the optical intensity distri-
bution was derived from the isophotes in Paper I. The
coordinates are Aa = — 11”.2, AS = + 14".0. The dif-
ference between the two values seems to be larger than
the errors in the determination would allow. The
centre of the radio nebula at 400 Mc/s appears to
have an intermediate position (SEEGER and WESTER-
HOUT 1957). From the isophotes in Paper I it appears
that the limit of detectability of the optical continuous
radiation coincides roughly with the limits of the
filamentary system. The radio nebula has the same
extent as the optical nebula according to SEEGER
and WEsTERHOUT (1957). The filamentary shell there-
fore represents the real physical boundary of the
nebula.

We shall tentatively assume that the nebula is an
oblate spheroid, with the minor axis perpendicular
to the line of sight (cf. however section 17).

In this case the expansion velocity at the end of the
major axis must be equal to the radial velocity at the
projected centre of the shell. From the radial velocities
measured by Dr MavaLL we find for this velocity
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1150 km/sec. The proper motions along the major axis
have been measured by Duncan (1939) and discussed
more fully by BAADE (1942), who found at the end of
the major axis p. = 0”.235/a. From these data we derive
a distance of 1030 pc. Accordingly one minute of arc
is 0.300 pc or 9.25 X 107 cm. The semi-axes of the
filamentary system are 0.89 pc and o.60 pc and the
nebular volume becomes 5.9 X 105 cm?. The average
radius is 0.79 pc. The velocities along the major axis
are larger than along the minor axis. Assuming that
the velocity ellipsoid is an oblate spheroid with an
axial ratio equal to the axial ratio of the filamentary
system we obtain for the average expansion velocity
1010 km/sec.

In the proper motions DuncaN and Baapk found
indications of an acceleration. When the proper
motions along the major axis are extrapolated back-
wards under the assumption of a constant velocity
they indicate a time of origin for the nebula 126 years
later than the appearance of the supernova. DEuTscH
and LavDovsky (1940) measured proper motions for
seven points in the nebula and obtained a time of
origin 100 years too late. It seems therefore probable
that this acceleration is real. A new determination of
a large number of proper motions, such as is now
being made by Dr BAADE, is required to study this
question in detail. From DuNCAN’s measurements we
have the impression that not all filamentary knots
have had the same acceleration. It seems for example
that in the filamentary bulge at the SW side of the
nebula the motions have been retarded.

We assume that the acceleration in the motion
along the line of sight has been the same as the
acceleration in the proper motions along the major
axis and that the ratio of acceleration to velocity is
independent of the distance to the centre. A filament,
with the present radial velocity of 1000 km/sec, has
then traversed a distance of o.79 pc in the radial
direction since the supernova outburst. Thus by a
measurement of the position of a filament with
respect to the projected centre of the nebula, com-
bined with its radial velocity, the filament can be
located in space, provided the systematic velocity of
the nebula is known. From an inspection of Dr
MavaLvr’s velocities it appears that this velocity is
negligible.

Dr Tr. WALRAVEN constructed a rough space
picture of the filamentary shell using the provisional
velocity measurements by Dr MavacL. This picture,
which Dr WarLraveN kindly put at my disposal, is
shown in Plate 3. As Dr WALRAVEN remarks, the
picture demonstrates clearly that the filaments
represent large-scale structures. They can be followed
over large distances around the nebula. Most con-
spicuous is the long filament encircling the inner part
of the nebula.

B.A.N. 483

4. Total intensity and spectrum of the continuum.

The radio spectrum of the nebula seems to be rather
well determined. The radio source that has been
studied most completely is Cas A. To the observations
of this source C. L. SEEGER (1957) fitted a spectrum
of the form J(v) oc v and obtained « = 0.82. From
a compilation of observations of point sources by
SEEGER (1957) we obtained for a number of fre-
quencies the ratio Tau A/Cas A. Following a
procedure pointed out to us by SEEGER we obtained
our values for Tau A from the smooth spectrum for
Cas A and the ratios Tau A/Cas A. The Tau A/Cas A
ratios can be represented by the same formula, with
o= —o0.47 4 0.03. Thus for Tau A we obtain
« = 0.35 with an estimated uncertainty of 4 o.05.
We also fitted the formula directly to all observations
of Tau A, including a few values which were not
included in SeEGeR’s list. We obtained by least
squares « = 0.31. This agrees very well with the above
determination. In the following we shall adopt
« = 0.35, but a slightly smaller value appears also
possible. At 400 Mc/s we read from the curve for
Tau A a flux density of 10.7 X 10 watt m~2 (c/s)™!
in agreement with the result of SEEGER et al (1957).
Assuming isotropic radiation this corresponds to a
total emission J(4 X 10%) =1.38 X 10**ergsec!(c/s).
The radio results are shown in Figure 1.

