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SUMMARY

Since the early X-ray observations of cosmic extrasolar objects in 1962

X-ray astronomy has developed in one of the most rewarding branches in space

astronomy. Many rocket and satellite instruments have been sent above the

Earth's atmosphere, the first nearly complete X-ray survey being made with the

UHURU satellite launched in 1970, which has increased the number of known X-ray

sources from about 50 to more than 350. With the launch of the Astronomical

Netherlands Satellite (ANS) in August, 197** some sources could be studied in

more detail and a search for new X-ray sources was set up. This has resulted

in the detection of X-ray emission of flare stars, dwarf novae, stellar coronae,

X-ray 'bursters', and a new supernova remnant. The successful mission ended in

May 1976 while one year later the ANS burnt up in the upper layers of the Earth's

atmosphere.

This thesis consists of six chapters each describing observational or theo-

retical results related to the study of supernova remnants (SNRs).

The first chapter gives some background information by reviewing the present

status of our knowledge of supernovae and supernova remnants, both from theory

and observations. Also the distribution of all known radio, optical, and X-ray

SNRs in the Galaxy is shown and a comparison is made.

In Chapter II {GronenschiId, 1979b) we discuss in detail the X-ray obser-

vations of the well-known X-ray SNR the Cygnus Loop (see cover) carried out with

the Utrecht X-ray instruments on board of the ANS. This remnant, also known as

the Veil Nebula, was mapped in X-rays by pointing the ANS satellite towards some

150 positions uniformly distributed over a region of k x 4 covering the whole

optical counterpart. The total observation time accumulated to nearly h hours,



resulting in a soft X-ray (0.16- 0.284 keV) map with a resolution of 10' x 12'

and showing a shell-like structure of the X-ray emission. In other energy bands

the resolution was less, but the maps enabled us to derive a temperature and

density structure of the plasma, shock-heated by a blast wave which is expanding

in interstellar space since the supernova outburst some 20 000 years ago. Also

the amountof interstellar absorption to the source was found to vary across it.

To the chapter is added an appendix which presents the method (Algebraic Recon-

struction Technique, ART) used in producing the X-ray maps, together with an

analysis of the error propagation in this method.

A search for X-ray emission of radio SNRs was carried out during the ANS

observational period. Only one, W44,was detected. The discovery of this new

X-ray emitting SNR is described in Chapter III (GronenschiId et al., 1978). The

source was suggested earlier as a candidate for X-ray detection with current

instruments, and it is one of the three X-ray SNRs out of 20 which have no op-

tical counterpart. Application of a shock-wave model to the X-ray results indi-

cates that the SNR is between 3000 and 14 000 years old.

For the other radio sources investigated, dealt with in Chapter IV (Gronen-

schild, 1979a), merely upper limits to their X-ray luminosities could be

set. Assuming that the X-ray emission stems from the interstellar medium (ISM)

which is heated to X-ray temperatures through the action of a spherical

expanding shock wave the upper limits yielded some parameters of this model

like the density of the ISM, age of the SNR, etc., dependent on the distance

to the sources. For some of these radio SNRs the density in the surrounding

ISM was found to be a factor ^ 5 below the value which is derived by assuming

a plane-stratified distribution of the ISM with a scale height of 120 pc.

For the analysis of the observed X-ray emission of SNRs thermal spectra like

exponential or bremsstrahlungs spectra are used. In recent years however,

continuum and line spectra are more and more often used. This stems from the

theoretical point of view that the X-ray emission is from a hot, optically thin

plasma of a solar-like composition of the elements. The continuous spectrum of

such a plasma, discussed in Chapter V (GronenschiId and Mewe, 1978), is due to

free-free radiation, free-bound transitions, and two-photon decay processes. In

this chapter it is shown that for the assumed set of cosmic abundances mainly

0oxygen contributes to the continuum which for temperatures between 10 and

Is dominated by free-bound and two-photon decay emission. For all considered

elements effective gaunt factors are presented in this chapter.

The X-ray line spectrum that emerges from SNRs is in detail described in

Chapter VI. It has been suggested long before this that in SNRs the ionization

10 K



balance may be out of equilibrium, because the ionization time may be as large
1 1 1 2 10

as 10 - 10 s, a time that should be compared with ages on the order of 10 s

(300 years) for the young remnants to 10 s (30 000 years) for the older ones.

Until recently no detailed calculations of an X-ray spectrum under these non-

equilibrium (NEQ) conditions were carried out. In Chapter VI we present a few

models used to compute the NEQ ionization state of the hot plasma in SNRs. The

resulting X-ray spectra show a considerable softening compared with the spectrum

for which the ionization balance is assumed to be in equilibrium (EQ), especially

for wavelengths longer than about 20 A. This softening is partially due to en-

hanced two-photon decay radiation by hydrogen- and helium-like oxygen ions which

are overabundant with respect to their EQ concentrations. However, the strongly

intensified line emission contributes mainly to the derived softening of the

X-ray spectrum. For the considered ages (5000-20 000 years) the hydrogen- and

helium-like lines in elements with smaller Z-values are much enhanced due to

the overabundances of the corresponding ions and the favourable conditions (e.g.,

temperature) for the line emission functions, which are described in the appendix

of this chapter. The results may be an alternative explanation for the excess

soft X-ray emission of the observed dual-temperature spectra of young SNRs, like

is shown in t Ĵi 1 for Cas A and SN1006. For the former remnant the computed

line fluxes at ,hort wavelengths are in reasonable agreement with the fluxes very

recently observed with the Einstein Observatory.
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CHAPTER I

OBSERVATIONS OF SUPERNOVAE AND SUPERNOVA
REMNANTS; STATE OF THE ART

1. INTRODUCTION
The study of supernovae and their remnants provides us with a tool to under-

stand the link between the birth of a star from contraction of a primordial gas

cloud to its explosion, after nuclear-burning of more than 90% of its hydrogen,

whereafter its remnant may generate new star formation due to compression of the

gas in the interstellar medium. The most dramatic discoveries in Astronomy

during the past decennium, such as X-ray binaries, pulsars, black holes, etc.,

are all suggested to be related to supernova explosions. The spectacular nebu-

losities left after a supernova explosion are among the most beautiful objects

in the heavens. A new galactic, nearby, supernova outburst would be ranked

among the most important astronomical events.

Thusfar, nearly all information available depends on observations of extra-

galactic supernovae. However, this has yielded valuable insights into the physics

which play a role shortly after the outburst.

In Section 2 we will give a brief review on the important observations of

galactic and extragalactic supernovae while in Section 3 we will discuss the

character of the ejected matter and the accompanied expanding shock wave which

both have such a dominating influence on the surroundings. Special attention

will be paid to the X-ray evolution of supernova remnants which is subject also

of the other chapters of this thesis.

2. SUPERNOVAE

The 'temporary' star which flared up in 1885 in the Andromeda Nebula to

reach the seventh magnitude and nearly outshined the whole 'nebula' was the

birth of a new branch in Astronomy. On the basis of later available distance

-10-



estimates of the Andromeda Nebula and due to the fact that some 20 more of these

extraordinary novae were discovered since 1885, all, as it turned out, in extra-

galactic systems, it was realized that one was dealing with a new kind of novae

which Baade and Zwicky in 1933 proposed to call 'supernovae1.

In this section we will give a brief description of the main characteristics

of supernovae (SNe).

2iIi.Qbseryat]ons_of_SNe

In 1933 Zwicky started a modest SN search which, after some years of disil-

lusions, resulted in a d! covery of a new SN in 1937. With the introduction of

more sophisticated telescopes tho SN discovery rate rapidly increased from an

average annual rate of four in the late 1930's to about 20 at present. At the

time of writing 455 SNe are known of which about 300 were discovered by the

Mount Palomar telescopes. The search for SNe is internationally organized

through the international Astronomical Union.

Apart from the extragalactic SN outbursts also galactic SN outbursts are

known to have occurred. Some of the best examples are the SN of the year 1572,

ir. detail described by Tycho Brahe, and that of the year 1604, observed by

Kepler. A careful perusal of literature, mainly ancient Chinese chronicles,

revealed the occurrence of bright 'guest' stars, mostly ordinary novae, but of

which certainly a few refer to SNe. The most famous is the record of the year

1054 describing the birth of the Tell-known Crab Nebula. Until now and spanning

• a period of about 2000 years only eight historical SNe are known: ADI85, AD386,

AD393, AD1006, AD1054 (Crab Nebula), AD1181, AD1572 (Tycho's) and AD1604 (Kep-

ler's). A comprehensive compilation of these historical records is given in the

monograph by Clark and Stephenson (1977a).

A rigorous treatment of the available SN observations in galactic and extra-

galactic systems leads to a mean time interval between galactic SNe of 15 years

within a factor 2 (Tammann, 1978). Due to observational selection effects (for

instance obscuration, cf. Tammann, 1977) the historical SN rate is only one in

about 250 years.

From the number discovered sofar one is able to classify the SNe in two

definite types, type I and II, and in some peculiar, uncommon types (ill,IV, and

V, Zwicky, 1965). For only 129 SNe out of a total of 455 it was possible to

assign types, mainly from the spectra, but also from the light curves. Among the

129 classified SNe, 81 are of type I and 38 of type II (cf. Figure 1). The

spectra of both types are characterized by a smooth continuum on which are super-
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Figure 1. Light curves of SNe of type I and II. In (a) some individual light

curves of type I SNe are shown (after Arp, 1974) whereas in (b) an

average light curve of 33 SNe is plotted (after Barbon et at. 1974a).

The vertical saale is magnitudes. Figure (a) presents light curves

of some SNe of type II (after Arp, 1974). Notice a more individual

character in these curves in contrast with those in (a). In (d) a

composite light curve using photometric data of 13 type II SNe is

shown (after Barbon et at. 1974b).
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posed many P-Cygni-type profiles (cf. Kirshner et al. 1973, see also Figure 2 ) .

The interpretation of the spectra is difficult and still in an early phase. An

important result of the interpretation of SN spectra is the possibility to

determine distances to SNe on the basis of changes in the continuum emission and

from line profiles (cf. Kirshner and Kwan, 197^; Branch, 1977, 1979).

The Hubble diagram of SNe at maximum light suggests that SNe I are nearly

standard 'candles' with a maximum photographic magnitude of H = -I9T8 (Tammann,

1978). Type II SNe are somewhat weaker. Including the effects of uncertain dis-

tance estimates we take as a mean: M = -I9T5 1 1 To (l) and M = -18?O + iTo (II)
P9 P9

(cf. Tammann, 1978; Branch and Bettis, 1978; Barbon et al., 1979).

Which stars are responsible for the SN explosion (SN progenitors) is still

a question to debate. From the statistical point of view the progenitors of type

II SNe are massive stars (M % M Q ) because they are associated exclusively with

young stellar populations. Type I SNe occur in all types of galaxies (in spiral

galaxies no preference for spiral arms, cf. Maza and van den Bergh, 1976) which

may indicate that the precursors are older and thus less massive. However, this

is not unambiguously demonstrated and alternative scenarios postulate that tne

difference between types I and II is caused by the absence or presence, respec-

tively, of a hydrogen-rich envelope as indicated by their spectra (cf. Tinsley,

1977; see also Wheeler, 1978a, b ) .

The total energy released during the SN explosion is about 5 x 1 0 ergs

(type I) or 10 ergs (type II) mainly in the form of kinetic energy of the

ejected mass (̂  0.5 M®(l)or % 5f,^ (11)), The visual radiated energy is only a
49

few per cent of the energy release or a few times 10 pros (about a factor 5

less for type II). Thusfar not a single pre-supernova stai in its quiet state

has been observed, we have to await a galactic nearby SN in order to get ex-

tremely important information on SN progenitors.

2.2. Theoretical models for SNe

Theoretical studies explaining the general features of the SN light curves

are well advanced (e.g., Grassberg et al., 1970; Lasher 1975; Chevalier, 1976;

Falk and Arnett, 1977)- In these models an energy or several times 10 ergs is

deposited in the core of an M-like supergiant with a radius of about 10 cm

("v 10 R Q ) (this type of star is needed for SNe II, for SNe I a less massive

star with a He-rich envelope seems to be needed). The energy release results

from the collapse of the core at the end of the thermonuclear cycli and/or from

explosive thermonuclear burning (cf. Arnett, 1969; Wheeler and Hansen, 1971).

The energy is released in a short time t£ Is) compared with hydrodynamic time-
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10000 8000 7000 6000 5000 4000 3500
I i I I I I I I I I I I I I L

144 14 5 14.6 147 14 8 149
log v

150

Figure 2. Comparison of spectre I energy distributions of SN1972a (I) and

SN1970g (II) at tu)o corresponding phases. The horizontal scale is

log \> where v is the observed frequency in Hz. A wavelength scale is

shown on top of the figure. The vertical scale is log f where f is

the observed flux in ergs s am ° Hz . The light curves are identi-

fied with the last three digits of the Julian Day when the obser-

vations were made (after Kirshner et at., 1973).



scales for the outer layers of the star (<£ days). A radiation-dominated shock

wave is formed and propagates outwards through the envelope. An abrupt change

will occur when it reaches the extended envelope or circumstellar shell where

the density is much lower. A rarefaction wave proceeds inwards converting inter-

nal energy to kinetic energy so that material is accelerated and detached to form

an expanding shell. After the expansion has largely reduced the internal energy,

pressure forces become negligible. The shell then moves with constant velocity.

The density of the matter in the ejected shell decreases and the matter becomes

optically thin to continuum light: an external observer will see successively

deeper layers in the material and therefore will observe a decreasing radius and

temperature. The maximum observed radius of the ejected shell amounts to several

times 10 cm (̂  10 R m K After the whole shell has become transparent the re-

maining mantle and finally the core is revealed (R ^ 10 cm) and the luminosity

sharply declines. The models predict bursts of UV- and X-rays at the moment the

shock breaks out of the stellar surface (photosphere). This is important because

these bursts would be the first observable signs of a new supernova, about 20

days before visual maximum. The mean peak luminosity for a period of 30 minutes

would be 10 ergs s in the 0.2-0.5 keV band (Klein and Chevalier, 1978) and

a total of 10 ergs would be radiated in the same band or in UV light (see also

Fa Ik, 1978).

Also the emission of an electromagnetic radio pulse (EMP) may be generated

at the SN outburst by the expanding envelope which combs the initial dipole

field into a radial configuration (Colgate and Noerdlinger, 1971; Colgate, 1975).

Observational suggestions are given by Meikle and Colgate (1978).

The described model succesfully explains type II SNe and the early part of

types I. Difficulty arises with the long exponential tail in the light curve of

types I (cf. Figure 1 ) . It seems that an additional energy source is needed for

this part of the light curve. The optical reverberation model (cf. Abdulwahab
en

and Morrison, 1978) describes the tail but requires at least 10 ergs for a UV

or soft X-ray burst, i.e., orders of magnitude larger than implied by any self-

consistent model yet proposed. As suggested by Arnett (1979) the core collapse

accompanied by a reflected shock, ejects part of the mantle material and radio-

active decay may power the peak in the light curve as well as the exponential

tail. This model predicts that during the exponential-decay phase roughly twenty

times more energy emerges as y line radiation ( Co decay) than is observed in

the visual region.

-15-



3- SUPERNOVA REMNANTS

Thusfar we have discussed the event which caused a SN explosion and gave a

description of the spectra and light curves during the time immediately follow-

ing this spectacle. In this section we will concentrate on what remains and

presents itself as a supernova remnant (SNR) in the optical, radio, and X-ray

region of the spectrum due to a shock wave expanding into stellar space. We

will give first an outline of the general theory on the evolution of a SNR.

3ili_Eyg1.utjon_of_SNRs

We briefly review here the interaction of the SNR with the surrounding

interstellar medium (ISM) with special attention to the X-ray emission. Usually,

four phases are identified in the evolution (cf. Woltjer, 1972):

i) Free expansion phase

During this early phase, everything depends mainly on the explosive pro-

cesses. A shell, preceded by a shock wave expands with constant velocity, (cf.

