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Abstract

The oxygen-rich SNR E0102-72 in the SMC was observed with the Chandra HETGS in Septem-
ber, 1999. This spectrum revealed a wealth of information which allowed us to examine plasma
conditions, Doppler shifts and ionization structure. To complement the first data set, a second
HETGS observation was carried out at a different roll angle in December, 2002. We present a ”first
look” at this data set, and examine evidence for azimuthal and radial variations in the plasma.
Striking differences between forbidden and resonance line images of Ne IX and OVII suggest az-
imuthal variations in electron temperature. This is borne out by analysis of oxygen line images
at two regions in the southern part of the SNR. We examined radial variations in the plasma by
taking ratios of best-fit radial models of oxygen line emission from an earlier observation. Although
much work remains, preliminary results suggest that both ionization age and electron temperature
decrease as the radius decreases. Decreasing ionization age is attributed to the inward progression
of the reverse shock. Decreasing temperature may be explained by slowing of the shock velocity as
it progresses inward through the ejecta.

Introduction

1E0102.2-7219 is a young (∼1000 years) oxygen-rich supernova remnant (SNR) in the Small
Magellanic Cloud. A first set of Chandra HETGS observations taken in 1999 has allowed us to
constrain the plasma characteristics of the X-ray emitting material in the SNR (Fredericks et al.
2001, 2002, 2003; Flanagan et al. 2003, 2004). Our initial approach was to use integrated (“global”)
flux measurements from the supernova remnant, take ratios of line fluxes to minimize dependence
on distance and other factors and, assuming a plasma model, obtain an allowed range of plasma
parameters compatible with the observed line ratios. Such techniques have allowed us estimate the
oxygen mass of the ejecta (∼6 M�) from which we infer a massive progenitor.

The X-ray emitting plasma of E0102 is by no means homogeneous. Gaetz et al. (2000) note
significant brightness variations around the ring, as seen in Figure 1. Sasaki et al. (2001) analyzed
moderate-resolution spectra from XMM-Newton and concluded that the plasma in the northeast
portion of the ring has a higher fitted temperature and ionization age than the southeastern por-
tion. This is supported by Chandra HETGS line images (Flanagan, et al. 2004), which show
an incomplete Mg XII ring in the south, but a complete ring image for Mg XI, suggesting lower
ionization in the southern part of the remnant. Fredericks et al. (2003) examined HETGS spectra
of the northern “shelf” region and the bright southeastern arc; they found that best-fit line ratios
suggest higher temperatures in the north, but with large uncertainties.

Radial variations in the SNR ring are also evident. Flanagan et al. (2001, 2004) have noted a
strong correlation between radius and ionization for all elements in the SNR, suggesting passage
of the reverse shock through the ejecta. To obtain robust estimates for radius, the edge profile
of the shell was modeled assuming a SNR described by an inclined ring with a radial power law
distribution as described in Flanagan et al. 2004. These best-fit models allow us to look at the
underlying radial variation of the line emission, taking out the projection effects that contribute to
the emission profiles. We have followed that approach, and we present here a first look at



the radial dependence of electron temperature and ionization parameter obtained from
best-fit models for oxygen lines.

A second set of Chandra HETGS observations of E0102-72 was carried out in December, 2002.
This set of observations was taken at a different roll angle from the first set, and have the advantage
of uncovering regions of the SNR ring that were confounded with nearby X-ray lines in the first ob-
servation set. Inspection of the HETG spectral line images reveals clear evidence of azimuthal
plasma variations in the SNR ring. We present assessment of the differing plasma states of
two regions in the southern part of the remnant, based on ratios of oxygen line fluxes.

Azimuthal Plasma variations

The HETGS observations of December, 2002 (denoted by Obsid 3828) were taken with roll an-
gle 294 degrees, or about 78 degrees difference from the first set of observations. Figure 1 shows the
zeroth order image of E0102 with all energies blended. Bright features include the northern “shelf”
and southeastern arc discussed in prior work. Figure 2 shows the zeroth order image rotated for
direct comparison with the dispersed line images of Obsid 3828. Two regions, marked with boxes,
will be examined in detail in this poster. Figure 3 shows the helium-like Ne IX triplet, with the
bright resonance line to the right and the forbidden line to the left. Note the abrupt termination
of the forbidden line at the bottom-left of the ring, whereas the resonance line is bright in that
region. Since the forbidden-to-resonance line ratio is a good temperature diagnostic, this is a clear
indicator of temperature variations here. Figure 4 shows the OVII triplet; again, the brightness
variations of the forbidden line do not trace those of the resonance line, indicating
azimuthal variations of electron temperature.

