
Figure 1: Left: Chandra image of Cas A, with red: Ne/Mg/FeL-rich ejecta; Si-rich ejecta (green); 4-6 keV continuum (blue).
Squares are the five Resolve FoVs. The actual configuration depends on the role-angle constraints and need to optimisation for
full coverage. Right: Similar colours, but showing the effect of XRISM’s PSF, indicating still considerable spectral variation.
The squares correspond to Resolve pixels and these regions were used to simulate the spectral variation (see table).

[eg. 3] and X-rays [8]. The composition is dominated by intermediate mass elements (IME, Si, S, Ar, Ca) with little
Fe, O, Ne, Mg. The jets may provide a low energetic link to gamma-ray bursts and, more in particular, X-ray flashes.

Detailed Doppler measurements exist for optical knots, indicating that the O- and S-rich knots form rings around
the Fe-rich ejecta observed in X-rays [3]. X-ray Doppler measurements show that the Northern part of Cas A appears
to be redshifted (with Fe faster than Si) whereas the SE part is blueshifted [e.g 12, 6, 19]. However, these Doppler
maps were made with CCD detectors for which results are based on centroiding. CCD spectroscopy allowed for
measuring spatial variations, but cannot be used to establish whether multiple spectral components are present (a mix
of blue and redshifts) and/or separate out shifts due to variation in line ratios. For example, most measurements are
based on the He triplet, where variations in the triplet ratios can shift centroids around. A few small, bright knots
could be measured with Chandra gratings, which indeed showed large variations in velocities [±4000 km s�1, 11].

The high shock velocities (both forward and reverse shocks) should result in plasma temperatures of & 30 keV, in
particular in the W region. However, Te is 0.7-4 keV, based on the shape of the bremsstrahlung continuum and line
ratios. This implies that the electron temperature is lower than the ion temperature, and/or that cosmic-ray acceleration
is depleting thermal energy. We expect a marked difference in ion temperature between the E and W region, because
of contrasts in reverse shock velocity,1 but also because the W region shows bright X-ray synchrotron emission,
suggesting efficient acceleration [5]. The measurement of thermal broadening as compared to bulk motion is subtle
and requires careful modeling of both red/blueshifts (large means that bulk motion are unidirectional) and position of
extraction regions.

2 Scientific Justification

Cas A is a spectroscopically rich source, and a deep XRISM observation will result in several papers, at least one for
each objective.We divide these objectives in ”key science objectives”, for which the science is unique to XRISM ob-
servations of Cas A , and ”secondary science objectives”, which may be more challenging, and/or are better addressed
by observations of other SNRs, but for which there is still a lot to be learned for the specific case of Cas A, and with
ample opportunity for serendipitous discoveries.
The key science objectives are:
• Measure the abundances of odd (trace) elements X-ray spectroscopy up to now relied mostly on the detection of

even elements (alpha elements, O, Ne, Mg, Si, S, Ar, Ca) and Fe. With XRISM we can also for the first time trace
the rarer elements Na, Al, P, Cl, K, Ti, Mn, Cr, Ni, in the ejecta component of a core-collapse SNR. So far only
Cr and Ni have been detected. The spatial correlation (combined with ionisation information) with even elements
will help to identify in which burning layers these odd elements were synthesised.

1For recent results, see slide 13 here: http://snr2019.astro.noa.gr/wp-content/uploads/2019/08/D2-1730-Vink.pdf
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XRISM science
• XRISM-Resolve: first time calorimeter are used from space 
• Allows for high-spectral-resolution imaging 

• Currently at 1’ level -> better with newAthena 
• Spectral resolution 5eV @ 6 keV: R~1200 
• Bummer: gate-valve not open (yet?) -> spectroscopy above ~1.8 keV 

Until now: 
• CCD spectroscopy (150 eV @ 6 keV: R~40) 
• Excellent imaging: 0.5” CXO/ACIS 
• Slitless grating spectrometers: R~1000 as well! 

• But: does not work (or difficult) for extended sources!!! 
• Resolution better at lower energies -> XRISM wins @6 keV 
• Gratings have low eff. area 

• Largest impact calorimeters: extended sources! 
• supernova remnants 
• clusters of galaxies 
• diffuse ISM -> but too soft with gate-valve closed 2

kpc scale?

Mpc scale?



Supernovae

• Two basic types:  
• core collapse supernovae:  

• massive stars, leave neutron star, oxygen-rich 
• thermonuclear/Type Ia supernovae: 

•℅ white dwarf in binary, ~0.7 Msun of iron, total disruption
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12 CHAPTER 2. SUPERNOVAE

Figure 2.3: Supernova classification scheme.

that are peculiar in one way or another; like extremely bright, or exactly the opposite.
This book is not the place to discuss all the observed variations, and we limit ourselves
here to the broad classes that cover the majority of the observed supernovae.

2.1 The optical classification of supernovae

2.1.1 Spectroscopic classification
As stated above their are two broad classes in which supernovae are divided: core-
collapse supernovae and thermonuclear supernovae, based on the explosion mecha-
nism that causes them. However, the commonly used classification scheme is based
on the observed variety in optical spectra and light curves. Most supernovae have op-
tical spectra characterised by relatively broad absorption lines (few thousands km s�1)
during the first months of their development. Typically the spectrum informs us about
the conditions in the photosphere, which separates the outer, optically thin ejecta, from
the optically thick ejecta. As the gas is expanding, more ejecta become optically thin,
and the photosphere moves to deeper layers of the supernova, which have lower veloc-
ities. After a few months all the ejecta are optically thin, and the optical spectra are
characterised by emission lines, rather than absorption lines. This optically thin phase
is called the nebular phase. However, the spectroscopic classification is based on the
early phase of the light curve development, roughly around maximum light, which
occurs a few weeks after the explosion.

The optical classification goes back to Rudolph Minkowski [830], who called su-
pernovae with no hydrogen absorption lines in their spectra as Type I supernovae, and
with hydrogen lines as Type II supernovae. He already noted that Type I supernovae
are more homogeneous as a class, than Type II supernovae. The homogeneity of Type
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20 CHAPTER 2. SUPERNOVAE

Figure 2.8: Left: Supernova yields for the most abundant X-ray emitting elements.
The squares/black line indicates the mean yield for core collapse supernovae, whereas
the circles indicate thermonuclear supernovae (the W7 deflagration model in red and
the WDD2 delayed detonation model in magenta). The model yields were taken from
Iwamoto et al. [587]. Right: Oxygen yield of core collapse supernovae as a function
of main sequence mass. The circles and squares are the predictions of [1251], the
triangles are predictions of [264], and the crosses of [1111]. (Figure reproduced from
[1174].)

