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Abstract. A significant correlation is discovered between the X-ray
spectra of young pulsars (PSRs) and that of their associated wind nebulae
(PWNe). For a sample of nine bright Crab-like pulsar systems observed
with the Chandra X-ray observatory, we report a linear relationship be-
tween the photon indices for the PWNe and those of the phase-averaged
pulsar emission, whererp w N = 0.72±0.13xrp sR+0.86±0.20. Further-
more, we find that the spectral slopes of younger, more energetic, pulsars
tend to be steeper. These results confirm a consistent pulsar emission
mechanism and provide important new observational constraints on the
current theory of shock acceleration models for pulsar wind emission.

1. Introduction

New observations of young pulsars in the X-ray band are providing fresh insight
into their local environment. Nearly all show evidence of a surrounding pulsar
wind nebulae (PWNe). Most notably, early Chandra observations of the Crab
pulsar (Weisskopf et al. 2000) revealed a complex emission structure, involving
co-aligned toroidal arcs, axial jets, and wisps, similar to that seen from the
optical Crab nebula (Hester 1998). Subsequent Chandra observations of the Vela
pulsar resulted in the discovery of strikingly similar features, including the tori,
jets, and wisps (Helfand et al. 2001). The basic morphology described above,
referred to herein as the pulsar wind nebulae, is now found to be common to
young, energetic, Chandra pulsars associated with supernova remnants (Gotthelf
2001).

Here we present a spectral study of nine pulsars observed by Chandra which
show bright, resolved PWNe (see Table 1). These pulsars were imaged using the
Advanced CCD Imaging Spectrometer (ACIS) whose arc-sec resolution allows
us to isolate the pulsar emission from that of the nebula. ACIS is sensitive to
X-rays in the 0.2-10 keV energy band with an energy resolution of ~E/ E rv 0.1
at 1 keY. For each object, we extracted spectra from the pulsar, PWN, and
their local backgrounds, when available, or obtained spectral parameters from
the literature as indicated. The extraction regions for the pulsar spectra were
based on data above 4.0 keV, where the count rate per pixel from the pulsar
dominates over the surrounding diffuse nebula emission. The nebula regions
were defined by the 3a contour above the background level with the pulsar
region excluded. Data were corrected for CTI effects (Townsley et al. 2001) and
analyzed using standard tools and procedures (CIAO 2.2/CALDB v.2.9). All
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spectra were grouped to a minimum of 50 counts per spectral bin and fitted with
an absorbed power-law model whose flux is given by F(E) ex eu(E)nH E-r , were
r is the photon index and tin is the hydrogen column density to the source.

Table 1. X-ray Spectra of Young Pulsars Observed with Chandraa

Remnant r~WN f p SR fiulsed T(kyr)e E(1035 erg/s)
G11.2-0.3 1.28±0.15 0.63±0.12 0.60±0.60 23.0 53
Yela XYZ 1.50±0.04 0.95±0.24 0.93±0.26 12.0 67
G54.1+0.3 1.64±0.18 1.09±0.09 1.06±0.86 2.9 118
Kes 75 1.92±0.04 1.39±0.11 1.10±0.30 0.7 82
MSH 15-52 1.93±0.03 1.40±0.50 1.26±0.08 1.6 140
3C 58 1.92±0.11 1.73±0.15 1.11±0.34 5.0 263
SNR 0540-69 2.09±0.11 1.88±0.11 1.83±0.13 1.7 1481
Crab Nebula 2.14±0.01 1.85±0.01 1.87±0.01 1.3 4394
N157B Neb. 2.28±0.12 2.07±0.21 1.60±0.35 5.0 4916

"Ranked by increasing pulsar photon index (fpsR ) . Data for the Crab pul-
sar and nebula were obtained from Pravdo, Angelini & Harding (1997)
bYalues for the following objects were taken from the literature: G54.1+0.3: Lu
et al. 2002; SNR 0540-69: Karret et al. (2001).
"Includes both pulsed and un-pulsed emission, corrected for pile-up.
dPulsar's pulsed spectrum references: Vela: Strickman, Harding & Jager (1999);
G11.2-0.3: Torii et al. (1997); Kes 75: Gotthelf et al. (2000); N157B: Marshall
et al. (1998); SNR 0540-69: Karret et al. (2001)
"Characteristic pulsar spin-down age, T == P /2P.