Section 2.2.). This phase lasts until the effects of deceleration set on, or

until the swept-up mass is several times the ejected mass. The temperature of
g

the shock-heated gas may reach 10 K and the X-ray luminosity, L , between
3 6 - 1 X

1 - 100 keV amounts to about 10 ergs s

ii) Adiabatic phase

When after a few hundred years (typically) a considerable amount of mass

has been swept up the shock wave will decelerate. The total energy (kinetic +

thermal) is conserved because of negligible radiation losses. The expansion

occurs adiabatically and can be described by the Sedov (1959) self-similar

solution (cf. Figure 3 ) :

-11 Eo 1/5 2/5

R = 2.12x10 " ( — ) t , (2)
s nQu

where R (pc) is the shock front radius, t(years) the elapsed time, E (ergs) the
S -3 °

explosion energy, n (cm ) the density in the ISM, and y the mean molecular

weight.

The temperature, T (K), of the gas behind the shock front is given by

T s = 1.5X10-
41 (^2) Rs"

3 . (3)
o
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For a radius in the range 10-20 pc, the temperature is in the range

(1 - 10)x106 K and the luminosity in the 0.2-10 keV band 1 0 3 6 - 10 3 7 n 2 ergs s"1

(E is of order 10 ergs, see Section 2.1.).

i i i) Radiative phase

Following further expansion, radiative cooling becomes important. The rem-

nant then undergoes a strong transition in character, converting thermal energy

of newly swept-up material to radiative energy. The rapid cooling causes a drop

in the pressure behind the shock front, a decrease in the shock velocity and an

outward acceleration of material further inside. A dense and cool shell forms

and matter from inside accretes onto the shell. At the time (̂  50 000 years) of

complete shell formation about half of the released energy is radiated away

(Cox, 1972b). The interior of the remnant may remain hot because here the

cooling rate is small due to the low density, nT ('v. 10 cm ), and high temper-

ature, Tj (£ 10 K). According to Cox (1972c) the X-ray luminosity between 0.2

and 1 keV is given by

L x ^ 2.2 x 1 0 2 3 n x
2 T j 2 ergs s"1 , (4)

which is much less than in the adiabatic phase. The dense shell evolves as

R <* t (Chevalier, 1974), very near the momentum-conserving solution,

R = t , first suggested by Oort (1946).

iv) The extinction phase

When the expansion velocity becomes comparable with the thermal velocity

of the ISM (i.e., ^ 10 km s ) the remnant will lose its identity and merges

into the interstellar medium. The age of the SNR is then on the order of 10

years.

There are a number of numerical calculations covering the evolutionary

phases discussed above (e.g., Rosenberg and Scheuer, 1973; Gull, 1973a, 1975;

Straka, 1974; Mansfield and Salpeter, 1974; Chevalier, 1974; Falle, 1975; Cowie,

1977). A H these simulations reproduce the features characterizing the differ-

ent phases and the transitions very well.

The interaction jf the blast wave with small density fluctuations (cloudlets)

or with denser clouds hardly effects the dynamics governing the described evolu-

tion. The X-ray emission, however, which stems from the interfaces between the

cloud(let)s and the shocked ISM may yield a significant contribution to the total

(soft) X-ray luminosity (cf. Sgro, 1975; Chevalier, 1975; McKee and Cowie, 1975).

The clouds may be accelerated to a fraction (̂  0.2) of the blast-wave velo-

-18-



city as is the case in a number of remnants (e.g., Cygnus Loop, Puppis A ) . The

optical emission of these clouds (filaments) can be explained by a slow shock

moving into the cloud (McKee and Cowie, 1975; Bychkov and Pik'el'ner, 1975) -

These slowly-moving (£ 100 km s ) filaments have presented a severe problem

in interpreting the X-ray emission of SNRs because the blast wave velocities

were taken to be the same as those of the filaments. These small velocities

could not explain the derived high temperatures from X-ray observations.

Extensive reviews of the interaction of SNRs with the ISM have been given

by Chevalier (1977, 1978) .

The Crab Nebula (Ml) is the well-known optical remnant of a SN explosion

in 105^. Another example which is known for decades is the system of finefibred

nebulae NGC6960 and NGC6992-5, called the Cygnus Loop or Veil Nebula. In the

early days these nebulae were thought to be planetary or reflection (HII)

nebulae. It was as early as 19^6 when Oort proposed that the Cygnus Loop was

the remnant of a SN exploded some 30 000 years ago.

Until now 31 optical SNRs have been identified in our galaxy (cf. van den

Bergh etal. 1973; van den Bergh, 1978). Beside the two remnants mentioned

above others are Tycho, Kepler, Cas A, Puppis A, \Chb3, Vela, STt7, etc. The

SNRs may fall into the following classes: (a) thin-shell type, (b) smoke-ring

type, (c) filamentary-shell type, and (d) diffuse-shell type (see Figure *t). The

remnants of the last class are presumably older than those of the other classes.

The method to distinguish SNRs from other nebulae is not based on their

morphology but on the emitted line spectrum. For instance, the [SII]/Ha ratio

in SNRs is much larger. The power of this method has been demonstrated by the

detection of 3 " 5 SNRs in M33 at a distance of 720 kpc (D'Odorico et al., 1978,

Danziger et al., 1979) and even 2 SNRs in NGC2*tO3 at 3 Mpc (D'Odorico, 1978).

In recent years real progress has been made in calculating consistent

model spectra for a gas through which a shock front travels at a velocity of

about 100 km s"1 (cf. Cox, 1972a; Dopita, 1976, 1977; Raymond, 1979; Shull and

McKee, 1979). The interpretation of the spectra based on these models revealed

the presence of some shreds of the original star in the Crab Nebula and Cas A.

Also, traces from material gently ejected before the SN outburst (stellar wind)

have been detected in Cas A, Kepler, and 3C58. The older remnants are very well

suited for the study of the chemical composion of the interstellar medium (ISM)

because the swept-up matter dominates over the ejected matter.
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Figure 4. Types of optical supernova remnants. In (a) is shewn a thin shell

type, in (b) a beautiful example of a smoke-ring type, in (a) a

filamentary-shell type, and in (d) a diffuse-shell type (after van

den Bergh et at., 197S). There are indications that SNRs belonging

to the last type are larger (thus presumably older) than SNRs of the

other types.
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Soon after the discovery in 1946 of the first extrasolar discrete radio

source, Cyg A, the radio source Cas A was discovered. It proved to be the

brightest (extrasolar) radio source in the sky at low frequencies. At that

time Cas A was not known optically and the first identified radio source was

the Crab Nebula (Tau A ) . In 195** also Cas A was identified with some nebulosi-

ties, showing typical supernova-remnant characteristics. So, from the beginning

it was established that SNRs are a class of radio sources. At present more than

120 radio SNRs are known, much more than optical SNRs. All radio SNRs show more

or less the same characteristics :{a) non-thermal spectrum, (b) ring- or arc-like

structure, (c) no radio recombination lines visible in the spectrum, and (d)

linear polarization in most cases.

The non-thermal spectrum is ascribed to relatlvistic electrons trapped in

a magnetic field (synchrotron-radiation). There are a number of different models

explaining the spectral and morphological structures of the remnants (cf.

van der Laan, 1962a, b; Shklovsky, 1968; Gull, 1973a, b, 1975; Chevalier et a!..

1976). The models differ in the origin of the relativistic particles (intrinsic

to the source or from outside) and in the locations where radio emission is

generated (in highly compressed fields behind shock fronts of by turbulent

acceleration mechanisms inside the remnant).

During the last few years several comprehensive catalogues of radio SNRs

have been compiled by Milne (1970), Downes (1971), llovaisky and Lequeux (1972),

and Clark and Caswell (1976)- These catalogues have become progressively more

complete and reliabie as accumulated observations lead to identification or

rejection of candidate sources.

Shklovsky (1968) first pointed out that a relation between the radio sui—

face brightness (Z) and the diameter (D) may exist. This relation can not be

studied for a single specific remnant, due to its slow changes, but only by

compiling data from many well-known remnants. Indeed, it was found that for

those remnants whose distances were determined by independent methods, Z de-

creases linearly with a power of D. Taking uncertainties into account Caswell

and Lerche (1979) derived on the basis of the catalogue of Clark and Caswell

(1976) the following I-D relation:

t = 1 0 ~ 1 5 D" 3 exp(-|z|/175), (1)

-2 -1 -1
where £ is i n W m Hz sr and D and z in pc. The inclusion of the dependence

on the height above the galactic plane, z, is justified in view of density and
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magnetic field strength gradients perpendicular to the galactic plane (cf. Cas-

well and Lerche, 1979).

With the aid of this S - D relation distances to radio SNRs can be determined

by measuring their angular size, galactic latitude, and Z. The derived distances

may be correct to within 30 per cent.

Clark and Caswel* (1976) derived a relation between the number of radio rem-

nants and the frequency, T , of SN events. Allowing for an incompleteness in

their catalogue of *t0 per cent they adopt as a best estimate T = 150 years, a

much larger time interval than the value obtained from the optical SNe (see

Section 2.1.)< Also, the pulsar birth rate for which Taylor and Manchester (1977)

find one pulsar every 6 - AO years is different from the SNR frequency. The con-

clusion may be twofold: (a) not all SNe produce pulsars (cf. Taylor and Manches-

ter, 1977)> and/or (b) not all SNe produce long-lived radio remnants (cf. Clark

and Stephenson, 1977b).

It is now just more than 15 years ago that the first X-ray observations of

SNRs were carried out. The first identified X-ray source was again the Crab

Nebula (Tau X-1). Other early identified X-ray sources were Tycho and Cas A.

A large number of X-ray observations of SNRs have been carried out since.

At present 20 X-ray emitting SNRs are known, a list of which is compiled in

Table 1. We wi11 not give here a full discussion (reviews have been given by

Gorenstein and Tucker (1976) and Culhane (1977))but merely compare the X-ray

SNRs with radio and/or optical SNRs.

In Figure 5 we show the dependence of the number of SNRs on the galactic

positions. We notice a clear concentration of the radio SNRs toward the galac-

tic centre. The optical and X-ray SNRs are fairly uniformly distributed, mainly

in the galactic plane. In Figure 6 we plotted the galactic distribution of the

remnants projected on the galactic plane. The plot shows that most optical and

X-ray remnants are nearby (d % 4 kpc): 18 optical and 15 X-ray SNRs out of 30

are within k kpc. Of this sample of 30 SNRs only 9 are not identified optically

and/or in X-rays. All X-ray SNRs have optical counterparts, except Vkk, the

Lupus Loop, and the North Polar Spur. Also, the plot shows that toward the ga-

lactic anticentre 16 optical (70%) and 8 X-ray (35%) out of 23 radio SNRs have

been identified, whereas toward the direction of the galactic centre only 15

optical and 12 X-ray out of 100 radio remnants are known. This is of course due

to the fact that the radio SNRs in the direction of the galactic centre are on

the average more distant and hence more obscured than those in the anticentre
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Table 1. X-RAY EMiTTIN'j SUPERNOVA REMNANTS

Name

Cas A

Tycho

G287.8-0.S

SN1006

RCU86

RCW103

3C58

Puppis A

IC443

Vela

Cygnus Loop

Lupus Loop

W44

PKS1209-52

S9I-94

HB9
NPS

DR4

MSH15-52

Crab

Dist.

(kpc)

3

6

2.5

1.3

2.5

3.3

8

2.2

1.5

0.5

0.8

0.5

3
2

0.9
1.1

.13

2

4.2

2

Diam.

(pc)

4

14

30

13

28

9

20

17

20

40

38
40
24

40

75
43

230

30

32

3

Age

(years)

300

400

-

1000

1800

£ 1000

800

4000

3400
14 000

13 000

20 000

21 000

T, 10 000

20 000

10 -10'

-

30 000

10 000

-

900

Temp.

(106 K)

13
60

6
41

3

ao
2

20

4
S 60

2.5
16

4
13

6-28
10

4.3
2.5

1.9

•>• 3

•v. 4

2

1 - 10

-

^ 3
3
-

6

L X ( 1 D
3 5

0 . 1 5 - 2 keV

-

-

10

•v. 1

% 100

-

-

25

2

7
5
10

0.7
-

10

1

-

•v. 3 0

% 50

-

T. 50

-1,
ergs s )

1-10 keV

30

70

0.4
1.7

0.1

0.3
1.6

4

5

10
1- 5

0.5

0.8

-
-

•v 1

-

-

0.2

-

-

">• 5

30

12

13

4

23

Refs.

1

1

2

3

4,5
6

7
8

9

10

11
.13

.14.15
16

17
11

18

,5
19

9
20

10

21

22

.24

25
26

Comments

Li ne emi ss

Li ne emi ss

n Car
Line emiss

AO185

ADI 181

Line emiss

in radiative

Y Cygni

4U1510-59

ion

ion

ion

on

phase?

1. Davison et a!.. 1976

2. Bunner

3. Becker et al., 1976

4. Winkler et al., 1979

5. Davelaar et al., 1979

6. Zarnecki and Bibbo, 1979

7. Naranan et al., 1977

8. Winkler, 1978

9. Tuohy ct al.. 1979

10. Shu I nan et al., 1978

11. Moore and Garmire, 1976

12. Zarnecki et at., 1978

13. Levine et al., 1979

14. Winkler and Clark, 1974

15. Malina et al., 1976

16. Parkes et al., 1977

17. Gorenstein et al., 1974

18. GronenschiId, 1979

19. GronenschiId et al., 1978

20. Snyder et al., 1978

21. Hayakawa et al., 1978

22. Davidsen et al., 1977

23. Forman et al., 1978

24. Seward et al., 1976

25. Toor and Seward, 1974

26. Toor et al., 1976
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Figure 5. Dependence of numbers of SNRs on the galactic coordinates. The radio

remnants are seen to be strongly concentrated toward the galactic

centre. The optical or X-ray remnants are almost uniformly distrib-

uted with some preference for the galactic plane. The difference in

the histograms for the optical and/or X-ray remnants with respect to

that of the radio remnants is most probable caused by obscuration

effects (see also Figure 6).
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* X-RflY (20J
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DISTRIBUTION OF GfllRCTIC SUPERNOVfl REMNflNTS

Figure 6. Bird's eye view of the Galaxy showing the distribution of the super-

nova remnants. The concentration of the optical and/or X-ray remnants

toward the Sun is clearly shown. Within a distance of 4 kpc from the

Sun 18 optical (58%) and 15 X-ray (75%) remnants are situated. Data

are used from the catalogue of Clark and Caswell (1976) with the sug-

gested corrections by Caswell and Lerche (1979).
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direction. This explains also the homogeneous distribution of the optical and

X-ray remnants as shown in Figure 5. These remnants are nearby because obscura-

tion prevents them to be discovered at large distances. It is also obvious from

Figure 6 that the catalogue of radio SNRs is not complete, only 27 remnants are

situated in the opposite half of our galaxy. If we assume a homogeneous distri-

bution and that all remnants in the near half (96) have been discovered this

means that the catalogue is by dh% complete (see also Clark and Caswell, 1976)-

4. CONCLUSIONS AND FINAL REMARKS

Supernovae result from the collapse of the cores of highly evolved, fairly

massive stars. The energy release is on the order of 10 ergs. From SN statistics

we have obtained more information on SN progenitors. The interpretation of SN

spectra is still a difficult task but progress is being made and the physical

processes which play a role are becoming somewhat clearer as more data accumula-

tes. Detailed spectroscopic investigations of young SNRs have identified not only

the chemical composition of the outer stellar layers which were ejected, but also

traces of material gently ejected (stellar wind) long before the outburst of the

SN progenitor.

Observations of SNRs at radio wavelengths are important and due to the small

effect of obscuration and the enourmous sensitivity of current radio telescopes it

allows for the study of remnants at large distances. The angular resolution gets

closer now to that of optical telescopes so that detailed comparison between the

observed optical and radio distributions can be made. This has resulted in more

insight into the acceleration mechanisms of relativistic electrons in supernova

shells or in highly turbulent media in the interior.

A fairly recent development concerns the X-ray observations of SNRs which

have led to a great deal of understanding on how remnants evolve and on how the

energy is distributed in the remnants. In particular, the remnants deposite

kinetic energy in clouds overtaken by the blast wave and create the hottest

component of the interstellar medium.

Observations at other wavelengths are well underway or are being prepared.

