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OXFORD
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Abstract

Overionized, recombining plasma is an emerging class of X-ray bright supernova remnants (SNRs). This unique thermal state, where the ionization
temperature (T,) is significantly higher than the electron temperature (Tg), is not expected from the standard evolution model that assumes a
point explosion in a uniform interstellar medium, thus requiring a new scenario for the dynamical and thermal evolution. A recently proposed idea
attributes the overionization state to additional ionization contribution from the low-energy tail of shock-accelerated protons. However, this new
scenario has been left untested, especially from the atomic physics point of view. We report calculation results of the proton impact ionization
rates of heavy-element ions in ejecta of SNRs. We conservatively estimate the requirement for accelerated protons, and find that their relative
number density to thermal electrons needs to be higher than 5 (k75 /1 keV)% in order to explain the observed overionization degree at T,/ T > 2
for K-shell emission. We conclude that the proton ionization scenario is not feasible because such a high abundance of accelerated protons is
prohibited by the injection fraction from thermal to non-thermal energies, which is expected to be ~1% at most.

Keywords: cosmic rays — ISM: atoms — ISM: supernova remnants — X-rays: ISM

1 Introduction

Recent progress in interpreting X-ray observations of super-
nova remnants (SNRs) has emphasized the importance of the
interaction between the hot plasma of SNRs and their envi-
ronments in understanding their dynamical and thermal evo-
lution. One of the clearest cases would be the discovery of
over-ionized/recombining plasma from more than 20 Galac-
tic middle-aged SNRs (e.g., Yamaguchi et al. 2009; Sawada
& Koyama 2012). In the standard evolution model of SNRs,
where an SN is a point explosion in a uniform medium with
a typical density of interstellar medium (ISM: ~1 cm™3), the
dynamical evolution is described by the Sedov-Taylor solu-
tion (Sedov 1959), while the thermal evolution is described by
a combination of two relaxation processes: non-equipartition
between electron and ion temperatures (T, and T;, repectively)
and non-equilibrium ionization (NEI: e.g., Masai 1994). Im-
mediately after the shock passage, the temperatures of ions
and electrons are unlikely to be in equilibrium and are pos-
sibly mass-proportional. Once T. gets high enough through
Coulomb heating with hot ions, electrons gradually ionize
atoms from the quasi-neutral initial state to the collisional ion-
ization equilibrium (CIE) state determined solely by T.. There-
fore, NEI in the standard model means under-ionized/ionizing
plasma. The existence of over-ionized plasma strongly sug-
gests that there is a process that is missing from the standard

model but is playing a major role in the actual thermal evolu-
tion of a particular class of SNRs.

Previous studies of over-ionized SNRs have mainly focused
on rapid electron cooling as a mechanism responsible for pro-
ducing over-ionized plasma. The cooling would be due either
to a rapid adiabatic expansion (rarefaction) of ejecta after the
blast-wave shock breaks out of dense circumstellar medium
(CSM: Itoh & Masai 1989; Shimizu et al. 2012) or thermal
conduction from hot plasma to interacting cold atomic and
molecular clouds (Kawasaki et al. 2002, 2005). Recent stud-
ies have often used spatial correlation as a key observational
clue as to the physical origin of the over-ionized plasma. For
instance, Yamaguchi et al. (2018) analyzed spatially resolved
Nuclear Spectroscopic Telescope Array (NuSTAR) spectra of
the SNR W 49B and found that the electron temperature was
positively correlated with the recombination timescale, an in-
dicator of the electron density. This correlation supports the
rarefaction scenario in the sense that the spatial difference
of the electron temperature can be explained as the differ-
ence in the magnitude of rarefaction. On the other hand, Sano
et al. (2021) used the same electron temperature distribution
by NuSTAR but found another spatial correlation that rather
supports the conduction cooling scenario. The lower elec-
tron temperature region was also associated with higher 2CO
(J = 2-1) molecular line emission measured by Atacama Large
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Millimeter/submillimeter Array (ALMA), indicating a higher
impact of conduction cooling there. The origin of the over-
ionized plasma in W49B is therefore not conclusively deter-
mined. The situation is more or less the same for other over-
ionized SNRs.

More recently, an alternative scenario has been proposed.
In the new scenario, the over-ionization is attained by extra-
ionization of ions due to collisions with shock-accelerated
protons (Hirayama et al. 2019; Yamauchi et al. 2021) rather
than by a rapid cooling of electrons. This is mainly moti-
vated by the fact that most of the SNRs that harbor over-
ionized plasma are bright GeV/TeV sources, indicating the
existence of shock-accelerated protons. The low-energy con-
tinuation of the accelerated protons in the MeV-GeV range
may have large cross-sections for direct impact ionization of
thermal ions and thus may alter the charge-state distribution
(CSD) significantly. However, there have been no theoretical
studies that attempted to reproduce the over-ionized plasma
by incorporating the proton ionization, which leaves the sce-
nario nearly untested. The only case so far is an examination
from the energy budget point-of-view for the particular case
of IC443 (Okon et al. 2021). Therefore, it is currently un-
known even whether such an extra-ionization process is effi-
cient enough to cause a significant change in the CSD. For all
the over-ionized SNRs, the CSD of the element with strong
K-shell radiative recombination continuum (RRC) detection
is dominated by He-like ions. Thus, contribution of acceler-
ated protons to the K-shell ionization of these highly ionized
atoms is of particular importance.

In this paper, we present a theoretical test on the feasibil-
ity of attaining the high CSD observed in over-ionized plasma
in SNRs for the first time, using model calculations of the
direct impact ionization of thermal ions with mildly ener-
getic protons. The paper is organized as follows. In section 2,
an overview of the model for the thermal evolution and the
CSD calculation is given. In section 3, the methods for ob-
taining cross-sections of proton impact ionization are given.
Results of the calculations are presented in section 4. The
feasibility of the proton ionization scenario and the origin
of over-ionized/recombining plasma in SNRs are discussed
in section 5. Finally, the summary of this study is given in
section 6.

2 Model overview

2.1 Thermal evolution

In a hot plasma undergoing transient ionization, the CSD de-
viates from that which is expected from the observed elec-
tron temperature (T;). A pseudo-temperature called the ion-
ization temperature (T,) is thus introduced to describe the
CSD. A plasma with T, < T, is under-ionized, while T, > T,
is over-ionized, in comparison to CIE. These transient ioniza-
tion states are a consequence of an abrupt change either in
the electron temperature or CSD, which will gradually ap-
proach to a CIE state through collisional relaxation. This
process can be traced by using an NEI model. The simplest
NEI calculation solves the time evolution of CSD assuming
a constant electron temperature at T.. The degree of the re-
laxation is expressed by a single parameter, T = [ n.dt, which
is often called the ionization timescale for an ionizing plasma
(dT,/dt > 0) or the recombination timescale for a recombin-
ing plasma (dT,/dt < 0).
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Fig. 1. Schematic of formation and evolution of a recombining plasma for
the proton ionization scenario.