Fi1cure 1

log j(#)

30cm 3000 A

25¢

10 18

log v
The spectrum of the Crab nebula.
The ultraviolet spectrum is discussed in section 16.

The discussion of the optical continuous spectrum
is more difficult because of the interstellar extinction.
We estimate this extinction from the colour excesses
of some O and B stars in the neighbourhood of the
nebula, measured by HiLTNER (1956). There are four
stars in HILTNER’s catalogue that are within two
degrees from the nebula.

The distances of these stars are between 1200 pc
and 1800 pc. This is somewhat larger than the dis-
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tance of the nebula adopted here, but the correlation
between interstellar absorption and distance is so
poor that we did not apply a correction for distance.
Moreover we shall discuss in section 17 the possibility
that the nebular distance has been underestimated.
The values for the colour excess of these stars in
the B—V system are o™.40, o™.54, 0™.54 and o™.64.
We therefore adopt for the colour excess of the
nebula 0™.53 in the B—V system. This corresponds
to a visual absorption of 1™.59. We think it im-
probable that the colour excess could be in error
by more than o™.15. The present value for the inter-
stellar absorption is appreciably larger than the value
derived by MayaLL and OoRrT (1942). These authors
found a photographic absorption of 1™.20 from a
catalogue of B stars by StEBBINs et al (1940). The
difference is largely due to the bluer normal colours
used by HILTNER.

The B—YV colour of the continuum at the projected
centre of the nebula was estimated by WALRAVEN
(1957) as o™.82. We estimate the uncertainty in this
result as less than 4 o™.10. The colour corrected for
interstellar reddening is therefore o™29, with an
estimated maximum uncertainty of 4 o™.20. This
corresponds to the colour of an Fo star. Adopting a
spectral law J(v) ocv™ we obtain « = 0.39. An error of
4 0™.20 limits « between « = — o.1 and « = +1.3.

With our new value of the absorption the spectro-
photometric results of BARBIER (1945) indicate
a = 1.76 around A = 3900 A. This value refers to the
integrated colour of the whole nebula. As BARBIER’s
measurements of the continuous spectrum of the
Orion nebula (1944), which was used as standard for
the Crab nebula, seem to give a somewhat too low
colour temperature (GREENSTEIN 1946) it is possible
that his value for « is somewhat too high. Minkowskr’s
(1942) spectrophotometric results give o= 0.02
around 4500 A and « = 0.31 around 6ooo A, but
these values become higher when a correction for the
sky brightness is applied (BARBIER 1945). These values
have been corrected for the interstellar extinction
determined above. As WALRAVEN’s results were ob-
tained photoelectrically they are the most reliable and
will be used in the following.

In part III we shall show that the nebular spectrum
can be explained satisfactorily when the colour excess
is o™.10 less than the colour excess derived above.
This difference is well within the limits of possible
error. '

We now first determine absolute values for the
intensity units used in Paper I and then derive the
absolute magnitude of the nebula.

One unit of intensity in the intensity table in
Paper I corresponds to a surface brightness of 0.775
stars of the 25" magnitude per square second of arc.
After correction for visual interstellar absorption this
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becomes 3.35 such stars. The photovisual magnitude
of the sun is m,, = — 26.88 (GOLDBERG 1953).
Applying a correction for the blanketing effect of
about 0™.06 derived from MicHARD’s (1950) tables,
we obtain for the solar continuum m,, = — 26™.94.
As the area of the solar disc is 2.89 X 10° square
seconds of arc, we obtain for the solar surface bright-
ness around 5500 A, 2.06 X 10'* stars of the 25™
magnitude per square second of arc. From the data
compiled by MINNAERT (1953) we find that the
surface brightness of the solar continuum at 5500 A
is 9.28 X 10® erg A! cm2 sec™l. Therefore our inten-
sity units correspond to a surface brightness of
1.51 X 107 erg A”! cm?sec™! at 5500 A. This is equi-
valent to 1.52 X 107 erg cm™? sec™! (c/s)™!. The total
visual magnitude of the nebula was found in paper
I as m, = 8™.64. With the above data we find for the
total emission per frequency unit at 5500 A
J(5.45 X 10") = 6.54 X 10* ergsec™ (c/s)!.

