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Introduction to
Total spectrum

We reproduced
・Total spectrum @ 1kyr
・Flux decrease rate ~0.2%/year @ radio
We obtain
・mean B-field inside PWN.
・particle energy & number inside PWN.
・magnetization at injection.
・particle injection spectrum (broken PL).
・spin evolution of the central PSR.
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Figure 3
Color composite of
the Crab synchrotron
nebula showing a
Chandra X-ray image
in blue, a visible light
mosaic taken with
HST in green, and a
VLA radio image in
red. The pulsar is seen
as the bright blue
point source at the
center of the image.
Note the axisymmetry
of the nebula, which is
most apparent from
the X-ray torus and
jets. Emission from
high-energy electrons
is brightest near the
center of the nebula,
close to where they are
injected. Moving
outward through the
nebula, the spectrum
becomes softer owing
to adiabatic and
radiative losses. For
the most part, only
low-energy
radio-emitting
electrons survive to the
edge of the nebula.

for features seen in thermal emission from ejecta.) High spatial resolution (∼0”.5) ground-based
optical imaging showed that the prominent wisps are only the most obvious of the fine structure
present in the Crab (van den Bergh & Pritchet 1989). The resolution of HST images (Hester et al.
1995) nears the scale of the Larmor radius of the most energetic electrons present.

Serious efforts to model the Crab synchrotron nebula go back to the work of Rees & Gunn
(1974). The standard set of models for the Crab to which subsequent work is typically referred
is the work of Kennel & Coroniti (1984a,b), who calculate spherically symmetrical models of the
expansion of a pulsar wind that is confined by a surrounding thermal shell. These models are
constrained by the need to match the outer boundary condition set by the observed expansion
speed of the surrounding thermal ejecta, as well as the inferred location of the wind shock. The
adjustable parameter in these models is the ratio immediately upstream of the shock of the magnetic
energy flux to the energy flux carried by particles, generally written as σ . As demonstrated in
Kennel & Coroniti’s models, σ must be relatively low in order for the wind to shock close to the
pulsar. Theory suggests that pulsar winds are born as magnetically dominated high σ flows. The
conversion of a high σ flow to a low σ flow is referred to as the “σ problem” and remains a field
of active research. The general problem of pulsar winds and PWN has been discussed recently
in a number of reviews including those of Arons (2008) and Gaensler & Slane (2006), so further
discussion here will focus on the specific properties of the PWN in the Crab.

2.3. Thermal Filaments Form a Cage Around the Synchrotron Nebula
The third observable component of the Crab Nebula is the network of thermal filaments that are
composed of ejecta from the supernova, possibly mixed with some material from the pre-supernova
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MARX (Wise et al. 1997) and the PSU ACIS Monte Carlo
CCD simulator (Townsley et al. 2002), respectively. Since
LYNX takes into account the possible overlap of the resulting
charge clouds within each CCD exposure frame, spectra af-
fected by pileup can be simulated for both point sources and
diffuse sources. We simulated the observed Crab spectrum for
several different values of true surface brightness and for true
photon indices of 1.5, 2.0, and 2.5. The results are superposed

on the data in Figure 2 (left). The expected reduction of ap-
parent photon index in regions of higher surface brightness
is evident. However, it is also clear that the variations in
observed photon indices greatly exceed those expected from
pileup, and there are certainly real spectral variations across
the Crab Nebula as described by Weisskopf et al. (2000).
We used the LYNX simulation results to correct the data

points in Figure 2 (left) for the photon index and surface

Fig. 1.—Left: Chandra ACIS-S combined image of the 2nd–8th observations. The center of the white circle (R ¼ 5000) is located at the pulsar position. The
‘‘hole’’ at the pulsar position is caused by severe event pileup resulting in the rejection of most events at this position. Narrow lines through the pulsar are
instrumental artifacts due to trailing events. Right: Photon index map of the Crab Nebula after correction for pileup effects. White regions around the eastern,
western, and southern edges were excluded from analysis because of the dominance of trailing events and scattered photons. The pulsar position is also white, since
no photon index could be derived there because of severe pileup.

