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Figure 1. (Continued)

correlated with parameters such as the ionization age, which
shows similar distribution patterns in the west, and the column
density, which is very high in that region. It is clear, however,
that Ne and Mg both show a strikingly different morphology to
Si, S, and Ar, or to Fe, and are much more similar to each other
than to any of the other elements.

2.3.2. Forward-shocked Regions

Broadly speaking, the distinctions between ejecta- and FS-
dominated regions in Cas A are readily apparent, with differ-
ences in temperature, ionization age, and element abundances.
To carry out a survey of the ejecta mass, however, we must either
model both the ejecta and circumstellar medium (CSM) compo-
nents for each spectrum or else accurately identify the specific
regions where the reverse-shocked ejecta make the dominant
contribution to the emission. Given the scope of the spectral
analysis, we have adopted the latter approach. Multi-component
fits can be difficult to constrain reliably, particularly if one of
the components is relatively weak, and thus would require more
individual attention than is feasible for a sample of thousands.
Consequently, our next aim is to identify and eliminate regions
whose spectra can be completely associated with the forward
shock.

We evaluate the presence of thermal emission associated with
the forward shock by fitting a second set of plane-parallel shock
models to every spectrum, but this time with element abundances
appropriate for the CSM. The optically emitting quasi-stationary
flocculi (QSFs) in Cas A are understood to be circumstellar
mass loss from the progenitor. While abundance measurements
for QSFs are limited to a small number of knots, these generally
show an order-of-magnitude enhancement of N and sometimes
also of He (Chevalier & Kirshner 1978). Theoretical calculations
for the pre-supernova composition are also given by Arnett
(1996), where the models allow the elements H, He, and N, all
apparently present in Cas A, to exist simultaneously at a narrow
temperature range near log T (109 K) = −1.5 (their Figure 7.6).
At that temperature the abundance of He is 3 times the solar
value relative to H by number, and that of N about 15 times

the solar value. As these abundances for He and N are broadly
consistent with the observational measurements, we proceed to
adopt them for our fits, along with solar values for the remaining
elements, as representative CSM element abundances.

About 1209 regions gave reasonably good fitting results
(χ2 ! 1.2) with the vpshock model and these QSF element
abundances and are thus assigned to the forward shock. They
are distributed mainly in the remnant’s outer rim and southwest
interior, as would be expected based on the 4–6 keV X-ray
continuum image that highlights the forward-shocked regions
(Gotthelf et al. 2001). Their average temperature is 2.2 keV,
and their ionization ages are rather narrowly distributed with an
average value of 2 × 1011 cm−3 s. These values can be assessed
in the context of the models of Laming & Hwang (2003),
which give the current density of the CSM at the forward shock
at about 1.5–2 cm−3. Considering the r−2 dependence of the
circumstellar density, the forward shock will have encountered
much denser material in the past, and the present-day ionization
state of the forward-shocked material is expected to be relatively
advanced. The models give values of the ionization age in the
1011 cm−3 s range, approaching 1012 cm−3 s; they also indicate
that gas is rather hot, with temperatures from 2.5 to 4 keV. This
is reasonably close to the average values of the temperature
and ionization age that we find in our region, though the fitted
spectra do not show as broad a range in ionization age as is
predicted.

To the forward-shock regions identified solely by the thermal
emission model above, we must also add those that have a
strong nonthermal contribution. To identify these, we devise a
rough diagnostic for the smoothness of the X-ray spectrum. We
bin each background-subtracted spectrum at each significant
line feature and continuum interval (some of these cover only
a narrow energy range), compute the ratio of counts for each
major line feature relative to counts in an adjacent continuum
bin, and take the sum of these ratios for all the line features.
The distribution of this quantity for all the spectra has two
overlapping peaks; we take the spectra associated with the lower
peak (corresponding to weak lines in the spectrum) and perform
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Data analysis of extended sources

Chandra Cas A dataset: >1 billion photons!

‣ Multiple, entangled physical components 
‣ Mixed /nested ejecta, synchrotron emission 
‣ Projection effects 

‣ Region definition impacts spectral results



Data analysis of extended sources
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‣ Typically (Voronoï, adaptive binning, etc): 
‣ cells defined on surface brightness, not intrinsic distribution of physical 

components 
‣ cell definition for lines is not ideal for synchrotron/continuum emission 
‣ Large-scale analysis (>104 spectra to fit) 

‣ Issue:  
‣ each cell is treated independently  
‣ 2D then 1D, not fully exploiting the data



Cas A Chandra X,Y,E cube 
(F. Acero)
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One possible approach 
Picquenot, Acero, Bobin, Ballet, Maggi, Pratt, 2019, A&A, 627, A139
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Generalised morphological component analysis (GMCA)

‣ Blind source: estimate all ai & si with no prior info 
‣ Semi-blind: use some physical information  
‣ GMCA is an unsupervised ML clustering algorithm 

Outputs: images and spectra in counts (directly usable in Xspec) 
‣ Limitation: assume morphology does not change with energy

‣ Bobin et al. (2016) 
‣ Assumption: Linear combination of Spec*Image



Cas A [5-7] keV (1 Ms Chandra data)

Synchrotron

Red-shifted Fe structure

Blue-shifted Fe structure

Noise

‣ 3 significant components: “continuum”; 
redshifted, blue shifted Fe K 
‣ Very robustly retrieved: no significant 
additional components



2D vs 3DPerseus 1 Ms Chandra X,Y,E cube (F. Acero)



‣ Direct spectro-imaging of X-ray filaments 
‣ Spiral structure probably due to sloshing 
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Athena

‣ Athena 

‣ Increased Aeff (A0 [1 m2] vs A4 
[Chandra]) 
‣ Many more counts 
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Kepler

SIXTE simulation by 
Gamil Cassam-Chenaï

Using GMCA for SIXTE simulations 



Kepler X-IFU simulation around Si XIII line
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Kepler fits in X-IFU FoV 
100 ks



X-IFU Kepler SIXTE simulation 
1.5-2.5 keV  data cube
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Chandra observations 
1.5-2.5 keV  data cube
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Conclusion

• Huge amount of data in deep XMM & Chandra observations but analysis 
methods have stalled in the last 20 years 

• GMCA: a blind source separation method for X/Gamma-rays 
– Exploit the 2D-1D info from spectro-imagers (MUSE, Fermi, CTA) 
– Applicable to SNR, PWN, clusters, galaxies or time cubes (X, Y, T) 

• Clustering algorithm providing useful ‘human’ outputs 

• Promising results on archival data for SNRs and clusters 
– revealing new features, useful outputs for SIXTE simulations 

• Caveats 
– Assumes each component is Spec*Image 
– Need deep observations of bright sources (> 1 millions counts) 
– Can only differentiate if structured emission (not ~gaussian blobs)
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