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Chandra observations of Cassiopeia A
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●First light image: 1999
●1Ms (VLP): 2004 (PI: U. Hwang)
●Since 2008: monitoring of Cas A (PI: Patnaude)

●Work presented here:
●Expansion measurements of Cas A in 4.2-6 keV band (continuum)
●Collaborators: JV, D. Castro, R. Fesen, M. Laming,..
● Work in progress



Velocity needed for X-ray synchrotron
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●Synchrotron loss-time

●Diffusive acceleration time (depends on diffusion coeff. D, compression X)

●Equating gives expected cut-off for loss-limited case 

●Photon energy cut-off independent of B, but depends on Vs and B-turbulence!!



Non-thermal emission
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Γ= -3.2

4-6keV

Helder& Vink 2008

●Cas A unique (?) among young SNRs: 
●forward and reverse shock emit X-ray synchrotron radiation
●reverse shock synchrotron confined to central and western part
●gives outline of reverse shock in west
●not all continuum is synchrotron (yellow)



The location of the reverse shock

�5

Deprojection

Helder& Vink 2008 A&A 612, A110 (2018)

Fig. 3. Results of fitting our narrow-band bootstrapped images to Eq. (6). For all images the contours overlaid are at 70 MHz. Top left: best-fit
covering fraction, f , per pixel. No information about the location of the reverse shock is fed to the fit, but it naturally recovers f = 1 for regions
outside the reverse-shock radius (i.e. no internal absorption). The average value of f inside the reverse shock is 0.78. Top right: deviation from
power-law behaviour. This plot corresponds to ( f + (1 � f )e�⌧⌫,int ) for our best-fit values of f and X (see Eqs. (5) and (7)). Bottom left: best-fit S 0
per pixel. This corresponds to the flux density of Cas A at 1 GHz in jansky if no absorption were present. Bottom right: reduced �2 of our fit.

Fig. 4. Fit to the absorbed region. The reduced �2 of this fit is 1.24.

in the optical. They find that the reverse shock is located at a
velocity of 4820 km s�1, which corresponds to 106 ± 1400. These
values agree within the error bar with each other, as well as with
our absorption-derived one.

3.4. Is there evidence for synchrotron self-absorption?

Atoyan et al. (2000) proposed that Cas A might have dense,
bright knots with a high magnetic field (⇠1.5 mG) within a dif-
fuse region of low magnetic field. These knots would begin to
self-absorb at the frequencies where the brightness temperature
approaches the effective electron temperature Te.

Synchrotron electrons have effective temperatures:

Te =
1
3k

r
⌫c

1.8 ⇥ 1018B
, (8)
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M. Arias et al.: Low-frequency radio absorption in Cassiopeia A

Fig. 5. Comparison between the location of the reverse shock as seen in the radio and as probed by interior non-thermal X-rays. Left is Fig. 3 (top

right). Right is a hardness ratio map with the bright parts likely indicating where non-thermal emission is dominant. The location of the reverse
shock as implied from the radio map (white circle) does not match the location as seen from non-thermal X-ray filaments (cyan circle). The white
dot is the expansion centre as found in Thorstensen et al. (2001).

where ⌫c is the critical frequency and E = 3kTe for a relativistic
gas. For a blackbody in the Raleigh–Jeans approximation,

I⌫ =
2kT⌫2

c2 . (9)

Since S ⌫ = I⌫⌦ ⇡ I⌫✓2, and I⌫ is at most as large as the emis-
sion from a blackbody, substituting for the temperature value in
Eq. (8), we arrive at
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 2

3
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p

1.8 ⇥ 1018
, (10)

with ⌫ in hertz, ✓ in radians, and B in gauss.
It is possible to use this relation to determine at which fre-

quency ⌫ we would expect the synchrotron spectrum of a source
of angular size ✓ and magnetic field B to peak (i.e. roughly begin
to be affected by self-absorption). We used the flux densities in
Fig. 3c to calculate the synchrotron self-absorption frequency
for each pixel if all the remnant were to have the (high) mag-
netic field of 1.5 mG proposed by Atoyan et al. (2000). We
find that the break frequencies are only as high as ⇠8 MHz for
the brightest knots and ⇠4 MHz for the more diffuse regions
of the remnant. Features more compact than our pixel size
✓ = 300 could self-absorb at LOFAR frequencies, but are not
resolved.

4. Interpretation of internal absorption

4.1. Internal mass

A measured value of internal free-free absorption alongside
assumptions about the source geometry and physical conditions
allows us to constrain two physical parameters: the internal
electron density, and the mass.