Table 1. Parameters for representative overionized SNRs.

Object Tob Tobs Element Ref.”
(keV) (keV) with RRC

W 49B 1.5 2.7 Fe 1

1C 443 0.6 1.2 S 2

W28 0.4 1.0 S 3

“1: Ozawa et al. (2009), 2: Yamaguchi et al. (2009), 3: Sawada and Koyama
(2012).

The proton ionization scenario may consist of two evo-
lutionary phases: the ionizing phase and recombining phase
(figure 1). In the ionizing phase, accelerated protons as well as
thermal electrons contribute to the ionization of ions to raise
T,. If the proton ionization rate is sufficiently high, T, exceeds
T. at some point in this phase, resulting in an over-ionized
state. The existence of the recombining phase is not necessarily
required by the proton ionization scenario itself but suggested
by observations; the overall spectra of recombining plasma in
SNRs have been successfully reproduced with a recombining
NEI model with non-zero recombination timescales in previ-
ous studies (e.g., Yamaguchi et al. 2012; Sawada & Koyama
2012). This means that the observed ionization temperature
TP has been somewhat reduced already from the maximum
value T"®* attained in the ionizing phase. In this sense, ob-
served deviations in the CSD from the CIE case, characterized
by T and T°*, should be regarded as a minimum change
that the proton ionization scenario is required to explain. Un-
like other scenarios, the proton ionization scenario does not
involve any rapid cooling of electrons. Thus, as in the standard
Sedov evolution, the gradual adiabatic cooling of electrons is
expected to be nearly canceled by the Coulomb heating by
thermal protons and ions (Masai 1994), and the electron tem-
perature is maintained to be almost constant throughout the
thermal evolution.

Given these conditions, the feasibility test we will carry
out in this paper against the proton ionization scenario is to
examine whether T, > TZObs can be achieved with the addi-
tional proton ionization in otherwise-standard NEI calcula-
tions of the CSD assuming a constant electron temperature at
T°b. Table 1 summarizes the observed thermal parameters for
representative SNRs with over-ionized plasma. Note that,
in these observational results, T°* is effectively determined
by spectral features of H-like and He-like ions, and thus it
essentially traces the H-like to He-like ionic fraction ratio.
Among the over-ionized SNRs, so far W 49B has been the only
case with T°* > 1 keV and T° > 2 keV, and all others have
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Fig. 2. lonic fractions as a function on the ionization temperature for S (top) and Fe (bottom). The number attached to each curve shows the number of
bound electrons (e.g., 1 for H-like and 2 for He-like). The dashed and dotted vertical lines indicate 7'9ObS and 7'Z°b5, respectively, the values of which are of

the average of IC 443 and W 28 for S and of W 49B for Fe in table 1.

similar parameters to IC443 or W28 with some variations.
Therefore, our test will be made for the two cases, the W 49B-
like one and 1C443/W 28-like one. The corresponding ionic
fractions for the elements with strong K-shell RRC detection
are shown in figure 2.

2.2 Charge-state distribution

We employ a simple model to calculate the CSD of hot plasma,
where both electrons and protons are considered as contrib-
utors to collisional ionization. To investigate whether proton
impact ionization alone can explain the over-ionized plasma
in SNRs such as W49B and IC 443, we do not consider the
effects introduced in other scenarios, such as rapid electron
cooling. Instead, we assume a standard, Sedov-like dynamical
and thermal evolution, in which the spatial variation and tem-
poral change of the electron temperature is not significantly
large (Masai 1994).

The CSD can be obtained by solving a matrix differential
equation (Masai 1984; Hughes & Helfand 1985; Smith &
Hughes 2010):

where © = [ n.dt is the ionization timescale and the column
vector f is ionic fractions, i.e.,

fz(f()v f17 R ffv T fzflv fZ)T’ (2)

where Z is the atomic number. The matrix A is the transition
rate matrix, whose element a;; is given as follows:

—(X;Sij+a;) fori=j
Sij fori > j

D e fori=j—1’ ©)
0 otherwise

where S;; is for the ionization that removed (i — j) electrons,
>, Sij is for the total ionization, and «; is for the recombina-
tion, all initiated from the ionization stage j. By deriving the
eigenvectors V; and eigenvalues A ; of the matrix A, the time
evolution of the ionic fractions for each element is obtained
as

f(z) = Vlexp(2; )V finic, (4)
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where

V=Vo,Vi,---,V;,---,Vz_1, V7 (5)

is the matrix of eigenvectors, [exp(A;T)] is the diagonal ma-
trix, and fi is the initial ionic fractions. We calculate ionic
fractions for Z = 1, ..., 30, with an initial condition where H
and He are fully ionized, while the other elements are neutral.
This choice of initial condition does not affect calculation re-
sults in the electron temperature range of our interest, where
the dominant ionization stage is around He-like.

The ionization rate S;; has a non-zero value even for i >
j + 1 because of multiple Auger ionization (Kaastra & Mewe
1993). It is obtained as

Sii= Scvik,i—j), (6)
k

where k = 1s, 2s, 2p1,2, . . ., 4s is the subshell index, S is the
subshell ionization rate per electron density, and v (k, 7) is the
probability that # — 1 electrons are removed after a single ion-
ization of the subshell k (thus resulting in removing # electrons
in total).

The difference of our model from the standard NEI is that
the subshell ionization rate has the proton contribution as well
as the electron contribution. If we write the coefficient and
cross-section for the partial ionization at the subshell k due to
proton direct impact as S and oy, respectively, we get

, 1 Epax ng‘
So=— | N(Ep)oplEp)vpdE, o L (7)
e h;)mn Nne

where E,, v, and \V,, are the kinetic energy, speed, and energy
spectrum of the number density of the non-thermal protons,
respectively, and

w= [ N, dE, (8)

min
Eg

is the integrated number density of the non-thermal protons
over the energy. The normalization by #. in equation (7) is
due to the parameterization T = [ n.dt in equation (1). For
the proton energy distribution, we consider a power-law type,
ie.,

Np(Ep) o Ey. 9)

Since the relative number density 7,°/n. and the power-
law index I' are not known, we test several different values
for these parameters. In general, both of these parameters can
change in time, but we ignore such time dependencies of the
proton energy distribution for simplicity.

