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ABSTRACT

The spectrum of gamma rays from the Crab Nebula has been measured in the energy range 500
GeV-8 TeV at the Whipple Observatory by the atmospheric Cerenkov technique. Two methods of
analysis that were used to derive spectra, in order to reduce the chance of calibration errors, gave good
agreement, as did analysis of observations made with changed equipment several years apart. It is
concluded that stable and reliable energy spectra can now be made in the TeV range. The spectrum
can be represented in this energy range by the power-law fit, J =(3.20 +0.17 £ 0.6) x 1077 x
(E/1 TeV)~249£0.06£0.04 ;=2 g=1 TeV~! or by the following form, which extends much better to the
GeV domain: J = (3.25 + 0.14 + 0.6) x 10~ 7E~244£0.06£0.04=0.151log10 E yy =2 ¢~1 Tey~1 (E in TeV).
The integral flux above 1 TeV is (2.1 + 0.2 + 0.3) x 1077 m~2 s~ !. Using the complete spectrum of the
Crab Nebula, the spectrum of relativistic electrons is deduced, and the spectrum of the inverse Compton
emission that they would generate is in good agreement with the observed gamma-ray flux from 1 GeV
to many TeV, if the magnetic field in the region where these scattered photons originate (essentially the
X-ray—emitting region, around 0.4 pc from the pulsar) is ~16 nT (160 xG), in reasonable agreement with
the field deduced by Aharonian & Atoyan. If the same field strength were present throughout the nebula,
there would be no clear need for an additional radiation source in the GeV domain such as has recently
been suggested; the results give an indication that the magnetic field is well below the often-assumed
equipartition strength (35-60 nT). Further accurate gamma-ray spectral measurements over the range
from 1 GeV to tens of TeV have the potential to probe the growth in the magnetic field in the inner

region of the nebula.

Subject headings: gamma rays: observations — ISM: individual (Crab Nebula) —
ISM: magnetic fields — radiation mechanisms: nonthermal — supernova remnants

1. INTRODUCTION

Of the known cosmic sources of TeV gamma rays, the
Crab Nebula is the only one in the northern sky to have an
apparently steady output, and hence it has been observed
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the most extensively, with the objectives of refining the
methods of observation in this new field and determining
the energy spectrum of the radiation. This object has an
extraordinarily broad spectrum, mostly attributed to syn-
chrotron radiation from electrons apparently injected
outside the cavity dominated by the pulsar wind with ener-
gies from GeV to a few PeV, but this continuous spectrum
appears to terminate near 10® eV, and the GeV to TeV
photons form a new component of the spectrum. Over most
of the broad spectral range, additional pulsed radiation
emerges from the central pulsar. This report is concerned
with the steady flux of gamma rays, presumably not origin-
ating so close to the pulsar: we detect no pulsed component
near 102 ¢V (Gillanders et al. 1997). We have previously
described how, using the 10 m telescope of the Whipple
Observatory, it is possible to identify flashes of Cerenkov
radiation in the upper atmosphere due to electron-photon
cascades initiated by the incoming photons. In 1989
(Weekes et al. 1989) we were first able to obtain a signal
from the Crab Nebula with a workable signal-to-noise ratio
(S/N) of 9; then, using an improved camera (Vacanti et al.
1991), the S/N improved to 20 from 32 hr of observation on
source and a similar off-source control, and refinements in
technique improved the background rejection still further
(Reynolds et al. 1993). Observations of this bright and
steady source were crucial in improving the sensitivity and
stability of the technique, with the result that flickering BL
Lac objects can now be recorded with confidence. However,
despite a continual improvement in sensitivity of the detec-
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tion technique, the derivation of an accurate flux of gamma
rays from the Crab Nebula proved more difficult. Since the
work of Vacanti et al. (1991), which used a rather simple
analysis, some more detailed alternative analyses of the
process of selection of “gammalike” events and of the
deduced spectra produced considerably divergent results.
This led us to explore several somewhat different methods
of data analysis and simulation in order to understand the
possible biases and errors. For this purpose the Crab
Nebula has been studied thoroughly as the test case for
developing methods of energy and flux calibration. In the
end we have derived a flux from the Crab Nebula close to
our previous simple estimate of 1991, though now with
much better justification. We now feel confident in deriving
spectra for other objects, such as Markarian 421. A detailed
paper on our methods (Mohanty et al. 1998) explains two
approaches to the derivation of the spectrum, based on
independent shower simulation programs and alternative
basic calibration standards (relying either on the best infor-
mation about optical sensitivities and transmissions or on
calibration of the whole detector against showers produced
by the known flux of hadronic cosmic rays) and following
different routes to the spectrum. In § 2 we give only a brief
summary of these methods, and we present the results for
the Crab Nebula. The implications of the results, which
mainly concern the magnetic field strength in the nebula,
are discussed in § 3.

2. PROCEDURES FOR DERIVING THE SPECTRUM

The basis for the detection of these gamma rays is that a
photon entering the atmosphere soon gives its energy to an
electron-positron pair, and there ensues an electron-photon
cascade of narrow lateral extent, continuing forward in the
same direction. About half of the electrons are traveling
faster than light in air and emit Cerenkov radiation within a
narrow cone of around 1° half-angle. The result is a pool of
light on the ground, about 125 m in radius at the altitude of
the Whipple Observatory, within which the light intensity is
nearly uniform and nearly proportional to the energy in the
shower (provided that one avoids the central 30 m, where
there is a variable enhancement around the few particles
that penetrate to the ground). At distances r > 125 m, the
intensity falls off roughly as 2. Hence the energy of the
gamma ray is determined by the intensity of the light flash,
provided that one can ensure that it is detected within the
right range of distance from the impact point on the ground
of the initial trajectory, or, almost equivalently, within
about 0°4-1° of the source direction. The tasks of the
analysis are to relate the detector response to light intensity
(over a broad spectral range) and hence to the photon’s
energy, allowing for imperfect atmospheric transmission
and for gradual changes in optical reflectivities, and to
determine the efficiency with which the flashes are recorded
for impact points at various distances from the telescope.
This consideration of efficiency is not simple because it has
proved highly profitable to impose tight selection criteria
(known as “Supercuts”) on the characteristics of flash
images that are accepted, in order to reject other flashes
from an overwhelming flux of cosmic-ray protons and
nuclei, and it is thus necessary to be sure that the selection is
retaining the gamma-ray flashes with a known efficiency
and to know how this efficiency varies with energy. Even
when gammalike images are selected, it is necessary to
record flashes from the vicinity of the Crab Nebula and also

from an “off-source” region of the sky, displaced 30™ in
right ascension and observed at the same hour angle and
altitude, in order to correct for the appreciable background
of remaining flashes due to isotropic cosmic rays. The
excess of counts “on source ” over those seen “ off source ” is
then attributed to uncharged radiation from the source (the
Crab Nebula). Limited angular resolution does not permit
us to distinguish between the pulsar and the nebula as a
source.

Because some previous attempts to derive the spectrum
of the Crab Nebula had produced notably different fluxes,
two subgroups of the Whipple collaboration followed inde-
pendent analyses that differed in detail at several points.
Another paper (Mohanty et al. 1998) gives a fuller explana-
tion of the different methods of analysis used to derive the
energy spectrum, which may be paraphrased as follows.

Method 1—A careful extension of previously well-
explored methods: selection of gammalike images after
modifying “Supercuts” to apply to a wide range of ener-
gies; laboratory optical calibrations; estimating the energy
of each event; grouping the events by estimated energy;
estimating the effective collecting area at each energy.

Method 2.—A variant of method 1, the differences being
introduced to enhance verifiability and self-calibration. This
approach centered on the size (intensity) spectrum: again
selecting gammalike images, but by what was termed the
ellipsoidal window method; an alternative calibration using
the charged cosmic-ray background; grouping events by
size (intensity); adjusting the energy spectrum in simula-
tions to match the observed size spectrum.

