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Abstract

G266.2—1.2 (RX J0852.0—4622) is a member of the
emerging class of Galactic supernova remnants (SNRs)
which feature X-ray spectra dominated by non-thermal
emission. This X-ray emission is believed to be syn-
chrotron radiation produced by cosmic-ray electrons
accelerated to TeV energies along the expanding shock
fronts of SNRs. To explore this phenomenon of high
energy X-ray emission from SNRs in more detail,
we are conducting a broadband X-ray study of these
sources using both new and archived observations. To
illustrate this work, we present the results of our two
observations made with Chandra (with a total effec-
tive exposure time of 73972 seconds) of the luminous
northwestern rim of G266.2—1.2: this observation has
revealed for the first time fine X-ray structure in this
rim. A satisfactory fit to the spectrum of a sharply
defined leading shock is derived using a power law
model with a photon index I' = 2.41+£0.06. Alterna-
tively, this spectrum can be fit with the SRCUT model
which leads to an estimate of ~ 40 TeV for the maxi-
mum energy of cosmic-ray electrons accelerated along
this rim: however, additional radio observations of this
rim are required to test more stringently the applica-
tion of this model. Finally, we find that the spectra of
regions located on and just interior to the rim may also
be fit with a power law: a radial gradient in the values
for the photon index may be explained as a localization
of the acceleration of cosmic-ray particles to the shock
region.

1 Introduction

Four Galactic supernova remnants (SNRs) are known
to feature X-ray spectra dominated by non-thermal
emission: SN1006 (Koyama et al., 1995; Winkler &
Long, 1997; Allen et al., 2001; Dyer et al., 2001;
Bamba et al., 2003; Long et al., 2003; Dyer et al.,
2004), G28.6—0.1 (Bamba et al., 2001; Koyama et al.,
2001; Ueno et al., 2003), G266.2—1.2 (Tsunemi et al.,
2000; Slane et al., 2001) and G347.3—0.5 (Koyama
et al., 1997; Slane et al., 1999; Pannuti et al., 2003;
Uchiyama et al., 2003; Lazendic et al., 2004). It is cur-
rently believed that this non-thermal emission is syn-
chrotron radiation produced by cosmic-ray electrons
accelerated along the expanding shock front of these
SNRs (Reynolds, 1998). This interpretation has been
supported by qualitatively-consistent simple model-
ing of radio-to-X-ray synchrotron spectra (Reynolds
& Keohane, 1999) as well as remarkably robust posi-
tional association between regions of hard X-ray emis-
sion and radio emission seen in images of these SNRs
(Winkler & Long, 1997; Lazendic et al., 2004). A de-
tailed study of this type of X-ray emission from SNRs
holds great promise in resolving long-standing issues
related to SNRs and cosmic-ray acceleration, including
the maximum energy of cosmic-ray electrons acceler-
ated by SNRs. This maximum energy may correspond
to the well-known “knee” energy of the cosmic-ray
spectrum (= 10'® TeV): even higher energy cosmic-
ray particles are believed to be accelerated by other
classes of objects.

To develop a more thorough understanding of non-
thermal X-ray emission from SNRs, we are currently
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conducting an X-ray survey of these sources using both
new and archived observations made by such observa-
tories as ROSAT, ASCA, RXTE and Chandra. We are
simultaneously modeling X-ray emission from these
SNRs over an extremely broad energy range (from ap-
proximately 0.5 through 20 keV) as well as analyz-
ing non-thermal emission from fine X-ray structure (on
the order of arcseconds) in these sources as well. The
primary goal of this research is to determine if SNRs
can indeed accelerate cosmic-ray electrons to the max-
imum energies which approach the “knee” energy of
the cosmic-ray spectrum. We illustrate this work in the
present paper by describing our Chandra observation
of the luminous northwestern rim of G266.2—1.2: this
rim is known to feature an X-ray spectrum dominated
by non-thermal emission.

