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Acero+09

A CR accelerator prototype
What we know: 

- CC supernova 
- Synch dominated X-rays 
- interacting with clouds in the NW 
- from interaction d ~ 1 kpc 

- Brightest SNR in TeV  

Don’t know: 

- age (SN 393 debated) 
- progenitor type/mass ?  
- ambient density, Vshock  

Thermal 
X-rays

proper 
motion

Hα X-rays 
motion



Why can we detect thermal X-rays today
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Katsuda+15

• Optimize where to look: 
lowest absorption in the 
center region 

• 70 ks dedicated Suzaku 
observation 

• +230 ks XMM exposure for 
CCO pulsation search 

• Bkg spectrum is very 
important: using 2x40 ks    
OFF Suzaku pointings 

• Softness map indicates low 
NH and/or thermal contribution
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Fig. 2.— Softness (0.5–1.5 keV/1.5–8 keV) map generated using XMM-Newton MOS data.
The image is binned by 30′′, and has been smoothed with a Gaussian kernel of 1σ = 90′′.
Overlaid contours represent the X-ray surface brightness. The black circle is the region where

we extract spectra for our spectral analysis. The CCO was excluded from a black circle with
a red line. The brightest spot seen ∼10′ east from the CCO is 1WGA J1714.4-3945, which

is believed to be a stellar origin (Pfeffermann et al. 1996).

Softness map = 0.5-1.5/1.5-8 keV

SNR contours

extraction 
region



Pure power-law model
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Power-law model + thermal 
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Power-law model + thermal 
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best-fit

kTe - keV 0.57 (+0.26 -0.06)

log(net) cm-3 s 11.61 (+0.16 -0.15)

Ne 3.3 (+4.3 -0.7)

Mg 7.0 (+11. -4.4)

Si 5.4 (+4.7 -1.6)

Fe <0.5

• Given abundances, thermal emission is likely ejecta related 
• Lack of Fe => compatible with CC supernova 
• Mg/Ne, Si/Ne, and Fe/Ne ratios indicate Mprogenitor < 20 Mo

Katsuda+15
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How to constrain ambient medium: 
Filament proper motion

Filament structures in RXJ … ? 
Not as easy as in:

Tycho

SN 1006RCW 86
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How to constrain ambient medium: 
Filament proper motion

Filament structures in RXJ … ? 
Not as easy as in:

Tycho

SN 1006RCW 86

XMM 
2002: 11 ks 
2015:  64 ks



X-ray proper motion in the SE
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2002 image
2015 edges

 bkg subtracted, 
vignetting corrected 

count map (0.6-6 keV)

2002 : 11.7/5.7 ks (MOS/PN)

Blink me !



X-ray proper motion in the SE

102015 : 64.1/48.0 ks (MOS/PN)

 bkg subtracted, 
vignetting corrected 

count map (0.6-6 keV)

Blink me !

2015 image
2015 edges



Edges detection for region definition
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2002
2015

image 
registration OK

image 
registration OKtransient src

Outer region

Inner region



• Using a maximum likelihood function as estimator: 
– not using chi2 as for some bins Cts<25  
– Computes the max Likelihood estimator Cash statistics (Cstat)  

• where Si are the observed counts and Mi the predicted counts 

• Our study: Si is the 2002 profile and Mi a model predicting counts 
based on the 2015 obs 

• As the 2015 exposure is much deeper, using this observation to 
produce a model

Method

12
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Figure 3. Based on the equations describing the evolution of the forward shock radius and shock speed, we investigate the
ejecta mass, the expansion rate and SNR size as a function of wind density, SNR age and explosion energy. Left panel : ejecta
mass estimated from the swept-up mass (i.e. the star mass loss) as a function of age and wind density. The black region

indicates the excluded parameter space where the ejecta mass becomes negative. Middle panel : predicted ratio ✓/✓̇ for a range
of age and densities. The measured value of this ratio is shown as a solid white contour (dashed contours for statistical errors)
strongly constrains the age of the SNR. Right panel : for a fixed age of 2330 yrs, the radius of the SNR (or it’s distance for a fixed
angular size) is explored as a function of the explosion energy and the wind density. The solid and dashed contours represent
respectively the radius at a distance of 1 kpc and an explosion energy of 1051 ergs.

is in counts and is the sum of the MOS1 and MOS2 cam-
era. We note that the number of counts for some bins
of the 2002 radial profile falls below 25 counts/bins and
we have therefore used a likelihood function for Poisson
distribution rather than a �

