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ABSTRACT

Nonequipartition between the electron and the ion temperatures, and nonequilibrium ionization are discussed in
view of thermal X-ray emission from young supernova remmants (SNRs). For electron heating due o Coulomb
collisions with ions in the postshock region, an analytical solution is derived for the electron temperature under the
adiabatic condition. By Taylor expansion of the solution, we obtain the electron temperature as a function of the

electron density, time, and the shock velocity or the shock temperature T,. With equipartition time Yeap the solution
shows that the electron temperature increases to be = 0.17 and 0.3T in 10‘315q and IO’ZtEq, respectively. The result

is applied to the sclf-similar solutions for SNRs in the adiabatic phase, i.¢., the free expansion phase and the Sedov
phase. For SNRs expanding into a uniform density medium, our results predict much slower variation of the electron
temperature than the case of full equipartition within the shock. We show the electron temperature plateau on the
shocked matter of an SNR, and give analytical expressions of the electron temperature and the resuliant free-free
luminosity. In the free expansion phase, the electron temperatures of the reverse- and the blast-shocked matter are
close to each other in comparison with the case of full equipartition, and their ratio is nearly constant for the ejecta
envelope steepness. This results in a larger difference in the free-free luminosities of the two shocks than the case of

full equipartition. Ionization processes are discussed in the framework of eigen-value problem to find the key matrix

element which is a pivot of the transformation and gives the characteristic time constant. The ionization time ~ 1012rze‘

I 5 for the electron density #,, and has no systematic dependence either on the electron temperature or the atomic
number. The emission from the shocked matier can scale as 71,2, but its superposition on a -old SNR expanding into a
uniform density medium may be represented by a lower value than n.7 expected from the ambient mater density and

the age. Also the effect of the nonequilibria on the level populations is discussed in view of line emission processes.
While innershell ionization followed by fluorescence lines is important in compression waves, radiative recombination
followed by cascade lines is important in rarefaction waves. The rarefaction occurs and adiabatically cools the
shocked matter rapidly when the shock wave breaks out of the dense circumstellar matter into the rarefied ambient

medium,

Subject headings: nebulae: supernova remnants - shock waves - interstellar: maiter - plasmas -

X-rays: sources - radiation mechanisms



L INTRODUCTION

Thermal X-ray emission has been one of powerful probes for supernova remmants (SNRs), since the shocks
due to interactior of supernova (SN) ejecta with the circumnstellar matter and the interstellar matter heat the matter up to
the temperature of order of 107 K {for reviews of recent X-ray observations, e.g., Aschenbach 1985; Bleeker 1990).
X-ray emission of most of shell-type SNRs without stellar source is due to thermal emission from shock heated
plasmmas, and the spectra of most of the shell-type young SNRs exhibit strong X-ray ernission lines indicating a
thermal origin (Bleeker 1990). While the X-ray spectra are illustrated with the aid of a rumber of specific examples,
the time scales required for emperature and ionization equilibration are an important aspect to consider iz modeling
(Bleeker 1990; see also Aschenbach 1985). At feast in the young SNRs, the plasma is still ionizing and
nonequilibrinm effects in the ionization balance are important (Bleeker 1990).

Free-free cortinuum temperatures obtained from X-ray cbservations of young SNRs indicate that electrons are
heated to several keV (Aschenbach 1985; Bleeker 1990), which is much higher than the electron temperature in the
case of no equipartition at all. Therefore, the assumption T, = 7| is not grossly in error (Bleeker 1990) and has been
adopted in some spectral analyses of SNRs (see Aschenbach 1985; Bleeker 1990). On the other hand, by analysis of
optical spectra of Blamer-dominated SNRs, Smith et al. {1991) show that the intensity ratios do not correspond to

either of two extreme cases of no equipartition at all, i.e., kT, ,= (3/16)m; , V2, or complete equipartition, T, = T,

where T; ,and m; , are the ion and electron temperatures and masses, respectively, and V. is the shock velocity.
McKee (1974} gives arguments that collisionless shock with high Mach number coald equilibrate the electron

and the ion temperatures by plasma instabilities or turbwudences. Cargill and Papadopoulos (1988; see also references

therein) demonstrate that ion acoustic instability in quasi-perpendicular shocks can increase the electron temperature by

a factor of 103 with the Alfvén Mach number M W= 102, Without such mechanisms working on electrons within the

shock, electrons must be heated from the initial energy = (3/16)m, Vs2 10 = keV in the postshock region mainly

through Coulomb collisions with ions of the initial energy = (3/16)m, Vsz.

Hence, our interest is how long time is required not for full equipartition but for heating electrons up to = keV
with Coulemb collisions, and how the time scale and the electron temperature depend on the quantities of the shock,
As for nonequilibrium jonization, how the ionization time scale is determined, and what emission processes become
important under nonequilibrium conditions. In the present paper, we discuss these questions related to shock heating,
Our aim is at clarifying these two processes underlying in the study of SNRs (Aschenback 1985; Blecker 1990). As
to nonequipartition, we consider only Coulomb collisions in the postshock region for electron heating, becanse we

intend to provide a starting point for the theoretical and observational studies to follow up and propose another

Z2.




mechanism additionally. For the above purpose, we derive the physical quantities in analytical way with help of some
tdealized assumptions.

In the following section, electron heating due to Coulomb collisions in the postshock region is discussed. As
an example, we apply the result to the self-similar solutions for SNRs in the adiabatic phase in § Il b) and ¢). In § I
a) we discuss the ionization process to derive the characteristic time scale for equilibrium. The influence of
nonequilibrium ionization on the line emission is discussed in § Il b). The atomic data are based on the work by
Mewe and his colleagues (e.g., Mewe, Gronenshild & van den Oord 1985 and references therein), Amaud &
Rothenflug (1985), and on IPP/NIFS-AM publications by T. Kato and her colleagues at Institute of Plasma physics,

Nagoya University and National Institute for Fusion Science.

1I. ELECTRON HEATING
a) Equipartition of Thermal Energy

Without electron heating at the shock front, the shock results in the higher temperature of ions than that of
electrons, because the equipartition through Coulomb collisions within the same species can be reached faster than the
collisions between electrons and ions. Then, the electrons are heated in the postshock region by ransferring the

thermal energy of ions through Coulomb collisions. The shock with the velocity V can raise the temperature of

particles at the shock front to be

2(y-1
kT = 4 )#my §=fganV3,
(y+ 1)?