From the best fit to our images we obtain a value for a com-
bination of the emission measure EM, the temperature T , and
the average number of charges of the ions Z. As noted before,
EM =

R
s
0

0 n
2
eds
0, so EM is the parameter that we need in order

to obtain a mass estimate of the unshocked ejecta. This requires

us to fix a value of T and Z. Moreover, solving for ne requires
assumptions about the geometry of the ejecta. If ne is constant
inside the reverse shock, then EM = n

2
e l, where l is a thickness

element.
The total mass of unshocked ejecta is its density times its

volume, Munsh = ⇢V . The ions are the main contributors to the
mass, and the density of ions is their number density ni =

ne
Z

times their mass, Amp, where A is an average mass number, mp
is the mass of the proton, and Z is the ionisation state (and not
the atomic number). Hence we obtain ⇢ = Amp

ne
Z

.
The volume V associated with a given pixel is related to

the thickness element l in the following way: V = S l, where
S is the projected surface area (in the case of our image, the
300 ⇥ 300 pixel). The total mass in the unshocked ejecta in the case
of constant density for each given pixel is

M = AS l
1/2

mp
1
Z

p
EM. (11)

The measured value of EM depends weakly on Z and is
quite sensitive to T . In addition, given the dependency of the
unshocked ejecta mass on surface area S and length l, any
estimate critically depends on assumptions about its geometry.
This is why the images in Fig. 3 are more fundamental, as they
correspond to the directly measured parameters. No assumptions
about the shape, composition, ionisation state, or temperature
enter the fitting for X.

4.2. Emission measure

In order to convert our best-fit values of X into an emission
measure map, we take the following steps:
1. We take only values internal to the reverse shock, since

these are the values that are relevant to internal free-free
absorption.

2. We mask the values that correspond to f < 0.1 and f > 0.9.
These extreme values might be due to pixel-scale artefacts in
the images; moreover, for values of f ⇠ 1, the value of X is
degenerate (see Eq. (5)).

3. We assume that in the plasma internal to the reverse shock
T = 100 K, and Z = 3. These values are proposed in Eriksen
(2009).

A110, page 7 of 16

Arias et al 2018

●Radio absorption (LOFAR, talk by Maria Arias): 
●reverse shock larger than indicated by X-ray synchrotron

●West: forward and reverse shock close together
●What is different in the West?



Cas A in the radio
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●Ring likely also electrons accelerated by reverse shock!



Previous expansion results
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Anderson & Rudnick ’95:
• Radio: deviations from radial outflow
• Expansion slow: 800 yr time scale
• Hindsight: knots assoc. with rev. shock

where ni,j is the counts in pixel (i, j) of the image in each epoch, and
mi,j is the model counts based on the 2004 image. The fitting errors
can be estimated in the usual manner because the statistical
distribution ofΔC=C−Cmin is similar to that of χ

2 (Cash 1979).
The fitting results are summarized in Figure 3 and Table 3.

We found that the best-fit positions of those filaments are
gradually shifting from the outside to the inside with large
proper-motion values: 0 129–0 219 yr−1 for the W filaments
and 0.213–0 235 yr−1 for the C filaments. The best-fit x, y
shifts and errors listed in Table 3 were determined by chi-
square fitting with a linear function, as shown in Figure 3. In
the fitting, the slope provides the x, y shift (arcsec per year)
with the error coming from Δχ2=1.0. Using the values, we
determined the proper motions and errors (see the Appendix for
the method). For the assumed distance of 3.4 kpc (Reed
et al. 1995) to the remnant, we estimate the filament velocities
to be ∼2100–3800 km s−1.

In the radio band, the kinematics of 304 knot structures over
the entire remnant had been reported previously (Anderson &
Rudnick 1995). This work showed that the motions of many
western knots deviated from that of knots in other regions and
that some western knots were actually moving inward (see
Figures 5 and 6 in Anderson & Rudnick 1995). In the X-ray
band, continuum-dominated filaments with an inward motion
were also found at azimuths between 170° and 300° (DeLaney
et al. 2004). These features correspond to the inward shocks we
found.