2 function. A count profile
model and the associated likelihood value is calculated
as a function of a Shift (in arcsec) and Amplitude (the
ratio of the 2002 to 2015 profile) parameter. The likeli-
hood function C is similar to the Cash statistic imple-
mentation in Xspec3:
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where M
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is the predicted number of counts in bin i

and S

i

the observed number of counts in bin i in the
2002 observation. The model M is calculated for each
pair of parameters and provides the expected number
of counts taking into account the observational condi-
tions of the 2002 observation (exposure and instrumen-
tal background profile):
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where Fmod

src

represents the vignetting corrected, back-
ground subtracted flux profile from the 2015 model ob-
servation and F

cst

the astronomical constant4 flux back-
ground taken upstream the SNR shock in the outer re-
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https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/

XSappendixStatistics.html

4 This background is assumed to be the same in the two obser-
vations but was measured from the 2015 observation for statistical
reasons.

gion (see Fig. 2, top, left panel). The parameters Exp

obs

and C

obs

bkg

represent the 2002 exposure and instrumental
background profiles. Note that the amplitude and shift
parameters are applied only to Fmod

src

in order not to shift
or amplify the instrumental background or any exposure
related features. The resulting 2D likelihood maps are
shown in the middle panels of Fig. 2 and a 1D slice at
the best-fitted amplitude is shown in the right panels.
The best-fit results are listed in Table 1. In both re-
gions, no significant changes in brightness are observed
(Amplitude is compatible with unity) and for a distance
of 1 kpc, the corresponding shock speed is respectively
2860±240 km s�1 and 3490±220 km s�1 for the inner
and outer regions. We note that the very similar ratio of
✓̇/✓ for both regions could suggest that the lower shock
speed of the inner shock is a projection e↵ect.

4. DISCUSSION

The measurements of the X-ray expansion rate in the
south-east region can be used to estimate the age of
the SNR as the shock there is probably still evolving
in the cavity carved by the progenitor and has not yet
encountered denser material as in the bright north-west
region. The forward shock radius R and the age t can
be related to the expansion parameter m where R /
t

m and if m is constant over the time of expansion, we
can estimate t = m✓/✓̇. The value of the expansion
parameter ranges from m = (n�3)/(n�s) in the ejecta
dominated phase to m = 2/(5 � s) in the Sedov-Taylor
phase where n, and s are the ejecta and ambient medium
density profile (⇢(r) / r

�n,s). For the values n = 9,
and s = 2 (the shock is evolving in the wind of the
massive progenitor star), m = 0.86/0.66 in the ejecta
dominated/Sedov-Taylor phase respectively. The value
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Figure 3. Based on the equations describing the evolution of the forward shock radius and shock speed, we investigate the
ejecta mass, the expansion rate and SNR size as a function of wind density, SNR age and explosion energy. Left panel : ejecta
mass estimated from the swept-up mass (i.e. the star mass loss) as a function of age and wind density. The black region

indicates the excluded parameter space where the ejecta mass becomes negative. Middle panel : predicted ratio ✓/✓̇ for a range
of age and densities. The measured value of this ratio is shown as a solid white contour (dashed contours for statistical errors)
strongly constrains the age of the SNR. Right panel : for a fixed age of 2330 yrs, the radius of the SNR (or it’s distance for a fixed
angular size) is explored as a function of the explosion energy and the wind density. The solid and dashed contours represent
respectively the radius at a distance of 1 kpc and an explosion energy of 1051 ergs.

is then compared to the 2002 profile. The latter profile
is in counts and is the sum of the MOS1 and MOS2 cam-
era. We note that the number of counts for some bins
of the 2002 radial profile falls below 25 counts/bins and
we have therefore used a likelihood function for Poisson
distribution rather than a �

2 function. A count profile
model and the associated likelihood value is calculated
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reasons.

ground taken upstream the SNR shock in the outer re-
gion (see Fig. 2, top, left panel). The parameters Exp

obs

and C

obs

bkg

represent the 2002 exposure and instrumental
background profiles. Note that the amplitude and shift
parameters are applied only to Fmod

src

in order not to shift
or amplify the instrumental background or any exposure
related features. The resulting 2D likelihood maps are
shown in the middle panels of Fig. 2 and a 1D slice at
the best-fitted amplitude is shown in the right panels.
The best-fit results are listed in Table 1. In both re-
gions, no significant changes in brightness are observed
(Amplitude is compatible with unity) and for a distance
of 1 kpc, the corresponding shock speed is respectively
2860±240 km s�1 and 3490±220 km s�1 for the inner
and outer regions. We note that the very similar ratio of
✓̇/✓ for both regions could suggest that the lower shock
speed of the inner shock is a projection e↵ect.