§5)

where k, 7, and { are the Boltzmann constant, the specific heat, the mean molecular weight to hydrogen mass g,
respectively, and the last expression is attained for ideal gas with y = 5/3. Normalizing to T, we define the

dimensionless emperatures, 6, = T/T, and 6; = T /T, where T, and T; are the temperatures of electrons and ions,

respectively. Then the equipartition time between electrons and ions can be expressed as (Spitzer 1962)
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where n,, is the electron density, A, the electron mass in units of amu, & the mass ratio of electron 1o ion, and In A is the
Coutomb logarithm. Hereafter, c.g.s. units are used if not specifically mentioned.

When the electron temperature is not very far from the ion temperature, or T, » T, in eq. (2), we have I o

Te3f 2 a5 a function of the electron temperature. Then the retaxation time is independent of the test particle velocity and

depends on the lighter, more rapidly moving field particle (Spitzer 1978). Under the shock condition of SNRs

without pre-heating due to ¢lectron thermal conduction or a collective mode associated with the magnetic field, the ion

temperature can be rapidly raised to = 2T, but the electron temperature =~ £7 . at the shock front. Introducing the time

1, defined by the shock condition T, or V, we rewrite eq. (2) as

32 ,
lEeq = Is{B: +£6)7 ", 29
where
3/2
= 2.5x100 L
e InA
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With dimensionless time scale defined as 7 = Ui, the equipartition process can be described by the following

equations,

e = (6i- 86 + 6™ (4a)
T

S = (- 8+ ey (@b)
T

6.+6 =2 . (4c)

Eq. 4(c) assures the entropy conservation with charge neutrality through the process in the specific volume. Cooling
due to inelastic collisions is ignored. The matter being shocked may be presumed to be a plasma in which hydrogen is
fully tonized. Excitation losses escaping through radiation is not important in the carly phase of SNR evolutions. An

analytical solution of egs. (4a-c) is:
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with

X =(1-98.+24" ,

where xq = (36-6%)""2 is the initial vatue corresponding to the initial electron temperature =~ €7, at 7=1=0. Since £ «

1, eq. (5) is approximated 1o be 7= (1/2) Inf(1+x)/(1-x)] - (1/3)x3 - x with x » xqor T, » €T, which can be attained in

negligibly short time after the shock, as shown in Fig. 1. With the Taylor expansion about x (x; « x « 1) up to the

higher order than the fifth, eq. (5) reduces to

6~ . 6)

Thus the increase of the electron temperature due to Coulomb coilisions with ions is approximately expressed as

6 = Lo = (595 [1-2 592 = (5975 = 1. Q)

5

By substituting eq. (3) into the last expression in eq. (7), the electron temperature in the postshock region is obtained

as,

T, = 021 (mA)” n25 Y5 725 K

=~ 73x10°5 (u Ay n25 S V5 X )

and is found to scale as (n et)zls. For the error of the approximation of the first order of 57, we can evaluate a

comection factor as

according to the second order approximation in eq. (7). The electron temperature T,()) given by eq. (8) can be



replaced by more accurate vaiue of the second order, as T, = .7 (D. This post-correction is useful also for the
calculation of the free-free luminosity with {f,)/2,

Eq. (8) and the last two expressions in egs. (6) and (7) are valid within 1 < 0.1 t,, where the deviation from the
analytical solution eq. (5) is less than 27%. The approximation up to the second order of (593 in eq. (7) may be

applicable for almost whole region of T, » £T; the second order approximation gives a2 maximum value T/T =Ti8at

tit; = (1/5) (7/4)¥2 = 0.81. For the illustrative purpose, we plot the electron temperatures given by eq. (7) in Fig. 1,
where the solution given by eq. (5) is shown in 7- 6, space. The approximations are fairly good in a wide range of
practical interest in nonequipartition. It shonld be emphasized that T, is raised to be ~ 0.17, and 0.3 T, much higher
than the initial value = €7, only in 1 = 10—3% and t= 10‘215, respectively, much shorter than . It still takes a much

longer time to achieve complete equipartition.

The process discussed here is a general case of equipartition between electrons and ions through Coulomb
collisions. The electrons are heated in the postshock region, and the electron temperature does not affect the shock
condition. In 2 different way from the Taylor-expansion of the analytical sohition here, the same result as the last
expression in eq. (7) is obtained by Cox & Anderson (1982), and the similar dependence to eq. (8) by Hamilton &

Sarazin (1984; see also Hamilton, Sarazin & Chevalier 1983) and by Yoshida & Hanami (1988). By curve fitting to

invert the formulation by Itoh (1978), Cox & Anderson (1982) obtain T,/T = [(5/3)/1¥5 for f< 0.1, where T is the
average particle temperature. With the notations here, T = T, and f =37

The interaction of the SN ejecta with the ambient matter is adiabatic in the early phase of SNR evolutions, the
free expansion phase and the Sedov phase following, Then the result obtained here can be used to calculate the
electron temperature which is responsible for the thermal emission. At age fof an SNR, for the matter shocked at time

Iy, €q. (8) should be rewritten in a integral form,

i1

T 1) = 02152 [ mA(?) n(t) Tx(t) dt' .
o

If the matter shocked at R(%)) expands to R(f' ,zy) at time ¢, the pressure adiabatically varies as p=(nn)l, =

[R(f ,IO)IR(IG)]'5. With the shocked matter expanding at a velocity = G, GR(2)/dr, where d,,,, is a numerical factor,

we can integrate the above equation. Introducing a function,
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we can write the result, as
Tt10) = TAt) gum(tit0} . {8

Here T(1) represents the electron temperature given by eq. (8) with the quantitics at time ¢, and & = -2(3-m)/(n-m) and
B =-2(3-m)(n-3) are defined by T =< *and T e R where R is the SNR radius; accordingly SNR expands as R =

120B oo fn-3¥(rm) 1 and m are defined by p, o< r™and p,, = r™ for the density p,; of the ejecta envelope and o,

of the ambient mater in the self-similar analysis discussed in § [1b). The Sedov selution is out of physical meaning
of the ejecta structure defined by #, but is formally referred to n = 5 and m = 0. The electron temperature observed

from the SNR, the superposition of T {,#,) over the shocked matter (0 < £; < 1) car be replaced by the superposition
of g, (85 with T (7). It should be noted that 7/t = (t corresponds not to the SNR center but to the contact interface

between the ejecta and the ambient matter, yet it is out of meaning for the Sedov solution, and %7 =1 to the present

shock front. Fig. 2 shows g,,.(1,1;) for the blast-shocked matter with §,,, = 3/4, where the contact interface is located

at 6nm R(#). Also for the reverse shocked matter in the free expansion phase, g, . (1,1,) gives the similar profile inward

the reverse shock front from the contact interface. As demonstrated in Fig. 2, g,,,,, has a plateau with its value around
unity. The existence of the T, platean is explained for the Sedov solution by Cox & Anderson (1982; see also Itoh
1978) in a different formulation. The above behavior of g, allows the electron temperature of an SNRatage twbe
given primarily by eq. (8) with the quantities at z. Therefore, we put g, =1 in the following self-similar analysis.