The IUE satellite is studying UV radiation of remnants and with COS-B detailed

y-ray observations of the Crab Nebula and Vela have been made.

Concerning the X-ray observations, in recent years it has been shown that

young SNRs emit an excess of soft X-ray flux. The spectra of these remnants are

being explained with a two-temperature model, the high temperature resulting

from the heating of the ISM by the blast wave. The soft X-ray emission from a

plasma of low temperature may be due to the so-called reverse shock wave moving
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back into the ejected supernova shell when its pressure falls below that of the

shock-heated gas behind the blast wave and in front of this shell (McKee, 1974).

But an alternative explanation may be that the excess soft X-rays are caused by

non-stationary ionization effects, discussed in Chapter VI of the present thesis.

Detailed spectroscopic observations in X-rays are needed in order to derive the

density and temperature structure and the composition of the material that is

heated to X-ray temperatures. The detection of lines in the X-ray spectrum of

young remnants have already hinted at the power of these observations. In partic-

ular, it is of great importance to obtain the variation of the electron tempei—

ature within the shock front because it is yet not clear whether the electrons

acquire the same temperature as the ions.

In conclusion, I would like to quote Donald W. Goldsmith: 'Supernovae are

called on to explain everything, and indeed they may, but I await further studies1

(IAU Symposium No. 60 on Galactic Radio Astronomy, Maroochydore, Australia,

3 - 7 September, 1973).
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CHAPTER II

X-RAY OBSERVATIONS OF THE CYGNUS LOOP BY ANS

ABSTRACT

With the ANS satellite we have observed the Cygnus Loop twice in 1975 in a

set of 150 pointings uniformly distributed over the entire optical extent. In

the soft X-ray band 0.16-0.28*4 keV and in the energy ranges 0.32-0.A6 keV and

1-2 . 5 keV we present detailed X-ray brightness distributions which are binned

in cells measuring 5' x 6 l 7 and 15' x 2 0 ' . The soft X-ray distribution with an

actual resolution of 10' x 1 2 ' is in many respects similar to the optical and

radio distributions, especially in the north-east filament NGC6992-5- The outer

X-ray edge reaches at least 10' farther out than the optical edge and follows

very closely the outer radio contours near NGC6992-5 and NGC6960. In the north

it extends to about 32.5 declination, coincident with a very faint Ha filament.

Spectral fits to the data yield temperature and interstellar hydrogen

column density variations on a scale of 30' x^O'. The temperature may be as low

as about 10 K and as high as 5 x 1 0 K. The column density varies in the range
20 -2

(1 -12) x 10 atoms cm . Modeling the Cygnus Loop as emission from a thin shell

with a thickness of 1/12 of the radius reveals density inhomogeneities in the

range 0 . 1 - 2 cm from which, when combined with the interstellar absorption, it

is concluded that a large cloud with a depth of at least 20 pc is present in

front of the source.

These density variations may effect only the outer few pc of the remnant

but may have no serious impact on the overall behaviour of the remnant so that

it appears to be appropriate to describe the source with the homogeneous Sedov

solution.

The observed fluxes of the forbidden [Fe XIV] 5303 A line are compatible

with the X-ray observations only if small-scale temperature variations are as-

sumed. The reported discovery of the forbidden [Fe X] 637^ 8 line in NGC696O is
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consistent with the derived X-ray temperature and flux.

The negative result of a search for 0 VII X-ray line emission fits well

into the temperature variations which have been found.

The overall behaviour of the supernova remnant may be best approximated

by the following set of parameters: temperature is T = (2.26±0.10) x10 K;
50 *

explosion energy is E Q = (1.1 ±0.3) x10 ergs; mean ambient interstellar densi-

ty is n Q = (0.15 ± 0-03) cm~^ and the age is t = (21 000 ± *t 000) years.

Keywords: X-ray sources - Cygnus Loop - Supernova remnants- Interstellar matter-

Nebulae.

1. INTRODUCTION

The supernova remnant the Cygnus Loop has been studied in a number of X-

ray experiments. All observations favor a thermal rather than a power-law spec-

trum for the entire source with temperatures in the range ( 2 - 4 ) x 1 0 K and a
20 -2value for the interstellar hydrogen column density of about 5 x 1 0 atoms cm

Gorenstein et al. (1971) and Stevens et al. (1973) found evidence of line

emission from 0 VII and 0 VIII ions at a level of 10-20& of the total X-ray

flux. However, these observations were carried out with proportional-counter

detectors which lack the power to resolve line features. A more sensitive

search for line emission has been performed by Stark and Culhane (1978) with a

Bragg crystal spectrometer. They were able to set an upper limit down to SZ of

the X-ray flux of the total Cygnus Loop contained in 0 VII transitions between

21.6 8 and 22.1 K. Also Bleeker et al. (1972) could best fit their pulse-height

spectrum without involving lines.

Evidence for a multi-temperature X-ray spectrum has been obtained with

(gas scintillation) proportional counters on board a rocket launched by Japanese

observers (Hayakawa et al., 1978 and Inouye et al., 1978).

The X-ray structure was obtained by multiple scans with large-area detec-

tors of which the fields of view (FOVs) were small at least in one direction

(Stevens and Garmire, 1973, hereafter SG73, and Rappaport et al., 1973, 197't,

hereafter R73, R7^) • Syntheses of the essentially one-dimensional scans by

various techniques resulted in X-ray maps of which those by R73 and R7̂ t are the

most detailed (cell size 6' x 6 ' ) . A two-dimensional set of observations of the

north and north-east filamentary region has been carried out by Copernicus

(Charles et al ., 1975). From spectral fittings to the data they obtained equal

temperatures for both regions.

A direct X-ray image of the Cygnus Loop in the energy range 0.15- 1.12
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keV has been obtained in a recent rocket flight by Rappaport et al. (1979. here-

after denoted by R79) .

In the present paper we present detailed maps in the energy ranges 0.16

-0.284 keV, 0.32 - 0.46 keV, and 1 - 2.5 keV. Spectral f i ts to the data resul t in

a temperature structure on a scale of 30' x40', the consequence of which will

be discussed.

2. OBSERVATIONS

The Cygnus Loop has been observed by ANS on two occasions separated by

half a year, viz., from May 1 5 - 2 2 , 1975 and during November 1 6 - 2 4 , 1975.

The two Utrecht SRL X-ray detectors were involved in the observations. One

proportional counter is sensitive in the energy range 0.16-0.284 keV and uses

a parabolic mirror to increase its geometrical area to 144 cm . Its circular

FOV has about a trapezoidal response with a flat top of 27' and a FWHM of 34'.

The other proportional X-ray counter is sensitive in the energy range 0.32-0.46

keV and 1 - 7 keV (subdivided over six pulse-height channels) and comprises a
2

mechanical collimator to set its geometrical area at 45 cm . The rectangular FOV

has about a trapezoidal response with a flat top of 23' in both directions and a

FWHM of 38' x75'. For more details we refer to Brinkman et a!. (1974), Den Bog-

gende and Lafleur (1975) and Den Boggende (1975).

To establish the X-ray structure we have set up a grid of pointings uni-

formly distributed over the entire optical region with a total coverage of about

4 ° x 4 ° . The 150 grid points were located at mutual distances of 30' and 15' in

ecliptic longitude and latitude, respectively. This orientation has been chosen

due to the fact that the spacecraft scans at right angles to the direction to

the sun (so along ecliptic meridians). Also the rectangular collimator of the

medium X-ray detector is aligned in that way, thus facilitating the calculation

of the collimator response function at the grid points in that case. In the

more convenient coordinates of right ascension and declination the distances

between the grid points are 20' and 15', respectively. We now define 'cells'

with these sizes.

With an accuracy of better than 1' the spacecraft pointed towards the cen-

tre of each cell during a typical integration time of 64s. The observed count-

ing rates were assigned to the appropriate cells, although due to the larger

FOV of both detectors, also fluxes from neighbouring cells were included (fold-

ed with the collimator response).

The total time spent on the source accumulated to about 4 hours during

which more than 50 000 counts have been observed. The background radiation was
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measured in pointings towards positions far outside the Cygnus Loop. I n t h i s w a y

about 40 000 non X-ray events were detected in about 4 hours. (The diffuse X-

ray background radiation appeared to be negligible with respect to the particle-

induced radiation.)

3. X-RAY BRIGHTNESS MAPS

In an earlier paper (GronenschiId et a!., 1976, Paper I) we presented the

preliminary result in the soft X-ray band without deconvolution with the detec-

tor response. Our final result is very similar, although some minor differences

are present due to a more accurate determination of the background radiation.

On the map in Paper I a crude shell structure is clearly visible. In the energy

bands 0 . 3 2 - 0 . 4 6 keV and 1 - 2 . 5 keV it is only margi nal ly visible or not at al 1

due to the larger FOV.

We developed a method based on the reconstruction technique ART (algebraic

reconstruction technique, cf. SG73; Moore, 1975; Charles et al., 1977) to

derive X-ray brightness maps in the three mentioned energy bands.

We will give here very briefly a description of the method. Starting from

an initially zero source distribution after each-step the folded distribution

is compared with the actual observed one. The difference between both is treated

as a correction and is distributed according to the collimator response, re-

sulting in a new source distribution. The procedure is repeated as many times as

needed. Only from simulations the optimum number of iterations can be derived

and also the error distribution is obtained in this way. More details can be

found in GronenschiId (1979) where it is shown that the technique is a power-

ful one but it is very sensitive to the signal-to-noise ratio. If this ratio is

high, as is the case with the soft X-ray observations, there may be a substan-

tial improvement of the resolution. It is also shown that a too small cell size

results in a distribution bearing similarities with the collimator response.

The raw data were filtered using a two-dimensional Fourier transform to

eliminate the greatest part of the statistical noise before applying the ART

deconvolution. The filtering was essentially based on the method described by

Brault and White (1971) with the shape of the spatial-frequency filter chosen

in such a way that the reconstruction of a known source distribution was not

significantly affected.

In Figure 1 we present the result in the soft X-ray band 0 . 1 6 - 0 . 2 8 4 keV

with a cell size of 5' x 6 i 7 - The density of lines is linearly proportional to

the counting rate with every line corresponding to 0.015 c s . From Monte

Carlo simulations which are discussed in GronenschiId (1979) it follows that
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every line in Figure 1 represents a significance of about 0.7" 1.0 sigma (or
~7 — 2 — 1 -1

about 1 x 1 0 ergs cm s sr at Earth) so that the brightest parts in the

shell are significant to a level of 15 sigma, while the mean level of the whole

shell is about 7 sigma. The isolated small 'sources' located along the outer

edges are probably artifacts produced by the ART algorithm. It has been noted

by SG73 that at places which are relatively poorly sampled 'wings' may occur

(see also Charles et al., 1977). In these cases the ART overcorrects the ob-

served distribution, especially if there the counting rate happens to be exces-

sive high due to the noise (note, that filtering is also less effective at the

edges). From the number of iterations we obtain an actual resolution of better

than ^ 10' x 12' (GronenschiId, 1979).

A map with a cell size of 15' x20' and in the energy range 0.32-0.46 keV

is presented in Figure 2. Here the effect of the wings at the outer edge is more

pronounced (see upper left-hand and lower right-hand corner) due to a lower

signal-to-noise ratio. The brightest parts are significant to a level of about
-7 - 2 - 1

5 sigma (one sigma represents a flux at Earth of about 8 x 1 0 ergs cm s

sr ) . From simulations it appears that the resolution is better than ^ 15' x 3 0 \

or just more than one cell.

In Figure 3 we present a map in the energy range 1 -2.5 keV. The number of

iterations to obtain the map is only 3 due to the very low signal-to-noise ratio,

so that the actual resolution is not much better than the FWHM of the F0V, or

about 3O'x6O'. The maximum significance is about h sigma. One line corresponds
-7 -2 -1 -1

to about 0.3 sigma and is equivalent to about 2 x 1 0 ergs cm s sr at

Earth.

Comparison with other X-ray maps is not easy because of the different en-

ergy ranges in which the Cygnus Loop has been observed. Also a different reso-

lution may further muddle any similarity. We therefore restrict ourselves to

a comparison of the soft X-ray map with the image of R79.

In Figure k the present soft X-ray map (cf., Figure 1) is superposed (in

red colour) on the recent 0.15" 1.12 keV X-ray image of R79- The spatial reso-

lution of the latter image is about 12', very close to ours in the soft X-ray

region. The image compares strikingly well with our map, except near a position

around a = 20 53 m and 6 = 30?8 where we observe less emission. West of the

carrot-shaped filament (a ^ 20 k(tm and 6 ^ 31°5) our map shows somewhat more

emission. Our distribution also extends somewhat further out near the south part

of the east filaments NGC6995 and in the north.

What already was noted in Paper I is even more pronounced in the present
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Figure 1. Soft X-ray brightness map of the Cygnus Loop. The aell size is B'x6.'7

and the density of lines in each cell is linearly proportional to the

counting rate, i.e., every line corresponds to 0.015 a s . The field

of view (FOV) of the detector is shown in the lower left-hand corner.

Superposed on the map is the red Palomar Sky Survey print (§ National

Geographic Society). From Monte Carlo studies it is derived that the

brightest regions are significant to a level of about 15 sigma. The

actual resolution of the X-ray map is better than about 10' xl2' or

about 2x2 cells. The isolated 'sources' along the north and east

(left-hand) edge may be not real but artifacts due to the Algebraic

Reconstruction Technique (ART) used to obtain the map.
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r

Figure 2. X-ray brightness map in the 0. ,iS -0.46 keV band. The cell size is

15'xSO' while the actual resolution is better than about ih'xSO'

fv 1 cell). Every line in each cell corresponds to 0.020 c s'1. The

bright parts have a significance of about 5 sigma. The ''sources' in

the upper left-hand and in the lower right-hand corner are 'wings '

produced by the ART. The FUWM of the FOV is given in the lower left-

hand corner with an orientation of the long axis parallel to the

ecliptic. There is relatively less flux visible in the south(-west)

part than on the map of SG7S.
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Figure 3. X-ray brightness map in the energy range between 1 keV and 2.5 keV.

The cell size is 15' x20', the actual resolution is not much better

than the FWHM of the FOV shown in the lower left-hand corner, i.e.,

S0'x60'. Each line in a cell represents 0.002 c s with a maximum

significance of about 4 sigma. In view of the resolution, the X-ray

structure may be best approximated with a bright extended source in

the north part, between and around NGC6992 and NGC6974, and a small,

weak source south of NGC6995.
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Figure 4. X-ray image of the Cygnus Loop in the energy range 0.15-1.12 keV

recorded by Rappapovt et al. (1979) on which in red the present soft

X-ray map is superimposed. The resolution of both maps is about

10'-12'. The X-ray distributions are strikingly similar except for

some regions near a = 20 5Z?" - 20 S£m and 8^30?8. Note also some

brighter parts in our map near a"»20 4(f and S'W.zfs,, which is just

west of the carrot-shaped filament (of. Figure 1).
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Figure 5. Radiomap of Keen et al. (1973) superposed in red on the present soft

X-ray map. Note the coincidence of the radio-maxima with the X-ray

maxima near the east filaments. The outer radio contours alosely fol-

low the outer X-ray edges in the north and west parts. In the south

the radio emission extends to a much lower declination than the X-ray

emission. The small radio sources CLG and CL7 near the east filament

are clearly present in the X-ray map.
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deconvolved map, viz., a clear separation between the north and south parts of

the X-ray emission near NGC6992-5. This is aiso visible in R79's image although

being it not as distinct, and similar structure was observed by Copernicus

(Charles et a!., 1975) with the small (12'0) FOV. We may note that the optical

filaments are narrower at the X-ray minimum.

Comparison of the three present X-ray maps suggests a radius decreasing

with increasing X-ray energies. This is strengthened by the fact that the re-

constructed distributions derived from the soft X-ray map folded through the

collimator response of the medium X-ray energy detector are broader than the

actual ones obtained in both the 0.32-0.^6 keV and 1 -2.5 keV bands. This pic-

ture fits well into the Sedov (1959) model of an adiabatic expansion for a

supernova remnant.