2.2.5 Core-collapse supernova ejecta composition
The ejecta of core-collapse supernovae consist primarily of stellar material, except for
the innermost ejecta, which consist of explosive nucleosynthesis products, mostly Fe
and Si-group elements. These elements are synthesised from protons, neutrons, and
alpha-particles, which are the remains of the heavy elements that have disintegrated
in the intense radiation field in the the innermost regions surrounding to the collapsing
core [95]. Some of the explosive nucleosynthesis products are radioactive, such as 56Ni,
and 44Ti. In particular the energy generated by the decay of 56Ni (t = 8.8 days) into
56Co (t = 111.3 days), and finally 56Fe, heats the ejecta, which leaves a major imprint
on the evolution of the supernova light curve. The yields of these elements depend
sensitively on the details of the explosion, such as the mass cut (the boundary between
material that accretes onto the neutron star and material that is ejected), explosion
energy, and explosion asymmetry. Since the mass of the neutron star/black hole, the
location of energy deposition and the presence of asymmetries are not well constrained,
the expected yields of these elements are uncertain, and vary substantially from one set
of numerical models to another [1251, 1111, 264], see Fig. 2.8.

Overall the yields of core-collapse supernovae are dominated by carbon, oxygen,
neon and magnesium, which are products of the various stellar burning phases (Ta-
ble 2.1). The final amounts of alpha-elements is proportional to the initial mass of the
progenitor (Fig. 2.8). In particular, the oxygen-ejecta mass is a good indicator for the
initial mass of the progenitor. It is for this reason that a special class of supernova
remnants, the oxygen-rich supernova remnants (Sect. 9.3.1) is considered to consist of
remnants of the most massive stars (& 20 M�).

2.3 Thermonuclear (Type Ia) supernovae
The idea that Type I supernovae are explosions of white dwarfs dates back to the 1960s
[395, 96, 493]. The two main reasons for arriving at that idea are the lack of hydrogen in

core-collapse 

Type Ia



Grating spectra
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190 CHAPTER 9. YOUNG SUPERNOVA REMNANTS

Figure 9.1: CCD (XMM-Newton-MOS) and Reflective Grating Spectrometer (XMM-
Newton-RGS) spectra of an oxygen-rich (1E0102.2-7219) and a Type Ia supernova
remnant (SNR 0519-69.0). It shows the spectroscopic differences between Type Ia and
core-collapse supernova remnant spectra, with the Type Ia supernova remnant being
dominated by Fe-L emission. The also figure illustrates the better spectral resolution
of the RGS instrument over CCD-detectors, even for mildly extended objects; both
supernova remnants have an extent of about 3000. (Figure reproduced from [1174].)

the Fe-L complex is accompanied by Fe-K emission, which, depending on the charge
state, occurs between 6.4 keV (<Fe XVII) and 6.7 keV (He-like iron, or Fe XXV) —
see Sect. 13.5.8.

Since the emission is caused by iron, especially the iron-rich Type Ia supernova
remnants feature the Fe-L bump prominently. But there are exceptions. For example
the spectrum of SN 1006 does not display a prominent Fe-L complex, and it has only
weak Fe-K emission. Even Tycho’s SNR (SN 1572) does not have a very prominent Fe-
L bump, and the line emission is dominated by lines from intermediate mass elements,
and Fe-K. For SN 1006 (and to some extent for Tycho’s SNR) the absence of the Fe-
L bump has two reasons: the reverse shock has not penetrated deeply enough into
the iron-rich ejecta, and the ionisation age is low. Optical absorption spectroscopy of
SN 1006, using a UV emitting star in the background, reveals that the reverse shock is
still (partially?) in a silicon-rich layer [486, 485]. So it seems likely that most iron-rich
ejecta are still in free expansion, and have not been heated by the reverse shock. In
fact, there may be a difference between the backside and the frontside of the remnant.
Moreover, SN 1006 expands in a low density environment, ⇠ 450 pc above the Galactic
plane; as a result the overall density of the plasma is low, and the plasma is very far out
of ionisation equilibrium (Sect. 13.5.7), with an ionisation age of (1 to 5)⇥109 cm�3s.
As a result most of the shocked iron has charged states less than Fe XVII, and does not
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9.2. TYPE IA SUPERNOVA REMNANTS 193

Figure 9.4: Chandra X-ray images of supernova remnants that are generally regarded
to be Type Ia remnants [564, 205]. The three colour channels (RGB) correspond in all
images to respectively the X-ray bands 0.4-0.7 keV (dominated by O VII and O VIII
line emission), 0.7-1.2 keV (dominated by Fe-L emission), 1.8-4 keV (dominated by
K-shell lines of intermediate mass elements). Top row (left to right): SNR 0509-67.5
[1200, 674], SNR 0519-69.0 [672], and N103B [1156, 721]. Central row: DEM L71
[559, 941], SNR 0548-70.4 [513], SNR 0534-69.9 [513]. Bottom row: DEM L238
[195], DEM L249 [195], DEM L316 [859, 1235]. Note that DEM L316 is thought to
consist of two colliding supernova remnants, with only the supernova remnant on the
Eastern side (shell A) being a Type Ia remnant [1235]. The ordering here is roughly
based on the shell size, and, hence, age, but this is difficult to assess for DEM L316.
All images are created from archival data by the author, references point to literature
on the individual supernova remnants.

●LMC/SMC remnants: size small (~1’) not much spectral degradation
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9.3. CORE-COLLAPSE SUPERNOVA REMNANTS 207

Figure 9.11: X-ray images of oxygen-rich supernova remnants. From left to right,
top to bottom: Cas A, G292.0+1.8, B0540-69.3, N132D, 1E0102.2-7219, B0103-72.6,
and B0049-73.6. All images generated from Chandra ACIS archival data by the au-
thor, except Puppis A, which is based on Chandra and XMM-Newton data (Credit:
NASA/CXC/IAFE/G.Dubner et al. & ESA/XMM-Newton [345].) Properties of the
supernova remnants, references, and the colour coding are listed in Table 9.1.



supernova remnant shocks

• Two (or more) shocks: forward- (blastwave) and reverse shock 
• FS: shocks ISM/CSM 
• RS: shocks supernova material 

• Shocks velocities: ~10,000 km/s down to ~30 km/s (t~2x104 yr?) 
• For ~10 — 30 km/s : approach sound speed ISM turbulence speeds 
• Post-shock temperature (μ=0.6 average particle mass cosmic plasma): 

 

• But: electron temperatures may be lower and metal temperatures may 
be hotter!!
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Figure 5.1: Schematic view of the forward shock/reverse shock system [after 798].

5.3 The reverse shock
During the supernova explosion the stellar material is heated by the supernova shock
and heat deposition by radioactive decay of freshly synthesised, unstable elements.
However, the fast expansion of the ejecta, result in rapid adiabatic cooling. As a result,
the ejecta will be cold after a few months to years. The adiabatic cooling corresponds
to a rapid decline in internal pressure P. For an ideal gas we have:

PV g =constant (5.4)
)

Pej = P⇤
✓

Rej

R⇤

◆�3g
= P⇤

✓
Rej

R⇤

◆�5
, kTej = kT⇤

✓
Rej

R⇤

◆�2
.

with V the volume, and P⇤ and T⇤ the initial pressure and temperature at a radius R⇤.
The fastest moving, outermost, ejecta will create a shock wave in the CSM/ISM,

creating a shock-heated shell, which decelerates. The outermost, unshocked ejecta will
then move faster than the shell, and will collide with it. If this collision occurs at super-
sonic speeds. a shock wave will form, which (re)heats the adiabatically cooled ejecta
[798]. This shock wave is called the reverse shock (subscript rs), and to distinguish it
from the supernova blast wave, the latter is often referred to as the forward shock (fs).