2 G266.2—1.2 (RX J0852.0—4622)

G266.2—1.2 (RX J0852.0—4622) was discovered by
Aschenbach (1998) during an X-ray survey conducted
with ROSAT of the Vela SNR. The X-ray morphology
of G266.2—1.2 (as seen in projection against Vela) is
shell-like with three luminous rims: the spectra of each
of these rims are known to be featureless and dom-
inated by non-thermal emission (Slane et al., 2001).
Since its discovery, there has been extensive debate
about the true distance and age of G266.2—1.2: ini-
tially, an extremely short distance (~ 200 pc) and a
very young age (~ 680 years) were argued based on a
claimed detection of a «y-ray emission line associated
with *4Ti from this SNR (Iyudin et al., 1998) as well
as an excess of calcium (presumed to be #*Ca) in the
X-ray spectra of the northwestern rim of G266.2—1.2
(Tsunemi et al., 2000). The detection of emission from
these particular nuclei (thought to be closely associated
with particularly young SNRs) formed the basis for ar-
guments for classifying G266.2—1.2 as a very young
SNR: this interpretation, combined with the large an-
gular size of the SNR (~ 1?8 in diameter), indicates
that the SNR must be very nearby as well. How-
ever, Slane et al. (2001) argued against the presence
of excess calcium in the X-ray spectrum of the north-
western rim of G266.2—1.2 and instead suggested that
G266.2—1.2 is physically associated with the Vela
Molecular Ridge, which is located at a distance of ~
1-2 kpc (Murphy, 1985). This result also suggests
that G266.2—1.2 must be significantly older than pre-
viously claimed, with a dynamical age of at least 1000
years. The radio properties of this SNR have also

Table 1: Chandra observations of G266.2—1.2

Effective

R.A. Dec. Exposure
(J2000.0) (J2000.0) Time

ObsID (hms) ©’rm (seconds)
3816  084909.39 —453742.4 39452
4414  084909.39 —4537424 34520

been the subject of debate: while Combi et al. (1999)
claimed to detect radio features that were coincident
with the X-ray luminous rims of G266.2—1.2, Dun-
can & Green (2000) instead argued that these features
were more likely associated with the Vela SNR instead
of G266.2—1.2. The chief properties of G266.2—1.2 —
namely an X-ray luminous shell-type SNR expanding
into a low density ambient medium — are in common
with the other SNRs which feature X-ray spectra dom-
inated by non-thermal emission.

3 Observations and data reduction

Two pointed observations of the northwestern rim of
G266.2—1.2 were conducted with Chandra between
2003 January 5-7: details of these two observations are
summarized in Table 1 (the corresponding Sequence
Number for these observations is 500325). During
these observations, the telescope was pointed at a lo-
cation along this rim and the total effective exposure
time for the two observations was 73972 seconds. X-
ray emission from this rim was detected using the
Advanced CCD Imaging Spectrometer (ACIS) aboard
Chandra: the ACIS is comprised of a 2x2 (ACIS-I)
and a 1x6 (ACIS-S) array of CCDs. Six of these ten
detectors (ACIS-12, -S0, -S1, -S2, -S3, and -S4) were
used for G266.2—1.2. Each 1024 x1024 pixel CCD
has a field of view of 8/4x8!4. The angular resolution
of the Chandra mirrors and ACIS varies over the ob-
served portion of the remnant from about 0”5 at the aim
point to 7" for a region that is 10’ off axis. The maxi-
mum on-axis effective area for the mirrors and ACIS-
S3 is approximately 670 cm? at 1.5 keV: for energies
between about 0.3 and 7.3 keV, the on-axis effective
area is greater than 10% of this value. The fractional
energy resolution (FWHM/E) between these energies
ranges from about 0.4 to 0.03, respectively. The sensi-
tive energy bands and energy resolutions of the other
five CCDs used for the remnant are typically worse
than the energy band and resolution of ACIS-S3.
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Figure 1: A Chandra image of the northwestern rim of
G266.2—1.2. Notice the resolution of the rim into numer-
ous fine X-ray structures: these fine structures have been
revealed for the first time by our Chandra observations.