3.3. Flux Variations

Here we investigate the X-ray light curves of the inward-
moving filaments. First we extracted spectra from each epoch
for each inward-shock filament using the CIAO specex-
tract command. For the source regions, we used ellipse

Figure 2. Left side: X-ray images overlaid with proper-motion vectors obtained by the optical-flow method, where the energy ranges are (a) a continuum band of
4.1–6.3 keV and (b) a Si–K band of 1.7–2.1 keV. For the optical-flow analysis, we used images taken in 2004 (ObsID. 5320) and 2014 (ObsID. 14481). The vector
length is proportional to the actual shifting value. Blue and red show outward and inward motions, respectively. In these figures, small vectors whose proper motion is
0.05 arcsec yr−1 are not shown. The field of view is 450×450 pixels (=3 69×3 69). The center of the field of view, (x, y)=(225, 225), is the CCO location. The
unit of the color bar is 10−7 counts cm−2 s−1. Contours overlaid on the continuum and Si–K band images show 1, 5, 10, 15, 20×10−7 counts cm−2 s−1 and 3, 15, 30,
45, 60×10−7 counts cm−2 s−1, respectively. Right side: length of radial component of proper-motion vectors are shown in color maps in the continuum band (a′) and
the Si–K band (b′). Positive and negative values correspond to outward and inward motions, respectively. The unit of the color scale is arcsec yr−1. A proper motion of
0.15 arcsec yr−1 corresponds to ∼2400 km s−1 at the distance of 3.4 kpc.
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The Astrophysical Journal, 853:46 (13pp), 2018 January 20 Sato et al.

Sato+ 2018:
“Optical flow model” X-rays:
Inward motions West & SE
+ isolated regions measurements



Changes 2004-2018

�8



Expansion measurements method
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●Reference (“model”) image: 2004 image (850 ks)
●Stretch image/optimise using C-statistic (Poisson maximum likelihood)

●Extension of codes used in Vink+ 1998, Vink 2008
●Select arbitrary regions
●New: 

●Fit multiple images simultaneously
●Improves statistics (expansion ages with 1 yr errors!)
●Here: obs. 1999, (2004), 2009, 2012, 2013, 2014, 2015, 2017,2018

●Difficulty: registering the images (no point source but NS)
●Solution (for now): fit dx,dy for each image, for rev. shock/forw. region



2004-2018: mean expansion corrected
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●Red: original 2018 image
●Green: 2004 image expanded to 2018 (mean expansion)
●Motion: green/red aligned filaments
●Changes in brightness: isolated colours



Fit regions
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Forward shock region Reverse shock region Mask/30° sectors

●General mask: minimum #counts in 2004 map
●Forward shock: annulus (two knots removed)
●Reverse shock: broad annulus with Rin < Rlofar <Rout  (< Rin,forw)
●Central region left out: unclear what it is/projection effects
●Angular division in 30 degrees sectors



Fitting result
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Implied shock velocities

�13

●Shock in ejecta frame: use shifted center of rev. shock
●Rrs,west >  Rrs,east → free expansion in West is higher!

●In the Western region: rev. shock in ejecta frame: ~8000 km/s!!
●Forward shock in West also fast

X-ray synchrotron



Comparison with models

have the same ejecta mass Menv, explosion energy ESN, and
progenitor pre-SN radius R0.

As expected, the back-reaction of accelerated CRs mainly
affects the density structure of the region between the forward
and reverse shocks. There, the plasma is characterized by an
effective adiabatic index γeff which depends on η and varies
between ≈4/3 and 5/3 (see Figure 2). As a result, the density
jump at the shock σ=(γeff+1)/(γeff−1) varies between 7
and 4. The ejecta clumping enhances the growth of Rayleigh–
Taylor instabilities at the contact discontinuity (Orlando
et al. 2012). The CR acceleration enhances even further these
instabilities. This is shown in Figure 5, which presents 2D
sections in the (x, z) plane of the spatial distribution of plasma
density at t=340 years for models with different η (runs
SN-4M-2.3E-1ETA, SN-4M-2.3E-4ETA, SN-4M-2.3E-6ETA,
and SN-4M-2.3E-10ETA). As a consequence of the enhanced
intershock Rayleigh–Taylor mixing, the shell of shocked wind
is thinner at the forward shock for higher values of η and,
consequently, the separation between the forward shock and
the contact discontinuity is smaller. Panel (c) and, especially,
panel (d) of Figure 5 also show that the enhanced mixing can
easily spread the ejecta material close to, or even beyond, the
average radius of the forward shock, depending on the size and
density contrast of the initial clumps (see also Orlando
et al. 2012; Miceli et al. 2013 for more details).