The reverse shock (re)heats the ejecta, which is the prime reason for the strong
X-ray line emission from metal-rich ejecta in young supernova remnants(chapter 9).
Fig. 5.1 shows a schematic drawing of a young supernova remnant. It shows that the
shock-heated shell consists of two parts, roughly in pressure equilibrium: the outer-
most shell region consists of ISM/CSM heated by the forward shock, whereas more to-
ward the centre is the hot ejecta, heated by the reverse shock. Inside the reverse shock
is the cold freely expanding ejecta. The boundary between the shock-heated ejecta
and shock-heated CSM/ISM is called the contact discontinuity. As the hot ejecta and
shock-heated CSM/ISM are likely to have different densities, Rayleigh-Taylor instabil-
ities are likely to wrinkle this boundary (Sect. 5.9).

E. R. Micelotta et al.: Dust destruction in the Cas A supernova remnant

Fig. 3. Left: blast-wave and reverse shock radii as a function of the time elapsed since explosion. Right: zoom of left panel for t  1000 yr.

Fig. 4. Blast-wave and reverse shock velocities (vb and vr, respectively)
as a function of the parameter ↵. The reverse shock velocity (right
y-axis, in units of 103 km s�1) is calculated in the frame of the un-
shocked ejecta ahead of it. We assume that after the reverse shock has
entered the ejecta core (↵ < 0.75), its velocity remains constant and
equal to the value for t

⇤ = t
⇤
core (Eq. (34), see text). For each value of ↵,

the curve for vb (left y-axis, in units of 104 km s�1) provides the velocity
of the blast-wave shock at the moment when the reverse shock hits a
layer ↵ of the ejecta. Vertical line as in Fig. 1.

and the reverse shock velocity is given by

v⇤r =
3 � s

n � 3
v⇤b(t⇤ = t

⇤
core)

`ED
· (34)

We assume that inside the core the reverse shock velocity re-
mains constant and equal to the value for t

⇤ = t
⇤
core.

The radius of the blast-wave shock (Eqs. (24) and (26)) and
of the reverse shock (Eqs. (31) and (33)) as a function of the
time elapsed since the progenitor of Cas A exploded as a super-
nova are shown in Fig. 3. The velocity of the blast-wave shock
(Eqs. (25) and (27)) and of the reverse shock (Eqs. (32) and (34))
as a function of the parameter ↵ are shown in Fig. 4.

3. Application to Cas A

3.1. Ejecta geometry and physical properties

The Cas A supernova remnant is the result of the explosion
of a Type IIb supernova (Krause et al. 2008) with a progeni-
tor mass estimated between 15 and 25 M� (Young et al. 2006;
Vink et al. 1996). The remnant is located at a distance of 3.4 kpc
(Reed et al. 1995) and its age was ⇠333 yr in 2004 (date of the
Chandra observations which have been used to determine some
of the parameters of Cas A used in this work). From our cal-
culations (Sect. 2.3) we obtain the following values for the ra-
dius and velocity of the forward and reverse shock of Cas A in
2004: Rb = 2.5 pc, vb = 5226 km s�1, Rr = 1.71 pc and vr =
1586 km s�1. Our numbers are consistent with the values derived
from observations: Rb = 2.32�2.72 pc, vb = 4000�6000 km s�1,
Rr = 1.52�2.01 pc, vr = 1000�2000 km s�1 (see Table 1 for the
corresponding references).

We obtained this nice match adopting the ejecta mass Mej =
2 M� (consistent with the value of 2.2 M� inferred by Willingale
et al. 2002, 2003), and the explosion energy E = 2.2 ⇥ 1051 erg,
in agreement with the amount of energy expected from a core-
collapse SN (Laming & Hwang 2003), and the circumstellar
(preshock) density n0 = 2.07 H atom cm�3, which is compati-
ble with the value of 1.99 cm�3 from Willingale et al. (2003).

The density distribution of the supernova ejecta is described
in a more realistic and observationally motivated way by a se-
ries of overdense clouds embedded into a smooth and tenu-
ous medium (e.g. Peimbert & van den Bergh 1971; Kamper &
van den Bergh 1976; Chevalier & Kirshner 1978, 1979; Fesen
et al. 2001; Rho et al. 2009, 2012; Wallström et al. 2013).
For the ejecta clouds, we assume a pre-shock density ncloud =
100 cm�3 with a density contrast with respect to the smooth
component � = ncloud/nsmooth = 100. These values allow to
reproduce the optical spectra of the fast moving knots (FMKs)
in Cas A in a fairly accurate way (Sutherland & Dopita 1995).
For the smooth ejecta, therefore, we obtain the pre-shock den-
sity nsmooth = ncloud/� = 1.0 cm�3, which is consistent with
the ambient density of 0.1�10 cm�3 (average ⇠0.25 cm�3) esti-
mated for the X-ray emitting gas on the bases of ram pressure
arguments (Morse et al. 2004). This value for the smooth ejecta
density should be considered as indicative. To evaluate the e↵ect

A65, page 5 of 20



Thermal X-ray emission from SNRs

• Nonthermal emission: young SNRs with very fast shocks (Vs>3000 km/s) 
• For XRISM: thermal emission more interesting: 

• Plasma optically thin (perhaps not in some lines!) 
• We see through entire SNR, front and back 
• SNRs: may expect “pure metal” plasmas (no hydrogen!) 

• Plasma is “young” and not in equilibrium: 
• non-equilibrium ionization (NEI): ionization low for kTe 
• likely also non-equilibrium between electron,proton, metal 

temperatures 
• some older SNRs: reverse NEI: ionization too high for kTe

6



Forward and reverse shock velocities

• Reverse shock velocity:  

•  = shock displacement in observer frame 

•   free expansion velocity

Vs =
dR
dt

−
R
t

dR
dt
R
t

7

X-ray synchrotron

Jacco Vink: The forward and reverse shock motions of Cassiopeia A

Fig. 4. Same image as Fig. 1 but now with a spider diagram

overlayed that visualises the expansion rate as a function of po-

sition angle. For the forward shock (green) the radial extent of

the spider diagram is linearly proportional to the expansion rate.

For the reverse shock (red) the radial coordinate provides the

expansion relative to the dashed circle–inside the circle indicates

a motion toward the interior.

rameter is very sensitive to misalignments of images of dif-
ferent epochs. We illustrate this by showing in Fig. 3 also
the measured deceleration parameter without solving for
(�x,�y) for each individual epoch (see Sect. 2.3). Clearly
this a rather extreme example, but it does illustrate the ef-
fects of errors in the pointing reconstruction for each epoch.

3.2. The reverse shock region

For the reverse shock region we did not attempt to mea-
sure the deceleration, given the systematic errors involve,
but also because the expansion rates as a function of PA are
varying substantially, making the expansion rate the most
interesting parameter, whereas there is no clear expecta-
tion concerning the deceleration parameter. The results for
the reverse shock expansion rates are listed in Table 5 and
depicted in red in Fig. 2. The most remarkable feature is
that the reverse shock has a negative value—-indicating
that the reverse shock moves toward the center—for PAs
between 260�and 300�, corresponding to the southwestern
and western region, coinciding with and south of the west-
ern jet region.

