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The LOw Frequency ARray

• Interferometer with stations in 
the Netherlands (24 Core, 14 
Remote) and across Europe 
(12 International) 

• 30-90 MHz (LBA);            
110-240 MHz (HBA)

LOFAR Superterp, which houses six stations.

 2



1.3. THE REVERSE SHOCK 3
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Figure 1.1: Schematic view of the forward shock/reverse shock system [after 19].

1.3 The reverse shock
As already indicated the fast expanding ejecta will rapidly cool adiabatically. As a
result the pressure P of the ejecta gas drops fast. For an ideal gas we have:fr

PV g =constant (1.4)
)

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, outer-most, ejecta will create a shock wave in the CSM/ISM,

and as a result a hot shell is created, which has a velocity lower than the ejecta that
caused the formation of the shock wave. As a result the freely expanding ejecta inside
the shell will collide with the shell. If this collision occurs at supersonic speed then a
shock wave will form, which (re)heats the adiabatically cooled ejecta [19]. This shock
wave is called the reverse shock (subscript rsh) and to distinguish from the forward
moving blast wave, the latter is often referred to as the forward shock (fsh).

The reverse shock (re)heats the ejecta, and makes that in young supernova remnants
we detect many X-ray lines from hot metal enriched ejecta (chapter ??). A schematic
drawing of a young supernova remnant is shown in Fig. 1.1. It shows that the hot shell
consists of two parts, roughly in pressure equilibrium: the outer most shell region con-
sists of ISM/CSM heated by the forward shock, more toward the center is the reverse
shock heated ejecta, and inside the reverse shock radius is cold freely expanding ejecta.
The boundary between the shock-heated ejecta and CSM/ISM is called the contact dis-
continuity. As the hot ejecta and shock-heated CSM/ISM are likely to have different
densities, Rayleigh-Taylor instabilities are likely to wrinkle this boundary. In addition,
clumpiness of the ejecta and/or CSM/ISM are also likely to blur the distinction between
hot ejecta and CSM/ISM.
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Vink 2020, in prep.
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Unshocked ejecta are 
difficult to probe



• Radioactive decay of 
elements synthesised in the 
explosion (44Ti has t1/2=60 
years) [Grefenstette+ 16]
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Unshocked ejecta are 
difficult to probe

No. 2, 2010 THREE-DIMENSIONAL STRUCTURE OF CAS A 2041

Figure 2. Left: 6.99 µm [Ar ii] image and center: 12.81 µm [Ne ii] image showing the Bright Ring. Right: 34.8 µm [Si ii] image showing the Diffuse Interior Emission.
For reference, the location of the central compact object (CCO) is denoted by the crosses. The [Ar ii] spectrum in Figure 4 was extracted from the small box region on
the southwest Bright Ring. The [Si ii] spectrum in Figure 4 was extracted from the central box near the CCO.

Figure 3. First moment map for [Ar ii] showing the major Doppler structures
that define the Bright Ring. Note that in locations with more than one Doppler
component, the color represents a brightness-weighted average velocity.

2.3. Gaussian Fitting

In order to determine velocities for the structures in the
remnant, we fit Gaussian profiles to each selected emission line
as described below. The data cubes were first spatially binned
by 2 pixels in the x- and y-directions to improve signal to noise,
resulting in effective resolutions of 3.′′7 for the [Ar ii] emission
and 10.′′2 for the [Si ii] emission. Rather than concentrate on
individual knots or clumps of ejecta, we systematically fit
every spatial pixel in our binned cubes that had an emission
line detection at greater than 3σ . The spectral resolution is
approximately the same for all of our selected emission lines
(R ≈ 100). The corresponding velocity resolution varies from
2500 to 3000 km s−1.