The remaining parameter is oy, the proton impact ion-
ization cross-section for each subshell. There are, however,
no readily available data for proton impact ionization cross-
sections in a subshell-resolved form for various elements and
ionization stages, which are required to calculate the time evo-
lution of the CSD with the proton contribution. Therefore, we
estimate these in the next section.

For the electronic part of the ionization, consisting of direct
impact ionization and excitation-autoionization, and for the
recombination rate, consisting of radiative and dielectronic

components, we use the same values as the SPEX (Kaastra
et al. 1996) version 3.08.00, which are based on the compi-
lations by Urdampilleta et al. (2017) and Mao and Kaastra
(2016), respectively. The scheme of solving the ionic fraction
time-evolution described above is also the same as SPEX. The
only difference in our calculations from SPEX, other than the
inclusion of the proton contribution to the ionization, is that
we do not include contribution from charge exchange (Gu
et al. 2016) to the ionization or recombination rates of our
model. This is because it has significant contribution only at
very low charge states. As is the case for the initial ionic frac-
tions, any small difference in the early time-evolution will not
affect a later time-evolution and does not make any difference
in the CSD when the mean charge state reaches to the range
of our interest, He-like or higher.

3 Proton impact ionization
3.1 Approach

In the classical theory of inelastic collisions (e.g., Gryzinski
1965a, 1965b, 1965c¢), the ratio of velocity square between
incident and field particles plays a major role in the charac-
teristics of the collisions; thus, the following parameters are
introduced:

2
E
uy = (@) St ﬁ, (10)
Vp Ik mp
2
€ EC
ucz(”—> _ ke (11)
g I

where m, E, and v are the masses, kinetic energies, and veloci-
ties, respectively, for protons and electrons with the subscripts
p and e, respectively. I, is the ionization potential of the sub-
shell k,and v, = /21, /m. is the “orbital” velocity of a bound
electron at the subshell k.

Ionization cross-sections for electrons and protons at equal
velocities are expected to approach each other at the high
energy limit because the minimum momentum transfer be-
comes identical between them (e.g., Rudd et al. 1985). By
writing the proton and electron impact partial ionization
cross-sections for the subshell k as o, and o, respectively,
we expect

o'p/e(up) = O (te) for Up = Ue > 1. (12)

To get a reliable estimate for the subshell-resolved cross-
sections of the direct proton impact ionization for all ions of
elements up to Z = 30, we combine the model-based energy-
dependence of the cross-section and the normalization of the
cross-section calibrated using the electron impact ionization
cross-section by invoking equation (12), subshell by subshell.
This is essentially the same approach taken by Kocharov et al.
(2000) and Kovaltsov et al. (2001), in which the CSD of ener-
getic Fe ions in solar corona were studied.

As pointed out by Kovaltsov et al. (2001), theoretical mod-
els of the proton direct impact ionization cross-sections show
different behaviors near the effective ionization threshold
energy, above which the cross-section becomes significantly
large. This leaves up to a-factor-of-two difference in their
resultant ionization rates even after the normalization
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calibration with equation (12). To see the systematic uncer-
tainty due to the model ambiguity, we evaluate the cross-
sections using three different models as done by Kovaltsov
et al. (2001): the Bohr’s cross-section (Bohr 1948; Knudsen
etal. 1984; Kocharov et al. 2000), the binary encounter model
(BEM) cross-section (Gryzinski 1965¢; McGuire & Richard
1973; Peter & Meyer-Ter-Vehn 1991), and the Bates—Griffing
relation (BGR) cross-section (Barghouty 2000).

3.2 Relativistic corrections

In the velocity range where the ionization cross-sections are
matched between the proton and electron impacts, the Bethe
term, Iiuak(u) o In(#), dominates the cross-section. In this
range, it is important to include the relativistic effect. The rela-
tivistic correction factor R for the Bethe term can be written as
a function of two parameters, t = I,/ (m.c*) and € = E/(mc?)
(Gryzinski 1965b, 1965¢, Quarles 1976), as

240 (14+e\[ (+e)2+e) 1+ T
reo=s3e (1) 4 -

T 246\ 1+ 24e)(14+02+1(2 4+
(13)

where m and E are the mass and kinetic energy of incident
particles. For all ions up to Z = 30, ¢ « 1 is satisfied for both
the proton and electron impacts, and thus, equation (13) is
reduced to

12
mawztig. (14)

With € =u -, for the mildly relativistic energy of € =
E/(mc*) <1, the correction factor can be approximated
by

mm@1+§wn+%wm. (15)

This form can be used commonly for protons as Ry (u,) or for
electrons as Re(u.).

3.3 Electron impact ionization cross-section

For the electron impact ionization cross-sections to calibrate
the proton impact ionization cross-sections, Kocharov et al.
(2000) and Kovaltsov et al. (2001) used the expression by
Arnaud and Rothenflug (1985);

5 1 1\’
Ikuedek(ue) :Ak 1—— )+ Bk 1—-——
U U

FCeIniue) + B, ) (16)

where the coefficients Ay, By, Ci, and E,, are given by Arnaud
and Rothenflug (1985) for H, He, C, N, O, Ne, Na, Mg, Al,
Si, S, Ar, Ca, Fe, and Ni, while those for Fe have been updated
by Arnaud and Raymond (1992). For our study, the updated
compilation by Urdampilleta et al. (2017) is used in favor of
both the advanced experimental data included and the con-
sistency with the cross-sections used for the electronic part
of the ionization. Urdampilleta et al. (2017) used a modified

expression to fit the experimental data,

) 1 1\
Lueoe(ue) =Ap (1= — ) +Bp | 1— —
u u

€ €

+ CpRe(ue) In(ue)

In(ae) In (s
+ Dy, N +E, ne (17)

where the updated coefficients A, By, Ci, Dy, and Ej, are de-
rived for all elements of Z = 1-30. There are two major dif-
ferences from the formalization by Arnaud and Rothenflug
(1985). The first is the addition of a new term proportional to
In(se )/ /#e, which is required to keep the coefficient C;, identi-
cal to the Bethe value, while allowing the model to reproduce
experimental cross-sections in a wide range of the electron
energy. The second is the introduction of the relativistic cor-
rection R, for the Bethe term (equation 15).