Both methods were applied to a large subset of the data
used for our earlier published spectrum (Vacanti et al. 1991),
taken between 1988 November and 1989 March. The first
analysis used 52 pairs of “on” and “off” runs, each run
usually of 28 minutes duration; the second analysis used 45
of these pairs, restricted to a smaller range of zenith
angle ~ 20°. The first analysis was then also applied to 49
run pairs taken between 1995 January and 1996 March,
when the optical efficiency had been improved by adding
light concentrators to the phototubes and lowering elec-
tronic thresholds, and by recoating mirror facets. All
analyses started by cleaning the images to remove signals
not far above noise and then characterizing each image by
its size (total signal) and the four image parameters, distance
of centroid from direction of Crab Nebula, rms width and
length of image, and orientation angle « (angle by which the
image axis fails to point at the Crab Nebula). (See Reynolds
et al. 1993 for more quantitative definitions.) As indicated
above, the vast majority of images, in which these param-
eters did not fall within a selection window, were rejected as
not being gamma-ray candidates.

2.1. Selection of Gammalike Images

Images of Cerenkov flashes are normally selected by
shape and position—requiring the length, width, and dis-
tance of an image to lie between specified limits—and then
by orientation, requiring a« to be less than, say, 20°, this
process of background rejection ensuring the greatest S/N
for typical sources (Punch et al. 1991; Reynolds et al. 1993).
However, in order to select gamma-ray showers efficiently
over a wide range of energy, it is necessary to change these
acceptance limits for showers of different energy, or, more
practically, for different event sizes. The position of shower
maximum moves deeper in the atmosphere by 2.3 radiation
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lengths per decade increase of energy, and thus closer to the
observer. Hence, the angular width and length of the shower
image increase with the logarithm of the energy, or, in prac-
tical application, with the logarithm of shower size (image
intensity). These limits or “cuts” in each parameter that
effectively isolate the gamma-ray images cannot be derived
directly from the data for many separate energy domains, as
statistics are quite inadequate, so one must necessarily rely
on simulations to determine these limits. Completely differ-
ent Monte Carlo simulations were used in the two methods:
this assured us of the physics of the relationship between
light production and gamma-ray energy, as there was good
agreement. Agreement of the predicted image dimensions
with main features of the observations could also be
checked directly near the median energy of the data. In fact,
predicted mean image widths in gamma-ray events at ener-
gies near 1 TeV are found to be ~0701 (i.e., 8%) smaller
than those of real images; so there is some minor factor
spreading the light—probably within the telescope—that
has not yet been traced. Method 1 used a Monte Carlo
simulation program developed by Mohanty (1995) from the
KASCADE program of Kertzman & Sembroski (1994).
Method 2 used the MOCCA92 program (Hillas 1995). In
both of these, Cerenkov photons were followed over the
wavelength range 185-685 nm, modeling atmospheric
absorption, followed by detailed ray tracing through the
telescope to locate which photomultiplier, if any, detected
the photon, with realistic efficiency and pulse variance.
Noise was added to the images to mimic the true observed
sky noise, and the simulated images were cleaned and
parameterized in the same manner as real images. The trig-
gering characteristics of the electronics proved difficult to
model exactly, and so the simulated spectra of flashes
cannot be relied on close to threshold. Hence, one obtains
the expected mean values and distributions of image param-
eters as a function of energy, and alternatively as a function
of event size. (Although a particular assumed spectrum of
energies is used for the latter determination, the result is
very weakly dependent on the spectrum slope in the range
of present interest.)

In the case of method 1, suitable limits or cuts in the
values of distance, width, length, and o were determined for
selecting gamma-ray events with ~90% efficiency. These
limits were referred to as “extended Supercuts,” and for
showers detected at around 20° from the zenith, corre-
sponding to the median of the Crab observations, the selec-
tion criteria thus derived were found to vary with event size
as follows: 0.60 < distance < 1.0; | width + 0.022 — 0.023 In
(size)| < 0.048; |length — 0.114 — 0.020 In (size)| < 0.068;
o + 0.558 In (size) < 22.66 (distance, length, width, and « in
degrees; size in electronic ADC units, effectively units of
1.15 photoelectron).

Method 2 used what was intended to be a slightly more
efficient (ellipsoidal) shape of selection window in parameter
space: one whose boundary could also be defined conve-
niently by a simple mathematical prescription. Each record-
ed image is regarded as a point in four-dimensional
parameter space (distance, width, length, «). Gamma-ray
images cluster in a small region of this space, whereas back-
ground cosmic-ray images are widely spread (as illustrated,
for instance, in Fig. 4 of Mohanty et al. 1998 or in Hillas &
West 1991), so an event was accepted if the point lay within
a suitably chosen sphere drawn around a center defined by
the mean value of each parameter obtained from simula-
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tions. As there are more than three dimensions in this
parameter space, this selection method has usually been
referred to as the “hypersphere ” selection method (Hillas &
West 1991; West 1994), but we prefer the term “ellipsoidal
window.” The principle is that the distribution in parameter
space, and hence the acceptance window, can be made
approximately spherical by appropriate scaling and com-
bination of the parameters, but this process is encapsulated
by taking the Mahalonobis distance r of any point in
parameter space from the cluster centroid, as follows. If p,,
P2, P3, P4 are the values of the four parameters (distance,
width, length, o) and simulations predict mean values of
{py),etc., then

d* = Z lMij(pi - <pi>)(pj - <Pj>) . (1)

i=1 j=

The matrix M;;, which represents the metric in parameter
space, is the inverse of the covariance matrix C;;, where
C;j = 0;; = {p;p;> — {p:;><p;>- This matrix has to be calcu-
lated from a large sample of simulated images. Different
centers and matrices were computed for each third of a
decade of flash intensity, to allow for the gradual change in
image shape with energy. Accepting images with distance
d < d,,,, one has numbers n,, in the on-source run and n
in the off-source run of equal duration. The on-source
excess (n,, — N.e) obtained with window radii in the range
d?,. = 6-10 was thus confirmed to be picking up 80%-90%
of the limiting number of gamma rays that would be
obtained in a large window. Also, checking that, as the
window size d,,, was reduced, the gamma-ray signal
decreased in a manner close to that predicted by the simula-
tions, checked that the simulations had put the selection
window in the correct place in parameter space. In one
older, less accurate simulation, for instance, it was seen that
as the window radius was made small, the numbers of selec-
ted events disappeared very rapidly, as the predicted posi-
tion of the center of the “ gamma-ray cluster ” was incorrect.
Before any images were accepted for window selection, an
initial hard cut in distance was imposed, as in method 1, but
in method 2 the wider range of 0.5 < distance < 1.1 could
be accepted, as the method of handling the size-energy
relationship in the latter was more tolerant of the nonlin-
earities in this relationship that set in at distances greater
than 1°0.

2.2. Derivation of Energies and Flux

Method 1 assigned an estimated energy to each event,
using a formula for In (energy) of second order in In (size)
and distance, derived from the Monte Carlo simulations to
give the best estimate of the primary energy, provided that
distance lies within the range 0°6—1°0. Because the size of an
event varies highly nonlinearly with distance near 1°0
(because of losses at the edge of the camera and also because
impact points may then be beyond 125 m), the terms in this
polynomial approximation would be very different for a
different range of the fitted parameters, and it is not useful
to quote the actual formula here. The simulations indicated
that the rms error A in In E obtained thus for individual
images is 0.36. This energy conversion is of course at the
heart of the spectrum determination, and the considerable
scatter in the true energy of events with the same size and
distance can introduce bias into the spectrum because the
same size of event can be produced by upward fluctuations
of lower energy showers or by downward fluctuations of
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higher energy showers, and the steeply falling spectrum
makes the former much more numerous. If this effect were
not allowed for in calculating the effective collecting area,
the flux would, in fact, be overestimated by a factor exp
3[A(y — 1)]*> = 1.16 in the present case, where y (x2.5) is
the exponent of the differential energy spectrum.