The ACIS data were filtered to remove the events that
(1) have GRADE =1, 5, or 7, (2) have one or more
of the STATUS bits set to one (except for events that
only have one or more of the four cosmic-ray “after-
glow” bits set), (3) occur on a bad pixel or column or
(4) are part of a horizontal “streak” on ACIS-S4. The
PHA spectra, ARFs and RMFs for each region were
created using standard CIAO tools. The ARFs were
adjusted for the effects of a build-up of absorbing ma-
terial on the instruments. Our spectral analysis was
conducted using the X-ray spectral analysis software
package XSPEC (Version 11.3.0). In Fig. 1 we present
an image of the northwestern rim of G266.2—1.2 as
prepared from our observations. Our spectral analy-
sis of particular X-ray features located along the rim
(namely those features that were sampled by the S3
chip) is discussed in the next section.

4 Spectral analysis

Inspection of the X-ray image of the northwestern rim
reveals fine structure in this rim which has been re-
vealed for the first time through the high angular reso-
lution capabilities of Chandra. To compare properties
of different fine X-ray structures in this rim, we ex-
tracted spectra from three regions which were sampled
by the ACIS-S3 chip during these two observations.
We depict these three regions in Fig. 2: the first region
encloses the very narrow shock front, the second re-

Figure 2: A portion of the northwestern rim of G266.2—1.2
as sampled by the ACIS-S3 chip aboard Chandra. We have
extracted spectra from the four regions indicated here: the
thin leading shock (Region #1), an X-ray bright region be-
hind the shock (Region #2) and a fainter region (Region #3)
farther behind Regions #1 and #2. We describe each region
and analyze each spectra in Section 4.

gion encloses a bright feature of X-ray emission which
is just trailing behind the shock and the third region en-
closes diffuse X-ray emission which is located further
behind the first two regions. For the remainder of this
paper we will refer to these regions as Regions #1, #2
and #3, respectively. Diffuse X-ray emission from the
Vela SNR is known to fill the entire field of view: this
emission must be taken into account when analyzing
the X-ray spectra of features associated with the north-
western rim of G266.2—1.2. For this reason, we also
extracted a spectrum from an additional region located
ahead of the prominent shock of the northwestern rim
of G266.2—1.2: the position of this region is also indi-
cated in Fig. 2.

We first consider the X-ray spectrum of the narrow
shock front (Region #1): for this region we consid-
ered the energy range from 0.7 through 7.0 keV and
fit the data using a simple power law model. For the
intervening photoelectric absorption in this fit (as well
as for every other fit described in the remainder of this
paper), we applied the model WABS, which uses the
Wisconsin cross-sections (Morrison & McCammon,
1983). We obtained an excellent fit (x?/degrees of
freedom = 460.4/428 for a reduced x? = 1.07) with
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Chandra Spectrum of Shock Region on Northwestern Rim (WABS*POWER LAW)
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Figure 3: The spectrum of the region of the sharply-defined
shock as fit with a power law model. See Section 4 for more
details.

a column density Ny = 4.240.3x10%! cm™2, a pho-
ton index I" = 2.41£0.06 and a normalization at 1 keV
of 8.11f8:igx 10~% photons keV~! cm=2 ¢! (all er-
rors are at the 90% confidence level). We present the
spectrum for this region (as fit by this model) in Fig.
3: we comment that our results are in broad agreement
with those of Slane et al. (2001), who analyzed the X-
ray spectrum of the entire northwestern rim as sam-
pled by the Gas Imaging Spectrometer (GIS) aboard
ASCA and also obtained a satisfactory fit to the spec-
trum with a power law model (Ny = 4.0£1.8x10%!
ecm~2 and T’ = 2.640.2). We attribute discrepancies
between our derived spectral fits (particularly the dif-
ferences in the photon indices) to the differences in the
scale sizes considered in the two studies as well as the
effects of confusing X-ray emission from Vela. We
also point out that a thermal origin for the observed X-
ray emission is ruled out by the absence of prominent
lines in the spectrum presented in Fig. 3: we have also
attempted to fit this emission using solely the thermal
model MEKAL (Mewe et al., 1985, 1986; Liedahl et
al., 1995) combined with WABS but we failed to ob-
tain a statistically-acceptable fit (that is, a fit with a
reduced x? ~ 1) with a thermal model.