3.3. Systematic errors

Fig. ??, in the appendix, we show the expansion rates of
both the forward and reverse shock with and without cor-
recting for pointing errors.

4. Discussion
For the shock-heating and particle acceleration ability of a
shock the shock velocity in the frame of the ejecta matters,

Fig. 5. The implied velocities of the forward- (black) and

reverse-shock regions (red), based on the approximate angu-

lar distances of the shock with respect to the expansion center

(Thorstensen et al. 2001), taking into account the shift of the

reverse shock with respect to this center (Arias et al. 2018). The

solid lines are the velocities in the frame of the observer. The

red dashed line shows the reverse shock velocity in the frame of

the freely expanding ejecta.

which is

|Vrs,ef | =
����
Rrs

t
� dRrs

dt

���� , (7)

with t the age of the SNR.
The plasma velocity behind the reverse shock in the

observer’s frame is

vpl,os =
dRrs

dt
+

1

�
Vrs,ef =

1

�

Rrs

t
+

✓
1� 1

�

◆
dRrs

dt
. (8)

For a self-similar expansion—-i.e. Rrs / tm, with m ⇡ 0.7
for Cas A —we obtain:

vpl,os =


1

�
+m

✓
1

�

◆�
Rrs

t
(9)

=(0.25 + 0.75m)
Rrs

t
⇡ 4345 km s�1.

However, we observe that in the west/southwestern re-
gion the reverse shocks moves backward with dRrs/dt ⇡
�2100 km s�1, which roughly corresponds to a plasma ve-
locity of �173 km s�1.

5. Conclusion
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Emission from hot optical thin plasma

• Radiation processes: 

• thermal bremsstrahlung  

• free-bound emission -> can dominated for pure metal plasma! 
• shape similar to bremss: but starts at edge energy! 

• two-photon continuum -> importantfor pure metal plasma! 
• line emission: depends on Te, ionization balance, composition 

• All emission depends on electron temperature, not on ion 
temperatures! 

• All emission proportional to   

• standard: replace by emission measure V (assumes that 
hydrogen/He dominates bremsstrahlung!)

ϵff ∝ ne ∑
i

niZ2
i T−1/2

e exp(−hν/kTe)

∑
i

neniV

nenH
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Free-bound emission in pure metal 
plasmas

9

E. Greco et al.: Radiative recombination continua in pure-metal ejecta

Table 4. Parameters of the ISM (CIE) plus pure-Si (CIE) or mild-Si
models used for the spectral synthesis with the corresponding inferred
Si and ejecta masses.

Parameter ISM Pure-metal Mild-ejecta

EM (cm�3) 1.6 ⇥ 1059 1.5 ⇥ 1055 1.5 ⇥ 1057

kT (keV) 0.15 0.8 0.8
Si Abundance 1 300 3

Si mass (M�) / 0.015 0.0016
Ejecta mass (M�) / 0.06 0.6

Fig. 5. Synthetic ACIS-S spectra of ISM+pure-Si (pure-metal model,
red) and ISM+Si-rich (mild-ejecta model, black) plasmas.

any clear difference that could be related to the pure-metal
ejecta emission (even with an unrealistically high exposure time
of 108 s). However, as we can see from the derived masses
in Table 4, in the pure-metal ejecta the total mass estimate
goes down, but the mass of the considered element, Si in this
case, goes up. We have two different models, with two differ-
ent masses prediction, which are substantially indistinguishable.
Spectra in Fig. 5 confirm that the degeneracy between abundance
and emission measure is a serious issue, which is intrinsically
due to the instrumental characteristics of the CCD cameras and
does not depend on the statistics of the observation. The ability
to close off and identify the presence of FB contributions offers a
unique diagnostic tool to assess whether the spectrum is coming
from a highly enriched, but still hydrogen-dominated plasma, or
from a pure-metal ejecta plasma.

3.2. Resolve

Here, we further show that the degeneracy between abundance
and emission measure is intrinsically due to the instrumental
characteristics of the CCD cameras and does not depend on the
statistics of the observation. We repeated the spectral simula-
tions discussed above by folding the pure-metal model and the
mild-ejecta model with the Resolve response matrix6.

Figure 6 shows the pure-metal case and the mild-ejecta case,
again assuming an exposure time of 108 s. Thanks to the high

6 Resolve response and ancillary files used are xarm_res_
h5ev_20170818.rmf and xarm_res_flt_fa_20170818.arf, available
on https://heasarc.gsfc.nasa.gov/docs/xrism/proposals/

Si Recombination Edge

Fig. 6. Same as Fig. 5 but the model is folded through the Resolve
response matrix.

spectral resolution of the microcalorimeter, it is now possible
to observe a clear spectral difference between the two scenar-
ios. As expected on the basis of the study presented in Sect. 2,
a bright edge of recombination shows up at ⇠2.5 keV (i.e., the
He–Si RRC typical energy) when the abundance of Si is 300.
Figure 6 also clearly shows that the recombination edge and the
RRC are much dimmer in the mild-ejecta case. We stress that, in
the pure-metal ejecta regime, even if the bremsstrahlung emis-
sion from the shocked ISM enhances the continuum emission
and strongly reduces the equivalent width of emission lines, the
RRC still emerges above the FF emission at energies >2.5 keV.
Therefore, according to our simulations, the enhanced FB emis-
sion is a better tracer of pure-metal ejecta than the line equivalent
width.

High resolution spectrometers like Resolve (and, in the
future, X-IFU on board the Advanced Telescope for High-Energy
Astrophysics, ATHENA) are therefore capable of pinpointing the
enhancement in the FB emission associated with a plasma with
extremely high metallicity.

4. Pure-metal ejecta in Cas A

The simulations described above show that the enhancement in
the RRC emission can be a strong signature of pure-metal ejecta
and that such a spectral signature can be detected with high
resolution spectrometers, while being almost impossible to be
observed with CCD detectors. We here apply our diagnostic tool
to a real case, by focusing on Cas A. In particular, we aim to
understand whether it will be possible to pinpoint pure-metal
ejecta emission with the Resolve spectrometer.

Cas A is one of the brightest and most studied SNR. It is a
young (330 yr old, Thorstensen et al. 2001) SN IIb-type remnant
(Krause et al. 2008) at a distance of 3.4 kpc (Reed et al. 1995),
which shows many asymmetries and an overall clumpiness (Reed
et al. 1995; Hwang & Laming 2003, 2012; Vink & Laming 2003;
Hwang et al. 2004; DeLaney et al. 2010; Milisavljevic & Fesen
2013; Lee et al. 2014). In particular, Hwang & Laming (2012)
performed a detailed survey of the ejecta distribution in Cas A
highlighting the presence of three large-scale Fe-rich clumps.
They also confirmed the existence of an Fe-rich cloudlet, pre-
viously detected by Hughes et al. (2000) and Hwang & Laming
(2003), located within the southeastern clump. In this cloudlet
the relative Fe/Si abundance is ⇠20, while Fe/Si is ⇠5 in the
other Fe-rich regions of Cas A.
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Table 2. Energy bands adopted for the X-ray fluxes in Fig. 1.