Fig. 2.—Left: Plot of apparent photon index against observed surface brightness derived from 2 B5 ; 2 B5 square regions. Results of pileup simulations for incident
photon index of 1.5, 2.0, and 2.5 are superimposed (red lines), which show that pileup results in smaller photon index in regions of higher surface brightness.
Right: Same as on the left, but corrected for pileup effects.
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for the low-resolution module’s long slits the extractions were
performed in 5 pixel wide subslits centered at the location of
IRS-Tgt-Cntr. The effects of the different slit widths and extrac-
tion aperture sizes are immediately noticeable in the relative
strengths of the emission baselines in the spectra in Figure 2.

2.4. Near-IR Imaggingg

Since [Fe ii] 25.99 !m emission may contribute to the emis-
sion morphology at 24 !m (see below), it will be useful to com-
pare MIPS to a ground-based image of the [Fe ii] 1.644 !m
emission line. We obtained images of the Crab Nebula on 2001
March 9 using theOhio State IR Imaging Spectrometer (OSIRIS)9

mounted on the NOAO Cerro Tololo Inter-American Obser-
vatory 1.5 m telescope (see Fig. 11a). OSIRIS has a 1024 ;
1024 NICMOS3 array, with a pixel scale of 1B153 using the f /2.8
camera. Only a portion of the array is illuminated, yielding a field
of view of 110.We used a narrow (!k /k ’ 1%) filter to image the
extended [Fe ii] 1.644 !m line emission from the Crab. Six
individual exposures of 120 s each were sky-subtracted using a
median of similar images centered at a position 100 south of the
Crab (with slight positional offsets between each) and then shifted
and co-added.

We used H-band fluxes from the Two Micron All Sky Survey
(2MASS) point-source catalog for several stars in the field in
order to flux-calibrate the resulting [Fe ii] image. We also used
the H-band image from 2MASS to subtract the continuum emis-
sion from the synchrotron nebula that is included in the [Fe ii]
filter, in order to produce a true image of the line emission.While
the H-band image is not a pure continuum image (the [Fe ii]
1.644 !m line is included in theH band), the broadband image is
dominated by the synchrotron continuum, and the thermal fila-
ments are barely seen; based on the flux of the [Fe ii] line, we
estimate that it contributes only 2%–3% of the total flux in the
broad H-band filter.

3. ANALYSIS AND RESULTS

3.1. Multiwavvelenggth Morphologgy

3.1.1. IRAC and MIPS Morphologgy

IRAC and MIPS images of the Crab Nebula are displayed in
Figure 3. Panel a is a three-color visual press release image rep-
roduced courtesy of the European Southern Observatory, show-
ing the H" filaments that trace out regions of strong hydrogen
recombination line emission. The smooth blue background is
due to synchrotron radiation from relativistic electrons ejected
by the neutron star central engine. Panels b, c, and d of Fig-
ure 3 show IRAC 3.6, 4.5, and 5.8 !m images whose emission is
dominated by synchrotron emission. Panel e of Figure 3 shows
the IRAC 8.0 !m image, and panels f and g are MIPS 24 and
70 !m images. Images in panels e–g all show filamentary
structure that is dominated by strong forbidden line emission and
correlates very strongly with the recombination-line filaments
traced out in the visual H" image of panel a. The National
Radio Astronomy Observatory (NRAO) 5 GHz radio image
(Bietenholz et al. 2001) is displayed in panel h for comparison,
and it shows both the smooth synchrotron component and the
thermal bremsstrahlung in the filaments. The IRAC and MIPS

three-color composite image is displayed in Figure 4. Blue rep-
resents the IRAC 3.6 !m morphology that traces out the syn-
chrotron emission, while green (8.0 !m) and red (24 !m) map
out the [Ar ii] 7.0 !m and [O iv] 26 !m (see x 3.3) emission,
respectively, and trace the filamentary structure seen inH".While
the south filament is bright in both green and red, the equatorial
filament is dominated byMIPS 24 !memission, whichmay sug-
gest the presence of large dust grains (see x 3.3).