Analysis - Azimuthal Variation

Two regions of the remnant ring were selected, a bright region (part of the “southeastern arc”)
and a smaller faint region. These regions are indicated boxes in Figure 5. Region 1, the small
square, coincides with a region where the forbidden line (left ring) is weaker than the resonance
line (right ring). In Region 2, the large rectangle, both the forbidden and resonance lines are bright.
Flux was calculated from the number of counts measured in those regions. Similar measurements
were made for the O VIII Lyman α line. Two line ratios were calculated for each of these regions:
O VII forbidden/OVII resonance, and O VII Lyman α/O VII resonance. The O VII resonance line
regions overlapped with the right edge of the forbidden ring, and had to be corrected for this. Back-
ground and estimated continuum (calculated from Flanagan et al. (2004)) were also subtracted.
The source was assumed to have a column density of NH = 8× 1020cm−2 with cosmic abundances.

In order to characterize the X-ray emitting plasma, we used a plane-parallel shock model,
vnpshock (Borkowski et al. 2001), in which the electron and ion temperatures were assumed equal
and the ionization parameter, τ , assumed a range of values from zero to an upper limit, τupper.
Details are given in Fredericks et al. 2002. Figures 6 and 7 show contours of constant line ratio
in the grid of interesting model parameters, Te (electron temperature) and τupper. These contours
delimit the range of model parameters consistent with the ratios and errors measured for the oxy-
gen lines. (90% confidence contours are plotted.) Figure 6 describes the plasma parameter range
compatible with region 1, and Figure 7 applies to Region 2. In Figure 6, both diagnostic ratios
are compatible with a single range of plasma parameters. Region 1 (the small square region in
Figure 5) is described by a best-fit plasma of temperature 0.31 keV, log τ=12.0 s/cm3, very similar



to the results found for global oxygen ratios (Te=0.34 keV, log τ=11.9 s/cm3 from Flanagan et
al. 2004.) We note that Region 1 yielded oxygen line ratios that overlap at 90% confidence those
obtained in this region using the previous observation (Obsid 120) of E0102 at a different roll. The
plasma parameters for Region 2 were not compatible with a single set of plasma parameters. The
contours obtained from O VII For/Res suggest an decrease in electron temperature in Region 2
relative to Region 1. Analysis of Ne IX For/Res ratios (not shown) also suggests a significant de-
crease in temperature for Region 2 relative to Region 1. The dissimilarity of the Forbidden ring
compared to the Resonance ring may be attributed to variation in electron temperature; at lower
temperature (Region 2), the forbidden and resonance lines have similar brightness. At higher tem-
perature (Region 1), the forbidden line is weaker. Analysis of the previous observation, Obsid 120,
does not confirm the oxygen ratios we have found for Region 2. Additional work will be required
to resolve this inconsistency. Complications include the fact that different roll angles cause overlap
with contaminating lines in different regions of the ring, and Obsid 3828 suffered from an absorbing
layer on the ACIS detector which was not present in the previous observation.

Radial Plasma variations

E0102-72 has been shown to have marked radial dependence in its ionization structure (Flana-
gan et al., 2004). If we consider using line ratios to assess the plasma state as a function of radius,
we are immediately confronted with several complications. Moving from the inside toward the
outside of the SNR ring as seen on the sky, we would expect the surface brightness to change with
distance from the center, because the amount of emitting material contained in the line-of-sight
changes. This limb brightening would occur even if the plasma were homogenous, at a uniform
temperature and ionization age. However, if the plasma has an intrinsic radial variation in tem-
perature or other plasma parameter, then the line-of-sight contributions effectively mix different
plasma states. We wish to find the radial distribution for the X-ray lines of interest, taking out
such projection effects. The approach we have taken is to generate a spatial model of the SNR
emission, fold the model through the MARX simulator (see http://space.mit.edu/CXC/MARX/),
and compare the resultant modeled dispersed ring against the actual X-ray line image from Obsid
120. Iterating in this way, we were able to obtain “best-fit” radial models for O VIII Lyman α,
O VII resonance and O VII forbidden lines. We formed ratios of these models, as a function of
radius, and obtained the corresponding plasma diagnostics.