4. DISCUSSION

The measurements of the X-ray expansion rate in the
south-east region can be used to estimate the age of
the SNR as the shock there is probably still evolving
in the cavity carved by the progenitor and has not yet
encountered denser material as in the bright north-west
region. The forward shock radius R and the age t can
be related to the expansion parameter m where R /
t

m and if m is constant over the time of expansion, we
can estimate t = m✓/✓̇. The value of the expansion
parameter ranges from m = (n�3)/(n�s) in the ejecta
dominated phase to m = 2/(5 � s) in the Sedov-Taylor
phase where n, and s are the ejecta and ambient medium
density profile (⇢(r) / r

�n,s). For the values n = 9,
and s = 2 (the shock is evolving in the wind of the
massive progenitor star), m = 0.86/0.66 in the ejecta
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Outer

Inner



Results
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Outer

Inner

No fitting procedure but computing the Cstat for each point of the grid in the Shift-Amplitude space 
Computing Cstat for integer values of Shift and then interpolating 
Asymmetric uncertainties derived from likelihood profile (right panel) 



Results
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2002
2015

Vsh= 3490±220 km/s

Vsh= 2860±240 km/s



SNR age

• Simple evolution solution: 

– Rshock ~ tm   and Vshock ~  m * tm-1  

where m is the expansion parameter 
Tsnr = m*R/V = m * θ/θ 

• In a stellar wind (as in CC supernova): 

-     0.86 >  m   > 0.66 

-   2330 yrs > Tsnr > 1810 yrs 
         

• Age estimate independent of the distance ! 
=> Not compatible with SN393

16

.

ejecta phase Sedov phase

observable parameter
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Age and density
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14 Mo                    Mswept-up            1.4 Mo          Mej

* TrueLove&McKee + Hwang&Laming 

.
• Using evolution equations* for given θ, θ: 

– Age and ρ0 = f( Mejecta, ESN, distance) 

• In a stellar wind and shock near the border of 
the cavity: 

Star              Supernova remnant 
Mprogenitor = Mloss + Mneutronstar + Mejecta 

Mejecta  =  f(ρ0) 

= f(ρ0) 



Age and density
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4

Figure 3. Based on the equations describing the evolution of the forward shock radius and shock speed, we investigate the
ejecta mass, the expansion rate and SNR size as a function of wind density, SNR age and explosion energy. Left panel : ejecta
mass estimated from the swept-up mass (i.e. the star mass loss) as a function of age and wind density. The black region

indicates the excluded parameter space where the ejecta mass becomes negative. Middle panel : predicted ratio ✓/✓̇ for a range
of age and densities. The measured value of this ratio is shown as a solid white contour (dashed contours for statistical errors)
strongly constrains the age of the SNR. Right panel : for a fixed age of 2330 yrs, the radius of the SNR (or it’s distance for a fixed
angular size) is explored as a function of the explosion energy and the wind density. The solid and dashed contours represent
respectively the radius at a distance of 1 kpc and an explosion energy of 1051 ergs.

is then compared to the 2002 profile. The latter profile
is in counts and is the sum of the MOS1 and MOS2 cam-
era. We note that the number of counts for some bins
of the 2002 radial profile falls below 25 counts/bins and
we have therefore used a likelihood function for Poisson
distribution rather than a �

2 function. A count profile
model and the associated likelihood value is calculated
as a function of a Shift (in arcsec) and Amplitude (the
ratio of the 2002 to 2015 profile) parameter. The likeli-
hood function C is similar to the Cash statistic imple-
mentation in Xspec3:
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and S
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the observed number of counts in bin i in the
2002 observation. The model M is calculated for each
pair of parameters and provides the expected number
of counts taking into account the observational condi-
tions of the 2002 observation (exposure and instrumen-
tal background profile):
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ground subtracted flux profile from the 2015 model ob-
servation and F
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the astronomical constant4 flux back-
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4 This background is assumed to be the same in the two obser-
vations but was measured from the 2015 observation for statistical
reasons.

ground taken upstream the SNR shock in the outer re-
gion (see Fig. 2, top, left panel). The parameters Exp

obs

and C

obs

bkg

represent the 2002 exposure and instrumental
background profiles. Note that the amplitude and shift
parameters are applied only to Fmod

src

in order not to shift
or amplify the instrumental background or any exposure
related features. The resulting 2D likelihood maps are
shown in the middle panels of Fig. 2 and a 1D slice at
the best-fitted amplitude is shown in the right panels.
The best-fit results are listed in Table 1. In both re-
gions, no significant changes in brightness are observed
(Amplitude is compatible with unity) and for a distance
of 1 kpc, the corresponding shock speed is respectively
2860±240 km s�1 and 3490±220 km s�1 for the inner
and outer regions. We note that the very similar ratio of
✓̇/✓ for both regions could suggest that the lower shock
speed of the inner shock is a projection e↵ect.