Gull et al. (1977) made some narrow-band optical observations of the Cyg-

nus Loop. They detected a faint H3, Ha+ [N II] filament between a ^ 20 5^m and

a ^ 20 h7m which reaches out to a declination of about 32?5 and which is also

visible at radio frequencies at a level of about 10% of that of NGC6992-5 (Dic-

kei, 1978). This faint filament may mark then the outer border of the soft X-

ray emission in the north (cf., Figure 1; also note some differences between

our soft X-ray map and R79's map (Figure A) in that region).

In Figure 5 the radiomap of Keen et al. (1973, hereafter K73) is shown

together with the soft X-ray map. One may note a great similarity at the east

filament (NGC6992-5) where the K73 radiomap also shows a clear separation be-

tween the north (NGC6992) and the south parts (NGC6995) • In the western region,

west of NGC696O, the soft X-ray map is very similar to the radiomap of De Noyer

(197*0. which has about the same resolution. Both the X-ray and radio edges are

located at a distance of about 15' outside the optical edge. As noted by De

Noyer (1975). a faint optical filament is positioned along the outermost radio

contours which may reside at the current shock position. In the interior K73's

map shows an emission pattern correlated with the X-ray distribution. Note also

the gap in both the radio and X-ray emission inside the east filament. No X-rays

emanate from the very south part where only faint optical filaments are visible.

This is in contrast with the extended radio emission visible in K73's map.

In addition, it may be worthwhile noting that tha two isolated radio sour-

ces CL6 and CL7, about 0?25 west and east of the X-ray minimum near NGC6992-5

(e.g., K73, De Noyer, 197*0 are visible in the present soft X-ray map (CL7 is

only marginally visible in R79's map). Recent observations with the Westerbork

radio telescope by Dickel (1978) reveal structure on a scale of less than I1

for both CL6 and CL7. Dickel (1978) has also drawn attention to some faint
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filaments visible in [0 III] , IN II],and [S II] on the plates of Gull et al.

('977) near CL7- Clearly, more optical, radio, and X-ray observations (e.g.,

HEAO-2) are needed to assess any correlation.

In summary we conclude that the soft X-ray emission of the Cygnus Loop is

concentrated in the north and north-east region. In the latter part there exists

a clear correlation with both the optical and radio distributions. The X-ray

emission extends farther out than the optical emission of these filaments and

follows the outer radio contours. In the north, the X-ray emission reaches out

to a declination of about 32.5 with a concentration towards the faint filaments

NGC697'*, east of the 'carrot1. Also near NGC696O, the X-ray distribution follows

the outer radio contours at about 15' - 2 0 ' from this filament. In contrast to

SG73 we observe relatively less flux in the south part.

It. SPECTRAL RESULTS

In Section 3 we showed how the X-ray brightness distributions vary with

energy. It is thus a straightforward procedure to search for spectral changes

across the source. In order to obtain statistically significant results with an

acceptable resolution we binned the ART maps in cells of 30' x^O 1. Standard

deviations to the derived counting rates were obtained by the method described

in Gronenschild (1979).

The data were fitted to thermal-type spectra of the form:

" E/kT " NH°
^| = C E"1 g(E,kTx)e

 x e ph cm"2 s'1 keV"1, (1)

with C(ph cm s ) a normalization constant, kT (keV) the X-ray temperature,
_2 x

N,,(atoms cm ) the interstellar hydrogen column density, and o the cross sec-

tions based on the values of Brown and Gould (1970). In the case of a brems-

strahlung spectrum g(E,kT ) represents a gaunt factor (Chodil et al., 1968),

which is set equal to unity in the case of an exponential spectrum. Also a con-

tinuum and line (CL) spectrum based on the calculations by Mewe (1972, 1975)

and Gronenschild and Mewe (1978) was used to fit the data.

The results are displayed in Figure 6 in the form of a distribution of the

temperature obtained with the CL spectrum. Every line corresponds to a tempera-

ture of 0.01 keV or about 1.2x10 K per bin. The map shows a large spread of

temperatures which indicates the presence of an inhomogeneous interstellar me-

dium (ISM). For in the case the ISM would be homogeneous a gradual increase of

the temperature towards the centre should be observed on the basis of Sedov's
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Figure 6. Distribution of the X-ray temperature in bins of SO' x40'. Every Line

corresponds to a temperature of 0.01 keV or about 1.2x10 K per bin.

The lowest temperature found is (1.0 ±0.4) x 10 K in bin (2,3) (i.e.,

(X,X) coordinate (2,3)), the highest is (4.9 ± 2.0) x 106 K in bin

(3,5), south of the optical centre. Note the low temperatures along

the western filament NGC6960 and the much higher temperatures near

the other optical filaments. For bin (4,1) the spectral fit is bad
2

(X • "»3, with 0 degrees of freedom), so we have not indicated the
temperature there. For the other open bins no fits could be obtained

due to the low signal-to-noise ratio.
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'•'igure ?. Distribution of the interstellar hydrogen column density N,, along the

line of sight to the source. The bins measure SO' x40'} with eaah
19 —2line corresponding to a value of 5 x 10 atoms am . The lowest

20 "2values for Nu are about 10 atoms am , the highest value is found
22 -2in bin (2,6) (dark spot) where it is less than 2x10 atoms cm
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(1959) theory (cf. also Chevalier, 197*0- The main result is that there are re-

gions where the temperature is different from that generally found in fitting

the pulse-height spectrum of the whole Cygnus Loop (T ^2.5x10 K, see also
x 6

below). In the north-west the temperature is about A x 10 K, the region west of

NGC6960 is very cool, T 'MO K. Along the NGC6992-5 filament in the east the
x c £

temperature ranges from 2 . 4 x 1 0 K to 3 - 3 x 1 0 K, whereas just inside this fil-

ament the value is 1 . 5 x 1 0 K. The hottest region may be just south of the op-

tical centre, in bin (3,5) where the derived temperature is (4.9i 2.0) x 10 K.

In the north (bins ( 2 , 2 ) , ( 3 , 2 ) , and (4 ,2)) the temperature differences are

small, possibly indicating a fairly homogeneous ISM.

The value for the interstellar hydrogen column density N,. varies also over

the source as is shown in Figure 7. In this figure every line corresponds to
20 -2

0 . 5 x 1 0 atoms cm . The dark bin in the south indicates a value for N of
(1 ± 1) x 1 0 2 2 atoms cm" 2.

o

In Figure 8 w e present the X • + 3 . 3 (1 o—) contours in the kT , N plane
m i n x n

for a number of bins which are denoted with the (X,Y) coordinates as defined

in Figure 6. (For clarity we have not included the contours of all bins.) This

figure clearly demonstrates the isolated positions for some of the bins. We may
also note a concentration of the contours towards kT ^ 0 . 2 5 keV and N u ^ 5 x 1 0

__ x n

atoms cm , values which were obtained in the past from observations of the en-

tire source.

More details are presented in Table 1 where w e compiled the value of ;< •

(0 degrees of fr e e d o m ) , the lo (x . + 3 - 3 ) values of T , N u , and the flux F
oi m i n xn x

(ergs cm s ) (for interstellar absorption corrected) in the soft X-ray band

0.16- 0.284 keV. Within the errors the results for the other thermal spectra

are practically the same.

In some bins the x • value is large (a, 1 ) which may indicate a more com-

plicated spectral structure (multi-temperature). We therefore did not include

the values for bin (4,1) in Figures 6 and 7-

In Table 1 we have underlined those bins which are situated near the posi-

tions observed by Copernicus with the small field of view (12'0). The values of

Nj, and T are in rough agreement with the Copernicus results derived in the

0.5-1.5 keV band: T = (2.0 ± 0.4) x 10 6 K and N u = 5x 10
2 0 cm"2 for all studied

areas. The relative fluxes are about h% for both NGC6992 and NGC6995 and about

7% for NGC6974, whereas Copernicus derived 5% and 10%, respectively.

Although it may not be quite justified in view of the large variations in

both the temperature and interstellar absorption, we made spectral fits to the

composite pulse height spectrum of the entire source. This spectrum is obtained
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Figure 8. Contours of x • +3.3 (la) for the spectral fits to individual regions

of SO' x40'. The contours are labeled with the (X,Y) coordinates as

defined in Table 1 and Figure 6. For clarity not the contours for all

bins are presented. The more extended contours are drawn with dashed

lines.

by summing the counting rates of all individual pointings and correcting these

for the overlap due to the FOVs of our detectors (cf. Paper I ) . In this way all

the effects of the ART procedure are bypassed and the fol lowing counting rates were

derived: (40.21 ± 0.07) c s'1 (0.16-0.284 keV), (2.33 ± 0.01) c s"1 (0.32-0.46

keV), and (0.35 ±0.01) c s"1 (1.0-2.5 keV). The results of the spectral fits

are given in Table 2 where we took into account the in-flight calibration data

for the gas gain of the detectors (Den Boggende, 1979). The quoted errors are

3a values (x . +11-3). Apart from the spectral parameters T , N H, and C (cf.

Equation (1)) we also give the flux in the 0.16-0.284 keV, 1.0-2.5 keV, and

0.15" 1.5 keV band, (n the case of a CL spectrum the value of C is expressed

in
2 5^ - 3e/d where e(10 cm ) is the emission measure and d(pc) the distance.
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TABLE 1 SPECTRAL DATA FOR DIFFERENT AREAS IN THE CYGNUS LOOP

Cell

(X,Y)
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1

1

1
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2

2

2

2

2
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3
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1

2

3
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0.01
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0.00
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1.5}

0.06

0.04

0.46
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3

1
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1

2
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2

2

3.

l .

1)
Tx

.8±0.9

.941.2

.U0.5

240.6

.3*0.3

8*0.1

010.4

041.4

Oil .4

6*2.0

0+1.4

2J0.3

6il.O

2)
NH
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F
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3

<S

2

2

1

2

2

1

2

3

.9*2

.010

0.9

.B*0

.9*0

.510

.8-0

• 3 * 1

. 7 * 0

.4*0

.340

)

.9

.0

.4

.2

.3

.6

.1

.7

.6

.1

.2

2)
NH

' 1 . 7

<6.0

4.2H.8

<8

4.710.7

5.5*1.5

12 ' 2

7 * 1

' 5 . 5

5.741.3

5.0*0.5

1.2*0.9

3)
F

X

0.710.3

1.2H.0

1.8*1.1

<42

6.8*2.0

4.6*2.3

24 • 12

4.2H.1

< 1.7

4.6H.9

7-2*1.5

1.4*0.5

1) Temperature in units of 10 K

2) Hydrogen column density in units of 10 atoms cm

3) Flux (corrected for interstellar absorption) in the band 0.16-0.284 keV in units of 10 erqs en -2 -1

The results are in good agreement with previous other results (cf. Goren-

stein and Tucker, 1976)- Hayakawa et al. (1978) and Inouye et a l . (1978) w e r e

not able to fit their pulse height spectra with a single temperature. Instead,

they at least needed two temperatures: T = 1 . 3 x 1 0 K and T = 4 x 1 0 K with
20 -2

N H = 4 . 7 5 x 1 0 atoms cm . A multi-temperature model to fit the data has been

employed by Inouye et al. (19 7 8 ) . Their results support our derived spectral

variations across the source, although their model is somewhat artificial in

view of the common value of N H for all spectral components in their model.

As will be discussed in the next section we will assume that the source

is optically thin and is of pure thermal nature so that a CL spectrum may be

the best representation of the emergent X-ray spectrum.
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TABLE 2 SPECTRAL DATA FOR ENTIRE SOURCE

Spectrum

Exponential

Bremsstrahlung

Continuum + Line

2

2

2

X

, 0 6

.37*0

.6610

.26*0

K

. 1 *

.17

.10

102 0 cm

3

it

it

.8*40.

.22*0.

.01**0.

• 2

18

16

lit

c

ph

92

55

cm'2

* 1 i1

.5*

-

s

7.
2)

-1

6

6

Flux 10

0.16-0.28*1 keV

6

7

6

.210

.5*0

.8±0

.5

.6

.6

-9

1 .

0

0

0

ergs cm s

0-2.5

.21*0

.2240

.2010

keV

05

Qk

05

-1

0

3)

.15-1.5

14

16

22

110.

010.

6±0.

ke\/

5

7

3

1) xm'n • ".0 - 0.1, 0 degrees of freedoms

Quoted errors are 3o (x . + 11.3) errors.

2) In this case no value of C can be given but the emission measure per square pc is

(1.37±0.03)xl053 cm"3 pc'2

3) Corrected for interstellar absorption.

5. DISCUSSION

In this section we will discuss some consequences of our results: tempei—

ature variations and column density variations across the source. First, we will

derive some general parameters from the composite spectrum while we will later

concentrate on individual areas of the Cygnus Loop. Special attention will be

paid to the coronal lines of Fe X and Fe XIV which have been detected and to

the upper limit to 0 VII line emission. We will also deal with density varia-

tions derived from the fluxes in the individual regions.

5.1. Parameters for the entire source

The Cygnus Loop is thought to be either in the adiabatic or in the radia-

tive phase of its evolution. The latter phase requires an interstellar density

of about 1 cm (Cox, 1972b) which is about a factor 6 more than expected from

the average 1ine-of-sight density, derived from the X-ray spectrum (see below).

Another, more decisive, argument against the radiative model for the Cygnus Loop

is the discovery of high-velocity optical filaments (e.g., Kirshner and Taylor,

1976). Therefore, we will consider our spectral results in the context of an
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adtabatic blast-wave model developed by Sedov (1959) which will lead to a self-
consistent picture. Expressions for the shock front radius R (pc), velocity V

-1 s s
km s , and temperature T (K) can be derived from the formula's given in Sedov

* ^ -1

(1959) • The X-ray luminosity L (ergs s )is obtained by integrating the volume

emissivity of a unit-density plasma P(T,AE) (e.g., Raymond et al., 1976) weight-

ed by the square of the density (e.g., R7^) •

In the Sedov solution the temperature increases inward, whereas the density

decreases. The X-ray spectrum integrated over the total volume of the supernova

remnant is thus determined by an effective temperature T which is somewhat

higher than the actual temperature T at the shock front. In R7^ the relation

T ^1.3 T was obtained, Stark and Culhane (1977) computed a more accurate con-
X S

version. Using their results in the homogeneous-density case we derive T =
c s

(1.51-1.6i)x10K from T as obtained with a CL spectrum (cf. Table 2). At a

distance of d = 770 pc (Hubble, 1937, Minkowski, 1958) the X-ray luminosity in

the soft X-ray band is L = (A.8 + 0.^) x 1 0 " ergs s" in the case of a CL spec-

trum (cf. Table 2). With the aid of the brightness distribution in Figure 1 the

shock radius has been estimated to be R = 1?3 - 1*?5 or R = (18.8 ± 1.3)pc. In

Table 3 we summarize the derived parameters in the Sedov model and their depen-

dence on the distance. The mean molecular weight has been taken to vary between

0.5 (fully-ionized hydrogen plasma) and 0.6 (^10% helium included). The volume

emissivity is P(T ,AE) = (1.5±0.5)x10 ergs cnr s" which is about the range

of various values given in literature (e.g., Tucker and Koren, 1971, Raymond et

al., 1976, Kato, 1976) and using data from Mewe (1972, 1975) and Gronenschild

and Mewe (1978).

The derived parameters are in good agreement with the most accurate ones

obtained so far (R7*0 • The value of the interstellar density is in excellent

agreement with the 1 ine-of-sight density derived from N,,/d = (0.16+0.02)cm .

The value of n may be an argument against model A of Cox (1972b) which requires

n ^1 cm . We wi11 return to this point in the following section.

The temperature T is somewhat lower than generally found because we used

A number of authors have perpetuated numerical errors in these formula's

which may have serious impact on the derived parameters. The general impres-

sion is that in the literature E instead of E is used, i.e., a = 1, which

is at variance with a = 0.^93 (Y = 5/3, see Figure 75 in Sedov, 1959)- The

consequence is that for instance E /n , derived from T , is a factor I/a

0*2.03) smaller if one correctly applies the Sedov theory.
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SUMMARY OF THE PARAMETERS FOR THE CYGNUS LOOP IN THE AOIABATIC HOMOGENEOUS SEDOV MODEL 1)

Parameter

X-ray radius (pc)

X-ray temperature (10 K)

Shock temperature (10 K)

Shock velocity (km s )

X-ray luminosity {0.16-0.281» keV) (ergs s~')

Ambient interstellar density (cm )

Explosion energy (10 ergs)

Eo/no ( l ° 5 0 ergs cm3)

Age (year)

Symbol

R
X

T
X

T

Vs

L*

n
0

Eo

Vno
t

Value 2)

(18.8 il.3 ) d.