The effective collection area is found by throwing simu-
lated gamma-ray showers uniformly over an area extending
to 250 m from the telescope'® and applying all the same
“cleaning” methods, selection criteria, and processing
methods to the simulated images that were applied to the
real images (but assuming that the triggering electronics
switched on precisely when two of the inner 91 photomulti-
pliers registered more than 50 ADC units). At each energy,
the effective area is then 4 = n(250 m)? x (the fraction of
simulated showers that are accepted in a specific energy
range). (In fact, this “fraction ” can rise above 1.0 because of
the upward energy fluctuations that arise in the analysis, as
discussed above.) The collecting area thus obtained for the
1988-1989 season remains near 5.8 x 10* m? from 5 TeV
down to 1 TeV, below which it falls off, dropping to 10% of
this plateau at 320 GeV. The “spectrum threshold energy,”
at which the gamma-ray detection rate per TeV peaks (for a
source with an output dN/dE oc E"%%) is ~500 GeV.
Without a software cut on size and on second largest photo-
multiplier tube signal, the response would have extended to
lower energies.

For simulating the signal sizes in ADC units, the reflec-
tivity of the mirror and the photoconversion efficiency of
the photomultipliers, as a function of wavelength, were
taken from figures supplied by the manufacturers, although
a uniform degradation in reflectivity to 85% of the original
level was estimated to have occurred, judging from the rate
of loss of reflectivity during a year. Laboratory measure-
ments (Kwok 1989), made on representative photomulti-
pliers with appropriate voltage settings, were used to supply
the conversion that one photoelectron produced an average
pulse height of 1/1.15 ADC units (with all appropriate
amplifiers and cable losses in operation).

Using method 1, the best power-law fit to the resulting
spectrum for 0.5 < E < 5 TeV in 1988-1989 was

J(E) = (341 +0.25) x 1077
% (E/l Tev)72.38i0.10 m72 Sfl TCV71 , (2)

where only the statistical uncertainty is quoted. Points are
plotted in Figure 1, with 1 ¢ statistical errors. The symbol
J(E) will denote the photon flux per unit interval of time,
energy, and area.

A similar analysis of 1995-1996 data, with the cuts some-
what modified to allow for the slightly different character-
istics of a modified photomultiplier array, having
light-collecting cones to improve the efficiency, gave

J(E) = (3.12 + 0.40) x 10”7
x (E/1 TeV) 2572012 ;=2 g1 TeV~1 | (3)

Turning now to method 2, the events were separated into
different bands of size, and the ellipsoidal-window selection
criteria were applied for each size band, resulting in the

16 This target area and the derived collecting area are defined in a plane
passing through the mirror rim and normal to the direction in which the
telescope is aimed.
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number of gamma-ray images seen in each band of size
(intensity) during 20.76 hr of on-source observation. Rather
than using an effective collecting area to make the step to
photon flux, a library of simulated images was then con-
sulted to find what numbers of gamma rays within different
energy bands should be used in the simulation so as to
result in this size spectrum being obtained when these trig-
gering and selection criteria were employed. The result (for
the season 1988-1989) could be written as

J(E) = (330 + 0.25) x 10”7
x (E/1 TeV) 2602013 ;=2 g1 Tev~1 | (4)

The approach used in method 2 to model the threshold
response of the voltage discriminators that triggered the
recording system was less successful than that used in
method 1, so the spectrum was not reliable below 0.8 TeV
using this method. Hence, because of the smaller energy
range fitted here, the exponent is not determined quite as
accurately as in method 1. From the points plotted in
Figure 1, it will be seen that the difference in exponents
obtained by the two methods is not significant.

The spectrum of flash intensities seen off source due to
cosmic-ray protons and nuclei was also predicted from the
known fluxes of cosmic rays (represented by formulae fitted
by A. M. Hillas to well-known data and given in Kaye &
Laby 1995; see the Appendix of Mohanty et al. 1998, which
corrects one error in the Kaye & Laby tabulation), and the
comparison of this with observed off-source image spectra
taken at the time was used to make a final adjustment of the
assumed “gain” of the detector. Agreement could be
obtained by replacing the average signal of 0.87 ADC units
photoelectron ! from Kwok’s measurements by 0.75 (the
figure adopted for the spectrum determination above),
though this modest 13% adjustment to the a priori gain
could reflect small errors in the assumed atmospheric trans-
mission or mirror reflectivity, rather than a change in elec-
tronic gain. It serves as an overall test on the multiplicative
effect of all these factors.

2.3. Comments

The direct simulation of size spectrum in Method 2 is an
important check of the results obtained by assigning ener-
gies to all the events, because sharp nonlinearities in the
energy-size relationship occur for showers at the outer
boundary of the acceptance area and also when saturation
occurs in the brightest pixels (at 3—4 TeV). It may be diffi-
cult to represent these effects by analytical formulae for
energy, but they are fully taken into account in the direct
simulations and hence in the simulated size spectrum. The
alternative method of calibration, using cosmic-ray
showers, is thought to provide reassurance that there is no
important light loss mechanism related to variable contami-
nants of the atmosphere. Such sporadic effects were not
expected, because the rate of observing background
showers is remarkably stable on nights that appear clear to
visual inspection.

We note here that the first attempt to derive spectra using
extended Supercuts was reported by Lewis et al. (1993), but
this resulted in a lower and more steeply falling flux from
the Crab Nebula. We find that the main reasons for the
differences on that occasion were the use of incorrect sensi-
tive areas for the photomultipliers, the use of simulations
for vertical rather than inclined showers, and the lesser
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Fi1G. 1.—Spectrum from the two methods. Solid line: Simple power-law fit; dotted line: quadratic fit in log E. Dashed line: Our previous result (Vacanti et

al. 1991).

robustness of the earlier analysis method to the use, then, of
images of distance beyond 1°. These factors have now been
corrected.

2.4. The Spectra Obtained

The three sets of results are plotted together in Figure 1
to show the degree of consistency, the error bars indicating
1 o ranges, excluding systematic errors.

The three independent analyses could be represented by
equations (2)—(4). Fitting a power-law spectrum to all the
points shown in Figure 1 gives the following flux:

J=(32040.17 + 0.6) x 1077
% (E/l Tev)—2.4910.06i0.04 m—2 s—l Tev—l . (5)

The quoted uncertainties reflect, first, statistical errors and
second, systematic uncertainties estimated in Mohanty et al.
(1998). In equation (5) the statistical uncertainties have been
determined from the behavior of y2. With 1 TeV used as the
reference energy in the formula, the correlation between
uncertainties in the intensity constant and the exponent is
small.

If the spectrum (eq. [5]) is extended to much higher ener-
gies, the corresponding integral flux above 1 TeV is

I(>1TeV)=(21+02+03)x 10" m 2s"1. (6)

However, if the spectrum (5) is extended back to the GeV
energy range, it comes more than an order of magnitude
above the flux obtained from the EGRET experiment (de
Jager et al. 1996),17 so the spectrum must clearly be curved
on a plot of log J versus log E, and the magnitude of the
spectral exponent must be increasing as energy increases. As
an aid to linking our data to fluxes obtained in other experi-
ments, we have therefore also fitted a parabolic curve in log
J versus log E, using the single additional constraint that
the spectrum will join on to the high-energy points of the
EGRET experiment by yielding an intensity 0.10 m 2 s~ !
TeV~! at 2 GeV—a single representative point, so as to
constrain only the intensity and not the slope here. A fit to
our data points minimizing y* and using the EGRET con-
straint to determine the curvature parameter is obtained

17 Preferred to Nolan et al. (1993), as that run included data contami-
nated by a solar flare.
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with —
10g10 J = _6.488 - 2.44 10g10 E - 0.151 (loglo E)2 (7)

(Jinm~2s~ 1 TeV~1, E in TeV)—shown as a dotted line in
Figure 1. This may alternatively be written as

J = (325 + 0.14)
X 10—7E—2.44i0.06—0.15110g10E m—Z S—l Tev—l . (8)

The quadratic form is also quite close to the shape
expected theoretically at higher energies, as discussed in § 3.
The systematic uncertainty in flux at 1 TeV will again be
about 21%. The uncertainty in the exponent 2.44 is only
weakly correlated with the uncertainty in the amplitude,
3.25. The curvature parameter should always be chosen, for
given values of the other parameters, to yield the 2 GeV flux
correctly. The integral of equation (8) is given in Appendix
A, and it would yield an integral flux above 1.0 TeV of
214 x 107" m~2s™ 1.