4. DISCUSSION

The measurements of the X-ray expansion rate in the
south-east region can be used to estimate the age of
the SNR as the shock there is probably still evolving
in the cavity carved by the progenitor and has not yet
encountered denser material as in the bright north-west
region. The forward shock radius R and the age t can
be related to the expansion parameter m where R /
t

m and if m is constant over the time of expansion, we
can estimate t = m✓/✓̇. The value of the expansion
parameter ranges from m = (n�3)/(n�s) in the ejecta
dominated phase to m = 2/(5 � s) in the Sedov-Taylor
phase where n, and s are the ejecta and ambient medium
density profile (⇢(r) / r

�n,s). For the values n = 9,
and s = 2 (the shock is evolving in the wind of the
massive progenitor star), m = 0.86/0.66 in the ejecta

* TrueLove&McKee + Hwang&Laming 

• Using evolution equations* for given θ, θ: 
– Age and ρ0 = f( Mejecta, ESN, distance) 

• In a stellar wind and shock near the border of 
the cavity: 

Star              Supernova remnant 
Mprogenitor = Mloss + Mneutronstar + Mejecta 

Mejecta  =  f(ρ0)

14 Mo                    Mswept-up            1.4 Mo          Mej

•  

= f(ρ0) 

forbidden 
zone Mej <0



Age and density

• With Mej prescription, can compute predicted θ/θ in evolution model 
• For the range of allowed wind density, SNR is still in ejecta phase: 

– TSNR  =  2330 ± 150 yrs 

19

4

Figure 3. Based on the equations describing the evolution of the forward shock radius and shock speed, we investigate the
ejecta mass, the expansion rate and SNR size as a function of wind density, SNR age and explosion energy. Left panel : ejecta
mass estimated from the swept-up mass (i.e. the star mass loss) as a function of age and wind density. The black region

indicates the excluded parameter space where the ejecta mass becomes negative. Middle panel : predicted ratio ✓/✓̇ for a range
of age and densities. The measured value of this ratio is shown as a solid white contour (dashed contours for statistical errors)
strongly constrains the age of the SNR. Right panel : for a fixed age of 2330 yrs, the radius of the SNR (or it’s distance for a fixed
angular size) is explored as a function of the explosion energy and the wind density. The solid and dashed contours represent
respectively the radius at a distance of 1 kpc and an explosion energy of 1051 ergs.
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is in counts and is the sum of the MOS1 and MOS2 cam-
era. We note that the number of counts for some bins
of the 2002 radial profile falls below 25 counts/bins and
we have therefore used a likelihood function for Poisson
distribution rather than a �

2 function. A count profile
model and the associated likelihood value is calculated
as a function of a Shift (in arcsec) and Amplitude (the
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vations but was measured from the 2015 observation for statistical
reasons.

ground taken upstream the SNR shock in the outer re-
gion (see Fig. 2, top, left panel). The parameters Exp

obs

and C

obs

bkg

represent the 2002 exposure and instrumental
background profiles. Note that the amplitude and shift
parameters are applied only to Fmod

src

in order not to shift
or amplify the instrumental background or any exposure
related features. The resulting 2D likelihood maps are
shown in the middle panels of Fig. 2 and a 1D slice at
the best-fitted amplitude is shown in the right panels.
The best-fit results are listed in Table 1. In both re-
gions, no significant changes in brightness are observed
(Amplitude is compatible with unity) and for a distance
of 1 kpc, the corresponding shock speed is respectively
2860±240 km s�1 and 3490±220 km s�1 for the inner
and outer regions. We note that the very similar ratio of
✓̇/✓ for both regions could suggest that the lower shock
speed of the inner shock is a projection e↵ect.