Figure 4 shows that models differing for the injection rate are
all able to fit quite well the radius of the forward shock within

the observational uncertainty so that, from the comparison of
model results with observations, it is not possible to constrain
the value of η. Nevertheless we note that models with low
values of η tend to underestimate the radius of the reverse
shock and overestimate the velocity of the forward shock. In
general our models predict a velocity of the reverse shock
which is slightly lower than observed.
For each of the models fitting our observing constraints, we

derived the fraction of explosion energy converted to CRs, Ecr,
and compared the simulated values (see Table 2) with those
inferred from observations. From the analysis of Fermi data,
Abdo et al. (2010) estimated the total content of accelerated
CRs as ≈(1− 4)×1049 erg. A similar result has been found
by Yuan et al. (2013), who suggest that the total energy lost
amounts to ≈4×1049 erg.9 In our model, Ecr increases for
higher values of η and ranges between 9×1049 erg (η=10−4)
and 2.3×1050 erg (η=10−3), higher than those inferred from
the observations. We conclude therefore that the injection rate
in Cas A should be slightly lower than η=10−4.
During the remnant expansion, we followed the evolution of

the isotopic composition of ejecta, focusing on the fluids
tracing the isotopes of Fe, Si, and S (see Figure 6), namely
those characterizing most of the anisotropies (e.g., jets, pistons)
identified in the morphology of Cas A (e.g., DeLaney
et al. 2010). We investigated their spatial distribution at
t=340 years in the case of a progenitor MS star of either
15Me or 20Me and estimated the fraction of their mass which
is expected to be shocked. We found that, in average, the
stratification of chemical layers at the present age reflects the
radial distribution of ejecta in the immediate aftermath of the
progenitor SN. It is interesting to note that, from observations,

Figure 4. Angle-averaged radii (upper panel) and velocities (lower panel) of
the forward (solid lines) and reverse (dashed lines) shocks vs. time for models
assuming a different value of injection rate η (see legend in units of 10−4; see
also Figure 2). The red crosses show the corresponding observational values at
the current age of Cas A (see Table 1); the vertical lines of the crosses show the
observational uncertainty.

Figure 5. 2D sections in the (x, z) plane of the spatial density distribution of
shocked plasma at t=340 years for runs SN-4M-2.3E-1ETA (a), SN-4M-
2.3E-4ETA (b), SN-4M-2.3E-6ETA (c), and SN-4M-2.3E-10ETA (d). The
dotted circles mark the observed average position of the forward and reverse
shocks in the (x, z) plane.

9 It is worth noting that Zirakashvili et al. (2014) suggest an energy loss closer
to ≈3×1050 erg in Cas A, on the basis of the results of a model describing the
diffusive shock acceleration of particles in the nonlinear regime.
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Based on Tang&Chevalier ’17
Micellota et al. ’16

Vs in frame of ejecta
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Comparison with models

●Numerical/semi-analytical models: Vrev> 0!
●Simple stellar wind CSM + uniform ejecta + power law is incorrect!
●Western region encountering dense CSM?

● No: forward shock is fast/no CO evidence
● Perhaps: past encounter dense CSM, but evidence destroyed
● Perhaps: low density ejecta behind the jet → triggering strong rev. sh.

● If simple models are incorrect: what model to focus on?
● density high @ 2.6 pc: long wind duration: t=R/vw≈250 (vw/10km/s)kyr
● extensive low density cavity/dense shells ruled out  (Schure+ 2008) �15

the jet does not protrude through the shell if the CSM contains a
thick, high-density, and therefore massive shell. This is the case
in the right panel of Figure 4a. The jet can punch through a less
massive shell, but it will be shorter than in the case where the
CSM was shaped solely by a RSG wind. The forward shock of
the main remnant initially is perturbed when it collides with
the circumstellar shell, but the shock smoothens within about
100 years due to the high sound speed (in the earliest phase of
the remnant cs ! 108 109 cm s"1).

The thermal emission due to bremsstrahlung is plotted in Fig-
ure 4b. Note that the thermal bremsstrahlung emissivity is only
an approximation. In reality, the X-ray emissivity is determined
not only by the temperature and the density, but also by the
composition of ejecta and CSM, equilibration of electron and
ion temperatures, and nonequilibrium ionization, all of which are
not taken into account. However, Figure 4bshows that the jet
emissivity is small compared to that of the high-density parts of
the shell, as is indeed what we see in Cas A. In the left andmiddle
panels, most of the thermal emission of the jet is concentrated in
the lower first half of the jet. Likely the outer part of the jet would
not be bright enough to see in the observations. Therefore, the
observations will probably not show the maximal extent of the
jet but rather only a part of it. The shock at the tip of the jet may
be seen in nonthermal X-ray emission, but currently there are no
detailed X-ray observations of this region. Because of the high
temperature near the forward shock, the high-density material in
the outer part of the remnant stands out compared to the pure-
density plot. What appears as a bright shell in the observations
and is often cited as the reverse shock may therefore rather be
closer to the contact discontinuity, around the higher density fin-
gers. Tracking of the different fluids would be required to de-
termine exactly where the ejecta and the CSM meet. For a short
WR phase (middle and right panels) the clumpiness appears that
could be responsible for the observed bright nitrogen-rich knots
in Cas A. This is in contrast with what happens for a smooth

circumstellar medium shaped solely by a RSGwind, as shown in
the left panels. In fact, the contact discontinuity in this case is
Rayleigh-Taylor unstable, which, because of limited resolution,
does not show up unless we initially add 1% density perturbations
in the RSG wind.