Band name Energy range (keV)

SiLine 1.79–2.01
SiCont 2.47–2.67
FeLine 1.2–1.4
FeCont 2.05–2.15

Fig. 1. X-ray fluxes of different emission processes (in the correspond-
ing energy bands, see Table 2) as a function of Si abundance for
a plasma temperature of 1 keV. All values are normalized to those
obtained for solar abundances.

of the ionization energy are taken from Lide (2003) and the line
energies are taken from AtomDB WebGuide2.

In the following, we present the results obtained for Si for
the sake of clarity, since the Fe emission shows a very complex
line pattern up to energies close to those of its RRC. The results
obtained for Fe are analogous to those obtained for Si and are
described in detail in Appendix A.

Figure 1 shows the integrated flux for each emission process
in the corresponding energy band, for a plasma temperature of
1 keV, normalized to that obtained for solar abundances. The flux
of line emission increases linearly with the abundance (as pre-
dicted by Eq. (1)). The total FB emission shows a weak increase
for abundance values between 1 and 10 because the FB emission
associated with Si is only a fraction of the total FB emission.
Once ASi >⇠ 10, the total FB emission is due mainly to the Si FB
and we observe a linear dependence (as predicted by Eq. (3)).
The FF emission is substantially insensitive to the increasing
abundance until values of a few hundred are reached; then, it
increases with the abundance like the FB and line processes. This
is because for abundances ASi <⇠ 102, the FF emission produced
by electrons originally belonging to H (hereafter H-electrons)
overcomes that of electrons stripped from Si (Si-electrons). For
solar abundances the number of H-electrons is about 104 times
the number of Si-electrons (Table 1 and Eq. (2)), therefore, by
only slightly increasing the Si abundance, the global contribu-
tion to the FF emission is still mainly associated with H-electrons
(and H ions).

As abundances on the order of a few hundred are reached,
the number of Si-electrons is not negligible with respect to the
number of H-electrons. Moreover, in this regime, which we call
the pure-metal ejecta regime, the contribution of Si ions to the
electron scattering becomes important. For these high abun-
dances, therefore, the term including the Si contribution

2 http://www.atomdb.org/Webguide/webguide.php.

Fig. 2. Ratio between the FF and FB fluxes shown in Fig. 1 as a function
of the Si abundance for a plasma temperature of 1 keV.

Fig. 3. Same as Fig. 2 for plasma temperatures of 0.2 keV (red line), 0.9
keV (green), and 1.7 keV (blue).

becomes the dominant one in the summation of Eq. (2) (given
the dependence on Z

2
i
, with Z = 12 for He-like Si) and we

thus observe the expected linear increase with the abundance.
Figure 2 shows the FB over FF flux ratio: the observed flattening
in the flux ratio reflects the pure-metal ejecta regime discussed
so far.

We also investigated how the FB to FF flux ratio depends on
the plasma temperature. We repeated the simulations described
above by exploring temperatures in the range kT = 0.2�3 keV
with a step of 0.1 keV. Figure 3 shows the FB to FF flux
ratios for three different temperatures, namely kT = 0.2 keV,
kT = 0.9 keV, and kT = 1.7 keV. By increasing the tempera-
ture in the range 0.2–0.8 keV, the slope � of the FB to FF ratio
as a function of Si abundance increases; that is, with high plasma
temperature, the FB contribution becomes more visible than the
FF. However, at kT ⇠ 0.9 keV, � reaches its maximum and a
further increase in temperature leads to lower values of �. The
observed trend at energies below 0.9 keV is due to the increasing
degree of Si ionization and the subsequent higher number of free
electrons combined with the increasing width of the RRC, which
is spread out at higher temperatures thus reducing the effect in
the 2.47–2.67 keV band. On the other hand, at energies above
this threshold, the electrons are so energetic that they can escape
recombination while still increasing the FF emission. The value
of the temperature threshold depends on the element considered,
because of the different degree of ionization at a given temper-
ature and of the corresponding number of vacancies in the ion
itself. Heavier elements have higher thresholds (see Fig. A.1 for
the Fe case) also because of the stronger ion electrostatic field.
We found that, in the Si case, the FB to FF ratio is maximized
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thus observe the expected linear increase with the abundance.
Figure 2 shows the FB over FF flux ratio: the observed flattening
in the flux ratio reflects the pure-metal ejecta regime discussed
so far.

We also investigated how the FB to FF flux ratio depends on
the plasma temperature. We repeated the simulations described
above by exploring temperatures in the range kT = 0.2�3 keV
with a step of 0.1 keV. Figure 3 shows the FB to FF flux
ratios for three different temperatures, namely kT = 0.2 keV,
kT = 0.9 keV, and kT = 1.7 keV. By increasing the tempera-
ture in the range 0.2–0.8 keV, the slope � of the FB to FF ratio
as a function of Si abundance increases; that is, with high plasma
temperature, the FB contribution becomes more visible than the
FF. However, at kT ⇠ 0.9 keV, � reaches its maximum and a
further increase in temperature leads to lower values of �. The
observed trend at energies below 0.9 keV is due to the increasing
degree of Si ionization and the subsequent higher number of free
electrons combined with the increasing width of the RRC, which
is spread out at higher temperatures thus reducing the effect in
the 2.47–2.67 keV band. On the other hand, at energies above
this threshold, the electrons are so energetic that they can escape
recombination while still increasing the FF emission. The value
of the temperature threshold depends on the element considered,
because of the different degree of ionization at a given temper-
ature and of the corresponding number of vacancies in the ion
itself. Heavier elements have higher thresholds (see Fig. A.1 for
the Fe case) also because of the stronger ion electrostatic field.
We found that, in the Si case, the FB to FF ratio is maximized
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• In hydrogen-dominated spectrum: line emission goes up with increasing 
abundances 
• above certain abundances (Si ~100xsolar): also continuum goes up 
• i.e. line equivalent width stays constant above [Si]~100 

• Pure metals: 
•  bremsstrahlung/FB and line emission come from same species 
• free-bound becomes dominant above abundances of ~100 
• Be careful deriving densities and masses from emission measure!



NEI
• The rate change for given ion i (species),z  (charge): 

•  recombination rate from ion z+1 

•  ionization from z-1, 

• Driven by electron collisions:  

• Equilibrium:  (ionizations/recombinations in balance): 
collisional ionization equilibrium (CIE) 

• In SNRs: not enough collisions (10-26 for iron!) for equilibrium! 
• The plasma is hotter, ionization lags behind! 
• In some cases: overionization -> electrons have cooled but 

ionization has not followed! 