In order to compare our results to those of most other
workers, we have to convert to integral fluxes, and the result
is affected by the choice of either equation (5) or (8) to
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estimate the total flux above the highest energy in our mea-
surements.

For each of our methods, the integral flux above the
highest data point is obtained by integrating equation (8),
and then the integral increment to each successive point at
lower energy is obtained by using simple power-law inter-
polations to join successive data points. Figure 2 shows the
results as filled points. If, instead, equation (5) is used to
estimate the integral flux above the highest energy observed,
all points are raised (open symbols). Dotted lines show the
integrals of equations (5) and (8), though the simple power
law is not shown below 1.5 TeV. Intensities reported recent-
ly by several other workers are also shown, together with
several upper limits quoted at higher energies (mostly
quoted at the Rome International Cosmic-Ray Conference
in 1995). The upper limits found by the CASA-MIA array
above 100 TeV (Borione et al. 1997) are seen to be inconsis-
tent with the straight power-law extrapolation, but no data
contradict the preferred quadratic form. Our flux matches
well other measurements above 7 TeV—for instance, the
most recent results from the CANGAROO telescope
(Tanimori et al. 1998)—but appears slightly higher than
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other reported fluxes near 1-2 TeV, from the THEMISTO-
CLE and Crimean installations (THEMISTOCLE collabo-
ration 1995; Stepanian 1995). The HEGRA CT2 flux at 1
TeV (Petry et al. 1996) is consistent with our value, being
slightly higher than earlier estimates (Konopelko et al.
1996). We have not made a quadratic fit incorporating
other TeV data, as this would require a close examination
of their discrepancies; however, we note that fitting also to
the CANGAROO points, that seem well normalized to ours
and that suggest the flux may be a little higher than our fit
above 10 TeV (though well below the power-law
extrapolation) would have made a negligible difference to
the derived parameters. The less simple curve of theory (see
Fig. 6) may, however, be a better fit.

3. IMPLICATIONS OF THE RESULTS

The radiation from the Crab Nebula is dominated by
synchrotron emission from radio frequencies right through
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to 10® eV gamma rays, near where the synchrotron flux
ends sharply (Fig. 4). To produce this radiation, there must
be relativistic electrons or positrons in the nebula with ener-
gies extending to somewhat above 10'5 eV, and these are
capable of producing GeV-TeV photons by inverse
Compton scattering of the ambient photons in the nebula,
which are primarily the synchrotron photons, but also
infrared emission from dust, together with the 2.7 K pri-
meval radiation. To produce gamma rays above 200 GeV,
where the scattering occurs in the Klein-Nishina rather
than in the Thomson scattering regime, it turns out that the
electrons must have energies E ~ E, x 5E, {:* (i.e., about
2-30 TeV for our observations), and the relevant target
photons would mostly have energies 5 x 1073-0.3 eV, these
figures coming from calculations described below, although
they are not very model dependent. The first discussions of
this process were given by Gould (1965) and Rieke &
Weekes (1969), and then with the assumption that the mag-

(@N
I
5

y (arc min)

e NW

x (arc min)

F1G. 3—Regions of emission in the Crab Nebula (y is the declination axis). A small region around the pulsar (star) contains the relativistic wind,
terminating sharply at a shock where a power-law spectrum of particles is supposedly generated. Outer dashed line: Approximate outer boundary of radio
emission. Three solid-line contours inside this, enclosing successively smaller regions, show (a) the contour of 20 cm radio emission at 35% of the central
intensity, (b) the contour of 40% of peak intensity of X-ray emission, and (c) 70% of peak X-ray emission. The X-ray emission region has been interpreted as a
distorted torus, sketched roughly (from Fig. 4c of Hester et al. 1995) by dashed lines on the northwest side of the pulsar and by dotted lines to the southwest,
where the emission is clearly fainter. The optical continuum is extended somewhat like the radio contour (a), but a local brightening occurs roughly where the
X-rays are brightest. The TeV emission is expected to follow X-ray emission fairly closely, though the inner edge of the torus will be brighter. Thick dashed
lines : Positions of the more prominent filaments of thermal gas. The dust may be concentrated in the same region, but this is not known. (Scale: At a distance

of 2 kpc, 1’ represents 0.58 pc.)
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the termination shock (though the energy range, 0.5 in In E, is chosen arbitrarily).

netic field strength falls with distance from the center, by
Grindlay & Hoffman (1971) and Stepanian (1980, 1990),
whilst excellent recent discussions have been published by
de Jager & Harding (1992), followed by Aharonian &
Atoyan (1995), Atoyan & Aharonian (1996), and de Jager et
al. (1996). Despite a considerable spread of predicted inten-
sities in the earlier papers, these works have shown that
such a scattering process gives a very reasonable description
of the intensity and spectral shape in the TeV region,
though perhaps predicting too low a GeV flux.

Before comparing our observations to the specific predic-
tions of these recent models, it seems most appropriate in
this paper to stay as close as possible to the observational
results and the simplest inferences that may be drawn from
these. Hence we shall present the whole observed spectrum
of the Crab Nebula up to 10® eV and then deduce as
directly as possible the energy spectrum of the relativistic
electrons that would result in this synchrotron spectrum, if
a specific strength of magnetic field is assumed in the impor-

tant region of the nebula. Thus having the energy spectrum
of the relativistic electrons, which scatter the infrared
photons, the flux of the resulting TeV photons can be pre-
dicted. This is essentially the approach followed by most of
the early discussions, such as by Rieke & Weekes, but we
now have the benefit of more complete measurements of the
synchrotron spectrum of the Crab Nebula, and modern
computers make it simple to represent the radiation and
scattering cross sections exactly. The greatest uncertainty
arises in turning the known power of the source in the
infrared domain into a photon density, in order to calculate
the scattering rate, as this transformation involves the
spatial distribution of the emission within the nebula, which
is not known in detail, in particular for the dust component.

Underlying the recent theoretical studies quoted above is
the following interpretation of the structure of the nebula,
which is depicted in Figure 3. The magnetic energy emerg-
ing from the spinning pulsar is almost entirely converted to
ordered outward motion of monoenergetic relativistic
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charged particles (mainly electrons and positrons with
Lorentz factor 10°-107), concentrated toward the pulsar’s
equatorial plane, so that when this ordered motion ends at
a termination shock, about 0.1 pc (0'2) from the pulsar, the
field strength may be as low as ~4 nT and entirely trans-
verse. (See, for instance, Rees & Gunn 1974; Coroniti &
Kennel 1985; for different models see Kundt and Krotschek
1980; Michel 1985.) From this ordered flow there would be
almost no synchrotron radiation. At the shock the electron
momenta are randomized and converted to a power-law
spectrum (though the mechanism may be an unusual one;
Arons 1995 and references therein) and the magnetic field
enhanced. From here the outflow speed drops smoothly,
with the magnetic field hence being further compressed and
enhanced. Kennel & Coroniti (1984a, 1984b) have modeled
a simple hydrodynamic motion of the plasma of the nebula
that carries and compresses the magnetic field from the
pulsar wind. According to them the magnetic field strength
should first increase linearly with distance, but should then
change little beyond ~0:6—1'2 from the pulsar. The most
energetic electrons would radiate away their energy very
quickly, even in the lower field region close to the shock,
whereas the electrons below TeV energies could convect
and diffuse well into the constant-field main region of the
nebula. Unlike the simpler approach adopted here, the
papers by de Jager & Harding (1992) and by Atoyan &
Aharonian attempt to allow explicitly for such a pattern of
spatial variation of magnetic field and energy loss by elec-
trons, in order to deduce the electron spectra at various
regions of the nebula, and from that to calculate the inverse
Compton emission, although a comprehensive model is
hampered by assumptions of spherical symmetry and by
lack of agreement about the mode of generation of the main
bulk of sub-TeV electrons.