The structure or the more accurate value of T, can be referred to eq. (8" as well as fc.

b) Free Expansion Phase

The outer part of the density profile of the ejecta envelope can be approximated by a steep power-law in radius

(Jones, Smith & Straka 1981; Chevalier & Soker 1989). If the density distribution of the ambient matter is



approximaied alse by a power-law, the interaction can be described by self-similar solutions (Chevalier 1982a). The

density distribution is assumed as Py = (M’tUc)"‘i’3 for the ejecta envelope (Chevalier 1982a) and Pom =

Ldm pgny(r/Rp)™ with relative helium abundance to hydrogen n /g = 0.1 for the ambient matter at a distance r 1o the
center of SN, where U, is a constant and 1, is the preshock number density of hydrogen at a distance R The self-
similar analysis is valid for n > 5 and m < 3 (Chevaiier 1982a). If the progenitor is surrounded by its past steliar

wind, we may have 1.4n,R % = (MidzmyV, ) = 3.0x10% (M/106 Mo yr'!) (V. /10 km s cmr! with the mass
Y 0 H" w

loss rate M and the wind velocity V.. Weassume n/ng =~ 1.2 for the electron density in the postshock region. For

simplicity we ignore the shell thickness compared to the shell radius. Then, the shell radius is given by (Chevalier
1982b)

(1-4nOR6n)-”(n-M) t(n-3)/(n-m)

(3-m)(4-m) UC"J”(”"")
(n-3)n-4)y my

- 1/ U Y -9 ¢ 23
= 2.5x10 {mf—)no (m) cm ©

3x10° 10%yr

where the last expression is the case of 1= 9 and m =0, as an example. The self-similar analysis also gives the ratios

of the quantities of the reverse shock to the blast shock (Chevalier 1982b),

My _ na
My 4m’ (10a)

Pr_ (n-3)(n4)

py  (Am) Gmy (10b)
and
Iy _[3m
o= (3mF (100

where M, and M, are the mass taken into the shell from the ejecta envelope and the ambient matter, respectively by the
reverse and the blast shocks. Hereafter, the quantities of the reverse shock and the blast shock are denoted by the

subscript r and b, respectively. In the case of m = 0, M, > M, forn> 8, p,>ppforn>7,and T,< T, forn>6. In

thecascof m =2, M >Myforn>6,p.>p,and T,< T},




Eq. (10c) gives the ratio of the shock temperatures. To calculate the emission from the SNR shell, we obtain

the electron temperature by using the relation T, < ,02"51'sy5 given by eq. (8), as

T _
Teb

Hr
Up InAp

ind, | [(n4)(3-m)]2/5 _ [a416mPs .
w3@m| 3w, a

(1.4n ORén)Z(n—l)fS(n-m) Iz(z-m)(n-3y5(n-m)-2/5

- 27x107( H }JS(M)ZIS( U, )“’5,114/45 t IS ¢ -
0.617 1337 3109 10%yr ’ (12)

where the last expression in eq. (12) is the case for n =9 and m = 0, and the electron temperature of the reverse shock
is 2.2x107 K. Fig. 3 shows the ratios of the electron temperature and the shock temperature of the reverse shock to

those of the blast shock. The electren temperature observed from an SNR is likely between T, and T, as discussed
later. For the same parameters, eqgs. (1) and (10c) give T, = (3/16) (um/k) (dR/An% = 3.7x108 K and T, = 9.4x107

K, which are responsible for the emission if T, = T, is established at the shock front. By using these shock
temperatures, the correction factors are estimated as f;, = 0.98 and f,. = 0.93 for more accurate values of T, and T,

than given by eqs. (12) and {11). In the free expansion phase, the first order appreximation may be enough to obtain

the electron temperature and the free-free luminosity as mentioned later.

The shock temperature decreases with the age as T, o< (R/)? = r23-minm) Iy the case of m = 2, the electron
temperature decreases as T, o [ s independently of n. However, in the case of m = 0, the electron temperature

increases for n > 6, as T, e £"6¥5" Using eqgs. {9) and (12), we can find the relations of the electron temperature to

the SNR shell radius R and its expansion velocity dR/dz, as

n12/5(n-3)
Top = 12x10% () (231 [(3 -mi)(d-m) Uc}

(n-3¥n-4) my
(1.4n ORén)ﬂilfS(nG) R22-m)5-2(n-m)/5(n-3) g



2(1-my5(3-m)
- 40y S (23 5+2(1—m)(n—3)/5(3-m){(3—?71)(4-7?’1) Us
1.2x10°% (u InA) (n_nmfy 3 g

(13
(14ngREH Y (ddlﬁ)w-z(l-mxna)ﬁ(}m) -
If full equipartition is established, 7, = T e« (dR/d#)* =« RE3™/"3 With T o« 1% and T = RP the power o and §

are plotted in Figs. 4 (a) and (b), respectively, for n=6-12 and m = 0 and 2, and for the Sedov solution discussed in
§ I c).

In the case of m = 0 (also in the Sedov phase) T, approaches T with the age r of an SNR. since T, is higher
and decreases faster than 7,. However, when SN is surrounded by its stellar wind (m = 2), T, decreases faster than
T, for n>17, as seen in Figs. 4 (a) and (b). This tendency is more remarkable with larger n. For example, forn =12
and m =2, just after the explosion as early as < 11 [{U/3x10°)* (M/10° Mo yrl) (V, /10 km s71y1)3 sec, T, given
by eq. (12) would be larger than T, Of course, it is not true but means that the density there is high enough to
equilibrate the electron and the ion temperanires, ie., T,= T, = T. Since the circumstellar density decreases rapidly
as R2, T, is being left behind T soon. Although the self-similar analysis here is not applicable for the early

interaction near the progenitor radius (see Chevalier 1982b), the above behavior of T, suggests a possibility that the
shocked matter with m = 2 turns to be recombining, as discussed in § IIE b).