2.26±0.10

i.56+0.05

353 * 17

( 4.8 t0.4 )xlO35 d,2

( n.15±0.03) d/ 0' 5

( 1.1 10.3 ) d. 2>5

( 6.9 il.S ) d,3

(21 00014 000) dt

1) Y " 5/3, molecular weight y = 0.5 - 0.6

2) d» is the relative distance, i.e., dt = d/770 pc

a different conversion for the X-ray temperature. As has already been noted,the

value for E /n is about a factor 2 lower than the value quoted for instance in
o o

a review paper by Gorenstein and Tucker (1976), but it is within the range given

in K7k. From the parameters in Table 3 we may estimate the time at which the

Cygnus Loop will enter into the radiative phase (Cox, 1972a): R c ^ 3 0 pc and t£

^ 9 0 OOOyr. These results are thus self-consistent with the assumption that the

Cygnus Loop is in the adiabatic phase.

As pointed out by Soiinger et a ) . (1975) thermal conductivity may cause

the steep temperature gradients in the adiabatic model to be smoothed out (see

also Chevalier, 1975a). In the extreme situation of infinite conductivity the

source would be isothermal. From a self-similar solution they find that under

these circumstances the density behind the shock front drops more slowly than

in the adiabatic case. Also the surface brightness distribution is flatter: they

find a limb brightening of a factor 2 : 1 against ^ 3 : 1 in the adiabatic case.

In the present observations (and in R79!) it is not possible to calculate the

limb brightening because different temperatures and values of the interstellar

absorption may mask the actual distribution (cf. Table 1, see also next section).

In the mode) by Soiinger et al. (1975) it has been shown that the derived val-
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ues for E and n may only slightly differ from those obtained when using the

Sedov model in the X-ray analysis, so that we may place more reliance on them.

A shock temperature of T *̂  1.6x10 K requires a shock velocity of ^ 3*t0
_ j s

-370km s (p = 0.5-0.6). The velocity of the gas behind the shock front is

smaller by a factor l/k (y = 5/3), i.e.,'i> 255-280 km s" . This value is high-

er than 116 km s derived from the study of the optical filaments by Minkowski

(1958) and Doroshenko (1970). Direct observational evidence of the high-velocity

gas has more recently been obtained by Kirshner and Taylor (1976, hereafter

KT76) and Doroshenko and Lozinskaya (1977). They observed a veloci ty distribution

where the high-velocity components al 1 belong to low-surface-brightness features.

Moreover, the velocity increases towards the centre with a maximum value of

^ -300 km s relative to the local standard rest frame velocity of '̂  + 35 km s

Assuming that the emission is from a spherical shell and that the distribution
2

of the velocities is the effect of a geometrical projection we have made x fits

to the optical observations of KT76 to obtain both the radial expansion velocity

and angular radius. In this way we derive: v = (255 - 75)km s and R = 85' i35'

where the uncertainties are la errors (y . +2.3, 2 degrees of freedom). These

values are well compatible with the X-ray observations.

Bychkov and Pikel'ner (1975) and, more detailed, McKee and Cowie (1975)

have shown that the high-surface-brightness filaments can have the emission

spectrum of a 100 km s shock. They argue that the filaments are the results

of pre-existing density fluctuations in the interstellar gas and that the den-

sity may be a factor 5"10 higher than in the ambient gas. Assuming dynamic
1

pressure equilibrium, the filaments are accelerated to only a fraction (n / n , ) 2

of the shock velocity. Taking a filament velocity of 116 km s (e.g., Minkows-

ki, 1958), V = 350 km s , and n = 0.15 cm (cf. Table 3) we derive a pre-

shock density n f ^ 1 . 4 cm for the bright filaments which is characteristic for

gas between clouds or in cloudlets. However, in KT76 a value of 70 cm is de-

rived for the density of the weak filaments by assuming that the observed H«

flux originates in a hot ( T ^ 2 x 1 0 K) gas which encompasses a volume of 1 pc .

With a four-fold compression the pre-shock density would be 17 cm , much high-

er than the value we derived, and an unusually high value for the intercloud

gas.

In KT76 tnis high density was obtained by assuming that the Ha flux is

emitted by an optically thin, isothermal (2x10 K ) , and homogeneous plasma.

However, the effects of temperature structure within the weak filaments (see

observed line emission profiles in KT76) and La self-absorption can enhance the

Ha emission by more than an order of magnitude, hence can decrease their densi-
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ty. Also, there is no need to confine the high-velocity filaments to a volume

of 1 pc . Moreover, the derived density structure (cf. Section 5-2) can influ-

ence the apparent discrepancy between the average pre-shock filament density

and KT76's value.

In summary, the ANS X-ray observations yield a temperature of the shock

front of ^ 1.6 x 10 K whi ch requi res a velocity of about 270 km s f o r t h e g a s

behind the shock front, well in agreement with the velocity derived from opti-

cal observations of the filaments. The smaller velocities of the bright fila-

ments can be explained by assuming that these filaments are shocked pre-existing

density concentrations which are cooling radiatively. As long as only a small

amount of thermal energy is deposited in the filaments, this is consistent with

the assumption that the Cygnus Loop as a whole is in the adiabatic phase (cf.

McKee and Cowie, 1975).

s?-2.i_ Pa rameters_£or__ind_[vMuaJ_ regions

As the X-ray proportional counters used in the present and in numerous

previous observations of the Cygnus Loop lack the possibility of resolving

emission lines in the X-ray spectrum the thermal nature of the source cannot be

established, although data from Bleeker et al. (1972) strongly favor thermal

emission from a hot plasma, because no acceptable fit with a power-law spectrum

could be obtained.

The detection of the forbidden green coronal [Fe XIV] 5303 8 line by Wood-

gate et al. (197^t) unambiguously demonstrated the existence of a hot plasma

with thermal emission. However, the stringent upper limit to 0 VII line emis-

sion near 22 8 obtained by Stark and Culhane (1978) from a rocket borne crys-

tal spectrometer seems to cast doubt on this interpretation. In this paragraph

we will will show that both observations are consistent with each other and

with the ANS observations.

a) J)ejce£mj_natj_qn_ £f_t]Te_i_nters_telJ_a£ .density

In Figures 6 and 7 we have shown the distribution of temperature and hydrogen

column density which indicated a very inhomogeneous structure. We have devel-

oped a model essentially based on the Sedov solution to determine the pre-shock

density of the interstellar medium. We assume that all the X-ray flux stems

from a thin shell with thickness AR. The X-ray flux can be calculated by inte-

grating the volume emissivity over AR. Taking projection effects into account

the observed flux is matched to the calculated flux by varying the post-shock
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density. From a four-fold compression after the passage of the shock wave we

eventually derive the interstellar density localized within one bin of 30' x40'.

In Table 4 we present the results which have been derived by taking a shock

radius R of 90' or 20 pc (d = 770 pc) and AR = R/12. The weighted-mean density

given in the last line is in excellent agreement with the value derived for the

whole source (cf. Table 3)•

The density thus derived may be interpreted as the square mean of the den-

sity at the front- and the far side of the shell which is included in a bin of

TABLE 4 INTERSTELLAR DENSITY FOR DIFFERENT REGIONS 1)

Cell

(X.Y)

1,2

1,3

1.*

1,5

2,1

2,2

2,3

2,*t

mean

n
o

(cm"3)

0.10±0.02

0.6 ±0.3

1.3 ±0.6

0.08+0.03

0.12±0.01

0.23±0.05

1.1 ±0.6

0.8 ±0.4

0.15±0.01

Cell

(X,Y)

2,5

2,6

3,1

3,2

3,3

3,^

3,5

3,6

n
o

(cm"3)

0.3 ±0.1

< 2600

0.5 ±0.3

0.4 ±0.1

1.8 ±1.2

0.4 ±0.1

0.3 ±0.2

0.21+0.07

Cell

(X,Y)

4,2

4,3

4,4

4,5

5,1

5,2

5,3

5, h

n
o

(cm"3)

0.53±0.08

0.75±0.20

2.1 +0.6

0.50+0.07

< 0.11

0.24±0.05

0.39±0.04

0.32±0.06

1) Radius is R = 90' or 20 pc (d = 770 pc),

shell thickness AR = R/12.
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30' x^Q1. In Figure 9 the pre-shock density is displayed over a photograph of

the Ha filaments. The density may be as low as 0.1 cm whereas it may be as
— 3 — 3

high as 2 cm if we exclude the upper limit of 2600 cm in bin (2,6) where
22 ~2

also the N,, upper limit is extremely large (< 2 x 1 0 cm , cf. Table 3) •

The results are not strongly dependent on the assumptions. If we take

a smaller radius in the calculations the volume will be consequently smaller

and thus the derived density larger, i.e., for R = 17-5 pc (the lowest value

in Table 3) the mean density is about 20% larger. In the same way the density

is about 5% smaller if AR = R /10 instead of AR = R /12. Also, the derived

density scales with the inverse square root of the distance.

Stevens (1973) obtained density variations by segmenting the Cygnus Loop

in such a way that the X-ray flux is about the same in each segment to obtain

equal statistical significance. The model-calculated fluxes were matched to the

observed fluxes for densities in the range 0.6-1.9 cm if a constant-density

distribution was assumed. These values are at variance with ours because they

are mean values over a much larger region than the present 30' xkO' bins, espe-

cially in the south and west regions. In addition, he assumed equal values for

T and N H in all segments which is not in agreement with our observations.

It seems not appropriate, in view of the large variations in the density,

to use Sedov's model which is essentially based on the assumption of a uniform

medium. However, McKee and Cowie (1975) have pointed out that the general dynam-

ics of a large supernova remnant are relatively unaffected by interstellar

clouds as long as their size is small compared with their distances to the cen-

tre. Then, only a small amount of thermal energy is deposited in the clouds and

Sedov's model would be still applicable.

Considering the morphology of the Cygnus Loop we note a near spherical

symmetric form, except in the south where the optical and X-ray radiation is

weak. Only in the outer region, a shell with a thickness of a few pc, we ob-

serve inhomogeneities in both the optical and X-ray distributions. It may indi-

cate that the overall behaviour of the remnant can be well described by Sedov's

model and that in the interior region where the optical and X-ray distributions

show almost no structure the inhomogeneities have been smoothed out during the

remnant's evolution. (One should bear in mind that the dynamical range of X-ray

instruments is by far below that of optical instruments).

The derived density variations will cause pressure variations behind the

shock front. These pressure variations are expected to be equalized with a velo-

city equal to the local sound velocity if the mean free path £ of the ions is

small compared with other hydrodynamical dimensions. The ions move with the mean
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Figure 9. Distribution of the ambient interstellar density. The derived density

may be interpreted as a square-mean value of the front and rear side

of the shell. Each line in a cell represents O.Ob am . The density

is as low as about 0.1 am and may be as high as about 2 am . Note

the high values along a path ranging from west to east eonneating

bins (1,4), (2,2), (3,3), and (4,4).
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thermal speed and interact with themselves on a timescale of the ion-ion colli-

sion time t.. which is given by Spitzer(1962):

n Z Z In A

The gas behind the shock front with a temperature T(K) and density n(cm ) is

assumed to consist mainly of hydrogen so that the charge number Z is equal to
6 8

one. The value of In A is between 30 and *t0 for T in the range 1 0 - 1 0 K and

n in the range 0.01 - 1.0 cm~* (cf. Table ^0 .

In a Lagrangean coordinate frame we can follow a gas element (coordinate

A in Sedov's theory) after it has been shocked and determine how its position,

temperature, and density change with time. It turns out that the value of t..

for a given gas element hardly changes during the whole evolution period of the

remnant. (This is of course due to the adiabatic expansion in which T n is

a constant.) However, at any time during the evolution of the remnant, t.. changes

rapidly along the radius because T rises steeply and n decreases rapidly inward.

Hence the value of t.. increases strongly as one moves inward and at a particu-

lar radius, t.. becomes equal to the age of the remnant. With the values of E
II O

and n from Table 3 we calculated that for gas elements which have been shocked

when they were at a radius less than about 5 pc, t.. exceeds the derived rem-

nant's age. Also, the mean free path of the ions is in that case larger than

the radius of the remnant so that a hydrodynamical fluid model for the gas

being shocked within 5 pc of the centre is not applicable. On the other hand,

for gas elements very close to the current shock front, t.. amounts to only

about kO years with I less than 0.01 pc. In order that the pressure and density

variations are smoothed out faster than they are established the sound velocity

must be larger than the gas velocity. This is the case for gas elements which

were at a distance of less than about Ik pc when being shocked and which, there-

after, have moved to the current distance of less than about 17-5 pc (t.. * few

100 years, & £ 0 . 0 5 pc). Complete equ i 1 i brium wi 11 be reached within a few times

t.., which is small compared with the remnant's age. However, for the

shock front to have travelled from a distance of Ît pc to the current value of

19 pc it took about 10 000 years, or about half the remnant's age. In Table 5

we present a brief summary of some characteristic dimensions for the Cygnus

Loop. Here we define an interior region (R.), a region of equilibrium (R £), and

an outer region (R_). From the discussion above we expect to see structures or

inhomogeneities only in the outer "v 2 pc of the remnant, consistent with the
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TABLE 5 CHARACTERISTIC DIMENSIONS FOR THE CVGNUS LOOP

Symbol

«•

RE

R0

Original value

* 5 pc

5 pc I R£ £ ll( pc

$11. PC

Current value

i 12 pc

12 pc i R£ -. 17.5 pc

•v 17.5 pc

Remark

t. . ^ 2 0 000 yrs

I •• 19 pc +

t.. ' 20 000 yrs

' •• 19 pc

V V
sound •' gas

region of pressure equilibrium

V , " V
sound gas

outer region of density and

+ These values are most probably an overestimate, see text.

observed distributions. Therefore, in that outer region Sedov's model may be

violated, i.e., during about the last 10 000 years. In the very interior region,

for radii less than R. (cf. Table 5 ) , the derived values for t.. and I may be

an overestimate. Numerical calculations (cf. Chevalier (197^); Mansfield and

Salpeter (197^)) do show smaller values for the temperature and higher values

for the density with respect to the Sedov solution in that inner region so that

t.. and H are smaller (also thermal conduction may decrease still further the

values of t.. and I, cf. Chevalier, 1975a)-

We may note that Figure 9 is suggestive of a cloud extending from the

south of NGC6995 via the carrot-like filament to the west of NGC6960. If we

compare this with the distribution of N,, in Figure 7 we observe a remarkable

similarity (although the flux and thus the derived density are partially corre-

lated with N u ) . We therefore tentatively conclude that this cloud is in front
H

of the supernova remnant. Combining the N u values with the density values yields
n

a cloud depth of about 2 0 - 2 0 0 pc which may well compare with the 'standard'

cloud size of 14 pc given by Spitzer (1968). The presence of such a cloud has

also been determined by De Noyer (1975), cf. her Figure 6 which shows some fila-

ments with a radial velocity of - 20 to - 40 km s . Also the cloud west of
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NGC696O in her Figure 6 which may be a dust lane (cf. Oort, 19^6) is confirmed

by the present ANS observations. This cloud appears to contain CO molecules

(Scoville et al., 1977) from which a density in the order of a few 100 cm has

been derived, which is a much larger value than about 1 cm found in the p.^ssnt

observations. It may indicate that the shock front is just encountering the

outer and more tenuous layers of this cloud.