• Relevant parameter:  (ionization age, or parameter)

αi,z+1

Si,z−1

dni,z /dt ∝ ne

dni,z /dt = 0

τ = net 10

dni,z

dt
= ne {αi,z+1(Te)ni,z+1 + Si,z−1(Te)ni,z−1 − [αi,z(Te) + Si,z(Te)ni,z]},



NEI

• NEI: to relevant parameters Te and  
• More difficult to fit accurately! 
• Clusters/stars: only Te 

• Line emission: Te and ; continuum: Te (but not always reliable in 
case of nonthermal emission) 

• Typical values:  (SN1006) to  (N132D) 
• In all sources (SNRs,clusters..): multiple Te, net along line of sight!

net

net

net ≈ 2 × 109 cm−3s 1012 cm−3s
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Figure 13.18: The effects of non-equilibration ionization (NEI) illustrated for oxygen.
Both panels look very similar, but the panel on the left shows the oxygen ionisation
fraction as a function of electron temperature for collisional ionization equilibrium
(CIE), whereas the panel on the right shows the ionisation fraction as function of ion-
isation age (net), and for a fixed temperature of kTe= 1 keV, assuming an initial ioni-
sation distribution valid for f kTe= 2 eV. The ionisation fractions were calculated using
the spectral code SPEX 3.05 [601]. In practise supernova remnants have found to have
net values ranging from ⇠ 109 � 1013 cm�3s. Note the broad range in kTe and/or net
over which He-like oxygen is present, which is caused by the resilience of the fully
occupied K-shell.

governing the evolution of the ionisation stages for a given electron temperature are
then

dni,z

dt
= ne {ai,z+1(Te)ni,z+1 +Si,z�1(Te)ni,z�1 � [ai,z(Te)+Si,z(Te)ni,z]} , (13.155)

with az and Sz the recombination and ionisation rate coefficients, respectively — in-
cluding all the different modes discussed above. The first two terms on the right-hand
side show the gains to the ion density ni,z by recombination from a more ionised ion,
and ionisation from a less ionised ion. The term in square brackets shows the decrease
in ion density due to recombination and ionisation to respectively lower and higher
ionisation states. Since there are Z+1 ion states for a given atom, (13.155) is a system
of Z +1 differential equations. As all rates are proportional to the electron density, the
evolution is governed by the combination net rather than t. For this reason net is taken
as a single parameter, which is usually referred to as the ionisation age or ionisation
time scale. Note that ne is not necessarily constant as function of time, as the electron
density may change as the ionisation levels evolves, and because there can be external
reasons for density evolution, such as expansions or compressions of the plasma.

By definition, in the case of collisional ionisation equilibrium (CIE), there is no
net evolution in the density of an ion, dni,z/dt = 0.The differential equation can then
be unique solved for a given electron temperature Te. However, as the rate coefficients
(13.151) and (13.147) indicate, for temperatures around 107 K the rate coefficients have
typical values around 10�13�10�10 cm3s�1. This implies that H-like and He-like ions
recombine/ionise on time scales of t ⇡ 1/(ane) or t ⇡ 1/(Sne) ⇡ 1010 � 1013 s. This
corresponds to several hundred to hundred thousands year for the typical low densities
in supernova remnants of ne ⇠ 1 cm�3. So we do not expect the plasmas of supernova
remnants to be in CIE.

Equation (13.155) can be directly integrated as a function of ionisation age. Most



He-triplets: G and R-ratios

• High resolution spectroscopy with XRISM: resolve line 
complexes -> He-like ions -> triplets 

• Sensitive to both Te and net -> break degeneracies 
• Forbidden line: driven by inner shell ionization, or 

recombination
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Figure 13.14: Level diagram (Grotrian diagram) of O VII (He-like oxygen), showing
that the there is a separation between the singlet (S=0) and triplet states (S=1). Allowed
transitions are indicated by green arrows. Note that the 3P levels is split according to
J = 0,1,2, with energy differences not discernable on this scale.

Note that we assumed that k · r ⌧ 1. However, for electrons moving in the inner-
most shells of a strong potential, for example for multiply ionised metals, the term k ·r
may start approaching one, and the (M1) and (E2) transitions will become relatively
more important. This in particular of interest for the hot ⇠ 107 K plasma in supernova
remnants.

Selection rules for electric dipole transitions

The discussion of forbidden and “allowed” transitions brings us to the selection rules
for allowed transitions, as these are the transitions that in ordinary circumstances should
dominate the line emission from a gas. For transitions involving a single electron the
rules are: Dl =±1, because the photon (a spin s = 1 particle) carries away one unit of
angular momentum h̄, and Ds = 0. For systems with multiple-electrons the selection
rules are DL = 0,±1, DS = 0, DJ = 0,±1, but J = 0 ! 0 is strictly forbidden. There is
no restriction on the change in principal quantum number Dn.

In the helium atom, and helium-like ions, the combined electron spin can either
be in a singlet state (13.115), or in a triplet state (13.114), depending on whether the
electron orbital configuration is symmetric, and the spin configuration anti-symmetric,
or vice versa. For an allowed transition we have DS = 0. So a transition from a triplet
(singlet) state can only be to another triplet (singlet) state. It is almost like there are
two types of helium atoms. These two kinds of helium atoms are called ortho-helium
(triplet state) and para-helium (singlet state).

An example of this situation is shown in Fig. 13.14, which displays the energy
levels of the O VII ion, which is prominent in a supernova remnant like SN 1006 [1184,
213]. The resonant line connects the 1s2p to 1s2 singlet levels (i.e. Dl = 1,Ds = 0).



He-triplets: G and R-ratios

• G=(f+i)/r, R=f/i 
• issue: sometimes Li-like line contamination 

• G ratio: high for severely underionized or over-ionized 
• R high for underionized
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Figure 13.19: Left: The G-ratios G = ( f + i)/r for He-like oxygen and silicon. Three
different temperatures are show 0.5 keV (solid line), 1 keV (dotted) and 2 keV (dashed).
Right: Idem, but now for the R-ratios, R = f/i. Note that these ratios are based on pure
He-like ion lines only. In practice some blends may occur with Li-like satellite lines
[1184], which, if not separated out, tend to increase the G-ratio and R-ratio at low net
values. This figure is based on calculations by the author using the SPEX code [601].
(Figure reproduced from [1174].)

The He-triplet can be resolved with high resolution spectrometers, like the XMM-
Newton and Chandra gratings, and the future microcalorimetric detectors on board
XRISM and ATHENA. The ratio of the three lines has often been used as a diagnostic
tool to measure densities of stellar coronae, for ne ⇡ 108 �1013 cm�3 [415, 809, 726,
929]. This density regime is not relevant for supernova remnants. Nevertheless, the line
ratios still offer diagnostic power when it comes to assessing the electron temperature,
the effects of NEI, and resonant line scattering.

It is common to label the resonance line w, the intercombination lines x,y and the
forbidden line z. The ratio G ⌘ (z+ x+ y)/w = ( f + i)/r is of interest for supernova
remnants, as it is sensitive to the temperature and ionisation state of the plasma [810,
726]. For example, inner shell ionisation of the Li-like state, which has ground state
configuration 1s22s, will result in an excited He-like ion in the 1s2s3S1 state. Since
de-excitation to the ground state is forbidden for electric dipole radiation (Dl = 0),
this gives rise to forbidden, magnetic dipole, radiation. Thus, inner shell excitation
enhances the forbidden line transition, and acts as a measure for the fraction of Li-like
ions. This is also related to the fact that direct collisional excitation prefers allowed
transitions, which only enhances the resonance line emission.

Fig. 13.19 shows the G-ratio as a function of net, for oxygen (OVII) and silicon
(Si XIII). It shows that the G-ratio is high for net < 3⇥109 cm�3s for OVII and net <
2⇥ 1010 cm�3s for SI XIII. It also shows that for higher net values, the G-ratio may
fall below the CIE values. The reason is that Li-like ions are no longer present to feed
the forbidden line, but at the same time the recombination rate to the He-like state is
low, because the atoms are still underionised, and collisions are more likely to result in
ionisations than recombinations. In absence of Li-like ions, recombination from H-like
ions also result in forbidden line emission. Only when net& 1011cm�3s are the G-ratios
similar to those for CIE at the same temperature. This can be expected as the plasma is
getting closer to CIE.