As shown in eq. (12), in SNRs of age = a few 102 1, the electron temperatures of the both shocks are likely >
107 K. If the electron temperature is higher than a few 107 X, the emission from the SNR shell is dominated by the

free-free transitions for Z £ Zg , where Z represents the abundance of elements heavier than helium, and Zy isits

solar value, The emissions from SNRs are affected by nonequilibrium fonization and the related level populations, as

discussed in § III a) and b). However, the free-free emission can be almost free from the noreqguilibrium condition,

because the transition occurs within the thermal pool of free electrons. The free-free emissivity per n HZ is estimated to
be = 2.5x10°47T, /2 erg cm? s taking into account the helium abundance. With the emission measure «< p2(Mip),

we have the ratio of the luminosities due to free-free emission as,
Lff _ [(:._A)”(ﬂ }”5
1 FF m! \3-m ’ (14)
b
with
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¥ {17-11m)/5(n-m)
FF _ 28 15 -3 /5 1 3-m)(4-m) UZ
LI = 23x1028 (uInA) —L3_m (23 s

(1.4n R(r)n)(l 1a-175(n-m) ,(17-11m)(n-3¥5(n-m)-1/5

i/5 1/5 1745
= 3.2x1033(L) (M) ( Ue ) n8y45(~f—)3”15 ergs! , (15)

0.61 33 3){109 102yr

where the last expression of eq. (15) is the case for =9 and m = 0. If the equipartition is established at the shock

froni, the luminosity ratio is L' rF Fyp bF F = {(n-4)/(4-m))%. The correction factors to the first order approximation are

()2 = 0.99 and (f,)}/> = 0.97 for the luminosities of the biast shock and the reverse shock, respectively. When
the spectrum is observed within a range of photon energy between E; and E,, the free-free luminosity should be
comrected as LFF(E, E,) = LFF {exp(-E,/kT)-exp(-E,/kT,)]. Thus, eq. (14) is multiplied by {exp(-Ey/kT,)-exp(-

EzlkTa,)]/[exp(-EI/kTab)—cxp(-EszTab)]. In the free expansion phase of SNRs, as suggested by eq. (10b), the

density is higher in the reverse shock than in the blast shock for n > 7. This means that the equipartition goes faster in

the reverse shock than in the blast shock. As discussed in § III a), also ionization scales as nt for a given T, and

goes faster in the reverse shock forn> 7.

The electron temperature of the blast-shocked matter is higher than that of the reverse-shocked matter, as
shown in Fig. 3, though the free-free emission is dominated by the latter for 2 > 7.5. Because of higher density in the
reverse-shocked ejecta than the blast-shocked ambient matter, the difference in the electron temperatre between the
two shocked components is reduced to be smaller than the difference in the shock temperature for 7> 7. As shown in
Fig. 3, in both cases of m = 0 and 2, the ratio of the electron temperature falls in a narrow range, although the shock
temperature distributes in a wide range of order of magnitude with varying n. The electron temperature of the reverse
shocked matter is lower than that of the biast shock for any acceptable value of 7 (> 5), while the shock temperature of
the reverse shock is higher than that of the blast shock for n < 6 with m = 0.

On the other hand, the free-free luminosity ratio spreads in a wider range than that calculated for the shock
iemperatures. This tendency may be enhanced when the free-free emission is observed in a cerain energy range as
mentioned before. With increasing n, the free-free emission from the reverse-shocked ejecta envelope dominates
more. For the remnants of SNe with smaller n, the two temperature componenis may be found. However, the
difference in the temperature is not very large, as shown in Fig. 3. Using egs. (10a), (10b) and (11) or (14) and (11),

we have a mean electron temperature, as

-11-
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<Te>pM = —o2 " 3';2 Teb (16)
1+(ﬁ 3:m]
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q
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4-mi 3-m

1+[(

<T>FF = Teb (169

where <7 > ;- and <7 > are the electron temperatures emission measure-averaged and the free-free luminosity-
averaged, respectively. Egs. (16) and (16" give <Trpy=<Tpp= 0.87T,, forn=9 and m = 0. For the same

values of n and m, eq. (11) gives T, = 0.837T . The electron temperature observed may be close to the electron
termnperature of the reverse shock reflecting its larger emission measure. In ionization equilibria with Z = Z @ , the X-
ray line emissivity can be roughly scaled in proportion to Te‘i in the range of 5x10° K < T, <afew 107 K, above

which free-free emission dominates. If the line emission is taken into account, the luminosity-averaged eleciron

temperature is further close to that of the reverse shock.
¢} Sedov Phase

The Chevalier's (1982b) self-similar solutions on which the argument in the last section based are valid after
the maximmm light through the interaction within the power law section of the density profile of the ejecta {Chevalier
1982a). After the reverse shock reaches the ejecta core of nearly flai density profile, the swepl-up mass exceeds the
mass of the original SN ejecta and dominates the emission from the SNR. In the limit neglecting the ejecta mass
compared to the swept-up mass, .., for the expansion from a point, the Sedov solutions (1959) can be applied for
the shock propagating outward. Since the dynamics of this phase is still adiabatic, we can use the result in § II a) to

obtain the electron temperature.

Under the condition R » 2x10%¢ (MyMo ) ng ! am® with the ejecta mass My, we have the radins of the SNR

shell from the Sedov solution, as

Vs 15
R = (1.535(}) nil/S 25 - 1_5“019(A} n-l/S‘_;_)ZIS cm | an

Lamy 10%%erg 10%yr
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where F is the kinetic energy of the SN explosion. As mentioned in § II a), the Sedov solution formally corresponds

to the case of = 5 and m = 0 of the self-similar solution in § II b) with replacing U, by [(1.53/6)E] /. Using eq.

(8), we can estimate the electron temperature in this phase, as

5 5
7, = 29x107 (4] (ina ( Eo )4’25"6’25 )™ % as)

0.61 33 10%1erg 10%yr
For the same parameters, the shock temperature is obtained as T, = (3/16) (pm k) (dR/d5)? = 4.7x107 K. Thus, we
have the correction factor f, = 0.82 and a more accurate value of the electron temperature than in egs. (18),as 7, =
2.4x107 K; the electron temperature reaches about half T only by Coulomb collisions.