The IRAC and MIPS integrated flux densities of the Crab
Nebula are displayed in Figure 5 and listed in Table 1. Uncer-
tainties in the table do not reflect IRAC and MIPS calibration
uncertainties. Extended emission correction was applied to the
IRAC integrated flux densities of the nebula based on Reach et al.

Fig. 3.—Comparison of Spitzer IR images of the Crab Nebula with visual
and radio images showing that the smooth synchrotron component and the fila-
mentary component dominate the emission at different wavelengths. (a) Three-
color visual press release image reproduced courtesy of the European Southern
Observatory. Panels b, c, and d show IRAC 3.6, 4.5, and 5.8 !m images that
trace out the synchrotron component. Panels e, f, and g show IRAC 8.0 !m and
MIPS 24 and 70 !m images that show filamentary structures dominated by strong
forbidden line emission. Panel h shows that the 5 GHz radio image traces out both
the smooth synchrotron component and thermal bremsstrahlung in the filaments
(image reproduced courtesy of NRAO/AssociatedUniversities, Inc., andBietenholz
et al. 2001).

9 OSIRIS is a collaborative project between the Ohio State University and
Cerro Tololo Inter-American Observatory (CTIO) and was developed through
NSF grants AST 90-16112 and AST 92-18449. CTIO is part of the National
Optical Astronomy Observatory (NOAO), based in La Serena, Chile. NOAO is
operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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Figure 2. Synchrotron index map calculated from the synchrotron-dominated
IRAC 3.6 and 4.5 µm images. The spectral index α steepens from 0.3 in the
torus and jet structures to 0.7 (1.0) in the outer SE (NW) parts of the nebula.

a break in the power-law spectrum occurs somewhere in the
IR, between 10 and 1000 µm (Marsden et al. 1984). The most
recent estimate for this break frequency is (7.0+6.5

−3.4) × 102 GHz,
or (4.3+5.7

−2.1)×102 µm, well beyond the Spitzer wavelength range
(Arendt et al. 2011).

The first step in estimating the synchrotron contribution at
each spatial position in the Crab Nebula was to create a map
of the synchrotron spectral index α, We used the synchrotron-
dominated IRAC 3.6 µm and 4.5 µm images to compute an
index map, given by the equation

α = ln(F1/F2)
ln(λ1/λ2)

, (1)

where F is the surface brightness and λ is the wavelength. The
IRAC images were first background subtracted and corrected
for extinction based on the Aλ/AK values from Indebetouw
et al. (2005), and the relation NH/AK = 1.821 × 1022 cm−2

from Draine (1989). The hydrogen column density for the Crab
was set to NH = 3.54 × 1021 cm−2 (Willingale et al. 2001).
This led to correction factors of 1.11 and 1.08 for the 3.6 and
4.5 µm channel, respectively. The images were also corrected
by the IRAC surface brightness correction factors for extended
sources; 0.91 for 3.6 µm and 0.94 for 4.5 µm. The 3.6 µm image
was then convolved to the resolution of the 4.5 µm image using
the convolution kernels developed by Gordon et al. (2008). The
nominal wavelengths for the two channels that were used in the
final calculation for the index are 3.550 µm and 4.493 µm, as
specified by the IRAC Instrument Handbook.

The final synchrotron index map is shown in Figure 2. Due
to the updated extinction correction, the values of the index
are slightly higher than those found in Temim et al. (2006).
The value of the synchrotron index in the inner torus and jet
is approximately α = 0.3 and it gradually steepens toward
the outer edges of the nebula due to synchrotron losses. The
index steepens to about α = 0.6 toward the southeast (SE),
and α = 1.0 toward the northwest (NW) edge of the nebula. A
similar asymmetry is seen in the spectral index map at optical
wavelengths, where the index steepens to α ∼ 0.8 in the SE,

and exceeds α = 1.0 in the NW (Veron-Cetty & Woltjer 1993).
The calibration uncertainty on the ratio of the fluxes in the two
IRAC channels is approximately 4% (Reach et al. 2005), which
translates into a ±0.18 uncertainty in the synchrotron spectral
index. This large uncertainty in the spectral index is systematic
across the nebula and does not affect the spatial variations in the
in index.