The model we took for the spatial distribution of the emission was a non-uniform spherical shell
with azimuthal symmetry whose axis is inclined to the line of sight (see Flanagan et al. 2004). The
radial distribution within the shell had the form

f(r) =

{(
r−rmin

rmax−rmin

)α
(rmin ≤ r < rmax),

0 otherwise
(1)

Analysis - Radial Variation

Figure 8 shows an image of the O VIII Lyman α line from the prior observation of E0102 (Obsid
120). The red box in the figure shows the region from which we extracted intensity profiles for the
top and bottom edges of the ring. (With the roll angle used in Obsid 120, the profile suffers mini-
mal distortion due to Doppler shifts. Note that the bottom edge of the ring coincides substantially
with Region 1 of Obsid 3828, discussed earlier.) The dotted curve in Figure 9 gives the intensity
profile as a histogram. The solid curve in Figure 9 is the profile obtained from the best-fit model,



showing reasonable agreement in the vicinity of the peak. (Separate models were obtained for the
two peaks.) The parameters of the best-fit radial models for the left peak (southern edge of SNR)
are given in Table 1. The radial power law index was fixed.

We took the ratio of the forbidden and resonance models as a function of radius, normalized at
4.2 pc to the value found for Region 1 in the analysis above (i.e., forbidden/resonance=0.5). We
normalized the O VIII Lyman α/O VII resonance to match the peak value between model and data.
(Both of these normalizations must be examined critically in the future, but serve as a reasonable
starting point.) With these two ratios uniquely defined at each radius, we found that they were
compatible with a unique set of plasma parameters at each radius. The results are shown in Fig-
ure 10, and show a smooth variation in the plasma parameters with radius. Figure 11 exhibits the
ionization age as a function of radius, and Figure 12 shows electron temperature as a function of
radius. Note that at large radius, the oxygen plasma is hotter and “older” (higher ionization age,
τ .) At shorter radius, the plasma is cooler and “younger”. The progression in τ has been antici-
pated (Flanagan et al. 2004) and is interpreted as the progression of the reverse shock inward. The
temperature variation had not been previously noted, but may be explained by a slowing shock
velocity as the shock progresses inwards.

Table 1. Model for Shell Profile

Line Rmin Fthick α(fixed) Rmax=Rmin(1.+Fthick)

OVII Resonance 3.9 0.48 3 5.8
OVII Forbidden 3.8 0.48 3 5.6
OVIII Lyman α 4.15 0.45 3 6.0

Summary

A first look at the December 2002 observation of E0102-72 (an observation made at a different
roll angle) reveals striking dissimilarity in forbidden line images relative to resonance line images
of Ne IX and O VII (with an apparent abrupt “termination” of the forbidden line). This suggests
azimuthal variations in electron temperature. Analysis of oxygen line images at two regions in
the south/southeastern sections of the SNR ring support the conclusion that the temperature in
the bright southeatern arc (Region 2) is cooler than the adjacent region (Region 1) located “due
south” in the SNR ring. Further work is required to reconcile discrepancies in the SE arc line ratios
measured in an earlier observation, to refine region boundaries, to measure the corresponding Ne IX
temperatures, and to understand the ionization structure in these regions.

We have approached the problem of radial plasma variations by assessing line ratios, as in the
azimuthal examination. However, the problem is complicated by the fact that line-of-sight con-
tributions have the effect of mixing plasma states from various radii. We have approached this
problem through a spatial model of the emission. We modeled the edge profiles (as a function
of distance from the center of the SNR) and included projection effects, tilt, angular and radial
distribution in the model. We formed ratios from the best-fit radial models for each X-ray line,
allowing us to derive plasma parameters in the usual way. Our results, shown in Figure 10, show
a smooth variation of the plasma parameters with radius. Both ionization age and electron tem-
perature decrease as the radius decreases. The former result, decreasing ioniozation age, has been



anticipated in earlier work and is attributed to the inward progression of the reverse shock. The
decrease in temperature is a new finding, and may be caused by slowing of the shock velocity as
it progresses inward through the ejecta. It should be noted that this represents preliminary work,
and will require a critical look at the normalizations, radial power law index, and other parameters.

Acknowledgements

This work was supported by NASA through contract NAS8-01129 and by the Smithsonian
Astrophysical Observatory (SAO) contract SVI-61010 for the Chandra X-Ray Center (CXC). We
thank Una Hwang for helpful comments.