3.3. Shell Density and Jet Survival

In the previous section, we showed that the jet remains present
in the SNR only if the progenitor has a very short WR phase,
while it is stalled for a progenitor with a longer WR phase. To
understand the physics behind this, we compare the energy of
the jet with the energy that is required to accelerate the part of
the shell within the opening angle of the jet to typical postshock
velocities. The jet does not significantly slow down before it
reaches the shell, so for the postshock velocity we take 3

4 of the
initial jet velocity v j. The mass in the shell is calculated by eval-
uating the density and the volume of each grid cell that lies
within the forward and the reverse shocks of the shell and within
the opening angle of the jet ! j, and correct it for the solid angle.
The energy that is needed to accelerate that portion of the shell to
3
4 v j should then be

Eacc ¼
1

2
Mshell(! j)

3

4
v j

! "2

; ð3Þ

whereMshell(! j) represents the mass of the shell within the solid
opening angle of the jet.

The ‘‘required acceleration energy’’ is plotted in Figure 5 for
three simulations of the earliest phase of the WR shell and
compared to the energy in the jet. It appears that this gives a good
measure for determining whether the jet will remain collimated
after the encounter with the shell or not. When the energy in the
jet is higher than the energy that is required to accelerate the
portion of the shell, it protrudes, whereas when the acceleration
energy needed is much higher, the jet will disperse into the rest of

Fig. 4.—(a) Density and (b) approximate X-ray bremsstrahlung emissivity of the supernova remnant at a time of 330 yr after explosion. The left panels of the density
and X-ray figures show the remnant that results from the evolution of asymmetric ejecta in a CSM without a Wolf-Rayet phase, i.e., a pure RSG wind. The middle plots
show the case where theWolf-Rayet phase has lasted 2265 yr, and the right panels show the remnant of an explosion into a CSMwith aWolf-Rayet phase of 3480 yr. In all
of these cases the density of the jet is equal to the density in the rest of the SN, and the velocity is enhanced with a factor of 6, giving a jet energy of 5:5 ; 1048 erg with a
maximal velocity of 90Mm s"1. The forward shock of the remnant in all three cases is located at a distance of & 2.4 pc. The reverse shock, however, is located increasingly
farther inward for longerWR phases, due to the extra pressure created by collision with the shell. In the left panel the reverse shock is at a distance of & 1.6 pc, whereas for
themiddle and right panels it is located at around 1.0 and 0.8 pc. The contact discontinuity of themain remnant for the leftmost plots is located at a distance of 1.8 pc, right in
front of the high-density shell. The contact discontinuity in the middle and right-hand panels is rugged due to the presence of the shell, but is on average located near the
high-density fingers. For calculating the X-ray emissivity, the electron temperature is set to be equal to the plasma temperature. Note that the emissivity is not integrated
over the line of sight but represents a slice through the meridional plane.

JETS AS DIAGNOSTICS OF CSM 403No. 1, 2008

Schure + ‘08



Problem with Molecular Cloud
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remnant. Millimeter observations in 12CO and 13CO J=2–1
(230 and 220 GHz) with the Heinrich Hertz Submillimeter
Telescope indicated the existence of the molecular cloud
around Cassiopeia A (Kilpatrick et al. 2014). In particular, the
inward-shock regions seems to overlay with the fastest
gas (−50 to −45 km s−1) and the slowest gas (−39 to
−34 km s−1). We show a schematic diagram of the
shock–cloud interaction in Figure 8. As shown in this figure,
the inward shocks seems to be radially shifting against the
distribution of the molecular clouds. Here, we can estimate the
time when the forward shock first hits the cloud and pushes
the reflection shock into the ejecta. Dividing the distance between
the forward shock and the inward shocks (∼0.7 pc; see Figure 8)
by their velocity difference of ∼7000 km s−1, it can be estimated
to be <100 yr ago. This is much shorter than the age of the
remnant (which is ∼350 yr old), providing us with further
support that the inward shocks are reflection shocks by the
western cloud. The western filaments and also the filaments at the
central position (e.g., C1, C2) might be also related to the shock–
cloud interaction. For example, the high-speed CO gas (−46 to
−49 km s−1) is concentrated in filamentary structure to the south
and southeast of the remnant. The locations are very close to the
positions of the central inward shocks (see right side of Figure3
in Kilpatrick et al. 2014).