The Gaussian fitting was carried out using the Interactive
Data Language and the routines MPFIT10 for the Gaussian
component(s) and POLY-FIT to model the local continuum
as a straight line. We began with an automated routine in
which only 1 or 2 Gaussian components were allowed per
emission line with no constraint on their positions with respect to
zero velocity—i.e., they could both be negative, both positive,
or one negative and one positive. The [S iii] and [Si ii] lines

10 http://cow.physics.wisc.edu/∼craigm/idl/fitting.html

were jointly fit because they were close enough in wavelength
that highly redshifted S could blend with highly blueshifted
Si. The automated process only allowed fits that met the
following criteria: (1) Gaussian full width at half-maximum
within 500 km s−1 of the spectral resolution of the line being fit,
(2) a signal-to-noise ratio greater than 3, (3) statistical velocity
errors less than 1000 km s−1, (4) velocity values less than
±20,000 km s−1, and (5) a reduced χ2 value less than 70 for
[S iii] and [Si ii] and less than 25 for [Ar ii] and [Ne ii]. The
automated fits were then examined by hand for accuracy and
some fitting was redone manually to reject “false positives” and
recover “false negatives.”

The top panel of Figure 4 shows a typical 2-Gaussian
fit to the [Ar ii] emission at a location on the Bright Ring
with two major velocity structures superposed along the line
of sight. Typical formal velocity errors from the Gaussian
fitting averaged about 100 km s−1, however the actual velocity
uncertainties, determined by experiments with different binning
and Gaussian width constraints, are closer to 200 km s−1. For
the weaker [Ne ii] line, the actual velocity uncertainties were
about 400 km s−1. The [Ar ii] and [Ne ii] fits were compared for
each location and where their velocities agreed within 1σ , the
ratio between the fitted Gaussian heights was computed to find
the regions where [Ne ii] is relatively strong.

The bottom panel of Figure 4 shows a typical 2-Gaussian
fit to the [S iii] and [Si ii] emission in a region near the center.
Actual velocity uncertainties for the [Si ii] emission average
about 300 km s−1 and for the much weaker [S iii] line, the
actual velocity uncertainties are about 700 km s−1. The fitted
velocities for the corresponding [S iii] and [Si ii] components
generally agree within the velocity errors and there is no
systematic pattern in the velocity differences that would indicate
strong contamination by either the 33.04 µm [Fe iii] line or the
35.35 µm [Fe ii] line.

All of the final accepted fits are well described by either 1 or
2 line-of-sight Gaussian components. However, we know from
the optical images of Cas A that there is a great deal of structure
on small scales with typical knot sizes between 0.′′2 and 0.′′4
(Fesen et al. 2001). Our high-resolution infrared spectra taken
with Spitzer’s short–high and long–high IRS modules show that
the spatial substructure exhibits velocity substructure as well.
Isensee et al. (2010) show that small regions of the Bright Ring
and Diffuse Interior Emission have many velocity components
with total Doppler ranges of as much as 2000 km s−1. At angular
resolutions of 4′′–10′′ and spectral resolutions from 2500 km s−1

to 3000 km s−1 we are insensitive to the small-scale substructure.
However, based on optical Doppler maps (Lawrence et al. 1995)
and our own Doppler map in Figure 3, major structures are

• IR/NIR forbidden lines
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• Cold dust mixed with 
unshocked ejecta
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Figure 2. Left: 6.99 µm [Ar ii] image and center: 12.81 µm [Ne ii] image showing the Bright Ring. Right: 34.8 µm [Si ii] image showing the Diffuse Interior Emission.
For reference, the location of the central compact object (CCO) is denoted by the crosses. The [Ar ii] spectrum in Figure 4 was extracted from the small box region on
the southwest Bright Ring. The [Si ii] spectrum in Figure 4 was extracted from the central box near the CCO.
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that define the Bright Ring. Note that in locations with more than one Doppler
component, the color represents a brightness-weighted average velocity.
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resulting in effective resolutions of 3.′′7 for the [Ar ii] emission
and 10.′′2 for the [Si ii] emission. Rather than concentrate on
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line detection at greater than 3σ . The spectral resolution is
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(R ≈ 100). The corresponding velocity resolution varies from
2500 to 3000 km s−1.
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or one negative and one positive. The [S iii] and [Si ii] lines

10 http://cow.physics.wisc.edu/∼craigm/idl/fitting.html

were jointly fit because they were close enough in wavelength
that highly redshifted S could blend with highly blueshifted
Si. The automated process only allowed fits that met the
following criteria: (1) Gaussian full width at half-maximum
within 500 km s−1 of the spectral resolution of the line being fit,
(2) a signal-to-noise ratio greater than 3, (3) statistical velocity
errors less than 1000 km s−1, (4) velocity values less than
±20,000 km s−1, and (5) a reduced χ2 value less than 70 for
[S iii] and [Si ii] and less than 25 for [Ar ii] and [Ne ii]. The
automated fits were then examined by hand for accuracy and
some fitting was redone manually to reject “false positives” and
recover “false negatives.”