3.4 Proton impact ionization cross-sections
3.4.1 The Bohr cross-section

For highly ionized ions with I, > 16Iy, where I = 13.6 ¢V is
the hydrogen ionization potential, the Bohr’s cross-section can
be expressed as follows (Kocharov et al. 2000):

1
Iiupofkohr = AO”kUO |:1 — ﬁ +34 ll’l(41/tp )] B (18)
P

where o0p = 4mwall} = 6.56 x 107 cm? eV?, a9 = 5.292 x
10~7 cm is the Bohr radius, and 7, is the number of electrons
in the subshell k. From the equivalence with the electron cross-
section (equation 16) at the high-energy limit (equation 12),
the normalization factors Ay and 8 are determined to be

AO=Ak+Bk_Ckln(4), (19)

nLo(

Cr

= A ¥ Bi—Ciin(d)’

(20)

To make the Bohr cross-section compatible with the updated
electron cross-section by Urdampilleta et al. (2017), we mod-
ify the expression as follows:

1 R
Bupa % = Agmo [1 = O (4upp)] , (21)
where R, is the relativistic correction factor (equation 15) for
protons, which assures Iiupafé’h‘ ~ C,R; In(u,) for u, >> 1.
3.4.2 The BEM cross-section

The BEM cross-section is given by

I,%upaf,fM = npooF(uy). (22)

For a large u, satisfying u, > uy,
F(uy) = &**(1 = B)(1 — ') [ + 28(1 + B) In(e + /u15)],
(23)

where

. (24)
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1
= 25
B Hay + iie) (25)
and
3-242
Uthre = T\f (26)

is the threshold value of u,, which corresponds to the mini-
mum proton energy required to ionize the bound electron with
the mean velocity in the orbit at the ionization potential I;.

Below this energy (#, < #,), the ionization may still take
place due to the continuous velocity distribution of the bound
electron, with the cross-section characterized by Gryzinski
(1965b, 1965¢) as

4 3
F(u) ~ 5% (27)
Kovaltsov et al. (2001) associated § with the electron cross-
section coefficients as § = C, /(091 ), which implies that the
Bethe term (~ In#) in equation (23) is the only non-negligible
component at a high-energy range (# > 1). In other words, if

we rewrite equation (23) as

F(uy) = Fi(up) + B () + Fs(uy), (28)
where

Fi(uy) = (1 = )(1 = ') a, (29)
B (u,) = &®*(1 — B)(1 — ™) 28 In(e + /1ty), (30)
Fy(up) = (1 — B)(1 — ') 28 In(e + J/uty) - B, (31)

it was assumed that F, (u,) ~ F5(up,) ~ 0 at u > 1. However,
for a fiducial value of 8§ = 1/3 and « ranging from 10 to 10°,
we find that this is not the case. While F; is ~0, F; is nearly
constant at ~1, which is not negligible in comparison with
the dominant component F, ranging from ~ 1-4. Thus, in as-
sociating the BEM cross-section parameters with the electron
cross-section coefficients, we modify the expression to have
the overall normalization Ay analogous to the Bohr cross-
section:

IiupalkaM = AompooF(uy), (32)
which yields
A,+B
A = A+ Bi (33)
nRog
Cr
§=—-—. 34
A, + B, (34)

As was the case for the Bohr cross-section, we also modify
equation (23) to have the relativistic correction factor for the
compatibility with the electron cross-section by Urdampilleta
et al. (2017):

Flup) =a*2(1 = g)(1 — p'*™)

x [ 4+ 2R,8(1 + B) In(e + up)] ., (35)

which assures IzupalkaM ~ C,R, In(u,) for uy > 1.

3.4.3 The BGR cross-section

The BGR cross-section is a simple estimation of proton-
impact ionization cross-section from the electron-impact
cross-section using a direct relation between the cross-
sections as follows (Barghouty 2000):

. 1+ 4u,)?
oI () = — W) ), (36)
4oty (16142 + 4, - 2)
which satisfies alkaR(up) ~ 0o (u)) for u, > 1, where
g 1 Ly 37)
u, = < + %> Mp. (

In this case, the conversion naturally includes the relativis-
tic correction when the electron impact cross-section of
Urdampilleta et al. (2017) is used. One can find that, for
u, > 1, u, ~ uy and IiupokaR ~ CRp In(uy,).

4 Results

4.1 lonization cross-sections

Figure 3 shows the results of the total proton impact ioniza-
tion cross-sections for selected ions of S and Fe as a function
of the proton energy E,. The reference electron impact cross-
sections are also shown as a function of the electron energy
E., the range of which is shifted such that #, = u. at the same
position in the horizontal direction in the figure. The three
models of the proton impact ionization show significant vari-
ation near the effective threshold energy. There is a systematic
trend of the Bohr cross-section being the largest and the BGR
being the smallest due to the difference near the ionization
potential (the black arrow), and the BEM being in the middle
due to the similar cross-section above the ionization potential
but with the lower threshold and thus wider range compared
to the BGR model. On the other hand, these converge on each
other and with the electron cross-section at high energy limit
of u, > 1 by design. It is commonly seen that the proton im-
pact cross-sections using Urdampilleta et al. (2017) for the
reference electron impact cross-sections are higher at the high-
energy end due to the relativistic correction and are similar
or slightly higher in lower energies compared to those based
on Arnaud and Raymond (1992). Hereafter, we will concen-
trate on the results using Urdampilleta et al. (2017), as it is
one of the state-of-the-art compilations of the electron impact
lonization cross-sections.

We note that, in the calculations of the Bohr and BEM cross-
sections, there are some cases where the normalization pa-
rameter Ay became negative. The negative normalizations are
found for outer electrons at or above the 2p subshells, and are
limited to low-ionization ions of F-like or lower. Most cases
are associated with the cross-section parameters with large
values of D;, in equation (17). In such a case, the term with
the coefficient D, may not be negligible even at high energies,
leading to a large error in the asymptotic relations in equa-
tions (19)—(20) and (33)—(34) and therefore invalid A, val-
ues. We treated the subshell cross-sections with negative Ay
as 0 in the following calculations of ionization rates. Because
the dominant ionization states are He-like for the observed
ionization temperature (figure 2), the underestimation of par-
tial cross-sections for low-ionization ions only increases the
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Fig. 3. Total ionization cross-sections for C-like (left), Be-like (middle), and He-like (right) ions of S (top) and Fe (bottom). The three models of proton
impact cross-sections are shown with thick lines, while the electron impact cross-sections are shown with thin solid lines. Colors correspond to different
atomic data; A92 in red for Arnaud and Raymond (1992) and U17 in blue for Urdampilleta et al. (2017). The black arrows show the ionization potential /¢
corresponding to us = 1 for electrons (top axes) and u, = 1 for protons (bottom axes) for the outermost subshell.

ionization timescale 7 required to achieve a given CSD, and
therefore this does not affect the maximum charge state
achievable with the proton ionization at the large 7.t limit,
which we will discuss later.