However, it is difficult to confirm the shock–cloud
interaction. Kilpatrick et al. (2014) have argued for a shock–
cloud interaction around the western and southern rim using the
broadened CO lines (see Figure4 in Kilpatrick et al. 2014). As
a matter of fact, their locations are a little different from
the inward-shock positions. Future observations with the
Nobeyama 45m Telescope will be helpful for studying the
shock interaction with the molecular cloud. 12CO observations
with the telescope would have good spatial resolution (∼17″)
that will be able to reveal more small structures and the relation
with the X-ray distributions (T. Inaba et al. 2017, private
communication). For example, in the case of RX
J1713.7–3946, nonthermal X-rays that are enhanced around
CO and HI clumps have been found (e.g., Sano et al. 2010,
2013, 2015). They suggested that the amplified magnetic field
around the CO and HI clumps enhances the synchrotron X-rays

and possibly the acceleration of cosmic-ray electrons. In the
theoretical view, the amplified magnetic field could be
explained as one of features of the shock–cloud interaction.
Inoue et al. (2012) have investigated cosmic-ray acceleration,
assuming an interaction with clumpy interstellar clouds, using
3D magnetohydrodynamic simulations. They predicted a
highly amplified magnetic field of ∼1 mG caused by a
turbulent shell due to the shock–cloud interactions. Then, the
short-time X-ray variability was predicted at the same time.
This supports our observational results in Cassiopeia A well, as
discussed in the Section 4.2.

5. Conclusion

The bright, nonthermal X-ray emission in the interior of
Cassiopeia A has been one of the most enigmatic features of
the remnant since the earliest observations by Chandra. Even
as basic a fact as the type of shock (e.g., forward shock, reverse
shock, or something else) has remained obscure. In this paper,
we put forth new evidence that the interior nonthermal
emission originates in an “inward shock” through new analyses
of archival Chandra and NuSTAR observations. We identified
inward-moving filaments in the remnant’s interior using
monitoring data by Chandra from 2000 to 2014. The inward-
shock positions are spatially coincident with the most intense
hard (15–40 keV band) X-ray emission seen with NuSTAR.

Figure 7. Estimate of the reflection shock velocity and the density of the
interacting cloud in the case of Cassiopeia A, solving the fluid equation in
Hester et al. (1994). Black and red curves show the velocities of the transmitted
shock (that is propagating through the cloud) and reflection shock, respectively.
The blue area shows the range of the velocities of the western filaments in this
work: ∼2100–3800 km s−1.

Figure 8. Schematic diagram of the shock–cloud interaction. The image show
the same image as in Figure 1(a). Magenta arrows show the proper-motion
directions of the inward shocks. The forward shocks are emphasized by thick
green lines. Small and large circles indicate the radii of the reverse shock and
forward shock (Gotthelf et al. 2001), respectively. Cross marks show the center
positions of each circle. The center of the reverse-shock circle offsets to the
northeast direction. The small screen set on left bottom shows the CO map with
the velocity of −39.24 km s−1 in Kilpatrick et al. (2014). A distance between
the reverse shock and the forward shock is ∼0.7 pc at the western region.
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●Western jet looks disturbed
●But: 

●no enhanced thermal emission
●no evidence for interaction from CO data: Zhou+ 2018 (see poster)

Awas an LGRB or even an X-ray flash, the two nonrelativistic
jets suggest that it may be related and there may be a continuum
of bipolarity in the explosion of supernovae, thus providing a
possible link between LGRBs and normal supernovae. The total
mass of shocked ejecta is 2–4 M! (Vink et al. 1996), and the
explosion energy is about a factor of 2 more than the canonical
explosion energy of 1051 erg (Hwang&Laming 2003). The total
oxygen ejecta mass of 1–2 M! suggests a main-sequence mass
of 18–22 M! (Vink 2004). These properties are reminiscent of
the parameters derived for SN 2006aj, the supernova associated
with the X-ray flash XRF 060218 (Mazzali et al. 2006), and
similar to SN 2003jd, the one suggested to relate to an LGRB
(Valenti et al. 2008).