In order to investigate the morphology of the dust and line
emission in the Crab Nebula, we subtracted the synchrotron con-
tribution from the IRAC 5.8 and 8.0 µm images and the MIPS
24 and 70 µm images. We produced a synchrotron-subtracted
image for each wavelength by subtracting the synchrotron con-
tribution extrapolated from the IRAC 3.6 µm image using the
equation

Fi,residual = Fi − F3.6(3.550/λi)−α. (2)

Here, the subscript i refers to the wavelength of the image
from which the extrapolated synchrotron emission is being
subtracted. In each case, the 3.6 µm image was convolved to
the resolution of λi (Gordon et al. 2008), and each of the
images was extinction corrected using the extinction curve of
Chiar & Tielens (2006). The IRAC surface brightness correction
factors were applied to all IRAC images (Table 4.9 of the IRAC
Instrument Handbook). The resulting synchrotron-subtracted
images are shown in Figure 3 and will be discussed in Section 4.

Next, we subtracted the synchrotron contribution from the
SL and LL spectra for each spatial position. We created four
synchrotron spectral cubes covering the wavelength range of
each of the four low resolution IRS modules for every spatial
pixel along the slits shown in Figure 1. We first checked the
calibration of the IRS spectra by comparing the LL emission
integrated over the MIPS 24 µm bandpass to the flux measured
in the MIPS 24 µm image. We found the normalization factor
between the LL spectra and the 24 µm surface brightness to be
0.997. There was no need for an additional scaling factor for
the SL spectra, since the continuum levels in the overlapping
wavelength regions of the LL and SL spectra matched well.
We also integrated this final spectrum over the IRAC 8.0 µm
bandpass and found that the flux does not differ significantly
(<5%) from the flux in the IRAC 8 µm image. We mapped the
3.6 µm image to match the spectral cube map for each of SL
and LL orders, and used Equation (2) to compute a synchrotron
emission cube for each module. These synchrotron cubes were
then subtracted from the background-subtracted IRS spectral
cubes that have been extinction corrected using the extinction
curve of Chiar & Tielens (2006). This resulted in SL and LL
synchrotron-subtracted spectral cubes that only include line
emission and continuum emission from dust.

3.2. Residual Dust Emission

Inspection of the synchrotron-subtracted spectral cube reveals
residual continuum emission from dust in some regions of the
nebula. In order to determine the spatial distribution of the dust
emission in the IRS slits, we used the synchrotron-subtracted
cube to produce a map of the rising continuum. We selected
a line-free region of the spectrum and produced a map of the
integrated emission between 27 and 32 µm. This map is shown
in Figure 4 in magenta, overlaid on the MIPS 24 µm image in
blue. The map shows that the brightest dust emission coincides
with the brightest filaments in the 24 µm image. We note that
the background continuum in the vicinity of the Crab Nebula
falls off longward of 25 µm, so the background contamination
in the excess dust continuum is minimal.

3

support image, and thus from considerably earlier multi-
configuration data. This larger-scale structure is thus not di-
rectly comparable to that in the optical and X-ray observations.
However, as we argued above and in Paper I, there is little
reason to expect rapid variations on these scales. Our chief
interest in this paper is in the smaller-scale structure. On spatial
scales smaller than !2000 our u-v coverage is excellent, and
we believe that our images reliably indicate the structure of
the nebula, and in particular changes from one epoch to an-
other. To further ensure the reliability of the images we present,
we work for the remainder of this paper only with spatially
high-pass–filtered radio images. We conservatively filtered
with a Gaussian of full width at half-maximum (FWHM) 1400,
which serves to isolate those spatial features for which we have
good u-v coverage and thus reliable imaging. The high-pass
filtering will ensure that our images at each epoch contain only
structure reliably determined by the data and not derived from

the support, and will reduce any spurious differences between
the images due to possible deconvolution errors.
The optical observations were carried out with the HST

Wide Field Planetary Camera 2 (WFPC2) using a relatively
line-free filter centered near 5500 8 (F547M). They consisted
of 24 visits between 2000 August and 2001 April at 11 day
intervals. The radio observations occurred during the period
between HST visits 19 and 24. The X-ray observations were
carried out using the Chandra Advanced CCD Imaging Spec-
trometer (ACIS). The optical and X-ray observations are more
fully described in Mori et al. (2002) and Hester et al. (2002).