4.2 lonization rates

Ionization rates are slightly affected by the choice of the energy
range over which the proton energy distribution is integrated
[between Eg‘i“ and E** in equation (7)]. Because the ioniza-
tion enhancement for ions such as He-like S and He-like Fe is
most crucial to realize the observed over-ionization state, the
minimum energy E}‘)m“ is taken at 1 MeV, which is just below
the energy at which the ionization cross-section becomes sig-
nificant for He-like S with the Bohr and BGR models (figure 3).
The maximum energy EJ* is set to 1 GeV, to which the mildly
relativistic approximation (equation 15) is valid.

Figure 4 shows the elemental dependence of the ionization
rates for He-like ions with the relative density of ny'/n. =
0.01 and various values of the power-law index I'. The I'-
dependence of the proton ionization rate is milder compared
to the kT.-dependence of the electron ionization rate. This
is mainly attributable to the difference in the range of the
particle energy above the (effective) ionization threshold; a
power-law distribution can populate more ionizing particles
above the energy at which the ionization cross-section is sig-
nificantly large, even for heavy elements like Fe. Similarly,
the difference in the elemental dependence between the pro-
ton cross-sections can be explained; the Bohr and BGR cross-
sections that have higher effective ionization thresholds show
steeper elemental dependences than the BEM cross-section.

For any elements considered here (Z > 12), the proton ion-
ization rate is maximized when I' ~ +1.0.

Figure 5 shows the dependence on the power-law index I'
for He-like S and He-like Fe. As seen in figure 4, for both
cases, the ionization rates are maximized at I' &~ +1. The
three models show a large variation with a large negative
I reflecting the difference in the structure near the effective
ionization threshold, while they converge well with a large
positive index due to the common condition for all models
(equation 12).

4.3 lonic fractions

Figure 6 shows the time evolution of the ionic fractions for S
and Fe using the Bohr cross-section. Two representative cases
are compared. One is with a power-law index of ' = —1.5,
close to the value expected in the standard diffusive shock ac-
celeration (DSA: Bell 1978) in the non-relativistic regime. The
other is with a power-law index of I' = +1.0, which nearly
maximizes the ionization rates for He-like ions, as shown in
figure 5. The lower two panels of each subfigure in figure 6
show the ratios of ionic fractions with proton impact ioniza-
tion to those without the proton effect.

Overall, comparing the two different power-law index
cases, the change in the CSD from a case without the pro-
ton ionization is larger with I'= —1.5 for 7 < 10" cm~3 s,
while it is larger with I' = +1.0 for r > 10'' cm 3 s, for ions
with significant fractions (2 0.01). For a small , the ionization
stage is lower than He-like, and thus the ionization is domi-
nated by that at the 2s or higher shells, the ionization rate of
which is higher with a softer energy distribution. Once He-
like ions dominate the CSD, the ionization rate is higher with
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the electron ionization are for k7, = 0.5, 1.0, 1.5, 2.0, and 3.0 keV, from botto

a harder energy distribution because of the higher ionization
threshold of the 1s shell. Since we assume a constant electron
temperature fixed at ~T°", the highest CSD for each param-
eter set is achieved when the ionization timescale reaches the
CIE limit of T > 102 cm 3 s.

With 7' /ne = 1%, the enhancement of the ionic fraction of
H-like S is by a factor of ~7 with ' = —1.5, while it is ~20
with T' = +1.0. The enhancement of H-like Fe is negligible
with ' = —1.5, but it is by a factor of ~10 with ' = +1.0.
With T' = +1.0, the H-like to He-like ratio is ~10% for S
and ~1% for Fe, which is smaller by a factor of a few com-
pared to the observed ratios (figure 2), indicating that the rel-
ative density of accelerated protons needs to be at least a few
percent.

Figure 7 shows the maximum achievable CSD with the pro-
ton impact ionization at the large ionization timescale limit
of 7 > 10'? (cm™3 s) for the three representative over-ionized
SNRs. The Bohr cross-section is used as it generally gives the
highest proton ionization rates among the three models. In all
cases, it is demonstrated that the relative density of acceler-
ated protons to thermal electrons needs to be a few percent,
even with the optimal I" value of ~ +1.0 that maximizes the
ionization rates for He-like ions.

erent powerlaw index I' for the proton energy distribution. The curves for
m to top.

5 Discussion

5.1 Requirement for proton ionization

5.1.1 Representative cases from observations

With the power-law index fixed at I = +1.0, where the pro-
ton ionization rate is nearly maximized for He-like S and Fe
(figure ), the proton ionization rates are shown as a func-
tion of the relative density 7;"/n. in figure 8. These are com-
pared to the electron ionization and recombination rates with
parameters representing IC443 and W28 (T, = 0.5 keV for
He-like S) and W49B (T, = 1.5 keV for He-like Fe). An im-
portant outcome from this comparison is the CSD at the CIE
limit, which gives the highest CSD in our time evolution model
where the electron temperature is kept at a constant value. At
CIE, f,-S; = fi+1 - %11, and thus the H-like to He-like ionic
fraction ratio is given by

P e
SHe-like _ SHe—like + SHe-like

OH-like OH-like

f H-like
f He-like

(38)

An IC443/W 28-like case with T°* ~ 1.1keV corresponds
to an H-like to He-like ratio for S of a few 10% (figure 2
top), which, in combination with ay_jj., requires the relative
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density of )/ 2 a few percent (figure 8, top). A W 49B-like

case with T°P ~ 2.7 keV means an H-like to He-like ratio for
Fe of a few percent (figure 2, bottom), again requiring the rela-
tive density of 72" /n. 2 a few percent (figure 8 bottom). These
confirm the estimate in subsection 4.3.

5.1.2 A more generalized requirement

Here, we further attempt to derive a more generalized form
of the minimum required density of accelerated protons for
broad ranges of the electron temperature and elements. We
concentrate on the electron temperature range where the He-
like ions are dominant and examine the H-like to He-like ionic
fraction ratio because all the robust detections of over-ionized
plasma in SNRs have been made with He-like RRC. First, we
evaluate the H-like to He-like ionic fraction ratio at a given
electron temperature. Then, assuming an ionization to elec-
tron temperature ratio of 2 (a typical value for known re-
combining SNRs; table 1), we evaluate the ionic fraction ra-
tio at the corresponding ionization temperature (T, = 2T.).
The highest H-like to He-like ionic fraction ratio is realized
at the CIE limit (subsection 5.1). From equation (38), the con-
dition that the proton ionization rate for He-like ions (S
should satisfy is given as follows:

Meslike)
He-like

S]rzle-like + S;Ie-like(Te) > S?—le—like(TZ) ) (39)
ap-like (Te) ay-ike (T7)

S o . .
The proton ionization rate S;; . . is proportional to the

relative density of accelerated protons to thermal electrons
(equation 7), and hence once the required proton ionization
rate is determined, by comparing it to the modeled ionization
rate (section 2), we can obtain the required relative density
of accelerated protons. The modeled ionization rate varies

depending on the choice of the cross-section model and as-
sumed power-law index I'. We use the Bohr cross-section as
it gives the largest cross-section. For the power-law index, we
evaluate various values from —5 to 5 with a step of 0.1 and
choose the optimal one (I'op) at which the ionization cross-
section is maximized for each element.