When we now try to fit the whole region between the
radio spectrum and the optical spectrum by one
spectral law J(v) ocv® we obtain « = 0.38, thus
almost the same value of « that is valid for the radio
spectrum (cf. Figure 1). ‘

- If we assume that the electron energy spectrum has
some resemblance to the energy spectrum of cosmic
rays, it is unlikely that « would decrease anywhere
when proceeding from radio to optical frequencies.
We conclude that « should be larger than about o.4
in the optical region. The uncertainty in the value
of o for the optical spectrum is therefore reduced to
between o = + 0.4 and « = + 1.3. But, although we
do not know the exact optical spectral index, it is
certain that « must be about 0.38 from the radio
spectrum to some wavelength close to the optical
spectrum, say 15000 A. For if the optical spectrum
were characterized for example by « =1.3 up to
55000 A, then we would have for this wavelength
J(5.45 X 10) = 1.308 X 10% erg sec™! (c/s)L. If we
would now represent the spectrum between this
frequency and 400 Mc/s by one spectral index, we
would obtain « = o.20. This is smaller than in the
radio spectrum, which seems highly unplausible.
Slight changes in the parameters do not alter this
conclusion.

5. The intensity distribution across the nebula.

In Paper I the optical intensity distribution was
derived. The radio brightness distribution can be
determined best from occultation observations; but
every occultation only gives us a brightness strip
distribution. Occultation observations were made by
BoiscHOT et al (1956) at goo Mc/s and at 169 Mc/s,
by CosTAIN ef al (1956) at 81 Mc/s and 38 Mc/s, and
by SEEGER and WESTERHOUT (1957) at 400 Mc/s.
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The observations at goo Mc/s and at 38 Mc/s are
not very reliable. It is difficult to judge the reliability
of the observations of BoiscHorT et al for 169 Mc/s. But
from their published curves we do not think that their
results are very accurate. The Cambridge results were
obtained with an interferometer, which had a fixed
orientation during the whole occultation. The occul-
tation curve was obtained by a comparison of the
records at the occultation day and records made at
other days. The observations of SEEGER and WESTER-
HoUT, made with the Dwingeloo 25 metre parabola,
which followed the nebula during the occultation,
are more direct. Therefore we are inclined to give the
largest weight to their results.

FIGURE 2

> optical

-
BBGR

.
BBGR

100 Mcys 1000 Mc/s

The maximum extent of Tau A from occultation observations
at various frequencies.
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In Figure 2 we have plotted the maximum extent
of the radio nebula derived by the various observers.
The results show that the 169 Mc/s observations give
much too small a diameter. There is no clear indi-
cation of a change of the diameter of the radio nebula
as a function of the frequency. The results appear to
be consistent with our conclusion that the filamentary
shell forms the physical boundary of the nebula.

SEEGER and WESTERHOUT give radio strip bright-
ness distributions derived from their occultation
curves. They also give the corresponding strip bright-
ness distributions for the optical radiation, which they
computed from the intensities given in Paper I. Their
results for the occultation on November 13, 1955 are
not very accurate. We have therefore not used these
results. In view of the large discrepancies between
different observations we neglect all details in the
occultation curves. Therefore we have averaged their
results for the two series of observations on November
30, 1955, and drawn a smooth curve through the
points. The result is shown in Figure 3.

CosTtaIN et al at 81 Mc/s also give a radio strip
distribution. For this occultation we computed a
comparable optical strip distribution from the in-
tensities in Paper I. These strip brightness distri-
butions are also shown in Figure 3.

The brightness distributions in Figure 3 clearly
indicate that the radio brightness distribution is much
flatter then the optical distribution. Although the
curves at 400 Mc/s and at 81 Mc/s are not strictly
comparable, owing to the different path of the moon

Ficure 3

400 Mc/s

L) ¥ B v L L] L]

-3 0 +3'

.
-3 0 +3'

A comparison of optical- and radio strip brightness distributions
The radio brightness is indicated by a full-drawn line, the optical brightness by a broken line.

in the two occultations, it seems that the 400 Mc/s
results indicate a flatter distribution than the results
‘at 81 Mc/s. As we argued above that the 400 Mc/s
results are the most reliable, we will consider this
flatter distribution as representative for the entire
radio region. The preceding discussion shows that the
conclusion of CosTAIN et al that the radio distri-
bution becomes flatter with decreasing frequency is
unfounded.