In summary, we have determined density variations which may exhibit no

serious effect on the overall dynamics of the supernova remnant. The results

are consistent with both optical and radio data and indicate the presence of a

fairly large cloud in front of the Cygnus Loop.

b.)_l£e_XIVj_
Woodgate et al. (197*0 observed the forbidden coronal [Fe XIV| 5303 8 line in

the optical spectrum from different regions in the Cygnus Loop with the SG73

X-ray map used as a guide. Assuming a normal abundance for iron they calculated

from the ratio of the line flux to the X-ray flux the temperature of the emit-

ting region. With the derived temperatures and fluxes we have calculated the

ratios of the soft X-ray flux to the [Fe XIV] 5303 8 flux in the different areas

studied by Woodgate et al. (197*0 • Comparison with the observed ratios would

give an estimate of the iron abundances for these areas. However, the 5303 8

flux is very temperature sensitive (e.g., Nussbaumer and Osterbrock, 1970; Kurtz

et al., 1972; Mason, 1975) and one may expect temperature (density) fluctuations

on a smaller scale than the 0?5 " l°0 0 fields of the 5303 8 observations for

which the X-ray temperature was obtained. It is therefore quite likely that the

derived iron-abundance variations (of the order of a factor 5) reflect in fact

slight temperature variations. This is corroborated by the fact that the ob-

served surface brightness profile of the 5303 8 line flux near the east fila-

ment NGC6992 (Woodgate et al., 1977) shows large deviations from a profile cal-

culated with the homogeneous Sedov solution.

Detection of the [Fe X] 637*1 8 line in the spectrum of NGC696O was reported by

Shcheglov (1968) at a level of 2 0 - 3 0 times weaker than the Ha flux between the

filaments. The position at which he measured the flux is located in bin (1,3)

where the derived X-ray temperature is (1.9 ±1.2) x10 K (cf. Table 1) for a CL

spectrum. From Nussbaumer and Osterbrock (1970) and from Mason (1975) it follows

that the detection would be most favorable at temperatures around 1.1 x10 K.

This is consistent with our derived X-ray temperature. Taking the average X-ray
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temperature and assuming the same emission measure as for the X-ray flux we ob-

tain wi th Fe/H = 2.6x10-5
— 1 —
s sr Accord-Fe X flux of 8 x 1 0 ergs cm
-6 - 2 - 1

ing to Shcheglov (1968) the Hu flux would then be about 2 x 1 0 ergs cm s

sr , in agreement with the flux measured by Kirshner and Taylor (1976) on the

weak filaments and which is about \Z of the flux measured by Miller (197^) on

the bright filaments. Thus, both the temperature and the flux are consistent

with our derived data for that location in the Cygnus Loop.

d)_Seajrch _fo£ 0 V_ll_ J_i_n_e__emiĵ s ion

Calculations on a corona) plasma with temperatures around ( 2 - 3 ) x l O K indicate

that considerable X-ray flux is expected in the form of emission lines. Goren-

stein et al. (1971) and Stevens et al. (1973) claimed Che detection of emission

lines from 0 VII and 0 VIII ions in the X-ray spectrum of the Cygnus Loop at a

level of aDout 10 - 20% of the entire X-ray flux. However, Bleeker et al. (1972)

could best fit their pulse height data with an exponential or bremsstrahlung

spectrum without invoking lines. A very sensitive search for 0 VII line emission

between 21.6 8 and 22.1 ft has been carried out by Stark and Culhane (1978) with

a large-area Bragg crystal spectrometer. They observed no significant flux and

set a 30" upper limit to the line flux of d% of the X-ray flux between 0.17 and

1.5 keV using the K]k X-ray map (with our data we derive a 3c level of about 8/,

not significantly different from the previous value).

On the basis of the Sedov model they derived a range of unacceptable temp-

eratures and values for other model parameters to explain the low level. In the

case of a homogeneous interstellar medium the temperature would be lower than

3 x 1 0 ' K or higher than 3-7 x10 K with n = 1.25 cm"^ and 0.24 cm" , respec-

tively.

As an alternative explanation Stark and Culhane (1978) suggested an under

abundance of oxygen by a factor h- 10. However, our observations tend to support

the high temperature hypothesis because in some regions we derived temperatures

in excess of their lower limit of 3.7x10 K. Also, a lower oxygen abundance is

not supported by the interpretation of optical spectra of the filaments (Ray-

mond, 1979).

£ _ j £ _fo_r_ £e£t£a_l_ .souirce

The detection of an X-ray point source possibly associated with a stellar rem-

nant of the Cygnus Loop has been reported by R73. The source had a different

spectrum from the r.st of the remnant with no emission in the soft X-ray band.

However, it has now been argued that the source is an artifact produced by the
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ART method (R79).

The ANS observations with the restricted FOV in two dimensions are very

suitable to search for a central source. Because we obtained the temperature

and flux, albeit on a scale of 30' x 4 0 ' , we can determine the relative flux as

a fraction of the total flux for the central bin (3,A) (cf. Table 1 ) . For this

bin we derive the following values: O.SZ (0.16-0.284 keV), U (0.15-1.5 keV) ,

and 1.6% (0.40-0.85 keV). These fluxes are consistent with the 3a upper limits

of k% and n derived by Weiskopf et al. (1974) (0.40-0.85 keV) and Snyder et

al. (1975) (^0.28keV), respectively.

Mansfield and Salpeter (1974) and Chevalier (1975b) have predicted that

some stellar material (supernova ejecta) with enriched heavy element constitu-

ents would be present in the central region. The temperature (including thermal

conductivity) may be ^ 10 K and the density ^ 0.2 cm . Th. surface brightness

profiles show a clear central enhancement for energies larger than '»> 0.4 keV,

whilst in the soft X-ray band the profile is almost flat near the centre. The

present observations are not in accord with these numerical calculations.

^ _ 2 y _ _ £ _ £ _ £ _ j 2 _ _ _ q _ £ £ _CL4_
The radio source CL.4 is highly variable on a timescale of a few weeks (K73» Web-

ster and Ryle, 1976). Detailed analysis by Webster and Ryle (1976) of the entire

spectrum (optical, radio, IR and X-ray) resulted in the possibility that CL4 is

a small object associated with the Cygnus Loop and coincident with a faint fila-

ment or stellar object catalogued as BD+30°4203. Its quasi-periodic behaviour

and spectral characteristics are reminiscent of a BL Lac object. It is suggested

by Webster and Ryle (1976) that its spectrum would be non-thermal.

We derive an upper limit of about 5 x 1 0 ergs cm s (0.16- 0.284 keV)

which, when extrapolated with the temperature estimate as in bin (3:3) (Table 1),

yields a value of about 10 ergs cm s in the 0.5-1.5 keV band, comparable

to the 3o upper limits of Copornicus (Charles et al., 1975) and R79.

6. CONCLUSION

We have obtained X-ray brightness distribution maps of the Cygnus Loop of

which the one in soft X-rays show many details on a scale of about 10'. These

distributions are in good agreement with the radio structure in the north-east

part near the NGC6992-5 filaments and in the western region near NGC6960. The

X-rays emanate from regions which extend to at least 10' farther out than the

optical edge and follow the outer radio contour within a few arcminutes near

these filaments. We determined a clear separation between NGC6992 and NGC6995
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with a distinct minimum in between, coincident with weaker optical emission.

The soft X-ray map compares very well with the recent X-ray image (0.15 ~ 1.12

keV) of the Cygnus Loop by R79• At higher energies the present X-ray maps

roughly agree with previous maps of R73i R7*t and SG73> but different energy

ranges, finer details and variations of both temperature and column density may

muddle the comparison. The central region appears to be rather diffuse and we

do not find any evidence fora discrete central source, in agreement with R79-

Spectral fits to the data reveal the existence of both cool (T">'10 K) and

hot ( T ^ x l O K) regions and show a wide spread in the interstellar absorption
20 -2 22

along the line of sight (NH = (1 - 12) x 10 cm and one upper limit of 2 x 1 0
-2

cm ) . Assuming that the X-rays are emitted by a shell with a thickness of about

10% of its radius we have derived large variations in the density of the ambient

interstellar medium. The density may be as low as 0.1 cm and as high as 2 cm

Comparison with radio data of De Noyer (1975) reveals the existence of a fairly

large cloud with a depth of at least 20 pc and a density of about 2 cm . The

cloud extends across the central region from the east to the north-west. Also,

ANS observations support the presence of a cloud adjacent to NGC6960 in the west,

where ScoviIle et al. (1977) detected CO molecules.

The wide spread in densities around the source may present no serious im-

pact on the overall dynamics of the supernova remnant so that the Sedov solution

may still describe the source adequately. It is conjectured that density and

pressure variations will be present only in the outer few parsecs of the remnant

where the sound velocity is smaller than the gas velocity.

The detection of [Fe XIV] 53u3 8 line emission in the spectrum of some

parts of the Cygnus Loop by Woodgate et al. (197*1, 1977) has prompted us to

compare this flux with the X-ray flux. The reported fluxes are compatible with

our X-ray observations if a normal iron abundance is assumed and if there are

large density and temperature variations within the studied areas. The detection

of [Fe X] 6374 8 flux in NGC696O by Shcheglov (1968) can be explained with a

normal iron abundance.

The stringent upper limit to the 0 VII line flux near 22 A by Stark and

Culhane (1978) may be the consequence of the large temperature variations that

have been derived from the present X-ray observations.

Future observations with both high spatial and spectral resolution (e.g.,

HEAO-2) would answer directly some questions put forward in the present paper.

Detai led spectroscopicobservations will be an invaluable tool to assess temper-

atures, densities, and abundances of the matter which is shock-heated and cool-

ing.
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APPENDIX

The Algebraic Reconstruction Technique (ART) has been widely used in the

analysis of X-rays originating from extended objects such as supernova remnants

(cf. Stevens and Garmire, 1973, Rappaport et al., 1973, 197^, Gorenstein et al.,

'97^, and Charles and Culhane, 1977)- It is a powerful tool to obtain detailed

maps if the FWHM of the field of view (FOV) is at least in one direction small

compared with the extent of the studied object and if the observations do over-

lap. In this Appendix we will pay special attention to the error propagation in

the method.

If S(x,y) represents the intensity of X-rays emitted from the direction

(x,y) in a convenient cartesian coordinate system over the object, then the

number of photons entering the detector will be given by:

0(s,t) = / .' A ( x - s , y- t) S(x,y) dxdy, (Al)

a
with A(x,y) the col 1imator response function, i.e., the sensitivity of the

instrument as a function of the viewing angle and (s,t) the coordinate of the

observation. Due to the fact that the continuous distribution 0(s,t) is sampled,

the distribution S(x,y) can only be reconstructed in the form of discrete cells

with dimension C, = Ax • Ay and labeled S... Denoting A . . as the effective colli-

mator response integrated over cell ij equation (Al) transforms into:

0 = 2 A . . S.., (A2)
n ij nij ij

with n indexing the number of observations and corresponding with the coordina-

tes (s,t).

The solution to the spatial distribution S.. proceeds by an iterative

predictor-corrector technique. The initial guess S .. is taken to be uniformly

zero from which we predict for the first observation the observed intensity P.

using equation (A2). As this P. is not the same as 0. we correct the S°..'s in
' ' 1

accord with the extent that they were sampled by A.... The newly derived S ..'s

will then yield the observed 0, when folded with A-... We then proceed in the

same way with observation number 2 (n = 2) to yield S .., etc., until all ob-

servations are treated in this way. Since the observations do overlap it is clear

that the forced agreement between Pn and 0 will be perturbed by the corrections

resulting from the neighbouring observation n + 1. The reconstruction must there-

fore be an iterative one:
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predictor: Pn = Z A n i J S?T1 (A3)

corrector: sfj = S?]1 + ( ° " " ? ^ J , j.j - 1,2

After performing (A3) and (AA) successively for all observations one iteration

cycle is complete and we start again with the first observation, i.e., n = 1.

The process is repeated with the corrections growing smaller and P approaching

0 n for all n's.

We tested the procedure in a number of ways by comparing known distribu-

tions with the reconstructed ones. We noted that the convergence is faster if

an element of S.. was set zero whenever it had become negative during the pro-

cess. This was especially the case in trials of reconstructing point sources

where otherwise occurring side lobes were eliminated. In running the routine we

kept track of two errors, defined as:

E ( P <
k > - 0 ) 2

0 0(
k) - 1/ " " " (A5)

v (S<
k>-T )*

(k) II ii 'J 'J
and D S W = 1/JJ . (A6)

NS

Here P is the predicted observed intensity after k iterations (cf. equation
n /, \

(A3)) and S. . the reconstructed source distribution after k iterations. The

total number of observations is NO, the total number of cells of the recon-
(k) (k)

structed source distribution is NS. The error DO indicates how well S.. ,
(k) IJ

when folded with A .. to give P , agrees with the observed distribution 0 .
If we know the true source distribution T.. as in the tests, we can compare

(k) IJ (k)
the deviation of S.. with respect to T.. by means of OS .

'J 'J (k)
In cases where noise is present in the observed intensity 0 , DO and

(k) n

DS are not strictly correlated with each other. This can be shown as fol-
(k)

lows: call 6 the noise in observation n and e.. the error in the reconstruct-
n IJ A

ed distribution in cell ij due to the ART procedure (E..) and due to the influ-
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ence of the noise (£..) after k iterations, i.e.,

•."

where we have dropped the superscript (k) for convenience.

We can then write:

°n " ft Anij Tij

and S<J> - T|J + E{J> . (A9)

With equations (A5) and (A6) we derive:

D 0 ^ ; = l / f t L ° " ij "nij b i j ' , (A10)

and DS X I W = W -U . (All)

The error e.. and the noise <5 are not strictly correlated (cf. equation (A7)),
(k) IJ (k) "

so DO and DS are not. If, however, the observations are noise-free, i.e.,
(k) Ik) (k) (k)

(S = 0 for all n's, D0v ' will depend only on £.. , so that D0v J and DSV ' are

correlated in that case. This is a very important conclusion concerning the

criterion when to stop the process.

We applied the ART algorithm to the observed distribution and iterated
(k)

until DO in Equation (A5) was small compared with the mean statistical error

in the observations. The reconstructed source distribution was taken to be the

known test source T. . and convolved with A .. to produce a set of noise-free

observations. From a random number generator we obtained a set of noise values

<5 with a mean value of zero and a standard deviation / ^6 n /NO equal to the

statistical error in the observations. This noise was added to the newly pro-

duced set of observations to yield an artificial data set 0 . We then applied

the ART deconvolution to S n and kept track of the errors DoC<) and DS . The i t-

eration was stopped when DS(k) began to rise al though it was noticed that DO was

still decreasing (this demonstrates the uncorrelated relation between the two
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errors). We repeated the creation of a new data set 6 from T.. and the subse-

quent ART deconvolution 10 times from which a mean maximum number of iterations,

ITM,was derived.

If it would appear that ITM is larger than the number of iterations applied

to the original data set 0 to produce T.. the iterations on 0 were continued

to more than ITM times. The newly obtained distribution T. . yielde'd 10 new sets

0 and finally a new value for ITM. If, however, ITM was smaller we applied a

supplementary number of iterations on the original distribution and on the 10

perturbed distributions. Eventually, this leads to the final result for the

reconstruction of S... The mean of the 10 perturbed distributions can be calcu-

lated and in particular the standard error a., at each cell ij.

We define hereagain factor g, indicating a reduction in cell size with

respect to a size of 15' x 20' (cf. Paper I ) , i.e., the cell size is 15'/g x 20'/g.

In Figure Al we present the mean of the 10 perturbed source distributions

(a) together with the error a., (b) and the significance (c) in the case of

g = 3 (cell size is 5' x617) and for the small F0V (cf , Figure 1 ) . The signifi-

cance in each cell ij is defined as S../O.., i.e., the values of the reconstruct-

ed source distribution presented in Figure 1 expressed in units of sigmas. The

optimum number of iterations ITM is in this case 70.

We note a fairly uniform distribution of the error o.. which is due to the

uniform spread in the set of observations. The largest value of o.. (0.05 c s )

is near the centre at the northern edge where the significance is relatively

small. We also see a clear concentration of high-significance in a shell. This

is the consequence of the homogeneous nature of the error in contrast to the

shell structure of the reconstructed distribution (cf. Figure 1 ) . The darkest

spots in the shell (c) correspond to about 15 sigma, while a mean value for the

shell extending from west to east is about 7 sigma.

In Figure A2 we show as an example eight reconstructed distributions pro-

duced from the perturbed distributions 0 . We clearly note the shell structure

in all maps, while at the outer edges the presence of features is fairly fluc-

tuating and unstable.