The results are shown in figure 9. Here, curves are limited to
the electron temperature range in which the fraction of He-like
ions is greater than 1% for each element. By approximately
connecting the minimal values of individual curves, we set a
generalized requirement for the relative density of accelerated
protons to thermal electrons to be

k'l
nt > € %
nP/nCNS(lke ) % (40)

for an over-ionization at T, = 2T,. We note that this estimate
is fairly robust because it depends only on the ionization and
recombination rates of He-like and H-like systems. Unlike Li-
like or lower ionization ions, these ions only have 1s electrons
at the ground state, and thus they are affected by simple direct
impact ionization only and are free from complicated resonant
or multiple-step processes such as excitation—auto-ionization
and the Auger effect after inner-shell ionization.

5.2 The origin of recombining plasma
5.2.1 Proton ionization

We have shown that, for the representative three cases of re-
combining SNRs, the observed ionization temperature cannot
be realized with the proton impact ionization unless the rel-
ative density of accelerated protons to thermal electrons ex-
ceeds a few percent, and, more generally, a similar level of the
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Fig. 6. Time evolution of ionic fractions with the proton impact ionization (solid) compared with thermal electron ionization only (dashed). The left-hand
subfigures are for S with To = 0.5 keV, while the right-hand subfigures are for Fe with T, = 1.5 keV. Two representative cases of the powerlaw index
for the proton energy distribution are compared: I' = —1.5, close to the standard index for the DSA (top), and I' = +1.0, the index nearly maximizing
the ionization rate for He-like ions (bottom). For all cases, the Bohr cross-section is employed and the relative density of non-thermal protons to thermal
electrons is set at ngt/ne = 1%. The lower panels of each subfigure show the ratio of ionic fractions, i.e., fractions with the proton ionization divided by

those without it, in two different ranges.

relative density is required for broad ranges of electron tem-
perature and elements (subsection 5.1).

Considering that 7. /n, ~ 1.2 for a solar abundance plasma
or higher for heavy-element rich plasma, the relative density
of accelerated protons to thermal electrons should be compa-
rable to or smaller than the injection fraction of protons into
acceleration, 7iyj;

Ninj = n;‘/np > n/ne. (41)

Here, the injection fraction is defined as the number density
ratio of accelerated protons to total protons.! Therefore, the
feasibility of producing an over-ionized plasma by the proton
impact ionization depends on how high the proton injection
fraction is.

The exact value of the proton injection fraction for SNR
shocks is not known, but one may gauge its scale from a few

! Do not confuse the injection fraction and acceleration efficiency. The

acceleration efficiency is, rather, defined as the relative energy flux, i.e.,
the ratio of the energy flux of accelerated particles to shock ram pressure.
Depending on the literature, the symbol  means either one or the other, e.g.,
Volk et al. (2003) vs. Kang et al. (2014).

nt

parameters. The total non-thermal energy E[Y\, injected into ac-
celerated particles is required to be ~10% of the SN explosion
energy ~10°! erg to explain the observed Galactic cosmic ray
flux by SNRs (Blasi 2013). Thus, the number density of accel-
erated protons in ejecta can roughly be estimated by dividing
it by the average energy per accelerated proton ET‘}t and the
volume that confines accelerated protons:

— -1
Ent Ent R -3
ne 1035 tot P 73’
"> (1050 erg> 0.1 GeV <10 pc> cm

(42)

where R is the radius of the volume considered, the typical
value of which is taken to be R ~ 10 pc, the major axis of
the shocked ejecta in the smallest over-ionized SNR, W 49B.
The injection fraction is estimated to be 1, ~ 10~ for a typ-
ical thermal electron density of 7, ~ 1 cm™3. It may be much
larger if accelerated protons are confined in a small region;
for instance, if we take R = 1 pc, then the 5, may be as large
as 1072, which is comparable to the required relative density
(subsection 5.1). However, such a small volume compared to
observed extent of shocked ejecta implies that only a small
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fraction of thermal ions are affected by proton ionization, thus
the over-ionization that dominates the observed spectra can-
not be explained.

Similar values of the injection fraction have been obtained
in numerical simulations. As pointed out by Volk et al. (2003),
the injection fraction depends strongly on the shock obliquity.
For a limit of a small shock inclination angle (parallel shock),
a large injection fraction of 1,y ~ 1072 is predicted by hybrid
simulations (e.g., Scholer et al. 1992; Bennett & Ellison 1995),
which has been confirmed by measurements near the Earth’s
bow shock (Trattner et al. 1994) and is consistent with ex-
pectations from analytical models (Malkov & Voelk 1995;
Malkov & Volk 1998; Malkov 1998). The fraction is dras-
tically suppressed at a larger shock inclination angle (quasi-
perpendicular shock) because of a higher threshold energy
above which protons are injected into DSA, which has also
been demonstrated in general in kinetic simulations (Caprioli
& Spitkovsky 2014; Caprioli et al. 2015). For instance, al-
though Caprioli, Pop, and Spitkovsky (2015) reported a large
injection fraction of a few percent for the shock inclination of
<45°, it dropped rapidly and became smaller by one order of
magnitude at the inclination of 50°. Therefore, it is very un-
likely that a large injection fraction of ~1% is maintained on
average in SNR shocks.

These all indicate a conservative upper limit for the injec-
tion fraction averaged over an SNR of

Minj < 1072, (43)

From the above estimates (equations 40 and 43), it is clear
that the required relative density of accelerated protons is too
high to be realized in SNR shocks. Therefore, we conclude
that the proton ionization scenario cannot explain the high

over-ionization of T,/T, = 2 found in Suzaku observations
(e.g., Yamaguchi et al. 2009; Ozawa et al. 2009; Ohnishi et al.
2011; Sawada & Koyama 2012). Note that actual conditions
are even severer. For instance, we have assumed that the pro-
ton impact ionization lasts until the CSD reaches the CIE limit,
but that is not the case if the injection fraction drops as an
SNR evolves or the plasma density is not high enough to reach
the CIE limit at the current age of an SNR. Also, we have as-
sumed that all of the ejecta are affected by the additional ion-
ization due to accelerated protons, but it is possible that only a
fractional volume of the ejecta hosts such interaction. Finally,
we have derived the requirement on the proton ionization such
that it can explain the observed ionization temperature. How-
ever, spectral studies have repeatedly shown that the thermal
relaxation of an over-ionized plasma toward a CIE state (the
recombining phase in figure 1) is not negligible, meaning that
the ionization temperature achieved in the past would have
been even higher than what we observe. The discrepancy be-
tween the required and available relative density of acceler-
ated protons could easily build up, say, by a factor of a few
for each of these factors, making the proton ionization sce-
nario even more unfeasible.