References

Borkowski, K.J., Lyerly, W.J. & Reynolds, S.P.
2001, ApJ, 548, 820

Flanagan, K.A., Canizares, C.R., Davis, D.S.,
Dewey, D., Houck, J.C., Mark-
ert, T.H. & Schattenburg, M.L.
2001, “Ionization and Velocity
Structure in the Supernova Rem-
nant E0102-72”, ASP Conf. Ser.
234: X-ray Astronomy 2000

Flanagan, K.A., Canizares, C.R., Dewey, D.,
Fredericks, A.C. & Houck, J.C.
2003, “Estimating the Oxygen
Ejecta Mass in E0102-72”, HEAD
35,#10.23

Flanagan, K.A., Canizares, C.R., Dewey, D.,
Houck, J.C., Fredericks, A.C.,
Schattenburg, M.L., Markert, T.H.
& Davis, D.S. 2004, “Chandra
High-Resolution X-Ray Spectrum
of Supernova Remnant 1E 0102.2-
7219”, accepted for publication in
ApJ (astro-ph/0312509).

Gaetz, T.J., Butt, Y.M., Edgar, R.J.,
Eriksen, K.A., Plucinsky, P.P.,
Schlegel, E.M. & Smith, R.K. 2000,
ApJ, 534, L47

Fredericks, A.C., Flanagan, K.F., Davis, D.S.,
Canizares, C.R., Dewey, D.,
Houck, J.C. & Schattenburg,
M.L. 2001, “X-Ray Emission Line
Measurements of SNR 1E0102.2-
7219”, Two Years of Science with
Chandra

Fredericks, A.C., Flanagan, K.F.,
Canizares, C.R., Dewey, D.,
Houck, J.C. & Schattenburg,
M.L. 2002, BAAS 199, #126.18,
“Plasma Diagnostics with X-ray
Emission Lines of 1E0102.2-7219”

Fredericks, A.C., Flanagan, K.F.,
Canizares, C.R., Dewey, D.,
Houck, J.C. & Schattenburg, M.L.
2003, BAAS 201, #87.06, “Spa-
tially Resolved Plasma Diagnostics
with X-ray Emission Lines of
1E0102.2-7219”

Sasaki, M., Stadlbauer, T.F.X., Haberl, F., Fil-
ipovic, M.D. & Bennie, P.J. 2001,
A&A, 365, L237



Figure 1: Zeroth order image of E0102-72. The HETGS zeroth order image shown here
contains all energies. Significant brightness variations are evident. North is to the top in this
image. Two bright regions, the northern shelf and southeast arc, have been the focus of other
presentations.

Figure 2: Zeroth order image rotated. The zeroth order image has been rotated so that features
can be directly compared with dispersed line images of Obsid 3828. Two regions of the SNR ring,
marked with boxes, are examined in this poster. The small square is Region 1 and the rectaangle
is Region 2.



Figure 3: Ne IX Triplet (Obsid 3828). The bright resonance line is to the right and the forbidden
line to the left. Note the abrupt termination of the forbidden line at the bottom-left of the ring,
in sharp contrast to the brightness pattern of the resonance line. This is an indicator of azimuthal
temperature variations.

Figure 4: O VII Triplet (Obsid 3828). Brightness variations of the forbidden line (left) do not
trace those of the resonance line (right), indicating azimuthal variations of electron temperature.
Note that the forbidden ring appears slightly smaller than the resonance ring.



Figure 5: O VII triplet with regions marked. Boxes delimit regions for analysis in Obsid 3828.
Region 1, the small square, coincides with a region where the forbidden line (left ring) is weaker
than the resonance line (right ring). In Region 2, the rectangle, both the forbidden and resonance
lines are bright.

Figure 6: VNPSHOCK plasma parameters for Region 1. Plasma range consistent with 90%
confidence contours of oxygen line ratios from Region 1



Figure 7: VNPSHOCK plasma parameters for Region 2. Plasma range consistent with
90% confidence contours of oxygen line ratios from Region 2. A cooler temperature is indicated in
Region 2 than in Region 1.

Figure 8: O VIII Lyman α image from Obsid 120. The red box indicates the region from
which intensity profiles were extracted. Note that the bottom edge substantially coincides with
Region 1 of Obsid 3828.
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Figure 9: Intensity profile. Intensity profile from the extraction region marked in Figure 8. Left
peak corresponds to bottom edge of SNR ring. Dotted curve is data, solid curve is best-fit model.

Figure 10: Plasma parameters as a function of radius.
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Figure 11: Ionization age as a function of radius. At smaller radius, the ionization age is
smaller, as expected from the progression of the reverse shock.
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Figure 12: Electron temperature as a function of radius. The temperature is lower at smaller
radius, possibly due to the reverse shock slowing down as it progresses inwards.