We are now also able to determine the propagation of the error e.. solely

due to the ART: we folded the mean of the 10 disturbed distributions with the

col 1imator response and defolded the (noise-free) result with the ART routine.

The difference between this reconstructed mean and the true mean is an estimate
a

of E . . . Comparing this error with the error a., derived above with the aid of
1J ft ' J

10 perturbed distributions we note that £.. is much smaller: RMS value of
-3 -2 '-1 (k)

k x 10 compared wi th 2 x 1 0 for o. .. This means that £. . in Equation (A9)
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Figure Al: The mean brightness (a)3 error (b), and significance (a) distributions

displayed in cells of 5'x6!7. The shell~like structure is clearly vis-

ible in the mean of all the perturbed distributions which are shown in

Figure A2. The inferred standard errors (b) show a fairly uniform

distribution so that the highest significance values (a) are found at

places where the derived brightness (of. Figure 1) is large.
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Figure A2: An example of eight perturbed distributions used to investigate the

error propagation in the ART method. The distributions are based on

the data of Figure 1.
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is almost entirely determined by the noise in the observations so that proceeding

the iterations beyond ITM times would produce a highly erroneous result!

The same procedure is applied in the case of a cell size of 31 x 4 ' (g = 5 ) .

The optimum number of iterations is in this case 110. The results are presented

in Figure A3. We note a similar structure to that for g = 3 (cf. Figure 1) but

with much finer details. The error distribution shown in Figure Ak is, as being

expected, again fairly uniform. Also the significance level is the same as in

the case of g = 3.

In Figure A3 (a) a remarkable phenomenon is visible in the upper part of

21 "00" 36" S2 "

RIGHT flSCENSITO [13501

Figure A3: Brightness (a) and significance (b) distributions in the case of a

cell size of 3'x4' (g - 5). We may note the same general features

as in the case of g = 3. The highest significance values are concen-

trated in a shell with a maximum of about 28a.

the X-ray shell: we clearly observe ring-like structures which possess a diameter

equal to the FWHM of the F0V. This is not entirely understood because the per-

turbed distributions only marginally show these features (see the mean in Figure

A4 (a)). Similar structure is found in Figure 3 in Charles and Culhane (1977),

indicating that the error distribution is highly correlated with the F0V, which

however is here not the case (cf. Figure AA (b)). Also Figure la of R73, showing
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Figure A4: Mean (a) and error (b) distributions derived from perturbed distri-

butions based on the data of Figure AS (a). Note the uniform ahar-

aeter of the error map.

the result in the soft X-ray channel, indicates structures which bear a similar-

ity with the FOV: note for instance the sharp edge in the distribution that ex-

tends from the lower left to the upper right just above the centre (also visible

in their Figure 1b). It shows the orientation of the long axis (FWHM of 9 ) of

the coilimator in scan VI (R7^). Because the phenomenon does not show up else-

where in the present reconstructed distributions we tentatively conclude that the

structure may be real albeit more accentuated by the ART.

The actual resolution obtained with the ART procedure can be derived from

the reconstruction of a point source. For g = 3 and g = 5 the thus obtained res-

olution measures about 10' x12' in both cases (ITM = 70, 110, respectively).

This is a substantial improvement with respect to the FWHM of the FOV of 3 V . It

was proved that in the ideal case, where there is no noise present, the ART pro-

duces an exact result, i.e., £.. = 0 and the resolution is equal to the size of

just one cell, but ITM is very large in that case.

Another aspect which we studied is if the reconstructed distribution bears

any similarity with the optical Ha appearance of the Cygnus Loop. Therefore we
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constructed; as ^r-ial source a structure very similar to the Cygnus Loop which

.after tybimfi #<^|jied With^\tiW;cbl I i ma tor response was reconstructed. Figure A5

••f/#

Figure A5: Binned filaments of the Cygnus Loop (a) used as known source which,

after being folded through the collimatov response, are reconstruct-

ed in (W. The 'filaments' are broadened by only a small amount (less

than one cell).

shows the binned Cygnus Loop and the reconstruction of it from which can be seen

that the 'filaments' are broadened by only a small amount (̂  5'). Taking this

broadening into account, it clearly demonstrates that the actual X-ray emission

shown in Figure 1 extends to at least 10' outside the optical edge.

So far we only discussed the results obtained with the soft X-ray detector

with the relatively small FOV of 3^'. The medium-energy X-ray detector comprises

a mechanical collimator which sets the FOV to 38' x75' (FWHM). Because of the

lower signal-to-noise ratio the occurrence of artifacts along the edges is now

more prominent (see lower right and upper left in Figure 2). In Figure A6 we

present the mean (a), error (b), and significance distribution (c) as obtained

by the method described above (energy range is 0.32-0.46 keV). The resolution

is on the order of 15' x30' which indicates that in this case the ART is less

effective. This is a consequence of a two-fold departure from the soft X-ray
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displayed.



case: a lower signal-to-noise ratio and a larger FOV. The latter is reflected by

the fact that to obtain a similar resolution as above much more iterations are

needed.

In the energy range 1 - 2 . 5 keV the dominant influence of the noise limits

the ART to only 3 iterations which means a resolution of slightly less than the

FWHM of the FOV. The results are displayed in Figure A7 which together with

Figure 3 may indicate the presence of emission mainly in the north part of the

shell and south of NGC6995.

We incidentally noted that the effect of noise on the reconstructed distri-

bution may be substantial. To eliminate part of the noise we employed a technique

based on a method by Brault and White (1971) which is frequently being used in

the recordings of spectra of stars, etc. We made a two-dimensional Fourier trans-

form of the data after which the transformed data was subject to filtering and

then backtransformed. The filter is very similar to the optimum filter designed

by Brault and White (1971). Analytically it is expressed in a multiplication

factor F(v) given by:

F(v) = 1 , v < v g

(A12)

F(v) = exp
(v-v J2

a
2

a
va

with v the (spatial) frequency, v the turn-over frequency and a a constant de-

fining the steepness of the declining part of the filter. The values of v and a

have been experimentally determined as a compromise between an accurate recon-

struction and an effective noise elimination. If the filtering is too strong,

i.e., v or a small, then the original source content in the data and thus the
a

reconstructed distribution is affected too seriously. On the other hand, if the

filtering is too weak, i.e., V or a large, then there is still too much noise

present which eventually causes in the ART procedure a less significant distri-

bution and a worse resolution.

In Figure A8 we show the effect of the filtering. The observed distribution

is presented in (a), (this is also Figure 1 of Paper I), in (b) the result after

filtering is displayed, and in (c) the final deconvolved X-ray map is shown. The

latter map is the same as the one in Figure 1 but with a cell size of 15' x 20'.

In conclusion, the ART is a powerful technique to reconstruct (deconvolve)

source distributions if the observations do overlap and if the FOV is not too
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(b)j and the deconvolved X-ray map (a). Note the smoothing by comparing

(a) with, (b), especially in the bright shell. Open cells indicate no

observations or negative counting rates due to background correction.



large with respect to the required resolution. The resolution is substantially

improved and is shown to be more than a factor 3 or 4 better than the FWHM of

the FOV. This gain factor almost entirely depends on the noise level: it is

smaller (larger) when the signal-to-noise ration is smaller (larger). A Monte

Carlo technique is needed to obtain the optimum number of iterations, thus the

optimum resolution. Filtering to eliminate part of the noise improves the result

substantially if the form of the filter in the (spatial) frequency domain is

carefully chosen and optimized.
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CHAPTER III

EVIDENCE FOR X-RAY EMISSION OF W44
E.H.B.M. Gronenschild et al.

ABSTRACT

With the X-ray instruments aboard the A.'i:.' satellite we have detected X-ray

emi ssion wi th an observed intensity of about 8x10 erg cm s (1.0-3.5

keV) from a region of 1.5 x0.5 (R.A. x Decl.) overlapping the supernova rem-

nant W^4.

Spectral fits to the pulse-height data yielded a temperature of (1.5-46)

xiC Kwith a value of the interstellar column densi tyof (0.3 - 10.0) x 10 cm .

The intrinsic luminosity of the source is in the range (0.5 - 5-4) x 10 erg s

(1.0-3.5 keV).

Keywords: X-rays - X-ray sources - Supernova remnants.

1. INTRODUCTION

The strong radio continuum source W44 (3C 392, G 34.6-0.5) located at R.A.

i8h53m36S, Dec. + 1°15!0 is considered to be a supernova remnant (SNR). It has

a radio-brightness distribution which shows a shell structure (e.g., Willis,

1973) with a diameter of about 27 arcmin. No optical filaments have been detect-

ed so far. The distance to the source is generally assumed to be about 3 kpc

(e.g., Clark and Caswell, 1976).

The Aquila region of the sky in which the SNR is located has been observed

in X-rays in a number of experiments. Several X-ray sources have been detected

but due to the large number of astronomical objects identifications are very

difficult.

We present here data taken with the Astronomical Netherlands Satellite



(ANS) which identify W44 as an X-ray source.

2. OBSERVATIONS

The observations were carried out with the Utrecht SXX detectors on board

of the ANS. The detectors comprise a soft X-ray proportional counter, sensitive

in the energy range 0.16-0.284 keV, with a circular field of view (FOV) of 34'

(FWHM), and a medium-energy X-ray proportional counter, sensitive in the energy

range 0 . 3 2 - 0 . 4 6 keV and 1 - 7 keV, with a rectangular FOV of 38' x 7 5 ' (FWHM).

For a detailed description of the instrument see Brinkman et al. (1974), Den

Boggende and Lafleur (1975), and Oen Boggende (1975).

For the observations we used the offset mode, in which the satellite is

pointed alternately towards (for 64s) and off (for 64s) the source with a maxi-

mum offset of 75 arcmin. The off position is always in the direction of the

small axis of the FOV of the medium X-ray detector.

The SNR W44 has been observed on two occasions, on October 8 - 9 , 1974, and

from 4 to 6 April, 1975- Total time spent on the source accumulated to about 99

min. From these observations only data have been used with sufficiently low and

constant background on the basis of the counting rates of the anti-coincidence

proportional counters.

A flux of 0.28 + 0.07 c s" was detected in the 1.0-3.5 keV band. For the

soft flux (0.16-0.284 keV) a 3o upper limit of 0.21 c s" has been obtained.

The counting rate in the energy range 0 . 3 2 - 0 . 4 6 keV is < 0.12 c s (3o).

3. POSITION DETERMINATION

In order to determine the X-ray position and possibly also the angular size

of the source we carried out observations with different offsets with respect to

the radio position. The observed counting rates were corrected for background

radiation due to particles in the following way: we compiled all ANS data of

known X-ray sources with well established positions and found a correlation be-

tween the observed offset counting rates and the counting rates from the anti-

coincidence particle counters (Heise et al., 1978). This correlation, which is

only valid up to a certain number of particle counts, was then used to predict

the background counting rate for the observations on and around W44. The positive

flux obtained in the offset mode of the satellite was then verified with this

correlation: on the source we obtained 0 . 2 0 + 0 . 0 7 c s , at a position 47' south

we obtained - 0 . 0 7 ± 0 . 0 8 c s . (The source flux is less significant due to the

variance in this correlation.) We obtained significant fluxes only at positions

within the radio contour of W44 (Willis, 1973).
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A minimum-x fit was applied to the corrected counting rates by varying the

assumed source position (hence also the correction for the col 1imator response).

The result is an error box which depends on the source model (e.g., point source

or annulus, etc.). The derived error box is about 1.5° (R.A.) x 0.5° (Decl.) in

extent if the source is assumed to be homogeneous and either a disk with a dia-

meter of 27 arcmin (cf. Clark and Caswell, 1976) or an annulus with a shell

thickness of 1/12 of the radius (e.g., Gorenstein and Tucker, 1976).

0 /,/ v
3°

2°

1°

0°

-

_

1901 -03

/

\
\
\
\
\

\
\

W44

/ \

" ' \

T

— GSFC

\
\
/7J-.— DOWNES No 83

\
\

DOWNES No S* \

O

\ /
\ II
\ G y
\ i
\ s\
\ ^ ,

N
 y>' /

V /

BADIO CONTOUB

Q ^

o N A185O.OON
V

FOV 1 FWHM)

E

\
-ANS

- ARIEL2

\
\

I i

19n04r 19n00r 18n 18h52m 18h48m

RIGHT A5CENSION ( 1950 )

"iaia>e 1. This j'iguvc shown the region around the supernova remnant W44. The 2. 7

GHz t-ontour in taken from Willis (1975). The ventral radio position is

denoted with ©. The ANS error boxes are drawn with thick lines. The

derived error box assuming a point source is marked with 'P' and that

assuming either a homogeneous disk or annul tin with a shell thickness

of 1/12 of the radius with 'E' (diameter is 27 arcmin). The observa-

tions are denoted with small dotted airales. The Fb'HM of the FOV of

our detector is shown in the upper right-hand aornur. The error boxes

obtained by Schwartz et al. (1972, GSFC) and by Seward et al. (1976:

ARIEL V Al860+00) are also shown. In the upper left-hand corner, a-

bout Z° north-east of W-14 the transient X-ray source 3V1901+0S is

located.
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In Figure 1 we show the derived la error contour in the case of an extended

source (27-arcmin diameter, marked with 'E') and in the case of a point source

(marked with ' P ' ) . The 'pointing' positions have been denoted with small dotted

circles. In this figure also the 2.7 GHz radio contour is shown (Willis, 1973)-

The ANS error contour appears to considerably overlap the radio source and there-

fore can be considered as a definite identification of W44 as an X-ray source.

It is interesting to compare our observations with those from other satel-

lites and rockets. The first suggestion of W44 being an X-ray source was by

Schwartz et al. (1972). In a rocket flight of Goddard Space Flight Center in

September 1970 they detected an X-ray source which was possibly associated with

W44. Their derived error box is denoted by GSFC in Figure 1. The observed in-

trinsic luminosity, when scaled to 3 kpc, is about 2 x 1 0 erg s and is com-

parable with ours (see section '4).

Figure 1 shows that the SNRs Nos 83 and 84 from the catalogue of Downes

(1971) are inside this error box. In June 1973 COPhKJJCIJ.! observed the region

around W44 with the large FOV of 3° (FWHM) and detected fluxes when pointing in

the directions of both Downes No 84 and W44 (Zarnecki et al., 1975). But due to

the presence of the UHURU source 3U1901+03 in the FOV they could not exclude the

possibility that the observed fluxes were contaminated by this source. If they

assumed that W44 was the only other X-ray emitter beside the VHUHl' source they

obtained a counting rate for W44 of 10-15 c s {UUUP.U equivalent), and taking

a Crab-1 ike spectrum the intrinsic luminosi ty would be (3.4 i 1.0) x 10 erg s

(1.5-8.2 keV, Zarnecki et al., 1975).

Recently, Seward et al. (1976) reported on APJV.L V results of observations

in the Aquila region of the sky during 1974 November 10 -25. They found a new

source, A1805+00, with an error box as indicated in Figure 1 (90% confidence).

The ARIEL V counting rate is 3-6 c s , which for W44 would give an intrinsic

luminosity of a few times 10 erg s (2.5-20 keV). However, identification

of this source with W44 is difficult in view of the presence of the SNR 4C00.70

in their error box.

Recent radio observations of Caswell and Clark (1975) indicate that both

Downes Nos 83 and 84 have a thermal radio spectrum and thus should be rejected

as candidates for an SNR.

In summary we therefore conclude that all mentioned observations are in-

dicative of the presence of an X-ray source within the region of the radio con-

tour of W44.
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*t. SPECTRAL PARAMETERS FOR Ukk AND DISCUSSION

The pulse-height spectrum as observed by A!JS on the central region of \dkk

could be equally well fitted with a power-law, exponential, bremsstrahlung, and

line and continuum (Mewe, 1972, 1975, Gronenschild and Mewe, 1978) spectrum,

including interstellar absorption based on the cross sections of Brown and Gould

(1970). The x • + 3-5 (1o-) contour for these fits (Figure 2) is not well de-

fined for large values of the interstellar hydrogen column density N M (atoms
-2

cm ) . To obtain intrinsic parameters of the source we will limit the N H value
22 -2

to 10 atoms cm which is about a factor 2 above the value obtained from the
N|,-d relation by Seward et al. (1972). The X-ray spectral results are explained

Line and i-ontinuum spectrum (Mewe, 1972, 197b, Gronenschild and Mewe,

1976) as obtained by fitting the observed pulse-height spectrum of

1-/44. Error1 burs represent la statistical errors. Shown on top is the

la (\J.. + o'.SJ contour in the N.-kT (keV) plane for 4 degrees of

freedom.
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in terms of an adiabatic shock-wave model for the evolution of an SNR (Shklovsky,

1968; Cox, 1972; Woltjer, 1972; Rappaport et al., 1974; Gorenstein and Tucker,

1976).