The electron temperatire can be rewritten in terms of the SNR radius R or the expansion velocity dR/dz, as

/5
T, = 3.8 (ulaA)™” [E%"&) K

= 0.11 (Inay” {Eo nf 4B k. (19)

Eq. (19) suggests a much slower decrease of the electron temperature with tirne or the expansion than in the case of T,

=T,=T = (GR/ADZ o< %5 o« R-3, as seen in Figs.4 (a) and (b). This difference may be detectable by observations
to examine the argument in § II a) and the full equipartition hypothesis. Eqs. (13) and (19) predict litle variation

(small lod and 181) in the electron temperature with expanding the SNR through the free expansion phase and the Sedov

phase. In addition, in the free expansion phase, axand j do not depend so much on n in comparison with the case of
T, = T;. These characteristics may be favorable for detecting the difference mentioned above.
Using eq. (18), the free-free luminosity in the Sedov phase is estimated as

1/5 1/5 17/25
LFF = 7.0x10%° (—# ) [M) (—WH—ED ) n38/25 (——I ]29]25 erg sl . 20)

0.61 33 loilerg 103yr

Here the correction factor 1o eq. (20) is (f)/? = 0.91. In the Sedov phase, the correction factors for the electron

temperature and the resultant free-free emission become larger than those in the free expansion phase, yet the error is

still within 20% in the electron temperatire on account of 1< 0.1«
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1. IONIZATION

a) ionization Time Scale

When the electron temperature is lower than 107 K with ionization equilibria and Z > Zo , the emission from
the plasma is dominated by the line emission. If the plasma is ionizing, the line emission can dominate up to higher
temperatures. Nonequilibrium ionization affects 2y-decay and free-bound emission as well as line emission. The

collisional ionization rate equation for the element of atomic number Z can be written in a form

=S¢ ap rg
So -(Si+a) 0 m
S1 A(St) o n;
d h=Fna= - I (21)
dnet Sz1 (Seto) @z iz

Sz ~oz iz

where §_ and @, represent the rate coefficients for ionization and recombination from jon of charge z to charge z+1
and z-1, respectively. n is the ionization state vector, and F is a (Z+1)x(Z+1) matrix to be tri-diagonal when multiple
ionization or the Auger wransition is ignored. F is a function of the electron temperature through the rate coefficients.

At a given temperature to determine F, the ion j specified by § 1> and S i< is to be the most abundant in the

equilibrium or 7t — <. When F(T,) = constant, the solution of eq. (21) can be approximately obtained as

n(ngt) = exp(neg Fyny = P[exp(nerﬂ.z)] p-1 o, , 22)

where ny, is the initial value of the ionization state, [exp(nglz)] is the diagonal matrix, and P = (P, P, P,, ..., P,

...y P»)is the matrix to diagonalize F with the eigen colummn vector P, and the cigen value ).z, as discussed by Masai

(1984).

The components of the vector n represent the fractional ion abundances, which are normalized as 3, n,=1,

ie., the vector n is non-orthogonalized. This restraint assures the existence of Ron-trivial solution givenby det F=0

-14 -




or the equilibrium solution for dn/d(n £ = 0, and also characterizes the time scale for relaxation. Because of the non-

independence, the time required for ionization equilibrium shouid not be defined for each ionic state n, but for the

vector n, a compiete set of ion abundances; (7,5 Z)'1 gives the time when the jon z is abundant but has nothing to do

with relaxation. An eigen value is zero and all others are negative; as readily seen from eq. (22), all the terms with the
pegative eigen values vanish at infinite time, and the equilibrium solution is expressed in terms of the zero eigen value.
The characteristic time scale for eq. (21) to realize the ionization equilibrium can be determined by the matrix

F, as suggesied from the exponential argument in eq. (22). Because of det F = 0 or the existence of a zero eigen
value, however, F-1 cannot be defined to be a time constant. Instead, with the zeroth order approximation, we can

have the time constant in eq. (21) to be the harmonic mean of the diagonal elements fZZ of the matrix F, as

zZ zZ
Metieg = 3 1 fzl! = 2 (Seray?t . (23)
=0

=0

Since a diagonal element is outstanding in the harmonic mean, we can approximate eq. (23) as

Ne lieg = [m{(sz+az)}]_1 = [(Sz"'az)min{lsz-az]}]-l = 1012 cords (239

where min{x_} represents the minimum among the elements x, of z = 0w Z, and (S Z+ozz)min {1Sz-ccdl) is the absolute
vatue of the diagonal element that gives the minimum difference between §, and o, (Masai 1993).

The zero eigen value is associated with this element, i.e. E.k = 0 when If; )] = (§;+0) is the diagonal element
of the minimum absolute value. The ion k is specified by the relation S, > 0y and S, < 04, 5, and is a pivot of the
transformation in eq. (21). Hence, at a given electron temperature, the ionization time is = (§ k+ak)'1 with 5, | >

y,q and S < ot or with A; = 0, independently of the ionic state. The ion j to be the most abundant at 1,7 — e 1s

likely coincident with the ion k discussed here. This is not always the case, for example, when the ion £ is Li-like

which is sandwiched by more stable ions.

In practice, (3 k+ak)‘1 has no systematic dependence cither or the electron temperature or the element Z. The

last expression in eq. {23') comes from the following result of atomic processes. §, is an increasing function of the
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electron temperature and @, is a decreasing function except for the region where dielectronic recombination dominates,
For each ionic state, these two functions should cross at a certain electron temperature with § == 107110713 em?

571, where the ionization and recombination are balanced. Varying the electron temperature, we have Z points in total
corresponding to the ionic states which are abundant, or more exactly the pivots in eq. (21). All these points are

around 1012 cm® 57! in scale of the rate coefficients. One may get this behavior and the ionization time n 1, = 1012
Etleq

3

cm™” s in an empirical way of computations for nonequilibriem jonization.

The emission from a plasma is determined by the energies in the electron thermal pool and in the ionization
state, as discussed in § III'b). The electron temperature rises in proportion to ( et}z" S in the postshock region if only
Coulomb coliisions are important. Since also the matrix F is a function of n 4 through T, the emission from the
shocked matter can be scaled with n,t. The ionization progresses following the increase in the electron temperature,

and must start with a low electron temperature, When T, varies, eq. {22) is rewritten and can be approximated for In

=(Zn,?)"2 = constant and 11 » 0, as
r

n(ngt) = £X J neF dar hy = exdne[ F(net)) ng , (229)
0

where F(n ) is the mawrix determined by the present electron temperature T,(n#. In other words, except for the very
beginning, the ionization state reached does not depend very much on the history of the electron temperature. # Jleg is
nearly comparable to NolE and much longer than the electron-electron relaxation time, and has no systematic

dependence on the electron temperature. Hence, the approximation by eq. (22') may be useful with T, = constant and
the initial ionization state n at = €7 « T, or simply the neutral value.