PART II. THE FILAMENTS

6. The measurements.

In the winter season of the years 1954 and 1955
Dr MavaLL obtained some spectra of the Crab
nebula with the Crossley reflector of the Lick Ob-
servatory. Similar spectra, taken earlier, have been
described by Dr Mavarr (1937). All spectra were

. taken with a slit of 6’.3 X 8”.2 orientated in position
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angle 125°, i.e. parallel to the major axis of the nebula.
The dispersion is about 430 A/mm at H,. The
sensitivity of the plates decreases rapidly at 5000 A
toward the red, but the nebulium lines are still well
visible. Dr MAvALL also obtained some calibration
plates with sensitometer marks. These plates were
developed together with the spectra. Dr MAvALL very
kindly sent all these beautiful plates to Leiden and
thus afforded us the opportunity to measure line
intensities on them.

All spectra were analysed with a recording micro-
photometer. On every spectrum some knots, rep-
resenting filaments crossing the slit, are visible. We
measured about fifty of these knots by making tracings
parallel to the dispersion. The lines that could be
measured in these tracings are given in Table 1. All
spectra were measured once with a roughly square
slit, the linear dimension of which was 33 microns on
the plate, corresponding to about 5.6 seconds of arc.
The best spectra were traced a second time with a
square slit having a width which was 25 percent
smaller. We also made three repeated tracings of
each calibration plate. The results of the calibration
plates can be used to convert all measures into relative
intensities as long as we restrict ourselves to a small
part of the spectrum.

TABLE 1

Emission lines measured in the Crab nebula.

Ident. A Quality

[OI1] 3726.0 ood
3728.8 g

[NellII} 3868.7 poor
Hel 3888.9 poor
[NelIlI] 3967.5 intermediate
[SIT] % s | intermediate
Hs ' 4101.7 intermediate
H, 43407 rather good
[OIILI] 4363.2 intermediate
Hel 4471.5 intermediate
Hell?) 4685.7 very poor
Hp 4861.3 rather good
[OIII] ‘S‘gig'g rather good

) Probably blended with [FeIlI] A4658.

We need information on the colour sensitivity of
the plates to obtain relative intensities at different
wavelengths. The spectrum of the nebular continuum
is known, although not very accurately. Thus by
measurements of the continuum on the plates for
different wavelengths, but for the same spot in the
nebula, we can determine the colour sensitivity of the
plate. The surface brightness of the continuum is
known all over the nebula (Paper I) and we can,
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therefore, convert all measurements on the filaments
to absolute values of the surface brightness. The
detailed procedure was as follows. We made the
plausible assumption, which afterwards proved to be
essentially correct, that the jform of the calibration
curve does not depend on the wavelength. The scale
of the intensities in the calibration curve is different
for each wavelength and for each plate and this scale
can be determined from the continuum. The contin-
uum on the plates is disturbed by sky light. For every
plate and for various wavelengths we plotted the
measured continuum intensities (on an arbitrary
scale) against the intensities found in Paper I for
the same spots. A straight line was drawn through
the points. The slope of this line determines the scale
of the intensities. The measured intensity at the point
where the real intensity is zero represents the sky light
and is eliminated. From a comparison of points with
different intensities on the same plate it appeared that
our assumption of a constant form of the calibration
curve is roughly valid.

In all computations we assumed that the continuum
varies as v, The value for the exponent was
taken from the work of OorT and WALRAVEN. From
the discussion in part III it appears that the colour
of the nebula is perhaps somewhat more blue than is
implied by this formula. Slight changes in the ex-
ponent do not change our results very much.

We shall refer all results to the emission in the
continuum at 4250 A. In section 4 we found that one
of the intensity units of the continuum in Paper I
corresponds to a surface brightness of 1.51 X 1077
erg A cm? sec™! at 5500 A. When J(v) oc v, i.e.
J(2) oc A%8 these units correspond to 1.88 X 1077
erg At cm?sec! at 4250 A. This figure will be used
in all calculations. Then the total emission from the
nebula at the frequency corresponding to 4250 A is
given by

J(7.06 X 10") = 4.85 X 10* erg sec”! (c/s)!.

If a change of this figure would be necessary, then all
results in Table 2 have to be changed by the same
factor.