For magnetic field strengths of ~16 nT, which are
required, the electrons of several TeV generate synchrotron
radiation of around 0.4 keV, and so one can see where in the
nebula the TeV gamma rays originate—from the Einstein
Observatory X-ray pictures of Harnden & Seward (1984)
and later ROSAT pictures (see Hester et al. 1995). Figure 3
shows the regions of the Crab Nebula from which the main
emission is observed in 0.3—4 keV X-rays (mapping ~ 6 TeV
electrons), 20 cm radio waves, (Wilson, Samarasinha, &
Hogg 1985; mapping 1 GeV electrons), and the optical fila-
ments, the most likely but not certain tracer of the dust.
Thus the electrons of interest to us are found in a well-
defined region, asymmetrically placed within the nebula,
centered at a projected distance about 0:4 from the pulsar.
Our observations relate principally to the magnetic field
and photon density in this part of the nebula. The photons
that are being upscattered are mainly far-infrared, and
include synchrotron photons—which almost certainly have
a distribution similar to that of the radio photons—and
also emission from dust, which seems to be associated with
the optical filaments, but could possibly be found further
out. The appearance of the Crab Nebula shown in Figure 3
illustrates the general view that the synchrotron radiation
issues from two populations of electrons: first, a widely
extended population of energies up to ~100 GeV, gener-
ated over the whole lifetime of the nebula, responsible for
the radio to infrared photons; second, electrons from
~10'2 eV upward, concentrated in a torus sketched by
dashed lines in Figure 3, having been accelerated in the
shock terminating the pulsar wind that emerges mainly near
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the equatorial zone of the pulsar (Aschenbach & Brink-
mann 1975; Hester et al. 1995). The alignment of the
extended population of electrons suggests that these may
issue from the axial regions of the pulsar. Hubble Space
Telescope pictures (Hester et al. 1995) show features sug-
gesting ejection of particles near the pulsar axis.

We come now to the observed wideband spectrum of the
Crab Nebula, shown in Figure 4, where it is represented by
power-law segments in successive domains of photon
energy, with a rapid fall above 100 MeV. The soft X-ray
region of the spectrum is somewhat uncertain, because the
well-defined E~2-!8 number spectrum of the harder nebular
X-rays (Bartlett et al. 1994) does not join neatly to the
optical spectrum (corrected for considerable interstellar
extinction), and a plausible band of uncertainty is shown in
Figure 4 for the synchrotron spectrum in this heavily
obscured region. Indeed, the multipart spectrum in this
region seems to require the presence of more than one
population of radiating electrons, such as the extended
population of electrons responsible for photons below
about 1 eV and the more recently accelerated electrons in
the torus described above. (Aharonian & Atoyan have
worked with such a two-component spectral model.) The
figures used to represent the synchrotron spectrum are
given in Appendix B. The spectrum above 0.5 MeV may
exhibit a dip that is not included in this description (see de
Jager et al. 1996), but this has no bearing on the generation
of scattered gamma rays below 10 TeV.

Assuming some specific magnetic field strength in the
region of emission, and a distance of 2 kpc to the nebula
(though not precisely known; Trimble 1968), the number
spectrum of electrons in the nebula can be deduced
(Appendix B), as shown also in Figure 4, where the three
curves refer to spectra for assumed field strengths of 10, 20,
and 40 nT. The spectrum of emitted inverse Compton—
scattered photons can be deduced from the electron spec-
trum once one has converted the detected photon spectrum
of Figure 4 into a spectrum of photon densities. If these
target photons are produced with a volume emissivity
varying as e~ /%2 at a distance r from the center, and with
a total photon production rate of S, the photon density at
the center is S/4nco?. If the electrons have a density that
also falls off as a Gaussian, with a scale length p, ie.,
as e /P12 the average density of photons seen by the
electrons that are interacting with them is reduced to
S/4nc(c? + p?). Thus the flux of inverse Compton photons
is very sensitive to ¢ and is generally less sensitive to the
smaller p.

As notably different figures are quoted in the literature
for the size of the photon source at different frequencies, the
figures used here were measured from the maps of the Crab
Nebula shown by Wilson (1972). The 5 GHz intensities were
plotted out along the major and minor axes of the Nebula,
running through the pulsar’s position, and also along lines
bisecting these directions. Averaging over these eight direc-
tions away from the pulsar, the brightness at a projected
angular distance 6 was found to be well described by a
Gaussian curve e /0?2 with y = 1/35, although this
average disguises the fact that the major axis is perhaps
60% longer than the minor axis. No change in scale has
been detected to at least 250 GHz, and it seems natural to
suppose that the size y of the source remains constant up to
a frequency near 10'® Hz, as the spectrum steepens at this
point, indicating that losses over the lifetime of the nebula
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are unimportant at lower frequencies than this. Wilson also
displays the optical map of Woltjer (1957) in a similar
format, and this was measured in a similar way, but about
an offset center 0.3 from the pulsar in a northwest direction,
where there is a narrow intensity ridge containing 0.9% of
the emission (coinciding approximately with the bright part
of the torus), superposed on the broader distribution, which
is again close to a Gaussian, with y = 0:88. In the case of
such a Gaussian pattern with emissivity varying with three-
dimensional spatial distance r as e” /%2, the projected
brightness also varies as e~ "»/?*2 where r,, is the two-
dimensional projected radial distance, so ¢ can be derived
directly from the brightness maps: ¢ = D tan y, where D is
the distance to the Crab Nebula (assumed to be 2 kpc, but
canceling from the final predicted gamma-ray flux). Mea-
suring the Harnden & Seward (1984) X-ray contour map in
the same way, again from the same displaced center, gave
¥ = 066. In order to interpolate source sizes at other
photon energies ¢, it was assumed that arctan (o/D) = 135
for € <0.02 eV and arctan (¢/D) = 0.16 + 1.19(¢/0.02
€V)~ %% arcmin for all higher photon energies. This form is
guided crudely by expectations from a convection-diffusion
model (Aschenbach & Brinkmann 1975; de Jager &
Harding 1992), and it gives sizes very similar to those
assumed by de Jager & Harding for 10~ 2 to 103 eV, though
below 1072 €V their size is larger (implying lower photon
densities).

As a constant magnetic field is assumed, the scale dis-
tance p for the electrons was taken equal to the scale o of
the synchrotron source for the photons of the energy that
would be emitted as synchrotron radiation.'® Hence, arctan
(p/D) is taken as 1:35 for electron energies E below 34 GeV
and as 0.16 + 1.2(E/34GeV) %17 arc min above 34 GeV.
This scale size for electrons only plays a significant role at
the lowest energies (having the effect of reducing the rate of
generation of GeV scattered photons), the more uncertain
scale size of the electrons of several TeV being much less
than that of the photons they scatter and so not contrib-
uting much to the sum (62 + p?). In the case of the infrared
photons emitted by dust, the scale size is not directly
known. Assuming it to be related to the thermal filaments,
arctan (o/D) was estimated roughly as 1'3. On this basis,
scattering of the thermal photons from dust was responsible
for ~25% of the TeV flux. Although it is possible that the
dust formed farther out, with the result that the thermal
photon density would be reduced, this is less likely, as there
seems to be remarkably little evidence of supernova ejecta
at greater distances. In any case, it has to be admitted that
spherical symmetry is a poor approximation both for the
low-energy photon source and for the X-ray source, and a
more accurate description of the form of the particle and
photon distributions is probably not justified in this dis-
cussion. The offset center for the Gaussian distributions
corresponds to the peak brightness of a very asymmetrical
torus. It is possible that the torus could be described more
explicitly in the expressions for photon and electron den-
sities, provided that the large azimuthal brightness asym-
metry arose from beaming of radiation from a high-speed
outward flow—a Compton-Getting effect—although the

18 To estimate the energy of emitted synchrotron photons correspond-
ing to a particular electron energy, the magnetic field was taken as 32 nT
for the radio-frequency synchrotron component, scaling down through 15
nT at X-ray energies, though the results depend very weakly on this.
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outflow speed here would have to be larger than that antici-
pated in a Kennel-Coroniti model.