To explore further the nature of the non-thermal X-
ray emission from this shock region, we also fit the
spectrum using the SRCUT model (Reynolds, 1998;
Reynolds & Keohane, 1999) again combined with the
WABS model. This model describes a synchrotron
spectrum from a power law distribution (with an ex-
ponential cutoff) of electrons in a uniform magnetic

field. The photon spectrum is itself a power law, rolling
off more slowly than exponential in photon energies.
The SRCUT model can be used to estimate the max-
imum energy of cosmic-ray electrons accelerated by
G266.2—1.2: we assume that the relativistic electron
energy spectrum N (FE) may be expressed as N¢(F)
= KE Ve E/Ecutost , where K is a normalization con-
stant derived from the observed flux density of the re-
gion of G266.2—1.2 at 1 GHz, +y is defined as 2a+1
(where « is the radio spectral index defined such that
flux density S, o« v~%) and finally F o is the max-
imum energy of the accelerated cosmic-ray electrons.
A crucial advantage of this model is that a resulting
fit may be compared with two observable properties of
G266.2—1.2, namely its flux density at 1 GHz and «.
In addition, one of the fit parameters for this model is
the cutoff frequency vcyiofr Of the electron synchrotron
spectrum, defined as the frequency at which the flux
has dropped by a factor of 10 from a straight power
law. This frequency may be expressed as

Veutoff = 1.66 x 106 ( Bua ) (EC““’H )2Hz
cutoff 7= = 10 4G/ \10 TeV ’

where B g is the magnetic field of G266.2—1.2 in
©G (we assume that the electrons are moving perpen-
dicular to the magnetic field). By using the value
for veytog returned by SRCUT combined with the
normalization factor K, the synchrotron spectrum of
the shock-accelerated electrons can be adequately de-
scribed. Moreover, an estimate for the maximum en-
ergy Ecutoft Of the shock-accelerated cosmic-ray elec-
trons may also be derived.

To constrain physically the fit derived to the spec-
trum using the SRCUT model, we first estimated the
amount of radio flux at 1 GHz from this region. We
calculated this based on the apparent angular size of
G266.2—1.2 and a measured surface brightness at 1
GHz of 6.1£1.5x10722 W m~2 Hz~! sr~! (Duncan
& Green, 2000): based on these values, we calculated
a flux density of 23 mJy for the shock region. We ob-
tained a statistically acceptable fit (x2/degrees of free-
dom = 454.7/428 for a reduced x? of 1.06) with the
normalization frozen to 23 mly, a column density Ng
=3.140.1x 102! cm~2 and a radio spectral index a =
0.50. We note that this value for the radio spectral in-
dex is consistent with the value of a = 0.4040.15 that
was estimated by Duncan & Green (2000). The value
for the derived cutoff frequency in this fit is poorly con-
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strained with a maximum value of vyof = 2.42x 1017

Hz: if we assume a magnetic field strength of 10 uG
(the strength of the magnetic field of G266.2—1.2 has
yet to be measured), then from Equation 1 we estimate
the maximum energy of cosmic-ray electrons acceler-
ated along the northwestern rim of G266.2—1.2 to be
FEcuto = 40 TeV. This energy is well short of the knee
feature of the cosmic-ray spectrum: however, this re-
sult must be interpreted with some caution. For one
reason, the radio properties of G266.2—1.2 as a whole
and this rim in particular are poorly known: new ra-
dio observations conducted with high angular resolu-
tion which approach or correspond to the resolution
of Chandra are required to test the applicability of the
SRCUT model in a much more rigorous manner.