The fitting procedure was as follows. In order to avoid potential soft thermal
emission contamination, the spectral fits for both the pulsars and PWNe were
restricted to energies above 2 ke'V, where the fits are largely insensitive to the
hydrogen column density, nH. In these fits, the nH was held fixed to the value
determined from fits to the nebula spectra over the full ACIS band. The spectral
fits to the pulsar emission included an additional model to take into account the
effects of CCD pile-up. Table 1 lists the resultant spectral slopes for each object,
including the spectra slope of the pulsed emission only, taken from published
values, when available, or derived by phase-resolved spectroscopy using ASCA
or RXTE data.

2. Results

A plot of the 2-10 keV spectral slope (photon index f) for each pulsar versus
that of its PWN is shown in the left panel of Figure 1. These range from 0.6 <
fps R < 2.1 and 1.3 < f P W N < 2.3, for the pulsars and PWNe, respectively. A
linear regression fit to these data points, taking into account the uncertainties
in both coordinates, yields,

f P W N == 0.72 ± 0.13 x fps R + 0.86 ± 0.20 (1)

With a linear correlation coefficient of r == 0.96, this relationship is highly
significant and covers the range of known pulsar spectral power-law indexes in
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Figure 1. LEFT - Relationship between a pulsar's spectral slope
(rpsR) and that of its wind nebulae (rpWN), assuming a simple power-
law model for the objects presented in Table 1. The dashed-line indi-
cates the best-fit. The physical origin of this relationship has yet to be
determined. RIGHT - A comparison between the spectral slope of the
pulsed emission (rpulsed) and that of the total pulsar emission (fpSR)
for the same objects. A one-to-one correspondence is indicated by the
dashed line.

the 2 - 10 keY X-ray band. The results of Table 1 are rank-ordered by PSR
photon indices which is nearly equivalent to the ordering by spin-down energy,
also given in the table. To a lesser extent, the spin-down age roughly follows
the spin-down energy. This suggests that the more energetic, generally younger
pulsars have systematically steeper spectra.

On the right panel of Figure 1, the spectral slope for each pulsar is now plot-
ted against the spectral slope of the pulsed emission only. This is a good test
for systematic spectral distortion resulting from pile-up, as the pulsed measure-
ments, based on phase-resolved spectroscopy, are immune to pile-up. Although
the spectra of the pulsed and total emission need not be the same, it is reassuring
that they generally agree to within measurement errors. This is consistent with
a simple rotating NS model for which a single emission mechanism is modulated
over the surface of the neutron star. Interesting exceptions are the Crab and
3C58 pulsars. The former is known to have a phase dependence in the measured
photon index; we predict that the same is true for the pulsar in 3C58 and any
other object whose pulsed emission deviates significantly from its phase-averaged
emission in this band.

Our results are rather surprising, since no correlation is expected between
the spectrum of a pulsar and that of its PWN or between a pulsar's spectral
shape and its spin-down energy. Both the polar-cap (e.g., Harding et al. 1978)
and outer-gap (e.g., Cheng, Ho, & Ruderman 1986) models requires a population
of accelerated electrons, radiating synchrotron emission from close to the star
(within the light cylinder), whose spectrum depends on the local input particle
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distribution and magnetic geometry. In both theories, these particles are the
origin of the wind which energizes the nebula. Although the nebular emission
arises from the shocked wind, it is not expected to retain sufficient information
on the original input particle distribution to track the pulsar's spectrum. These
theories, however, are recognized to be far from complete, and furthermore, are
inadequate in explaining the observed localized tori and jet-like features.

The spectral connection presented herein suggests that the emission mech-
anisms of a pulsar and its nebula are linked either directly or indirectly, via a
common mediating process. This coupling may imply that the structured nebula
is being powered directly by the pulsar. Furthermore, the apparent steepening
of the spectral slope with spin-down energy (E) suggests that the spectral evo-
lution is best parameterized by E instead of the characteristic age T (== P/2P).
There is ample evidence that T can be quite uncertain as a measure of the true
age of the pulsar (e.g. Kaspi et al. 2001).

In summary, this work reveals a fundamental spectral relationship between
pulsars and their wind nebulae not easily explained in the framework of current
models of pulsar emission mechanisms. The spectral slopes are found to be
tightly correlated over the full range of measured values and the spectral index of
the younger, more energetic pulsars are seen to be steeper. The former strongly
constrains emission models and the latter provides an important probe of pulsar
spin-down evolution. These results provide new observational insight into the
emission mechanisms of young rotation-powered neutron stars. As more young
rotation-powered pulsars are observed with Chandra, a more complete picture
can emerge of the morphological and spectral characteristics of young pulsar
evolution, paving the way for future models and theory.
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