We have examined the ionization due to accelerated pro-
tons, but here we briefly discuss another possibility of the
proton ionization, which is contribution from thermal pro-
tons. As discussed above, in the case of accelerated protons,
the small fraction of accelerated protons was a key limiting
factor. Hence, one may naively expect that thermal protons,
which have orders-of-magnitude higher relative densities, may
have significant impact on CSD through their direct-impact
collisional ionization of ions. In this case, however, the post-
shock proton temperature needs to be unusually high. Nu-
merical and analytical solutions of the Sedov model predict
a speed of v ~ 5 x 10°,/Es; /M, km s~ for the reverse shock
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at the rest frame of the pre-shock ejecta (e.g., Dwarkadas &
Chevalier 1998; Truelove & McKee 1999), where Es; is the
explosion energy in units of 10°! erg and M, is the ejecta
mass in solar mass. Indeed, an application of such a model
to the Galactic youngest SNR G 1.94-0.3 (Brose et al. 2019)
yielded a reverse shock speed of 5650 kms™' at the age of
140 yr. For protons, a corresponding post-shock temperature
is ~50 keV with the Coulomb cooling ignored. At this tem-
perature, the fraction of thermal protons above the energy at
which the ionization cross-section becomes large for He-like
ions (=1 MeV for S and Fe: figure 3) is negligibly small. A
much higher temperature than this typical value would not be
easily realized from the diversity of SN progenitors and ex-
plosions. For instance, there is a known positive correlation
between these two quantities for Type II SNe (e.g., Hamuy
2003; Pejcha & Prieto 2015). In conclusion, as for the case of
accelerated protons, ionization by thermal protons is also un-
likely to have a significant impact on the CSD of shock-heated
ejecta.

5.2.2 Electron cooling via conduction

The other scenarios to explain the over-ionized plasma in
SNRs rely on rapid electron cooling. One of the major sce-
narios is conduction cooling by collisions with cold atomic or
molecular clouds (Kawasaki et al. 2002, 2005). Spatial cor-
relation between a low-T, region and a cold interaction re-
gion has been found for a few over-ionized SNRs (e.g., Mat-
sumura et al. 2017; Okon et al. 2018; Sano et al. 2021). On the
other hand, the systematic comparison of the thermal prop-
erties between over-ionized (recombining) and under-ionized
(ionizing) SNRs has shown that the over-ionized SNRs sys-
tematically have higher ionization temperatures rather than
lower electron temperatures compared to the under-ionized
samples with similar dynamical ages (Yamauchi et al. 2021),
which was the original motivation to introduce the proton
ionization scenario. This systematic trend at least suggests that
the conduction cooling alone cannot be the dominant process
to explain the observed samples of over-ionized SNRs, since it
does not involve any process that raises the initial temperature
before the cooling to make the observed ionization tempera-
ture higher than that in under-ionized SNRs.

An often overlooked fact is that, even if the conduction
cooling by cold clouds is actually operating, it is not neces-
sarily the origin of over-ionized plasma. If an over-ionized
plasma is formed by another mechanism and then collides
with nearby cold clouds, the same spatial correlation as re-
ported can be reproduced. We note that this interpretation of
the spatial correlation is rather consistent with the systematic
trend reported by Yamauchi, Nobukawa, and Koyama (2021).
We caution that, despite it being an informative observational
clue, a spatial correlation alone cannot provide firm evidence
for the origin of over-ionized plasma unless there is a quanti-
tative test that can distinguish whether the conduction cooling
is the true origin or just a post-process after the formation of
the over-ionization state.

5.2.3 Electron cooling via rarefaction

The other major cooling scenario is the rarefaction model, in
which rapid adiabatic cooling is caused by a forward shock
breaking out of dense CSM left by a massive progenitor
(Itoh & Masai 1989; Shimizu et al. 2012). As for the con-
duction cooling scenario, a spatial correlation that supports
this scenario has been found for W49B; regions with lower

recombination timescales, implying lower electron densities,
have lower electron temperatures (Yamaguchi et al. 2018). Al-
though here we categorize this as an electron cooling scenario,
the consequences of the existence of dense CSM involve more
than just the electron cooling. First, because of the dense en-
vironment outside the ejecta, the CSM mass shocked by the
forward shock reaches more than 10% of the ejecta mass at
an age of only a few 10 yr, which is more than 10 times ear-
lier than a remnant where no such dense CSM exists. As a re-
sult, the ejecta are shock-heated by a strong reverse shock, and
equipartition between thermal ions and electrons is quickly
reached due to the high density of ejecta at this early stage.
Once the forward shock breaks out of the CSM, then the rar-
efaction wave propagates into the CSM and ejecta, adiabat-
ically cooling ions and electrons simultaneously but leaving
the ionization temperature (or CSD) alone at a high value. In
the rarefied hot ejecta, the electron density is no longer high
enough to attain the CIE condition quickly, which makes the
remnant observable as an over-ionized plasma for a long time
(a characteristic recombination timescale is a few ~10° yr
for a typical electron density of #, ~ 0.1 cm™3 at an age of
~103 yr; Shimizu et al. 2012). This scenario has a clear ad-
vantage over the conduction cooling scenario in the sense that
it predicts a high initial temperature of ejecta and thus a high
ionization temperature, which is consistent with the observed
systematic trend where the difference between over-ionized
and under-ionized SNRs is found in the ionization temper-
ature rather than the electron temperature (Yamauchi et al.
2021).

Based on the discussions above, in the present paper we con-
clude that the rarefaction (adiabatic cooling) scenario would
be the most plausible origin for the over-ionized (recombining)
plasma in SNRs. One difficulty of this scenario would be the
progenitor. The original proposal of this scenario assumed
dense CSM from a red supergiant (RSG) star that explodes as
a Type II core-collapse supernova, although some other types
of progenitor star could provide a similar environment (e.g.,
Moriya 2012). Identifications of explosion types and progeni-
tor stars are not conclusive for all over-ionized SNRs. For ex-
ample, IC 443 has a compact remnant (Swartz et al. 2015) that
indicates a Type II origin, but the progenitor of W 49B is still
in debate. Recent studies of W 49B have reported abundance
patterns of the ejecta that are more in line with a Type Ia ori-
gin (e.g., Zhou & Vink 2018; Sato et al. 2024), which seems to
be inconsistent with a major premise of the rarefaction model.
However, an exotic explosion scenario such as a common en-
velope jet supernova explosion may simultaneously explain
the Type-la-like abundance pattern and existence of dense
CSM consisting of stellar winds from an RSG star (Grichener
& Soker 2023).