The large amount of swept-up mass in Cas A and the dynamic
properties of the blast wave suggest that the blast wave is cur-
rently moving through the high-density red supergiant (RSG)
wind (Chevalier & Oishi 2003; Vink 2004). However, the lack
of H-rich ejecta suggests that Cas A exploded as a Wolf-Rayet
(WR) star. Moreover, the presence of slow-moving N-rich knots
has been explained as originating from the hydrodynamical in-
stabilities between the fastWRwind and the dense, slow-moving,
RSG wind (Garcı́a-Segura et al. 1996).

In this paper we present hydrodynamical simulations of the jets
in the context of the progenitor’s mass-loss history, which we take
to be an RSG phase, possibly followed by a WR phase. There are
two main reasons for pursuing this problem. First of all, the en-
ergetics of the jets can be better estimated using a realistic mass-
loss history in the hydrosimulations. Second, the survival of the
jets depends strongly on the mass-loss history of the progenitor.
Therefore, the jets in Cas A can be used as a diagnostic on both
the properties of the bipolar explosion and on the progenitor-
shaped circumstellar medium (CSM) at the time of explosion.

2. METHODS

The simulations of the supernova explosion and the progenitor
winds are done using the code ZEUS-3D, version 3.4 (Clarke
1996), an extended version of the ZEUS-2D code by Stone &
Norman (1992). This code solves the ideal nonrelativistic fluid
equations in three dimensions by finite differencing on an Eu-
lerian mesh. Von-Neumann Richtmyer artificial viscosity is used
to deal with shocks. Energy losses by radiative cooling are cal-
culated according to the cooling curve as described byMacDonald
& Bailey (1981). Photoionization is used as implemented by
Garcı́a-Segura et al. (1999), where matter within the Strömgren
radius is fully ionized, whereas all the rest is considered neutral.
In our case the code is set up in spherical (r!") coordinates

with the assumption of symmetry around the polar "-axis. Since
the supernova remnant does not reach beyond the radius where
the RSGwind meets the main-sequence bubble, the initial grid is
filled with an RSG wind. This part of the simulation is done in
1D in order to save on computational time. Once the RSG wind
occupies the whole grid, the resulting CSM is transferred onto a
2D grid with 900 cells in the radial direction and 225 cells in the
angular direction. The equidistant grid cells are distributed over
a radial extent of 6 pc and an angular extent of #/4 measured
from the pole, meaning an effective resolution of 2:1 ; 1016 cm
by 0.2". The applied resolution appears to be adequate for
our purposes; doubling the resolution did not affect the hydro-
dynamical evolution of the structure and development of the
instabilities.
Into this grid, we release a WR wind that lasts for a period of

5:5 ; 1011 s (# 17,000 yr). During the simulation of this evolu-
tionary stage of the supernova progenitor, every 5:5 ; 109 s a
snapshot is taken of the CSM. These snapshots, representing the

Fig. 1.—Three-color image showing the location of the jets (red; see Vink 2004; Hwang et al. 2004) with respect to the bright X-ray shell of ejecta (green; X-ray Si xiii
emission) and radio synchrotron emission (VLAarchival data). The jet image is obtained by taking the ratio of Si xiii overMg xiX-ray line emission. (Public domain image
based on the 1 Ms Chandra observation of Cas A [Hwang et al. 2004], http://www.astro.uu.nl/~vinkj/casa_jet_si_ radio.jpg.)
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Caveats
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Technical/method:
●Lack of point sources: 

●difficult to disentangle non-uniform expansion from registration errors
●Selection of optimum regions
●Filaments brighten and decay: not all changes due to motions
●Method assumes radial expansion: may not be correct!

●Use more advanced methods? (optical flow? what about statistics?)

Physics:
●Difference synchrotron vs bremsstrahlung

●synchrotron: follows filaments = reverse shock velocity
●bremsstrahlung: follow plasma ≠ reverse shock velocity:

Vplasma =
3
4

Vrev,sh +
1
4

Rrev,sh

t

Vrev,sh = 0 → Vplasma =
1
4

Rrev,sh

t
≈ 1800 km s−1



Summary/conclusions
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●Measurements of Vsh,forw/Vsh,rev in 30° sectors
●Results:

●Reverse shock moves backward in South and West (200°<PA<300°)
●In West shock velocity (ejecta frame): close to 8000 km/s
●Rest: Vrev,sh ≈2000 - 4000 km/s outward
●Not reproduced by semi-analytical/numerical models

●Fast rev. shock (>3000 - 8000 km/s): explains X-ray synchrotron at rev. shock!
●Outward shock in East and North: different from optical (Fesen talk)
●Possible solutions:

●Measure plasma (not shock) velocity? → why no X-ray synchrotron in East?
●Projection effects
●Optically active shocks have different properties than X-ray active shocks?