7. The line intensities.

As the line width seems to be mostly instrumental
we derived the surface brightness in the lines by
integrating over the whole profile of the line. When
the angular width of a filamentary knot parallel to
the slit of the spectrograph is not too small (> 10"),
the effect of instrumental broadening in that direction
is negligible. When however a narrow filament
crosses the slit of the spectrograph at right angles, the
measured width will be largely instrumental. It might
be expected that this has some influence on the
measured intensity ratio between very strong and very
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weak lines because of the non-linearity of the calibra-
tion curve. It is very difficult to measure this width
accurately for weaker knots because of the small size
of the spectra and because it is very difficult to obtain
tracings perpendicular to the dispersion without
disturbance from neighbouring filaments. The photo-
meter slit width was chosen so that the readings do
not deviate perceptibly from the readings for a much
smaller slit. On the other hand we found by measuring
some narrow strong knots in a micrometer that the
width perpendicular to the dispersion is not larger
than twice the photometer slit width. Therefore we
expect the effect in the ratio of line intensities between
very strong and very weak lines to be much less than
a factor two. Moreover the effect is only present when
a filament crosses the slit of the spectrograph at nearly
right angles, because otherwise the real length of the
filament perpendicular to the dispersion is already
larger than the photometer slit width, and the real
width of the filament is probably the same for all lines.

The greatest difficulty in the determination of the
absolute values of the surface brightness is that most
filaments occupy only part of the slit width of the
spectrograph. This causes the measured ratio of
filament to continuum to be generally smaller than
the real ratio of surface brightnesses. As the location
of the spectrograph slits is not known very precisely,
the estimates of this effect must remain uncertain.

We discuss the correction for a few cases. When a
long filament is at right angles to the slit the last
correction is not needed. We must, however, multiply
the results by the ratio of the width of the filament
perpendicular to the dispersion in the spectrum and
the real width of the filament. The real diameters of
the filaments are difficult to determine. We used for this
purpose a glass copy of a plate taken by Dr Baape
with the 200" telescope in the light of the [OII] A3727
line and found for the width values around one second
of arc. The correction factor to be applied to the
measured surface brightness then becomes about 7. If
the filament is orientated parallel to the slit the cor-
rection factor is equal to the ratio of the slit width of
the spectrograph to the real filament width and is
therefore about 8.2. If thicker filaments are present,
or some filaments are together in the slit of the
spectrograph, the corrections become much smaller.
For those filaments which are situated at the edges of
the slit it is impossible to find any correction factors,
because the exact location of the slit is not known.
For the cases in which the correction factors could be
found they have been given in Table 4.

In Table 2 we have given the results of our meas-
urements without applying corrections to the surface
brightness. The real surface brightness will on the
average be about a factor five larger. In the first
column the number of the plate is given. Then follow
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respectively the identification with the knots measured
by Dr MavaLrL, the approximate coordinates in
minutes of arc referred to the south-west component
of the central double star, and the velocity of the
filament as measured by Dr Mavarr. Dr MAyaLL
states that these velocities are not very reliable because
of the large width of the slit of the spectrograph. In
the next columns are given the real distance from the
centre of the nebula in parsecs, determined as indi-
cated in section 3, and the intensity of the continuum
in the units of Paper I at the location of the filament.
In the eighth column we give the quality of the spec-
trum as follows: For a spectrum that was measured
twice we have A very good; B good; C poor. For
spectra which we measured only once, D means
reasonable and E very poor. The weight of the spectra
classified C or D will be about equal. When the lines
are sharp the quality is supplemented by a letter s,
when they are broad by a letter b, and when the lines
are clearly double due to superposition of filaments
with different velocities the letter d has been used.

The lines [NellI] 23869 and Hel 13889 are
frequently blended. When we observe an apparent
separation it may be that the second component is
due to helium, but it is also possible that when two
filaments are superposed, giving a broad but un-
resolved [OII] A3727 line, the components are sepa-
rately visible in [NelIII]. It is therefore by no means
certain that the entries for Hel 23889 do not represent
partly [NelII] radiation. The reflected solar spectrum
on observing nights when the moon is present causes
on some spectra the H and K lines of Call to be visible
as well as the G band. The K line falls near the same
wavelength as the [NelII] A3968 line and therefore
tends to make the measured intensities for this line too
small. When the H line is clearly observed we give its
intensity under the remarks in the last column. The
[SII] lines at 24068 and A4076 frequently form a blend
with H,. When these lines could not be separated a
common entry is given. The same is true for the
lines H, and [OIII] 24363, which are never very well
separated. Moreover, the line [OIII] 24363 is blended
with an Hg line at 24358 from the city lights. This
line has usually about the same intensity as 24363.
Unless the contrary is stated we corrected for this line
by measuring its intensity well outside the nebula.

The line Hell 24686 is almost always much broader
than Hy. In the few instances where the line appears
double it seems to be blended with a line of about
equal intensity at a wavelength about 4660 A.

The average intensity of this line in the unresolved
blends is probably about equal to one quarter of the
total measured intensity. The only possible identifi-
cation that we have found is [FelII] A4658. This is the
strongest [FellI] line in the Orion nebula. The
spectra are not good enough t