
Fig. 1: Schematic view of shock heating and subsequent non-equilibrium processes.
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Atoms ranging from H to Ni are 
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The nei model shows faster ionization 
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  We present a self-consistent model of thermal X-ray emission from shock-heated plasmas that accounts for non-equilibrium conditions of both 
temperature and ionization. Given a shock speed and initial electron-to-ion temperature ratio, the model calculates the temperature and ionization state 
of each element by simultaneously solving the relaxation processes. The thermal X-ray spectrum is synthesized by coupling our model with the 
AtomDB spectral code and compared with the nei model, a constant-temperature non-equilibrium ionization model commonly used in X-ray astronomy. 
The differences in emission line intensities between the models are significant enough to be distinguished even with a CCD detector. We find that the 
estimated ionization degree by nei model is systematically 30-40% lower than that predicted by our model. Implemented in the standard X-ray analysis 
software XSPEC, our model allows the physical parameters of shock-heated plasmas to be constrained directly from observations. Applying our model 
to the archival Chandra data of the supernova remnant N132D, we obtained a shock speed of 800 km s-1, consistent with previous optical studies.
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Summary

A self-consistent model of shock-heated plasma in non-equilibrium 
states for direct parameter constraints from X-ray observations S5.12 

Non-equilibrium of ionization and temperature are often observed in 
Shock-heated plasmas in supernova remnants (SNRs) [e.g., 1, 2].
Considering these non-equilibrium states is crucial for estimating 
parameters such as shock speed and ionization degree from X-ray 
observations (Fig. 1).
However, conventional spectral models (e.g., nei, pshock) make the 
simplifying assumption of a constant electron temperature.

Method
For a given set of shock speed ( ) and initial electron-ion temperature 
ratio ( ), we numerically integrate ...

Vsh
β ≡ kTe/kTion

We adopt                   as the integration variable.

(1) Thermalization (see [2] for full expression)

(2) Ionization (generally used form, e.g., [3])

Hydrogen-rich case (solar abundance)
Vsh = 1000 km s-1 and β = 0.01
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Our model provides takes  and  as 
inputs and outputs the synthesized spectrum.
Therefore, our model can directly estimate 
these parameters from X-ray spectral fitting.
As a demonstration, we applied our model to 
Chandra observations of N132D. We analyzed 
three outer rim regions (Fig. 6 and 7).
The obtained shock speed of ~ 800 km/s is 
consistent with the previous optical study 
(Morse+1996).
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Fig. 2: The temporal evolution of 
temperatures and Fe ion fractions, and 
ion fractions ratios of our model and the 
nei model.

Synthesized X-ray spectra

Calculation of solar abundance plasma

Systematic bias in parameter estimation using 
the nei model

Fig. 3: Synthesized X-ray spectra using our model (blue) and the nei model (orange). The left 
shows the theoretical spectra, while the middle and right show the spectra convolved with 
instrumental responses of XRISM and XMM-Newton, respectively.

Using AtomDB spectral code, which is widely used in X-ray astronomy.
The emission line intensities of each models are different (Fig. 3), 
reflecting differences in ion fractions as shown in Fig. 2

Fig. 6: An X-ray image of N132D.

Fig. 7: X-ray spectra of the region.

Hydrogen-rich case (solar abundance)
Our model: Vsh = 1000 km s-1, β = 0.01, τ = 1011 cm-3 s

nei model: kTe = 0.91 keV, τ = 1011 cm-3 s
Theoretical M-cal. (XRISM) CCD (XMM)
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- Our model with shock 
speed of ~ 800 km/s

We calculate the O VIII Lyα emissivity as a 
function of  using the nei model (Fig. 4), 
and search for the  value at which both 
emissivities coincide by reducing the  
value of the nei model.
The O VIII Lyα emissivity of our model can 
be explained by the nei model with  = 
0.91 keV,  = 7.2 x 1010 cm-3 s (Fig. 5).
However, other emissivities (e.g., Fe XVII 
3C and Ne IX resonance) does not match.
Similar discrepancies are found to occur 
with corrections using other line 
emissivities (i.e., Fe XVII 3C and Ne IX 
resonance).
This discrepancy suggests that systematic 
errors of < 20% also exist in abundance 
estimation using the nei model.
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How did we compare our model with the nei model?
To calculate ion fractions with the nei model, two parameters (i.e,  
and ) are required. So we used the  at each  value obtained from 
our calculation (e.g.,  = 0.91 keV at  = 1011 cm-3 s).
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Our model (  = 1000 km s-1,  = 0.01,  = 1011 cm-3 s)  
nei model (  = 0.91 keV,  = 1011 cm-3 s)
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Tab. 1: Best-fit values.  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Our model with  = 1000 km s-1,  = 0.01,  = 1011 cm-3 s  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Fig. 8: Comparison between 
our model and the nei model.

Fig. 4: Emissivity of O XVIII Lyα.

Fig. 5: (top) The modified nei spectrum. 
(bottom) Comparison with our model.
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