Optical image
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Optical evolution
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The Astrophysical Journal, 789:138 (21pp), 2014 July 10 Patnaude & Fesen

Figure 5. Comparative emission changes of Cas A’s X-ray and red optical emission over 31 and 60 yr, respectively. Upper panels: Einstein, ROSAT, and Chandra
ACIS-S images of Cas A showing an apparent increase of clumpy emission features from 1979 to 2011. The Chandra image has been smoothed by a 9 pixel Gaussian to
approximate the resolutions of the Einstein and ROSAT images. Lower four rows: Cas A in optical broadband red emission images from 1951 to 2011. The 1951–1989
images are Palomar Hale 5 m plates PH563B, PH3033S, PH5254vB, PH6249vB, PH7252vB, PH7766vB, PH8192vB, PH8206vB, the 1992 and 1998 images are
MDM 1.3 m and 2.4 m images, while the 2004 and 2011 are HST ACS F625W+F775W and WFC3 F098M images (see Table 1 for details). Note the considerable
brightening of the remnant’s optical emission along northern and southern limbs, most dramatically seen between the early 1950s and the 1970s, but continuing up to
the present.

Figure 6. 2004 Chandra ACIS-S image of Cas A with five regions marked that showed significant brightening.
(A color version of this figure is available in the online journal.)
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Back up slides
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Results
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2 Supernova Remnants are the best

Table 1: Expansion of Cas A, forward shock.

PA Exp. rate Exp. age m
(
�
) (% yr

�1
) (yr)

15 0.19504
+0.00001
�0.00000 512.70

+0.01
�0.02 0.65

45 0.22366
+0.00009
�0.00037 447.11

+0.75
�0.18 0.74

75 0.21380
+0.00041
�0.00021 467.73

+0.46
�0.89 0.71

105 0.21985
+0.00061
�0.00083 454.86

+1.72
�1.26 0.73

135 0.28122
+0.00025
�0.00016 355.59

+0.20
�0.32 0.93

165 0.22691
+0.00018
�0.00020 440.71

+0.39
�0.35 0.75

195 0.20667
+0.00045
�0.00017 483.86

+0.41
�1.05 0.69

225 0.20133
+0.00046
�0.00024 496.71

+0.58
�1.14 0.67

255 0.21249
+0.00014
�0.00019 470.62

+0.41
�0.32 0.71

285 0.23732
+0.00010
�0.00012 421.37

+0.20
�0.18 0.79

315 0.22049
+0.00025
�0.00015 453.53

+0.32
�0.51 0.73

345 0.18177
+0.00015
�0.00012 550.13

+0.37
�0.45 0.60

Average: 0.2184 ± 0.0248 457.92 ± 52.1 0.73

? happens to be the first paper (in alphabetical order) in my BibTeX file.

I need to fill space (with quantum fluctuations).
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2 Another section
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Table 2: Expansion of Cas A, reverse shock.

PA Exp. rate Exp. age m
(
�
) (% yr

�1
) (yr)

15 0.1951
+0.0000
�0.0000 512.58

+0.01
�0.00 0.65

45 0.1620
+0.0005
�0.0011 617.13

+4.11
�2.06 0.54

75 0.1056
+0.0008
�0.0018 947.39

+16.75
�7.24 0.35

105 0.1633
+0.0017
�0.0006 612.55

+2.08
�6.31 0.54

135 0.1911
+0.0010
�0.0009 523.19

+2.60
�2.72 0.63

165 0.1256
+0.0014
�0.0005 796.31

+3.05
�8.97 0.42

195 0.1094
+0.0006
�0.0013 914.04

+10.72
�5.09 0.36

225 -0.0149
+0.0004
�0.0004 -6715.01

+188.88
�171.56 -0.05

255 -0.0222
+0.0008
�0.0010 -4501.06

+194.24
�160.95 -0.07

285 -0.0590
+0.0004
�0.0006 -1694.37

+15.78
�11.53 -0.20

315 0.0854
+0.0010
�0.0006 1171.04

+8.97
�13.10 0.28

345 0.1265
+0.0004
�0.0005 790.53

+3.28
�2.50 0.42

Average: 0.0973 ± 0.0854 1027.56 ± 901.7 0.32

I need to fill space (with quantum fluctuations).
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3 Yet another section
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4 This is the last one, I promise
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• Forward shock: consistent with earlier results
(Vink+ ’98, Koralesky+ ’98, Delaney+ ’04, Patnaude+ ’08, Sato+ ’18,…) 

• Reverse shock: 
• large excursions
• <m>=0.32 -> <Vrev sh>≈1880 km/s



Changes from 1999-2018
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Fitting result
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