Actually, in the adiabatic phase of SNR, the electron temperatures given by eqgs. (11) and (12), or eq. (18}, do

not vary very much with the age, as seen from small |al in Fig. 4 (a). For 6 < n < 12 shown in Fig. 4(2), in the free

expansion phase T, decreases as T, = %3 for m =2 and increases slower than T, = 3 for m = 0, while T,
decreases faster than T, o< 3 for m =2 and faster than T o= r2 for m=0. In the Sedov phase T, = 223 while

T, o r%. These behaviors of the electron temperature support the above argument and scaling the emission from
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SNRs with 77= n_ being an independent valuable. Hence, the X-ray line emission from SNRs can be represented by
a couple of parameters (T, 77).

Using the results in § II b) and c), the parameter 7] to indicate the deviation from ionization equilibrium is

expressed for the blast shock, as

(-
(3-m)(4-m) Uﬂ | AngREYYE L3V )

M =3 '4[ (1-3)(n4) my

1 3
103y1_) cm s, (24)

~ 1.5x101! no(

where the last expression is the case of m = 0. For the reverse shock 77, is obtained from eq. {10b), as 17,= (p,/p )7
which is (5/2)7, for 1= 9 and m = 0. The Sedov solution can be referred 1o m = 0. Eq. (24) is compared with the

uilibrium value 7, =n =102 an3s. Atage ¢, for the matter shocked at 1, 77 can be rewritten as
eq lag erfa] £ I

¢
et} = f ne(t)dr = 1) hpmit.to) . (24%)
#

]

where 7)(f) represents the product at 7, given by eq. (24), and A, (1,45} is writien as

tlo

-3
Brm(tst0) = (1-8mm) (t0/5)-2/B {1 +M(:'/m)a’ﬁ} Aty

m
1

The function k1, (1,1) with &, = 3/4 is shown in Fig. 5 for the blast-shocked matter in the same manner as Fig. 2.

In contrast o the plateau of g, for T, i, varies in a wide range. Single-11 modeling may not be good o reproduce
SNR spectra. In addition, for m = 0, h,, gives values considerably below unity. This implies that the emission from
t-0ld SNR is represented by a h, . times smaller value than the present product 7 given by eq. (24). The analysis of

observed spectra may estimate the density or the age at its wrong value, as (ny) ;. = R, figh, lower than the real one.
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b) Line Emission

When a plasma is near ionization equilibrivm, direct excitation from the ground state plays a dominant role in
line emission processes. Here direct excitation means excitation by electron impact directly to outer bound electrons.
The satellite lines following dielectronic recombination are enhanced at around ionization equilibria at lower
temperatures than the lines due to direct excitation; since the free ¢lectron capture goes with resonant excitation of a
bound electron into the doubly excited state, the resultant line ernission has similar characteristics to excitation rather
than recombination. Also the satellite lines due to innershell excitation can contribute in the regime from equilibria
toward ionizing. These three processes can account for the line emission almost entirely around ionization equilibria.
Then, the energy distribuied into the ionization state, which is an internal degree of freedom, is balanced with the
energy contained in the electron thermal pool.

In a strongly ionizing condition, the energy of free electrons is much higher than that in the ionization state,
and is enough to ionize innershell bound electrons. This process is followed by either electron transitions or

fluorescence line emission to stabilize the highty excited state. Into the vacancy produced by innershell ionization, the
probability of E1 (electric dipole) radiative transition is approximately proportional to Z*, while the electron transition
(Aunger transition) probability does not vary with Z very mmch. Therefore, the branching ratio for the line emission,
the fluorescence yield, can be scaled as Z*{Z*+C,) with a constant C,~10° representing the Auger transition.
Therefore, the flucrescence line emission is important for ionizing high Z species like iron. The yield is nearly
constant over the ionic states except for the case of innershell ionization of Li-like ion, which results in the forbidden
line 1s%('S) - 152s(’S) of He-like.

In radiative recombination, free electrons are captured predominantly into lower levels. Near ionization
equilibria, the probability to capture into a level of principal quantum number n scales as n-> with the hydrogenic

approximation. In arecombining condition, the capture probability into higher levels becomes enhanced. With the

hydrogenic approximation, the predominant energy levels to capture can be expressed as

0 < ( 27 }1]2 _ (EZZIH)I/Z
3T, 3T, ’

where I is the ionization potential. In equilibria or ionizing, n < 2 and about 80% or more falls directly into the ground
state (n = 1) to result in the contimmm emission, In a strongly recombining condition, n should be larger than 2, and

the capture with the continuum emission is followed by cascades to lower levels with the line emission. This process
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produces not satellite lines like dielectronic recombination but the lines of the same transitions, thus the same

wavelengths, as direct excitation from the ground state by electron impact.

Figs. 6 (a) and (b) show iron Kot line emissivity on T, - T, plane, where Kot means all n = 1-2 transitions

including satellite lines which fali in the wavelength range from the neotral Fe I Ko to H-like Fe XXVI Lya
{resonance line). T, is the ionization temperature defined as follows: when the ionization state is approximated by an
equilibriurn value at an appropriate electron (emperatre as n = n q(Te), we put T, = T, to represent the ionization state

in scales of temperature. Accordingly, ionization equilibria, ionizing and recombining conditions are expressed with

the relationsas T,=T,, T, < T,and T, > T, respectively, as indicated in Fig. 6 (a). When a plasma is rapidly heated
up from the initial equilibrium state, its trace goes away from T, = T, line inte the 7, > T, regime because of the faster
increase in T, than T,, and approaches T, = T, line again with the time scale given by eq. (23'). When a plasma is
rapidly cooled, its trace passes through the 7, < T, regime to approach T, = T,. With T, given, higher electron

temperature gives higher emissivity in the ionizing regime. This tendency is enhanced in the strongly ionizing regime

T,» TZ) due to innershell ionization as well as innershell excitation.

As demonstrated in Fig. 6 (b), innershell ionization - fluorescence and radiative recombination - cascade are
important in ionizing and recombining regimes, respectively, and direct excitation and sateflite lines due to dielectronic
recorsbination are dominant near equilibria. Satellite lines due to innershell excitation are included in excitation here.

The emissivity due to excitation reaches its maximum in the 7, > T, regime, because this process terminates when T,
is so high as to strip all bound electrons. In radiative recombination from H-like to He-like, the cascades fromn > 3
levels enhance more the intercombination 1s2 (1S} - 1s2p (°P) 6.67 keV and the forbidden 152 (1S) - 1525 (°S) 6.63

keV lines than the resonance line 152 (1S) - 1s2p (P) 6.70 keV because of the statistical weights. As a result, the

mean energy of the Kot lines is slightly lower in the radiative recombination dominant regime than in the direct
excitation dominant regime, as seen in Fig. 6 (a).