5.3 Prospects for XRISM

A more direct clue to distinguish different scenarios is ex-
pected to be obtained with high resolution X-ray spec-
troscopy from the X-ray Imaging and Spectroscopy Mission
(XRISM: Tashiro 2022). Figure 10 shows simulated spec-
tra of the Fe HeB complex of W 49B with the Resolve mi-
crocalorimeter spectrometer (Ishisaki et al. 2022) on XRISM,
based on the spectral parameters from NuSTAR observa-
tions (Yamaguchi et al. 2018) and surface brightness distribu-
tion from the Chandra 4.1-8.0 keV image.? With the energy

2 (https://hea-www.cfa.harvard.edu/ChandraSNR/G043.3-00.2/).
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Fig. 10. Simulated spectra of the Fe Hep complex with XRISM/Resolve. Results with two different assumptions on the line broadening are shown:
thermal motion dominant case (top) and bulk motion dominant case (bottom). The gray histogram in the top panel shows an unbroadened spectrum. The
red and blue histograms in the bottom panel are the same but for redshifted and blueshifted velocity components along the line-of-sight that represent
the expected velocity structure for the dynamical broadening dominant case. A total exposure time of 500 ks with the gate-valve closed configuration of

the Resolve spectrometer is assumed.

resolution of 4.5 eV at full width half maximum at 6 keV,
Resolve is capable of separate Fexxv Hep (1s* 'Syp—1s 3p 'P;
and 1s*>'So—1s3p 3P;) and Fexxiv dielectronic recombina-
tion (DR) satellites [2p 2P3/2—1s 2p (°P) 3p 2D5/2 and 2p 2P3/2—
1s2p (3P) 3p2D3,2]. The Fexxv Hep lines in particular have
simple intrinsic line profiles, which allow us to investigate the
broadening structure.

Previous studies with X-ray CCDs have not detected any
significant line broadening from W 49B, and the statistical and
systematic uncertainties would put a constraint at o < 10 eV
in the Fe-K band. If the conduction cooling scenario is the
case, we expect a high ion temperature of T; > T, because in
that scenario no dense CSM is necessarily required, and thus,
naively, an explosion in a uniform, low-density ISM can be
assumed. In such an environment, the ion-electron equipar-
tition timescale (a few ~10*yr for n, ~ 1 cm™3) is longer
than the age of the SNR (a few 103 yr), inferring T; > T, dur-
ing the under-ionized phase before the cooling. Moreover, dur-
ing the conduction cooling with cold clouds, it is expected that
electrons are preferentially cooled due to their greater thermal
conductivity than that of ions, which would increase the dis-
crepancy between the ion and electron temperatures. There-
fore, the line broadening would be predominantly by thermal
broadening, as shown in the top panel of figure 10, where we
assume T; = 150 keV or T, = 100 T..

A different line broadening is expected for the rarefaction
(adiabatic cooling) scenario. In this scenario, an ion—electron
equipartition is likely established at an early stage of the ther-
mal evolution, and in a later stage, ions and electrons are
cooled simultaneously. Thus, we expect T, ~ T, = 1.5 keV,
which results in a thermal broadening of only o ~ 1€V for
Fe K-shell lines. If there is any factor that could alter the line
structure significantly, it would be dynamical effects, presum-
ably reflecting a radial or axial expansion of the ejecta. To
simulate a spectrum affected by dynamical effects, a simple
model assuming a spherically symmetric expansion with a uni-
form expansion speed of vey, = 500 kms~! is employed to
get the line-of-sight velocity distribution as a function of the

projected radius from an approximate center of the rem-
nant. The resultant spectrum is shown in the bottom panel of
figure 10. Because of the centrally concentrated X-ray mor-
phology, in this model, two major velocity components are
expected; each represents a redshifted or blueshifted one, with
minor contribution from slightly different line-of-sight veloc-
ities that form non-Gaussian wings. Other than the line split-
ting and wings, the line profiles are narrow due to the ion
temperature that is as low as the electron temperature, which
would be a distinctive signature indicating the rarefaction due
to dense CSM. Note that the actual line structure depends
on the dynamics of the ejecta, which are still unknown. For
instance, if the bulk motion is more like bipolar flows (e.g.,
as one may naively expect from the bar-shaped morphology;
Lopez et al. 2013) rather than a radially expanding sphere
or disk seen from an equatorial direction (e.g., as simulated
by Shimizu et al. 2012), then the line-of-sight velocity near
the bright center region would be smaller, and hence the in-
tegrated spectrum may not show a clear bimodal structure as
shown in figure 10. Practically, spatially resolved spectroscopy
would be needed to distinguish the dominant cause of the
broadening and eventually to constrain the ion temperature.

6 Summary

The impact of including additional ionization of SNR ejecta
due to the low-energy tail of the accelerated protons was stud-
ied. We first established simple models for thermal evolution
and CSD (section 2). Then we formulated the proton direct
impact ionization cross-sections using relevant scalings from
the electron direct impact ionization cross-sections (section 3).
Using these, we evaluated the ionization rates and obtained
the time evolution of CSD for various elements (section 4). We
found that, for representative examples of over-ionized SNRs,
accelerated protons need to be as abundant as a few percent of
thermal electrons to explain the observed discrepancy of the
ionization temperature from electron temperature. The dis-
cussions first focused on the impact of the proton ionization
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on CSD for representative cases of known over-ionized SNRs
(subsection 5.1). We then derived a more generalized require-
ment on the minimum relative density of accelerated protons
to reproduce the observed high ionization temperatures. In the
later part, we discussed the feasibilities of the major scenar-
ios for producing over-ionized plasma in SNRs, including the
proton ionization scenario (subsection 5.2). We found that the
required relative density of accelerated protons is too high to
be realized by an expected injection fraction at SNR shocks,
and concluded that the proton ionization scenario is unfea-
sible. We also discussed electron cooling scenarios. By taking
previous observational results into account, we concluded that
the rarefaction model would be the most plausible scenario.
Nonetheless, a more direct and conclusive observational clue
to distinguish proposed scenarios is greatly anticipated, which
will hopefully be provided from high-resolution spectroscopy
with XRISM.
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