The top panel of Figure 4 shows a typical 2-Gaussian
fit to the [Ar ii] emission at a location on the Bright Ring
with two major velocity structures superposed along the line
of sight. Typical formal velocity errors from the Gaussian
fitting averaged about 100 km s−1, however the actual velocity
uncertainties, determined by experiments with different binning
and Gaussian width constraints, are closer to 200 km s−1. For
the weaker [Ne ii] line, the actual velocity uncertainties were
about 400 km s−1. The [Ar ii] and [Ne ii] fits were compared for
each location and where their velocities agreed within 1σ , the
ratio between the fitted Gaussian heights was computed to find
the regions where [Ne ii] is relatively strong.

The bottom panel of Figure 4 shows a typical 2-Gaussian
fit to the [S iii] and [Si ii] emission in a region near the center.
Actual velocity uncertainties for the [Si ii] emission average
about 300 km s−1 and for the much weaker [S iii] line, the
actual velocity uncertainties are about 700 km s−1. The fitted
velocities for the corresponding [S iii] and [Si ii] components
generally agree within the velocity errors and there is no
systematic pattern in the velocity differences that would indicate
strong contamination by either the 33.04 µm [Fe iii] line or the
35.35 µm [Fe ii] line.

All of the final accepted fits are well described by either 1 or
2 line-of-sight Gaussian components. However, we know from
the optical images of Cas A that there is a great deal of structure
on small scales with typical knot sizes between 0.′′2 and 0.′′4
(Fesen et al. 2001). Our high-resolution infrared spectra taken
with Spitzer’s short–high and long–high IRS modules show that
the spatial substructure exhibits velocity substructure as well.
Isensee et al. (2010) show that small regions of the Bright Ring
and Diffuse Interior Emission have many velocity components
with total Doppler ranges of as much as 2000 km s−1. At angular
resolutions of 4′′–10′′ and spectral resolutions from 2500 km s−1

to 3000 km s−1 we are insensitive to the small-scale substructure.
However, based on optical Doppler maps (Lawrence et al. 1995)
and our own Doppler map in Figure 3, major structures are

• IR/NIR forbidden lines



Unshocked ejecta 
 from low-frequency free-free absorption 

[Kassim+ 95] 
[Delaney+ 14]
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S⌫ = (S⌫,front + S⌫,back exp�⌧⌫,int) exp�⌧⌫,ISM

[Arias+ 18]
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Cassiopeia A 

Cas A as seen with the LOFAR LBA and VLA L-band 
with10'' resolution. Source size is ~5' [Arias+18]
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• Temperature 

• Charges (ionisation) 

• Composition 

• Geometry
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Geometry

• Thick disk [Delaney+ 10, 
Isensee+ 10] 

• Cavities or bubbles 
[Milisavljevic & Fesen 15] 

• Diffuse emission, with 
clumps, filaments, arcs 
[Koo+ 18]
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 deep [Fe II]+[Si I] image  
Koo+ 18

38 0.44 0.5 0.56 0.63 0.69 0.75 0.81 0.88 0.94 1

contours overlaid on our PL 
deviation map
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Tycho's SNR in the 
LOFAR HBA 
at 143 MHz, 

9.5’’ resolution

Tycho’s  
SNR
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Tycho as seen with the LOFAR LBA (48.3 MHz and 67.0 MHz) 
with 30'' resolution. Source size is ~8'    Arias+18
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LOFAR HBA 
143 MHz

VLA 1.4 GHz 
Williams+ 16
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explosion: originally 1.4 M⊙ 
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Mass in unshocked ejecta from 
observed FS, RS, for an ejecta 

density profile with a PL distribution 
and a flat distribution in the core
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Is it possible that ejecta have 
a very different structure? 

[Fe-rich knot, Yamaguchi+ 17] 
Foamy? 

Can Fe be very highly 
ionised? 

Might Tycho be ionising the 
medium around it?

PRELIMINARY



Thanks!
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