Another potential process that affects the G-ratio is resonant line scattering. Reso-
nant line scattering only influences the intensity of the resonant line, as it scatters the
resonant photon out of the line of sight. A very high G-ratio — i.e. relatively strong



Fe-K line diagnostics

• Gate-valve closed: iron K diagnostics more important 
• Fe-K lines: from neutral (K𝛂, FeI) to Fe XXV 

• Neutral Fe: 6.4 keV, fluorescence (inner shell ionization) 
• So far: centroiding 
• XRISM: getting better charge states  

• In addition: getting Fe XXVI (H-like) and Ni K lines 
• With CCDs difficult to see, at edge of sensitivity 
• blending of Fe and Ni lines 
• Fe-K line ratios: evidence for nonthermal electron distributions? 
• Type Ia SNRs: Fe/Ni ratio informs us on pre-supernova conditions 14
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Figure 13.20: Fe-K shell line emission energies, as determined theoretically (squares,
Fe II-Fe XVII) [884, 801] , and observationally (triangles, Fe XVIII-Fe XXV) [142].
(Figure reproduced from [1174].)

forbidden line emission — may, therefore, help to diagnose resonant line scattering.
Its importance can best be estimated, if net and kTe can be estimated independently
by other means. Note that, since resonant line scattering does not destroy the photon,
from the other parts of the supernova remnant, in particular from the edges, there may
be enhanced resonant line emission.

The ratio R ⌘ z/(x + y) = f/i is for CIE plasmas a sensitive diagnostic tool to
measure electron densities, if the densities are in the range ne = 108 � 1013 cm�3.
For supernova remnants it is of more interest that the R-ratio is also sensitive to the
ionisation age, and to a lesser extent to the temperature (Fig. 13.19, right). The reason
is that the R-ratio in supernova remnants is mainly determined by inner shell ionisation,
which enhances the forbidden line emission for low net. If the fraction of Li-like ions
is negligible, and inner shell ionisations are therefore no longer important, the R-ratio
becomes relatively flat. The R-ratio may help to disentangle resonant line scattering
effects from pure NEI effects; resonant line scattering does not influence the R-ratio.

Iron-line diagnostics

Iron line emission is an important diagnostic tool for the state of a supernova remnant
plasma, i.e. the average electron temperature and ionisation age, net. This is even
true for medium energy resolution spectroscopy as provided with the CCD instruments
on board Chandra, XMM-Newton, and Suzaku. Because of its high fluorescence yield
(Sect. 13.5.5) and high abundance, Fe K-shell emission can be observed for all ionisa-
tion states of iron, provided that the electron temperature is high enough (kTe & 2 keV).
The average line energy of the Fe-K shell emission provides information about the
dominant ionisation state (Fig. 13.20). For ionisation states from Fe I to Fe XVII the
average Fe-K shell line is close to 6.4 keV.

Iron has also prominent Fe-L-shell transitions in the 0.7-1.12 keV range. The tran-
sitions involve transitions to the L-shell (n = 2), which involves usually ions with three
to ten electrons, i.e. Fe XVII to Fe XXIV. Each ionisation state has its own specific line
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What about ion temperatures?

• SNR shocks: collisionless -> may heat up electrons and ions differently! 

• Extreme case:  

• i.e. iron 54xhotter than protons, electrons 1840x cooler than 
protons!!  

• Postshock: Coulomb energy exchange 
• depends on mass ratio and charge Z 

• equilibrium scales with  (same as NEI!)
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Figure 10: left: Temperature histories for electrons (black), protons (red), oxygen (green), and silicon (blue) as a function of the
ionization timescale. In the calculation, we assume that the plasma is (nearly) pure metal abundances and that temperature equilibration
takes place through only Coulomb interactions after collisionless shock heating (Vshock ⇠ 2000 km s�1). right: Same as left but for a
slightly elevated abundance (several-solar abundance) plasma.
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Figure 11: Left: Simulated 200 ks of Vela A with SXS. The simulated data in black assume a pure metal case, while the model curve
in red assume several solar abundances. Right: Close-up of the O Lyman band. We can measure the line width to be 2.4±0.2 eV.

2 Mixed-Morphology Supernova Remnants

2.1 Background and Previous Studies

There exists a substantial population of old SNRs displaying centrally peaked X-ray emission arising from
thermal plasma (White & Long, 1991; Rho & Petre, 1998). These remnants generally appear shell-like in the
radio, hence the name mixed-morphology SNRs (Rho & Petre, 1998). They are generally found near dense
interstellar structures, usually molecular clouds, often interacting with them. A large fraction contain OH
masers (Yusef-Zadeh et al., 2003).

Recent studies of mixed-morphology SNRs have revealed three important new features. At least one-third
of these SNRs have associated �-ray emission (see, e. g. Vink, 2012). This emission is thought to arise from
relativistic protons, originally accelerated in the magnetic field of the forward shock, colliding with material
in the nearby molecular clouds. The resulting �-ray emission is the strongest evidence favoring cosmic ray
acceleration in SNR shocks. A second recently discovered feature is the presence of enhanced metal abundances
in the interiors of about half the known mixed-morphology SNRs (Lazendic & Slane, 2006; Shelton et al.,
2004). These enhanced abundances suggest that ejecta has not completely mixed with the surrounding ISM,
despite the fact that most are of these SNRs are thought to be relatively old (>20,000 years), and that many are in
the radiative phase. Third, while early studies of these remnants indicated their X-ray emitting plasma is close
to collisional ionization equilibrium (Rho & Petre, 1998), observations using ASCA and Suzaku have revealed

14

pure metals hydrogen based



What about ion temperatures?

• Ion temperature: little influence on line excitations/ionizations 
• Measuring ion temperature: thermal Doppler broadening 

• Equation:  
• So measure line width -> get ion temperature 
• But: 

• Also plasma velocity gradients cause lines to broaden 
• Solution: measure close to edge 
• Issue with Resolve: difficult to isolate emission from edge

kTi = miσ2
v
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Figure 10: left: Temperature histories for electrons (black), protons (red), oxygen (green), and silicon (blue) as a function of the
ionization timescale. In the calculation, we assume that the plasma is (nearly) pure metal abundances and that temperature equilibration
takes place through only Coulomb interactions after collisionless shock heating (Vshock ⇠ 2000 km s�1). right: Same as left but for a
slightly elevated abundance (several-solar abundance) plasma.
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Figure 11: Left: Simulated 200 ks of Vela A with SXS. The simulated data in black assume a pure metal case, while the model curve
in red assume several solar abundances. Right: Close-up of the O Lyman band. We can measure the line width to be 2.4±0.2 eV.

2 Mixed-Morphology Supernova Remnants

2.1 Background and Previous Studies

There exists a substantial population of old SNRs displaying centrally peaked X-ray emission arising from
thermal plasma (White & Long, 1991; Rho & Petre, 1998). These remnants generally appear shell-like in the
radio, hence the name mixed-morphology SNRs (Rho & Petre, 1998). They are generally found near dense
interstellar structures, usually molecular clouds, often interacting with them. A large fraction contain OH
masers (Yusef-Zadeh et al., 2003).