3. RESULTS

In Figure 1, we show our latest radio image of the Crab
Nebula, taken on 2001 April 16. The size of the restoring beam
was 1B4 FWHM, which was conservatively chosen as a
common size for all seven epochs. The peak brightness was
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Fig. 1.—Crab Nebula at 5 GHz on 2001 April 17. The FWHM size of the restoring beam was 1B4. Peak brightness is 48.5 mJy beam"1, and the image has been
corrected for the primary beam response of the VLA antennas. The rms background was 48 !Jy beam"1 before primary beam correction. Contours are drawn at
0.75%, 2%, 4%, and 8% of the peak, and gray scale is labeled in mJy beam"1. Maximum entropy deconvolution was used with a support to recover the low spatial
frequency structure (see text, x 2 for details). The accompanying animation shows a 6100 ; 7000 region near the center of the nebula between 1998 August 10 and
2001 April 17 (see Table 1). The mpeg timescale is nonlinear, being compressed between 1998 and 2000. The individual frames have been high-pass filtered with a
1400 FWHM Gaussian filter to enhance the mobile features. [This figure is also available as an mpeg animation in the electronic edition of the Astrophysical
Journal.]
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FIG. 2a

FIG. 2.ÈThe relative radio spectral index between 327 MHz and 1.5 GHz in units of 0.001. These maps show the di†erence of the spectral index to(*a
0.3
1.5)

the mean spectral index of the Nebula. The FWHM of restoring beam is 16A. The contours are the 0.5%, 1%, and 2% contours in total intensity of the 327
MHz image. (a) The careful version, made by deconvolving with a default and using only data at u-v distances [1.6 kj. It contains little information on
angular scales but is not corrupted by correlator nonlinearity. (b) The standard version, which was made without a default and contains information on[2@.7
all angular scales but may be slightly biased.

The default map was produced as follows : At each fre-
quency (except at 74 MHz) we mapped the data without
any u-v restrictions. The resulting restored maps (i.e., con-
volved with an appropriate ““ clean ÏÏ beam and with the
residuals added) were corrected for the primary beam
pattern and for the expansion of the Crab (0.13% yr~1 ;

et al. They were then convolved to aBietenholz 1991).
common resolution of 16A ] 16A and Ñux-scaled to a
common frequency using the et al. spectralBaars (1977)
index of a \ [0.3. The recent et al. valueKovalenko (1994)
of a \ [0.27 is consistent with the older Baars et al. value
to within the uncertainty, so using the latter should not
a†ect our results. These maps were then averaged, and the
result was used as the default map in all the subsequent
deconvolution processes. For each deconvolution, it was
again scaled back to the Ñux density and epoch appropriate
for that frequency.

Furthermore, in order to ensure accurately registered
maps, this same (scaled and expanded) default image was
used to self-calibrate, in phase only, the u-v data prior to
deconvolution. This process has the side e†ect of further
biasing the maps toward being as similar as is allowed by
the data. In other words, it will minimize any spatial varia-
tions in the resulting spectral index map. However, our
dynamic range is high, and we will show that this bias is
negligible and that our careful spectral index maps can be
used with conÐdence.

Once self-calibrated in this way, the u-v data were trans-
formed into the image plane, using only data at u-v dis-
tances greater than 1.6 kj and then deconvolved using the
AIPS task VTESS and the appropriately scaled default
map.

The resulting restored maps were convolved to a
common beam size, contracted to a epoch 1987.4, and then
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PWN emission reflects B-field & particle distribution of PWN
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Application to the Crab Nebula
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Results: Particle
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without diffusion with diffusion(ξ=1)
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Results: Spectral Index Profile
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Conclusion
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