4. DISCUSSION

The measurements of the X-ray expansion rate in the
south-east region can be used to estimate the age of
the SNR as the shock there is probably still evolving
in the cavity carved by the progenitor and has not yet
encountered denser material as in the bright north-west
region. The forward shock radius R and the age t can
be related to the expansion parameter m where R /
t

m and if m is constant over the time of expansion, we
can estimate t = m✓/✓̇. The value of the expansion
parameter ranges from m = (n�3)/(n�s) in the ejecta
dominated phase to m = 2/(5 � s) in the Sedov-Taylor
phase where n, and s are the ejecta and ambient medium
density profile (⇢(r) / r

�n,s). For the values n = 9,
and s = 2 (the shock is evolving in the wind of the
massive progenitor star), m = 0.86/0.66 in the ejecta

•  

observed value



Age and density

• For a given Age, Mej, explore density dependence on dist, E51 

• for d = 1 kpc and E=1051 ergs   =>  ρ0 = 0.01 cm-3  

• For such density, Msweptup = 4 Mo and Mej = 9 Mo
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Figure 3. Based on the equations describing the evolution of the forward shock radius and shock speed, we investigate the
ejecta mass, the expansion rate and SNR size as a function of wind density, SNR age and explosion energy. Left panel : ejecta
mass estimated from the swept-up mass (i.e. the star mass loss) as a function of age and wind density. The black region

indicates the excluded parameter space where the ejecta mass becomes negative. Middle panel : predicted ratio ✓/✓̇ for a range
of age and densities. The measured value of this ratio is shown as a solid white contour (dashed contours for statistical errors)
strongly constrains the age of the SNR. Right panel : for a fixed age of 2330 yrs, the radius of the SNR (or it’s distance for a fixed
angular size) is explored as a function of the explosion energy and the wind density. The solid and dashed contours represent
respectively the radius at a distance of 1 kpc and an explosion energy of 1051 ergs.

is then compared to the 2002 profile. The latter profile
is in counts and is the sum of the MOS1 and MOS2 cam-
era. We note that the number of counts for some bins
of the 2002 radial profile falls below 25 counts/bins and
we have therefore used a likelihood function for Poisson
distribution rather than a �

2 function. A count profile
model and the associated likelihood value is calculated
as a function of a Shift (in arcsec) and Amplitude (the
ratio of the 2002 to 2015 profile) parameter. The likeli-
hood function C is similar to the Cash statistic imple-
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)� ln(M
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)) (1)

where M

i

is the predicted number of counts in bin i

and S

i

the observed number of counts in bin i in the
2002 observation. The model M is calculated for each
pair of parameters and provides the expected number
of counts taking into account the observational condi-
tions of the 2002 observation (exposure and instrumen-
tal background profile):
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ground taken upstream the SNR shock in the outer re-
gion (see Fig. 2, top, left panel). The parameters Exp
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and C
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represent the 2002 exposure and instrumental
background profiles. Note that the amplitude and shift
parameters are applied only to Fmod

src

in order not to shift
or amplify the instrumental background or any exposure
related features. The resulting 2D likelihood maps are
shown in the middle panels of Fig. 2 and a 1D slice at
the best-fitted amplitude is shown in the right panels.
The best-fit results are listed in Table 1. In both re-
gions, no significant changes in brightness are observed
(Amplitude is compatible with unity) and for a distance
of 1 kpc, the corresponding shock speed is respectively
2860±240 km s�1 and 3490±220 km s�1 for the inner
and outer regions. We note that the very similar ratio of
✓̇/✓ for both regions could suggest that the lower shock
speed of the inner shock is a projection e↵ect.

4. DISCUSSION

The measurements of the X-ray expansion rate in the
south-east region can be used to estimate the age of
the SNR as the shock there is probably still evolving
in the cavity carved by the progenitor and has not yet
encountered denser material as in the bright north-west
region. The forward shock radius R and the age t can
be related to the expansion parameter m where R /
t

m and if m is constant over the time of expansion, we
can estimate t = m✓/✓̇. The value of the expansion
parameter ranges from m = (n�3)/(n�s) in the ejecta
dominated phase to m = 2/(5 � s) in the Sedov-Taylor
phase where n, and s are the ejecta and ambient medium
density profile (⇢(r) / r

�n,s). For the values n = 9,
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massive progenitor star), m = 0.86/0.66 in the ejecta
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Don’t know: 

* Progenitor type/mass ?       * Age (SN 393 debated)        * Ambient density, Vshock  

First thermal X-rays

Ejecta emission 
Mprogenitor< 20Mo

First shock speed ~ 3500 km/s

Age ~2300 ±150 yrs 
(not SN 393)

very low cavity density 
ρ0 = 10-2 cm-3

Caveats : 
not the density in the 
bright NW region
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