Figure 5 shows the inverse Compton spectra that are
hence derived from a simulation of the exact Klein-Nishina
differential scattering cross sections and the electron and
photon spectra presented above, assuming that the electron
and ambient photon momenta are isotropic overall, the
method being outlined in Appendix B. The results are
shown for three assumed field strengths of 10, 16, and 40 nT
(100-400 uG), and in each case the stippled area represents
the uncertainty arising from the ill-defined UV-to—soft
X-ray region of the observed synchrotron spectrum. For
this purpose it is assumed that if there is any spatial varia-
tion in the magnetic field strength, it does not materially
affect the spectral shape. Our data are shown, as in Figure 1,
as well as data from EGRET (de Jager et al. 1996) and
CANGAROO (Tanimori et al. 1998). Note that the three
EGRET points of lowest energy lie in the tail of the syn-
chrotron spectrum. Unfortunately, many other TeV ob-
servers have quoted integral fluxes. The observed flux of
(324 0.7) x 1077 TeV 'm~2s~ ! at 1 TeV corresponds to
a magnetic field strength of 15+ 1 nT in the region
occupied by the TeV electrons, at an apparent distance of
~0.4 pc from the pulsar, in the torus, if one takes the lower
bound of the assumed synchrotron flux in the heavily
obscured region. Alternatively, with the upper bound of the
synchrotron flux and a field of 17 + 1 nT fits this flux. This
is the principal deduction from our observations. The GeV
photon flux observed by EGRET is subject to large errors,
and it could be consistent with magnetic field strengths
13-20 nT in the region occupied by 200-300 GeV electrons.
Although the deduced number of relativistic electrons in the
nebula scales in proportion to the square of its assumed
distance, the assumed photon density in the source is inde-
pendent of distance, and so the predicted gamma-ray flux in
Figure 5 is independent of this distance.

Above 10 TeV, the CANGAROO points would be
explained better by a somewhat lower magnetic field
strength, perhaps around 10-12 nT, near 40 TeV. This will
be taken up below, in connection with hydrodynamic
models.

It is of great interest to compare the deduced magnetic
field strength at 0.4 pc from the pulsar to that further out,
affecting the extended population of electrons. The latter is
not so well measured, however. First, it can be estimated, as
by Marsden et al. (1984), from the position of a clean break
in the infrared spectrum, which they placed at 10'® Hz.
Attributing this spectral steepening to radiation losses
during the ~ 940 yr life of the Crab Nebula, application of
Kardashev’s (1962) formula v, & 340B~%,,> MHz (with
B in gauss, t being the age of the nebula) gives B = 34 nT
(although Marsden et al. quoted 30 nT). However, this
formula was given by Kardashev as a “rough estimate,”
and both an approximate analytical treatment and a more
accurate numerical integration show that where the spec-
trum is as hard as in this object, the break point is some-
what displaced to higher frequency. As discussed briefly in
Appendix C, a value B ~ 60 nT is suggested. Because we do
not know the detailed history of the nebula, this cannot be
precise, although it is not easy to reproduce a clean break
with a change of 0.5 in the exponent with a much smaller
field. Second, it has been widely assumed that in the main
part of the nebula the energy of the plasma material has
become small, and the magnetic energy is equal to the
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energy in relativistic particles. To explain the radio lumi-
nosity, assuming such an equipartition, Wilson et al. (1985)
estimated the field in the main part of the nebula as 41 nT,
but they assumed that there was an appreciable energy
carried by relativistic protons as well as electrons. The
proton numbers may be small in the Crab Nebula, though,
which would reduce the estimate of B to ~33 nT.
(Bequipartition 0 M- for a given radio power, where M is the
ratio of magnetic energy to energy in relativistic electrons,
for a source with the radio spectral exponent as in the Crab
Nebula.) Figures of 50 nT have also been quoted previously.
In general, one might estimate equipartition field strengths
ranging from 33 nT if there were very few relativistic
protons present to 60 nT if the protons carried 10 times as
much energy as the electrons (though the latter would be
expected to give unacceptable acceleration to the
expansion). Such field strengths are much larger than the
strengths deduced in the X-ray—emitting region, and hence
the assumption of equipartition between magnetic field
energy and energy of relativistic particles may be question-
able. Thus, the field in the main volume of the nebula is
quite uncertain.

If the magnetic field in the nebula from the torus outward
were roughly constant at 15-20 nT, and thus below the
equipartition strength, all the data from 1 GeV to 8 TeV
could be accounted for by inverse Compton scattering.
Other contributions to the energetic gamma-ray flux should
be small: the flux of sub-TeV photons due to electrons in
the relativistic pulsar wind (typically ~1 TeV) that scatter
infrared photons is generally less than 1% of the observed
intensity. Bremsstrahlung by the electrons has been
ignored: Aharonian & Atoyan (1995) show that it should
add a few percent to the fluxes in the GeV domain.

This discussion concerns what can be deduced about the
Crab Nebula, from gamma-ray observations, without a spe-
cific model of hydrodynamic flow, and so it is complemen-
tary to the treatments of Atoyan & Aharonian (1996) and de
Jager & Harding (1992), whose predictions are shown in
Figure 6 for comparison with Figure 5. The curves marked
“A.A” are from Atoyan & Aharonian, for three values of
the mean magnetic field for the nebula. This mean is also
the field strength at ~0.4 pc from the center, and hence
directly comparable with the field values quoted in Figure 5.
The curves marked “deJ-H ™ are from de Jager et al. (1996),
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and ¢ denotes the ratio of magnetic energy to total (mainly
kinetic) energy in the pulsar wind. The data points and fit
are the same as in Figure 5. These curves are not greatly
different in shape from our predicted gamma-ray spectra;
the calculations of Atoyan & Aharonian taken in conjunc-
tion with our data also indicate a magnetic field strength
around 16 nT in the region where TeV gamma rays are
produced. The more elaborate model in fact gives predic-
tions surprisingly close to those obtained assuming a con-
stant magnetic field, except that our predicted flux falls
more steeply at the highest energies. Above 10 TeV, the data
favor these hydrodynamical models (e.g., “A.A” ~ 16 nT).
This difference is to be expected, as the most energetic elec-
trons must never move far from the shock before radiating
away their energy: hence, they reside in a low-field region,
and the electron numbers here would be higher than
deduced when a constant 16 nT field is assumed (see Fig. 4).
De Jager et al. (1996) deduced a field strength of ~30 nT for
the region of the torus, in contrast to a much lower field
elsewhere. With our new observed spectrum, this would be
reduced to about 24 nT, still ~50% above our figure. These
authors state that the GeV inverse Compton flux is related
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to electrons in the large-scale radio nebula, but the present
calculations indicate that electrons of ~200 GeV are
involved, and that one could not use inverse Compton scat-
tering to probe the outer nebula, as the resulting photons
would be of energies well below 1 GeV and would be
obscured by the synchrotron flux.