Recent studies of mixed-morphology SNRs have revealed three important new features. At least one-third
of these SNRs have associated �-ray emission (see, e. g. Vink, 2012). This emission is thought to arise from
relativistic protons, originally accelerated in the magnetic field of the forward shock, colliding with material
in the nearby molecular clouds. The resulting �-ray emission is the strongest evidence favoring cosmic ray
acceleration in SNR shocks. A second recently discovered feature is the presence of enhanced metal abundances
in the interiors of about half the known mixed-morphology SNRs (Lazendic & Slane, 2006; Shelton et al.,
2004). These enhanced abundances suggest that ejecta has not completely mixed with the surrounding ISM,
despite the fact that most are of these SNRs are thought to be relatively old (>20,000 years), and that many are in
the radiative phase. Third, while early studies of these remnants indicated their X-ray emitting plasma is close
to collisional ionization equilibrium (Rho & Petre, 1998), observations using ASCA and Suzaku have revealed
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What to expect from XRISM-Resolve?

• From line blends to individual lines 
• Measure triplets -> better constraints on net, kTe 

• Detect weak lines: due to resolution even weak lines stand out! 
• Higher n transitions 
• Common: abundances even elements (O,Ne,Mg, Si,S,..) 
• Lines from rare elements: Na, Al, P, Cl, K,Ti, Cr, Mn,Ni 
• some (Cr,Mn,Ni) have been detected but barely 
• Odd elements: sensitive to pre-supernova abundances, details of 

exposive nucleosynthesis elements 
• Currently: gate-valve will hamper detecting some of these lines

17



Al-K
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Figure 2: Top: Simulated spectra with
400 km s�1broadening for regions 2-6. Despite the
broad PSF the spectra are very distinct. Bottom
left: Example of trace element detection. Here
Al lines around 1.64 keV are present, but not ac-
counted for in model (red). The input model as-
sumed an oxygen-rich plasma, but with solar Al/O
ratio. Bottom right: Indication what a dusty com-
ponent may look like: presence of Si at low ionisa-
tion stages gives rise to red-shoulder on the Hea
triplet, and low ionisation Mg lines (used Mg/Si
with net= 109cm�3s, with dusty component in the
model (red), not in simulated data (blue).)
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4 Feasibility

For the feasibility study we used an input model based on Chandra ACIS observations (specifically a deep observation
ObsID 4638). We extracted the Chandra events for a square region corresponding to the dimensions of a Resolve pixel,
but before extraction the event positions were shifted based on the XRISM PSF. The resulting spectra were fitted with
a 4-5 component model: tbabs(bvvrnei+ bvvnrei+ bvvnrei+ pow) (powerlaw in regions 3 & 6). The ”bvvrnei”
model incorporates velocity broadening and allows fitting trace elements. The three bvvrnei components each had
their specific element group: 1) O, Ne, Mg (carbon burning), 2) Si, S, Ar, Ca (oxygen burning) and 3) Fe group
elements. Per group the most abundant element (resp. O, Si, Fe) was assigned a fixed high abundance to mimic pure
ejecta abundances. Per group kT,net were allowed to vary. This provided good fits to the PSF-blended Chandra data.
The resulting models were then used for simulations using the Resolve RMF and ARF using the fakeit command.
We assumed the line broadening was 400 km/s, but in reality a range of line broadening is known to be present
[11]. The input broadening was generally recovered within a statistical error of ⇠ 50 km/s, and velocity shifts with

Table 1: Left: count rate per Resolve pixel for regions depicted in Fig. 1. Right: ability to detect trace elements in specific
regions. Abundance ratios in solar units.

Reg. Characteristic Cnt rate
(s�1)

1 E Jet 0.04
2 Fe-rich 0.17
3 FW Sh./Non-th.. 0.07
4 Mg-rich 0.25
5 Si-rich 0.32
6 Non-thermal 0.22

Ab. ratio Input Recovered Region Ab. ratio Input Recovered Region

Na/O 0.1 0.09±0.02 4 Al/O 0.1 0.11±0.014 4
P/Si 1 0.77±0.25 5 Cl/Si 1 1.09±0.3 5
K/Si 1 0.3(< 2.7) 5 Ti/Fe 10 1.0±0.4 2
Cr/Fe 10 1.0±0.2 2 Mn/Fe 1 0.3±0.2 2

4

●Simulation for 100 ks, gatevalve open 
●Al-K line at 1.65 keV



Cas A: signature of dust grain emission

• Cas A most important young (350yr) core-collapse SNR 
• Infared studies (e.g. De Looze+ 17): a lot (most?) Si contained in dust 
• Nevertheless: bright Si-K lines (brightest lines!) 
• How much Si in grains? And do they emit X-rays? 
• Answer: yes 

• Dust sputtering: refreshing of Si ions -> low ionization Si 
• Electron/grain collisions: Si-K fluorescence lines from dust 
• Critical: dust destruction time 

• t<30 yr: most grains destroyed -> no difference 
• t>30 yr: most Si in dust -> expect signatures 19
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For the feasibility study we used an input model based on Chandra ACIS observations (specifically a deep observation
ObsID 4638). We extracted the Chandra events for a square region corresponding to the dimensions of a Resolve pixel,
but before extraction the event positions were shifted based on the XRISM PSF. The resulting spectra were fitted with
a 4-5 component model: tbabs(bvvrnei+ bvvnrei+ bvvnrei+ pow) (powerlaw in regions 3 & 6). The ”bvvrnei”
model incorporates velocity broadening and allows fitting trace elements. The three bvvrnei components each had
their specific element group: 1) O, Ne, Mg (carbon burning), 2) Si, S, Ar, Ca (oxygen burning) and 3) Fe group
elements. Per group the most abundant element (resp. O, Si, Fe) was assigned a fixed high abundance to mimic pure
ejecta abundances. Per group kT,net were allowed to vary. This provided good fits to the PSF-blended Chandra data.
The resulting models were then used for simulations using the Resolve RMF and ARF using the fakeit command.
We assumed the line broadening was 400 km/s, but in reality a range of line broadening is known to be present
[11]. The input broadening was generally recovered within a statistical error of ⇠ 50 km/s, and velocity shifts with

Table 1: Left: count rate per Resolve pixel for regions depicted in Fig. 1. Right: ability to detect trace elements in specific
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1 E Jet 0.04
2 Fe-rich 0.17
3 FW Sh./Non-th.. 0.07
4 Mg-rich 0.25
5 Si-rich 0.32
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Summary

• Detecting for the first time odd-Z elements, and pinpointing in which 
ejecta layers they reside (young SNRs) 

• Routine measurements of Cr, Mn, Ni abundances (Fe group) 
• Ion temperature measurements 

• Special case: reverse shock heating; RS velocity cannot be easily 
measured with proper motions 

• Direct evidence for pure metal plasmas: free-bound emission 
• Better plasma velocity diagnostics -> can help disentangle different 

plasma elements along LoS 
• Evidence for silicon in dust grains 
• Better diagnostics of plasma elements, i.e. disentangling plasma 

blends

20

Or: the things I am looking forward to!