We now discuss our spectral fits to Regions #2 and
#3: for both of these regions we considered flux over
the energy range between 0.7 and 7.0 keV. Similar to
our analysis of flux from Region #1, we found that a
simple power law model returned statistically accept-
able fits but the MEKAL model could not (again the
WABS model was used in both cases for photoelec-
tric absorption). For Region #2 our derived fit fea-
tures a column density Ny = 4.0£0.2x10?! cm™2,
a photon index I' = 2.4740.05 and a normalization
of 2.1140.80x 103 photons keV~! cm™2 s~ ! at 1
keV (x?/degrees of freedom = 402.0/295 for a reduced
x? = 1.36), while for Region #3 our derived fit fea-
tures a column density Nz = 4.1£0.5x10%! cm™2, a
photon index I' = 2.5540.10 and a normalization of
9.074£0.95x10~* photons keV~! cm™2 s7! at 1 keV
(x%/degrees of freedom = 289.1/286 for a reduced x?
= 1.01). We summarize the results of our fits to the
spectra extracted from all three regions in Table 2. It
is very interesting to note that a gradient is seen in the
values for the photon index for the three regions; that
is, the photon index becomes steadily steeper as we
consider regions more interior from the shock. Such a
result indicates that cosmic-ray acceleration is taking
place most dramatically at the location corresponding
to the shock region (that is, Region #1): this result also
illustrates an important application of the high angu-
lar resolution capabilities of Chandra in addressing the
crucial issue of cosmic-ray acceleration by SNRs.

5 Summary and future work

The results of this paper may be summarized as fol-
lows:

Table 2: Spectral fits using power law model

Column Normalization

Density Photon (10=* photons

Ny Index keV—! cm—2

Region (10%! cm™2) r s~!at 1 keV)
#1 42403  241+£0.06  8.1170%
#2 4.0+0.2 2.47+0.05 21.1£8.0
#3 4.140.5 2.554+0.10 9.07+0.95

1) We have conducted two observations (with a total
effective exposure time of 73972 seconds) with Chan-
dra of the luminous northwestern rim of the Galac-
tic SNR G266.2—1.2. This SNR is a member of the
class of SNRs which feature X-ray spectra dominated
by non-thermal emission: this emission is believed to
have a synchrotron origin. To explore in detail the phe-
nomenon of X-ray synchrotron emission from these
SNRs, we are conducting a broadband X-ray study of
the sources using both new and archived observations
made with such observatories as ROSAT, ASCA, RXTE
and Chandra.

2) We have analyzed X-ray spectra from three distinct
regions along the northwestern rim of G266.2—1.2,
ranging from a sharply defined shock located at the
edge through two interior regions located on and just
inside the rim. Satisfactory fits to the bright shock were
derived separately using a power law model and the
SRCUT model. Based on the parameters of the fit us-
ing the latter model we estimate the maximum energy
of cosmic-ray electrons accelerated along the rim to be
~ 40 TeV: this value is well short of the “knee” fea-
ture of the cosmic-ray spectrum. This result must be
interpreted with caution until new more sensitive radio
observations of this rim (with improved angular resolu-
tion) are conducted so that fits with the SRCUT model
may be analyzed much more rigorously.

3) Satisfactory fits to the X-ray spectra from the two
interior regions may also be derived using a simple
power law model. We find that the value for the photon
index becomes progressively steeper as we progress
from the shock itself to regions located interior to the
shock. This gradient indicates that cosmic-ray accel-
eration is taking place most efficiently at the region of
the shock itself.

For future work we plan to analyze the spectral prop-
erties of other X-ray features associated with this rim
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which were sampled by other ACIS chips during the
Chandra observations. We will also incorporate into
our analysis new complementary high angular resolu-
tion radio observations made of G266.2—1.2 with the
Australia Telescope Compact Array (ATCA), the Mo-
longlo Observatory Synthesis Telescope (MOST) and
the Parkes radio telescope. This radio data will be in-
cluded for modeling the properties of the synchrotron-
emitting population of cosmic-ray electrons acceler-
ated by this SNR over an extremely broad wavelength
range (from radio through X-ray).
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