Aharonian & Atoyan have commented at length on an
apparent deficit of GeV photons in their inverse Compton
calculations, and they have suggested that another source is
required, possibly bremsstrahlung from dense regions of
gas. However, the EGRET flux measurements have large
uncertainties. We see from Figure 5 that this problem may
not arise if the magnetic field strength does not rise at dis-
tances just beyond the region of soft X-ray synchrotron
emission. However, it should be borne in mind that the
spatial structure of the Crab Nebula is much more asym-
metrical than assumed in all the calculations, and this will
be reflected to some extent in local densities of photons,
which determine scattering rates. Small-scale structure has
also been ignored. The Hubble Space Telescope’s high-
resolution pictures of the Crab Nebula (Hester et al. 1995)
suggest the synchrotron emission has a fibrous rather than
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a smooth structure. However, even if the electron density is
enhanced in corresponding platelike or thick ropelike stru-
cures, the rate of production of TeV gamma rays would not
be much changed.

Kwok, Cheng, & Lau (1991) have suggested an alterna-
tive origin for TeV gamma rays, proposing that unpulsed
electron or positron beams streaming from an outer
vacuum gap above the pulsar pole will generate photons of
~10 TeV, and that these can generate a cascade of second-
ary photons through the TeV to GeV domain, roughly
matching the observed spectrum near 1 TeV. Within the
uncertainties of the parameters, the spectrum might be quite
similar to that discussed above, and so one could not rule
out the possibility that we see a mixture of these two
gamma-ray populations, provided that the magnetic field in
the nebula is much stronger than 20 nT, so as to leave room
for a component unexplained by the present inverse
Compton process. However, if the pulsar component is sig-
nificant, the spectrum will not continue smoothly above
~10 TeV, but will have a peak followed by a sharp drop.
The CANGAROO data (Tanimori et al. 1998) do not
appear to support this (see Fig. 6).

4. CONCLUSIONS

Fluxes previously quoted for the gamma radiation from
the Crab Nebula have covered a range far outside the
quoted uncertainties. We have thus found it necessary to
check all parts of the process of selecting gammalike events,
converting detector signals to photon energy, and deriving
effective collecting areas. Using approaches that differ at
several points and some quite different data sets, we get
agreement on the fluxes to within 10%. The differential
spectrum of gamma rays in the TeV region may be rep-
resented by the equation (5), to which we add the systematic
uncertainties:

J=(3204+0.17 + 0.6) x 1077
X (E/l Tev)—2.49i0.0610.04 m—2 s—l Tev—l . (9)

However, this form is clearly inadequate over much more
than a decade of energy, as its downward extension would
pass far above the flux measured in the GeV region by the
EGRET experiment (de Jager et al. 1996). A good fit to our
data that also agrees with the EGRET flux near 2 GeV is
provided by a formula in which log J is quadratic in log E.
This may be written (eq. [8], with added systematic
uncertainties) as follows:

J=(325+014+0.6) x 1077
X E—2.44i0.06i0.04—0.151logloE m—2 S—l Tev—l
(E in TeV) (10)
The integral flux above 1 TeV is
I(>1TeV)=(21+02+03)x 107" m 251
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if the flux is extrapolated by this preferred equation (10),
and it is not significantly different if the power law is used
(eq. [6]). The observed spectrum is close to the predicted
flux of gamma rays due to inverse Compton scattering of
(typically) infrared photons by multi-TeV electrons in the
nebula, if the magnetic field in the region responsible for
X-ray emission (from which we deduce the number of multi-
TeV electrons) is =16 nT. The center of the soft X-ray
emission, which is the region thus probed, is at a projected
distance of 0’4 from the pulsar. Since this is widely inter-
preted as part of a torus inclined to the line of sight, it is
probably equivalent to a distance of 0.4 pc. There are some
indications—from the position of one of several breaks in
the synchrotron spectrum, as discussed in § 3—that the
magnetic field in the main part of the nebula may be appre-
ciably larger than this, but at present the evidence on this
point is very weak, and the evidence of the scattered
gamma-ray flux suggests that the common assumption of
energy equipartition overestimates the magnetic field
strength. If indeed the main magnetic field is not be very
different from 16 nT, inverse Compton scattering would be
a satisfactory explanation also for the EGRET observations
of GeV photons.

Measurement of TeV fluxes thus has the potential to
probe the spatial variation of magnetic field strength in
synchrotron sources, and the spectrum of the Crab Nebula
above 10 TeV already probably shows an appreciably
smaller magnetic field strength, best explained by their
parent electrons only existing closer to the accelerating
shock. It does not appear possible, however, to use the
inverse Compton spectrum to test the poorly known mag-
netic field in the large volume occupied by electrons of tens
of GeV, as the scatterd photons would be submerged in the
high flux of synchrotron photons below 0.2 GeV.

Returning to the measurement techniques, since agree-
ment is obtained using alternative simulations and alterna-
tive calibrations, and using data taken several years apart,
with a telescope that had been subjected to several changes,
we conclude that gamma rays of 0.5-5 TeV can be detected
by present techniques with stable and known efficiency, and
the stable flux of gamma rays from the Crab Nebula can be
used as a calibration source for TeV detectors.
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APPENDIX A

INTEGRATION OF THE ENERGY SPECTRUM

If the differential energy spectrum is written in the form —dI/dE = AE~97°"E a5 in equation (8), the integral number of

photons above energy E is
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I(E) = oy €3 f Tereegy
to

(257
where I’ = g — 1,and t, = (2b)"/?In E + I'(2b)!/%. In the case of E = 1 (integral flux > 1 TeV),
A 2b  12b2
1(1)=F[1—1_—2+ = —]
Inthecase A = 3.25 x 1077, g = 2.44,and b = 0.151/1n 10, one finds I(1) = 2.14 x 10~7.

APPENDIX B
MORE DETAILS OF THE CALCULATIONS IN § 3

The flux of synchrotron radiation from the Crab Nebula has been expressed in the form of power laws in energy covering
limited ranges of energy. Thus, between photon energies €; and €,

VF, = €*d>N/dedtdA = Pe/e,)’Wm > .

Here d3N/de dt dA is the number of photons received per unit time, area, and photon energy. The expression above is thus the
power received per unit area per unit interval of In . Table 1 gives values of €;, P}, and 9, that are proposed here to define the
spectrum. In the table, €; and €; are given in electron volts. The upper and lower halves of the table refer to the upper and
lower limiting forms assumed for the synchrotron spectrum reaching Earth. A further factor 1.0/[1 + (¢/110 MeV)*] is applied
at high energies to give a rapid falloff above 100 MeV.

In order to derive the energy spectrum of electrons in the nebula, this spectrum, dN,/dE, was also expressed as segments of
power-law form, the function being continuous where the slope changed. A first estimate was obtained using a d-function
approximation to the synchrotron radiation process. Then, the synchrotron spectrum that would result was computed by

numerical evaluation of the following expression for the power emitted per Hz in a magnetic field B:

cos =1 s=8

P,(v) = $./3amc? f [J (B/B,) sin 8(dN,/d1In E)F(s)d1n s]d cos 0 , (B1)
cosf=—1 s=0.001

where a is the fine-structure constant, B, = 4.414 x 10° T (4.414 x 10'® G), and F(s) is the well-known synchrotron function,

with s = v/v,,;,. V..;; depends on E and B sin 6, so that in the second integral, dN,/dIn E is evaluated for electron energy E,

which is a function of s:
[2hvmc?*B
— c B2
E 3Bsin s B2

The intensity of each segment of the electron spectrum was adjusted to give the best average prediction for the synchrotron
flux at frequencies radiated by electrons in that segment, and the “join-point energies ” of the segments were changed to match
the intersection points of these adjusted segments. In the end, the rms discrepancy between the computed synchrotron flux
arising from the electron spectra and the observed synchrotron flux was about 4%, excluding a rounding that occurred very
close to some of the artificially sharp bends in the synchrotron spectrum as it is represented here. The change from the original
o-function approximation was about 40%. The input synchrotron spectrum and the deduced electron spectra were shown in
Figure 4, and the electron spectrum deduced for the case B = 16 nT is shown in Table 2. In each segment, the total number of