The level population affects also the iniensity ratios of resonance series (E1-transition) lines such as He-like 1s
(13) - np ( 'P) and H-like 1s (2S) - np (?P). In the ionizing regime, the 1s-np/1s-2p ratio (n > 2) of the same species
{element and ionic state) is larger than that in ionization equilibrium, because T, > T, condition enables high-energy

direct excitation from the ground state. With increasing the electron temperamre, 1s-np transitions of higher n are
enhanced, Thus, the ratio can be a measure of the electron temperature, and is a function only of the electron
temperature under the coronal population (see § V), which is attained more easily for E1 transitions than non E1

transitions because of the former's larger radiative transition probabilities. In the recombining regime (7, < T)), the
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ratio is also enhanced; but, this is due to a different mechanism from the case of ionizing. The enhancement arises
from the cascades following radiative recombination into upper levels, as described before. Then, the 1s-np/1s-2p
ratio (n > 2) of the sarne species increases with decreasing the electron temperamre. Also in this case, at low densities
concerned with SNRs, the ratio is a function only of the electron temperature. Hence, the ratio can be a good measure
of the electron temperature free from nonequilibrium ionization, unless the density is so high as to cause collisional
transitions from the excited states (see § V). Since the dependence on the electron temperature is different between the
ionizing and recombining regimes, observations of more than two ratios of the resonance series lines can distinguish
these two cases.

Since the cooling time scale is comparable with the recombination time of an SNR shell, in general, the spectra
from young SNRs exhibit ionizing through the adiabatic phase. This is characteristic of compression waves arising
from strong shocks. However, when the shock breaks out of a dense clump into the medium of lower density, a
rarefaction wave occurs and propagates from the contact interface backward into the dense matter. Such rarefaction
waves cool the shocked dense matier with adiabatic expansion much more rapidly than the radiation cooling, when the
expansion energy is still high compared to the energy deposited in the electron thermal pool. Then the shocked matter
turns rapidly to recombining because of the longer time scale of recombination than electron-electron relaxation: in
some cases, ionizing and recombining characteristics coexist. Such a condition of rarefaction can be observed in the
early free expansion phase, as in case of the interaction with the circumstellar clumps (Masai & Nomoto 1993) or the

Type II SN surrourded by the progenitor's dense stellar wind matter (itoh & Masai 1989).

V. DISCUSSION AND REMARKS

We demonstrate that Coulomb collisions in the postshock region can raise the electron temperature up to = a
few keV as observed for SNRs of age of a few 102 to 103 yr. Such an electron temperature ¢an be reached also by
plasma instabilities within the shock (McKee 1974). If equipartition is established at the shock front, the electron

temperature deduced from the spectra must satisfy the relation, T, = T, « (dR/d1)%. Otherwise, T, o (dR/d)¥5>2(1-

mXn-3Y53-m) may be found being in process of equipartition; T, is much more weakly dependent on the expansion

speed than T, = T in the case of full equipartition. Imaging X-ray telescopes now make available the direct
observation of the T, - expansion law for more than one decade since the Einsiein satellite. Also the time evolution of

the emission temperature can be investigated by long-term observations. In the free expansion phase with m =0 and 6

< n < 12 shown in Figs. 4 {a) and (b}, the electron temperature predicted increases slower than T, e 3 RY¥15
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while the equipartition within the shock predicts the electron temperature decreasing faster than T, = T, = r2 < R
23 fn the Sedov phase, our calculation and the full equipartition predict, as T, < 17> o« RS and T,= T, < 1% <

R73. respectively. In any case of adiabatic expansion into a uniform density medium, our calculation predicts a
distinctively smaller change in the electron temperature with evolution of SNR than the case of full equipartition, as
seen in Figs. 4 (a) and (b).

In § H b) and ¢) we apply the result of § II a) to the adiabatic phase of SNRs to demonstrate the density

dependence of the equipartition process. Eqgs. (9) - (16) are valid for SNRs after the maximum light through the

reverse shock propagates within the envelope described by p,; o r*” (Chevalier 19824, b}, and eqgs. (17) - (20) are

valid after the swept-up mass much exceeds the ejecta mass. Therefore, the argument from § II b) through ¢) cannot
continue crossing the transient phase. In both cases, one has (o recall the validity of eq. (8), L.e., egs. (11} - (16) and

{18) - (20) are valid within r < 0.1¢,, which depends on the density, as given by eq. (3); with the correction factor f,

one can obtain more accurate numerical coefficients of the second order for these equations, which can be applied up

10=0.8¢, or T, = 0.9T,. The above condition may be satisfied almost through the adiabatic phase of SNR because the
cooling time of the SNR shell is nearly comparable to 1. SNRs may be influenced by the local stuctures in the

ambient matter. In this case, eq. (7) or (8) may be useful for interpretation.

In the free expansion phase, the free-free luminosity is dominated by that from the reverse-shocked ejecta for n
> 7.5. The outer gjecta may consist of heavier elerents than hydrogen depending on the progenitor, while hydrogen
is the majority in the ambient matter. This affects the equipariition in the reverse shocked matter, and the electron
temperature ratio given by eq. (11) rmust be corrected by the ratio of the electron density 0 the mass density. Also the
charge dependence of the free-free emission must be taken into account for obtaining the luminosity, although it does

not alter the conclusion that the reverse shock is predominant. One should notice the self-similar analysis discussed
here is applicable for the ambient matter monotonically distributed as p o« ™. The interaction of the ejecta with a
clumpy matter like the circumstellar ring of SN 1987A does not always give L,F Fs LbF F even before the reverse
shock reaches the ejecta core (e.g., see Masai & Nomoto 1993). When SN is surrounded by its past wind, the
solutions with m = 2 may be applied. For n > 7, just after the explosion T, = T is likely attained, and T, begins to
decrease faster than T, soon, as suggested in § 11 b). This behavior must come out to recombining emission discussed

in § II1 b), as demonstrated numerically by {toh & Masai (1989), when the shock breaks out of the circumstellar
matter into the rarefied medium. A supersonic stellar wind can form a low-density bobble surrounded by a dense shell
{Weaver, McCray & Castor 1977). When SN explodes in such a structure of the stellar wind matter, the interaction

can be described by another self-similar solutions (Chevalier & Liang 1989). Then, recombining cmission is expected
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when the blast shock breaks out of the dense shell.