TABLE 1
SYNCHROTRON SPECTRUM ASSUMED IN CALCULATION

€; P; Integrated Power
HI/LO®* Segment €; eV) (Wm™?) ) (Wm™?)
HI...... 1 1.0 x 108 392 x 1072 7.35 x 10712 0.725 1.01 x 1071t
HI ...... 2 392 x 1072 7.25 334 x 107 0.29 9.0 x 107!
HI...... 3 7.25 1.0 x 10° 6.0 x 10712 —0.18 1.52 x 1071°
HI...... 4 1.0 x 10° 1.0 x 10° 2.39 x 10713® —0.35° 1.65 x 107!
HI ...... 5 1.0 x 10° 1.0 x 102 477 x 10716® —-0.9°
LO...... 1 1.0 x 1078 392 x 1072 7.35 x 10712 0.725 1.01 x 10712
LO...... 2a 392 x 1072 1.0 1.88 x 101! 0.29
LO...... 2b 1.0 1.0 x 10° 1.53 x 107! —0.03
LO...... 3b 1.0 x 10? 1.0 x 10° 6.0 x 10712 —0.18
LO...... 4 1.0 x 10° 1.0 x 10° 239 x 10713° —0.35°
LO...... 5 1.0 x 10° 1.0 x 102 477 x 10716® —0.9°

? Using upper or lower limit of assumed visible-to—X — ray synchrotron spectrum
® Above 70 MeV the rapid falloff term greatly modifies the flux.
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TABLE 2
ELECTRON SPECTRUM DEDUCED FOR THE CASE B = 16 nT

E; E; Integrated Energy

HI/LO* Segment €V) eV) (dN,/dIn E); B @

HI...... 1 1.0 x 10° 1.14 x 10! 6.93 x 1048 —0.55 2.81 x 10**
HI...... 2 1.14 x 10! 9.6 x 10! 3.36 x 10%7 —142 1.78 x 10*!
HI...... 3 9.6 x 10! 1.01 x 10'* 5.69 x 10*2 —2.36 3.8 x 10*°
HI...... 4 1.01 x 104 3.0 x 10*3 5.95 x 1038 —2.70 54 x 1037
LO...... 1 1.0 x 10° 1.20 x 10! 6.73 x 10%8 —0.55 2.89 x 10**
LO...... 2a 1.20 x 10! 3.40 x 10! 1.53 x 10*® —142 1.11 x 10
LO...... 2b 3.40 x 10'? 1.05 x 1013 1.17 x 10*° —2.09 7.5 x 10*°
LO...... 3b 1.05 x 1013 1.02 x 10'* 5.50 x 10*2 —2.36 1.4 x 10%°
LO...... 4 1.02 x 104 3.0 x 103 5.95 x 1038 —2.70 53 x 1037

* Using upper or lower limit of assumed visible-to—X-ray synchrotron spectrum

electrons in the nebula at energy E between E; and E; may be expressed in the dimensionless form dN,/dInE =
(dN,/dIn E)(E/E;)". The spectrum is zero above 3.0 PeV. In this table, the figures assume a distance of 2 kpc for the Crab
Nebula, and electron numbers scale as the square of distance.

The total energy carried by these electrons is 4.97 x 10*! or 4.76 x 10*! J in the upper or lower limits, respectively. This is
less than 75 of the present rotational energy of the Crab pulsar.

One can compare this energy with that stored in the magnetic field if some defining volume is assumed for the magnetic
field. As the extent of the field is very critical in this estimate, it is more realistic for this purpose to assume that the magnetic
field dies away with increasing distance in the same way as does the particle energy. Thus if, as assumed before, the particle
density varies as e~ */??/2 the magnetic energy density will be assumed to vary in the same way, so B = B, e~ "/?*/4 Since one
finds from equation (B1) the result that P, oc B*-*7 in the case where P, oc v~ %27, as in the radio domain, the synchrotron
emission rate will vary with distance as e~ 1-27¢/P?/4~ P2 Equating this to e~ */**/2 as defined in the main text, one finds that
p = 1.28 ¢ = 1.00 pc. The total magnetic energy k | 4nr’B*(r) dr = kB,(pn'/?)?, where k is 10”/8x if B is in tesla (SI units) or
1/8x for cgs-gauss units. Hence, if the magnetic field had the same energy as the relativistic electrons, B, = 50 nT. With this
geometry, the weighted average value of B weighted by the synchrotron emissivity would be 0.67B,, s0 B, ¢;5ec = 34 nT.

The inverse Compton spectrum is derived as follows.

1. Scatterings of photons by electrons are first generated with a constant cross section o, = nr3, r, being the classical
radius of the electron, these occurring at a rate [, . [z, [J@N./d1n E  )dn,0/dE )00 c(1 — cos Y)3 d cos Y dInE
dIn E,,. . This process is simulated by drawing electrons from the specified spectrum dN,/dIn E.,., in practice by (a) selecting
values of In E,,_, randomly from the whole range of In E,.. and giving the sample a weight w = dN,/dIn E . ; (b) then making
an analogous sampling of In E ;,,, with its weight w’ and multiplying w by w'; (c) selecting at random a value of cos , where ¥
is the angle between the momenta of the electron and photon in this global frame of reference. The photon’s energy and
momentum are then transformed to the rest frame of the electron, and an outgoing direction for the scattered photon is
chosen isotropically in this initial rest frame of the electron.

2. The above process simulates isotropic scattering with a constant cross section, and the rate for this has to be corrected. If
the photon had an energy E ;. in the electron’s rest frame and was deflected through an angle 6 in this frame, the rate for
each scattering is then multiplied by the factor 4nc(1 — cos Y)oxn(Epnor,es 0)/00. Here, oxn(Eppore» 0) is the Klein-Nishina
differential cross section per unit solid angle. For each simulated encounter, a Lorentz transformation of the photon’s energy
back to the global frame gives its final energy. Each simulated encounter thus has an attached weight, and accumulating the
weights of all the outgoing photons in suitable energy “ bins ” gives the rate of production of scattered photons in each of these
energy ranges, after normalizing for the total number of samples taken. The results are as shown in Figure 5.

APPENDIX C
BREAK POINT IN SPECTRUM

We first assume that electrons are produced at a constant rate d>N/dE dt = QE . To match the radio spectrum of the Crab
Nebula, y = 1.54. If the production has continued for a time T (~940 yr), and the electrons lose energy by synchrotron
radiation at a rate —dE/dt = (E/E)*(E,/T), then E; marks the energy above which no particles survive from the earliest
production time. In the simplest case of constant production, and no other energy losses, the spectrum of particles present
now is dN/dE = QT E™7 at energies well below E,, and dN/dE = QT[E™?/(y — 1)]E//E at E > E,. These two power-law
spectra intersect at a “join-point energy ” E; = E/(y — 1). Although there is an excess flux just below E;, numerical integra-
tion of the resulting synchrotron spectrum confirms that this does not result in an appreciable excess in the synchrotron
spectrum, so this join point effectively determines where the synchrotron spectrum breaks. The electron spectra deduced for
different field strengths show a sharp break (between segments 1 and 2) at an energy E; = 455 GeV (B,r)~'/2. On substituting
E, =125 x 10'7eV/(T,, BZ;), one finds that E; = E;/0.55 if B ~ 65 nT. A full numerical treatment of the synchrotron spec-
trum from electrons produced at uniform rate with the appropriate simple power-law spectrum gives the spectral break at
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10'3 Hz if B = 60 nT. Changes occurring during the lifetime of the nebula can alter this estimate, but such changes usually
alter the change in spectral slope, which is observed to be close to the value 0.5 (in the synchrotron spectrum) expected for the
simple case. Allowance for adiabatic expansion losses does not reduce the estimated field strength.
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