When electrons are heated in the postshock region with dependence as eq. (8), the shocked matter exhibits a
plateau in the electron temperature. In the case of expansion into a uniform density medium {m = 0), the free-free
emission of an SNR may be represented approximately by a single electron temperature. However, the ionization

state of the shocked matter, which is responsible for the line emission, is not represented by a single component of
(T,.m), as discussed in § IIf a). This suggests that attention must be paid to multi-component ionization state as well

as multi-component temperature in the spectral analysis of SNRs. In fact, the X-ray specira of SNRs are not well
represented by single nonequilibrium models, but require at least two components (Aschenbach 1985). If the

resonance series lines are resolved for He-like or H-like ions, as discussed in § HI b), the 1s-np/1s-2p ratios of the
same species can be a good measure of T, independendy of 7. The electron temperatures thus obtained are likely

diverse but should reflect straightforwardly the environment of each species. The behavior of £, has to be

considered to estimate the product of the ambient matter density and the age. In the case of m =0, even multi-(7,,77)

analysis may estimate the product at a lower value. In particular, the maiter near the contact interface (#,/t « 1) can

exhibit a significantly lower value of 77in both the reverse and the blast shocks. This may come out to the diverse n
values dependent on the elements, if the ejecta leave a layer structure of the chemical composition.

In Figs. 2 and 5, we demonstrate g, and &, for a case of §,,, = 3/4 of the blast-shocked matter. On the
other hand, in the argument in § II b), we ignore the thickness of the SNR shell compared to its radius {Chevalier
1982b), and approximate the blast-shock velocity by the shell velocity, as V, = dR/d, to obtain T and 7,. Chevatier
{1982a) gives the self-similar solutions taking into account the shell stmcture for the interaction in the free expansion

phase. From these solutions and the shell structure of the Sedov solution, Snm can be determined for each case of n

and m. However, the characteristic behaviors of g, and A, ,,, discussed in § II a) and III a), are not aitered by the

nm*

acceptable values of &,,,.

Nonequilibrium ionization is discussed in the framework of the atomic collision space. If the element

concemed is moving with respect to the electron thermal pool, the effective time for collisions is reduced. One can

replace the time t by 7 = (¥ 1+td‘ Iy1 (o extend the argument in § III a) approximately to moving space, with 1,

representing the characteristic ime of the dynamical motion. This treatment corresponds to the transformation from

the Eulerian 9/97 to the Lagrangian D/Dt. Then, the condition to attain the equilibrinm is given by 7 > Ly = 1012, 1

s. The characteristic time 1, during which the elermnent stays in the thermal pool, may be evaluated as ¢; ey VinT,
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for the effective velocity 1 with respective to the thermat pool. When the dynamical motion is so dorninant as 7, < Uaps
the ionization does not reach its equilibrium even at 1 — oo because of f = ;< Y » and the ionization state is frozen

with n(n . This may allow to probe the dynamical motion relative to the electron thermal pool, when the ionization
state stays far from its equilibrium value even afier long time satisfying ¢ > Uy Such a sitzation may be found in
spectra of solar flares.

The level population and the resuitant line emission processes are affected not only by nonequilibrium
ionization as discussed in § III b) but also the electron density which enhances the collisional transitions competing
with the radiative decay. In order to treat the level populations as well as the ion abundances, so called collisional-

radiative models can be applied in the similar framework to eq. (21), where n is no more independent valuable.

However, in the low density plasmas concerned with SNRs, so-called coronal populations can be substantially
attained (e.g., Mewe et al. 1985); the ground state is predominantly populated because collisional excitation therefrom
is immediately followed by radiative decay. For instance, the density effect appears on the He-like intercombination

and forbidden lines at 7, > 103214 cmr3. This is not the case for the X-ray lines from SNRs, and the radiative

electron capture in recombining is followed by cascades to lower levels with line emission, as discussed in § II1 b). It
should be noted that the plasma is recombining under the presence of ionizing photons, in a sense of the level
population and the line emissivity, even when the recombination is b'alanced with the total ionization (Masai 1993 and
references therein). Then, in photoionized plasmas like accretion matter onto compact stars emitting UV and X-rays,
photoionization - fluorescence and radiative recombination - cascade play important roles for K-line emission. Since
the population is dominated by radiative recombination - cascade from upper levels, the coronal population is no more

a good approximation even at the low density limit.
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Figure Captions

Fig. 1 Evolution of the electron temperature 8, = T /T, with time 7= #/2_due to Coulomb collisions with ions in the

postshock region. The solid, broken and dotted lines represent the analytical solution given by eq. (5) and its

approximations up to the second order and the first order of (592> given by eq. (7), respectively.

Fig.2 g,,{1%), which represents the electron temperature at £ of the matter shocked at 1, is plotted for the blast-
shocked matter with J,,,, = 3/4 (see text). The dotted and solid lines represent the cases of m =0 and m = 2,
respectively, for n=6, 7, 8,9, 10, 11 and 12 in the free expansion phase (Chevalier 1982b solution) with the density
Pei = " for the ejecta envelope and p,, « r™ for the ambient matter, and the broken line represents the Sedov

solution.

Fig.3 The shock temperature ratio T /T, and the electron temperature ratio T,/T,, of the reverse-shocked ejecta
envelope to the blast-shocked ambient matter in the free expansion phase. If T,=T, is attained within the shock,

T /T, (broken lines) represents the ratio of the electron temperature.

Fig. 4 With (a) T o 1% and (b) T < RS, qand f3 are plotted for n and m in the free expansion phase and for the Sedov
solution, where the Sedov solution is formally referred to n =5 and m = 0. SNR expands as R «< 1%E T, {solid

lines) means the prediction for the electron temperatare in the present work. Full equipartition within the shock

predicts T, = T, = T (broken lines).

Fig.5 h,, (1.%,), which represents the ionization state at ¢ of the matter shocked at Iy, 15 plotted for the blast-shocked

matier in the same manmner as in Fig. 2. The doted and solid lines represent the cases of m =0 and m = 2,

respectively, for n=6,7, 8,9, 10, 11 and 12 in the free expansion phase, and the broken line represents the Sedov

solution.

Fig. 6 (@) The iron Kot emissivity (solid lines) and the emissivity-averaged line energy (broken lines) as a fimction of
the electron temperawre T, and the jonization temperature T, (see text). n=1-2 transitions including satellites of all
ionic states are taken into account. The emissivity is given in units of photons
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cm® 571 per n? with relative iron abundance nig /ng = 4x10°, and its contours are drawn with 0.2 step in the

logarithmic scale. The contour of the line energy is linearly stepping. (b) The contribution to iron Ko emissivity is

shown for each emission process on the same diagram as (a). The satellite lines due to innershell excitation are

included in the lines due to excitation {upper-right).
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