The spectral fit to our data with exponential, bremsstrahlung, and line and

continuum spectra yield a temperature in the range T = (1 .5 ~ ̂»6) x 10 K and a
20 "2value for N,, > 3 x 1 0 atoms cm . Within the lo-contour of T-Nu we searched

H n

TABLE 1 PARAMETERS OF W44 +

T (106 K)

21 ~2
Nu (10 atoms cm )
n

F ° (1.0-3.5 keV, observed) (10~10 erg cm"2 s"1)

F (1.0-3-5 keV, N =0) (10~10 erg cm"2 s"')

Lx (1.0-3-5 keV) (1035 erg s"1)

n (atoms cm )

EQ (1050 erg)

EQ/n (10
5' erg cm+3)

t (10 years)

V (km s"1)

2*
Min >

4

2.5

0.8

1.0

1.1

0.5

5.0

1.0

8.4

600

**
1o-contour

1.5-46

0.3 - 10.0

0.6 - 1.2

0.5-5.0

0.5-5-4

0.2 - 11.0

5.0-35.0

0.3-9.0

3.0 - 14.0

365 - 2020

Distance is 3 kpc, diameter is 23-7 pc.

* Reduced X2. = 0.5 (4 d.o.f.).
mi n

Adopted upper limit for (•!„ is 10 atoms cm , which is about a factor 2

above the value given by the ^-distance relation by Seward et al. (1972).
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for limiting values of the other parameters in the shock-wave model. These are

listed in Table 1 together with the values at minimum x • Extrapolation of our

observed flux to the energy bands 0.5" 1.5 keV and 1.5-8.0 keV gives values

comparable wi th the predicted fluxes (7.8x10 and 2.4x10 erg cm s ,

respectively (Clark and Culhane, 1976). Also the temperature and age are in a-

greement with the predictions (T = 1.4x10 K (Clark and Culhane, 1976) and t =

3900 yr (Clark and Caswell, 1976)).

Radio observations of continuum emission of W44 show a well defined shell

(Willis, 1973; Clark et al., 1975) with a diameter of about 27 arcmin. The spec-

tral index between 408 MHz and 5000 MHz is a = -0.28 (Clark et al., 1975).Polar-

izations range from less than \% to up to 20<; (Davies and Gardner, 1970; Kundu

and Velusamy, 1972). Measurements of absorption profiles of H 1 (Knapp and Kerr,

1974; Sato, 1974), OH (Goss et al., 1971, also emission at 1720 M H z ) , CH,0

(Whiteoak and Gardner, 1972; Dickel et al., 1976, also C O ) , and C 0 (Wootten,

1977) reveal the existence of a cold cloud, which is physically associated with

W44, and moving with a radial velocity of +45 km s (kinematic distance of a-

bout 3 kpc, Goss et al., 1971 )• Accurate measurements of absorption dips and

radial velocities of H I at and around the SNR yielded a shell-like structure

of this cloud with a diameter of 80 pc (at a distance of 3 kpc), and expanding

with a velocity of 3 km s with respect to W44 (Knapp and Kerr, 1974). The to-
3 47

tal mass of this shell would be about 5 x 1 0 M., and it probably contains 6 x 1 0

erg of kinetic energy. The maximum age of the shell, assuming a constant expan-

sion velocity of 3 km s , is of the order of 10 years. More detailed calcula-

tions lead to an age between 4 and 7 million years, if the shell is assumed to

be a fossil blast wave (Jones, 1975)-

Although these large neutral hydrogen shells seem now to be common features

(Heiles, 1976), their nature is not yet fully understood. Most probably they are

old supernova shells (Chevalier, 1974; Mansfield and Salpeter, 1974), but an al-

ternative explanation has been given by Cornett and Hardee (1975) . They suggest

that a shell is set in motion by pressure gradients produced by ionizing radia-

tion (soft X-ray/hard UV photons) from the SN flash or SNR. Although their cal-

culations are very preliminary they computed that the shell would have the ob-

served velocity and radius after about 140 000 yrs, which is at least a factor

10 larger than our derived age.

5. CONCLUSION

X-ray observations with the ANS satellite of a region around the radio

supernova remnant W44 have resulted in the detection of X-ray emission with an
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observed intensity of 8x10 erg cm s from a region overlapping the radio

source. Spectral analysis of the pulse-height data together with an application

of the shock-wave model for the evolution of an SNR strongly support the sugges-

tion that W44 is the X-ray source.
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CHAPTER IV

X-RAY OBSERVATIONS OF SOME RADIO SUPERNOVA
REMNANTS BY ANS

ABSTRACT

With the X-ray instruments aboard the ANS satellite some radio supernova

remnants (SNRs) have been observed in the energy ranges 0.16-0.284 keV and

0.32- 7'kev.

The observations resulted in upper limits for the luminosities from which

we may infer, on the basis of an adiabatic shock-wave model, the existence of a

tenuous interstellar medium around some SNRs.

Keywords: X-rays - Supernova remnants- Interstellar medium.

1. - INTRODUCTION

From the radio-SNRs catalogue of Downes (1971) we selected about 15 rem-

nants, according to their distance and size, for observation by the X-ray detec-

tors aboard the ANS satellite.

Recently, Clark and Culhane (1976) made some predictions on the X-ray

fluxes of SNRs lying within a distance of 6 kpc from the Sun, using a standard

adiabatic shock-wave model and data from the radio catalogue of Clark and Cas-

wei 1 (1976). Many of the observed SNRs are present in the' list of Clark and Cul-

hane (1976).

2. OBSERVATIONS

The observations were carried out with the Utrecht SXX detectors on board

of the ANS. The detectors comprise a soft X-ray proportional counter, sensitive

in the energy range 0.16-0.284 keV, with a circular field of view (FOV) of 3 V

(FWHM), and a medium-energy X-ray proportional counter, sensitive in the range

0.32-0.46 keV and 1 - 7 keV, with a rectangular FOV of 38' x 7 5 ' (FWHM). For a
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detailed description of the instrument see Brinkman et al. (197*0. den Boggende

and Lafleur (1975), and den Boggende (1975).

For the observations we used both the offset mode and the scan mode of the

satellite. In the former mode the satellite is pointed alternately towards (for

64s) and off (for 64s) the source (maximum offset is 75') to obtain the back-

ground level. The off position was always in the direction of the small axis of

the collimator response of the medium X-ray detector.

In the scan mode the satellite scans the sky with a velocity of 0.6/min in

planes orientated perpendicular to the ecliptic. Given the FOVs of both detec-

tors a point source would be visible during about one minute. The scans were per-

formed in such a way that a region of about 5 (eel. 1 o n g . ) x 1 5 ° (eel. lat.)

centred on the radio position was observed. The scan positions were accurate to

within a few arcmin in eel. long, and within about 15 arcmin in eel. lat.

(Schrijver, 1978).

The observed sources are listed in Table 1. The radio positions are taken

from Downes (1971), while the entries for the distance (d ),diameter (D), height

above the galactic plane (z), and angular size (0) are from Clark and Caswel1

(1976), unless otherwise specified. The time t , during which the sources have

been observed together with the counting rates (3<J upper limits) are given in

the last columns.

Most data were obtained by scanning the sources across their radio extent

and thereby summing the counting rates during the time that a particular posi-

, tion within the radio contour of an SNR was within the FOV. In most cases the

background level did not change significantly during a scan or between subsequent

scans, so that the 3o upper limit for this particular position is representative

for an SNR as a whole.

The sources for which in Table I t , is marked with a 'p' have been ob-
obs r

served in the pointing mode. Because in some 'pointings' the step to the offset

position was small with respect to the diameter of the source only such data

have been collected for which the radio centre was within the FOV (except

CTB104A, where we observed more positions). For CTB63, with a diameter of 60

arcmin, the 3o upper limit is valid only for the central position, whereas for

the other 'pointed' sources it is valid for the whole source (0 £ FWHM of the

F O V ) . The source PKS0646+06 was just outside the FOV of our low-energy detector,

so we have no data available in the energy range 0.16-0.284 keV.

The observations resulted only for W44 in a positive signal of 0.28 ±0.07

c/s ( 1 . 0 - 3 . 5 keV) which has been discussed by Gronenschild et al., 1978. For

the other sources only 3o upper limits have been obtained.
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TABLE 1 OBSERVED RADIO SUPERNOVA REMNANTS

Source

CTA1

HB3

CTB13

HB9

Monoceros

PKS061(6+06

SNI006

Lupus Loop

W*t1

Vrt4

CTB63

W51

HB21

CTBlQltA

CTB1

Posi t i o n

R.A. (1950) D e c l .

OOQZ

Q2Ü4

01(24

0^57

0635

06ii6

1^59

1509

183136

185336

I854

1920

20^5

2127II

2359<*8

+720A

+6315

+1(700

+%36

+0630

+0630

-itOOO

-0857.2

+0115.0

+'5"t5

+ 11(00

+5030

+503O.O

+6211.0

d

(kpc)

1.3

1.9

1.1*

1.1

0.7

2.3

1.3*

0.5

5-2

3.0

I . * *

3.7

1.3

l.k

k.l

0

(pc)

1*9.2

1)0.7

66.0

1.3-2

kS.k

53-5

12.8

1(8.6

31.7

23.7

Ml.2

28 .7

38.1

1.2.1

1(2.0

z

(pc)

+227

+ 73

- 23

+ 5<t

+ 2

+ 92

+329

+131

- 27

- 26

+269

- 32

+ 107

- 8

+ 8

0

Vin'

130

72

210

139

21.2

80

3*

333

21

27

60

27

100

60

30

t . * *
obs

(min'

7.5

2.3

8.0

13.0

5.8

3.6

9.0

11.0

99-2

b.k

8.0

13.0

20.0

16.0

P

P

P

P

P

P

Count ing

.16-0.281. keV

<.21

<.1|6

<.2l|

<.17

<-27

-

<.27

< .21

- . 2 8

•-.21

< Ak

<.15

- . 1 3

- . 1 3

- . 2 5

rate or

a. 32-0.«

< .11

<-22

< . 1 1

<.O8

< . 1 7

<-20

' . 1 2

- .09

<.O9

- . 1 2

<-12

• . 1 0

• .06

- .06

• -07

3o upper I imi t (c/s)

keV .0-3-5 keV

<.18

<.29

<.18

< .12

<-29

<.3>*

< .21

<-15

<.]!(

. 2 8 - . 0 7

<.2O

- . 1 7

• .12

- . 1 0

< . H

.0-7

<.

<

<

28^.

- -

.0 keV

27

1*5

27

19

1.2

A8

32

22

10

30

26

19

16

17

Downes, 1971

* Clark and Culhane, 1976

p:Data obtained in pointing mode of satellite

Assuming a flat spectrum 1 c s corresponds to 0.5.
-? -2 -2 -1

2.3 x 10 , and 1.3 x 10 photons cm s keV

the four energy bands, respectively

-1
8.3,

for



3. CALCULATION OF THE FLUXES OF THE SNRs

As we have found only upper limits, it is impossible to convert these count-

ing rates into energy fluxes without knowing the spectral shape. Calculations
-2 -1

show that the conversion factors (erg cm count ) for the different energy

ranges decrease very rapidly at low temperatures and are nearly constant at high-

er temperatures (cf. Figure 1 ) . Especially in the low-energy bands the conver-

sion factors are very sensitive to the value of the interstellar absorption.

In order to derive intrinsic parameters of the SNRs we explain our X-ray

fluxes in terms of an adiabatic shock-wave model for the evolution of an SNR

(Shklovsky, 1968; Cox, 1972; Woltjer, 1972; Rappaport et a h , 197*); Gorenstein

and Tucker, 1976; see also Chapter I of present Thesis), The expansion is de-

scribed by the Sedov (1959) similarity solution (y = 5/3):

D - 4.9 x 10"1' I —^
1/5 2/5

t

where D(pc) is the diameter of the expanding shock-wave, t(yr) the time elapsed

since the explosion, E (erg) the released explosion energy, and n(cm ) the in-

terstellar medium density. Assuming a mean molecular weight of 0.5 the tempera-

ture T(K) of the gas behind the shock is given by:

T = 11.27 V2 = 1.20 x lO"'40 — -V
n D3

-1,

(2)

where V(km s ) is the shock velocity.

The SNRs are expected to emit line and continuum radiation in the X-ray

region and synchrotron radiation at radio frequencies (also recognized as the

source of optical and X-ray emission in the Crab Nebula). Simplifying the shell

of swept-up matter as isothermal with temperature T, the shock-wave model pre-

dicts an intrinsic X-ray luminosity (erg s ) in the energy band E ± AE/2

L (E)
X

3 x 1055 n2 D3 P(AE,T) (3)

where P(AE,T) is the volume emissivity for unit density plasma of temperature T

in the given energy band (cf. Tucker and Koren, 1971; Mewe, 1972, 1975; Raymond

et al., 1976; and Kato, 1976). The numerical factor in this expression is the

result of a detailed analysis by Rappaport et al. (197^)-

In the analysis we then proceeded as follows. From Equations (1) - (3) we

can predict the temperature and the fluxes in our energy bands if we know the

distance d, the value of E /n and the interstellar density n. From the angular
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size 0 we calculate the diameter D. Assuming a plane-stratified distribution of

the interstellar medium we can obtain the density n(cm ) from:

n e
o

(<•)

with n = 0.5 cm , z = 120 pc, and z the height above the galactic plane (cf.

Kerr and Westerhout, 1965)- The value of E /n is related to the mean time inter-

val T between galactic supernova outbursts. Tammann (1977) derived a value of

T = 8 - 33 yr by studying the distribution of the only 5 historically-recorded

SNRs (see also Caswell, 1970a). Katgert and Oort (1967) came to a comparable

value of T = 15-50 yr. Studies of extra galactic systems lead to x = 18-50 yr

(Tammann, 1971*. 1977; Tinsley, 1977). Clark and Caswell (1976) obtained from

their catalogue of 120 SNRs the relation

1.06 x 10
56 (5)

where 1 + f is the factor with which the number of 120 SNRs should be corrected

for incompleteness (see Chapter I of present Thesis for more details). X-ray

observations favor a value of E /n = (2 - 5) x 10 erg cm (e.g., Gorenstein and

Tucker, 1976; Clark and Culhane, 1976). Taking the mean value E /n 1. 3 x 1 0 erg

cm together with a time interval of T = 25 yr leads to f ̂  6.5, i.e., instead

of 120 SNRs there should be 900 SNRs in our Galaxy. We may note that an interval

T = 25 yr and a total number of 900 SNRs would yield a maximum age for an SNR to

be visible of 25x900 = 22 500 yrs. This value is close to the age of the oldest

SNRs observed in X-rays (Cygnus Loop and Vela, t % 20 000 yrs), except for the

North Polar Spur which may be as old as 1.1x10 yr (Hayakawa et al., 1977).

Clark and Stephenson (1977) interpreted the factor 1 + f in Equation (5) as

a correction to the interval T , and argue that only a fraction (1 + f) of all

supernovae leave long-lived radio remnants. With a value of x = 25 yr and E /n =
5 1 3 °

3 x 1 0 erg cm this fraction is only about one out of seven supernovae.

In calculating the energy fluxes we used the continuum (GronenschiId and

Mewe, 1978) and line spectrum (Mewe, 1972, 1975) of a hot solar-corona like

plasma. With this spectrum the instrumental sensitivity was determined. Correc-

tion for the interstellar absorption was made with the aid of Nu-values derived
n

from the N.,-d relation given by Seward et al. (1972), and using the cross sec-
n

tions by Brown and Gould (1970).

The old sources subtend diameters of several degrees, much larger than the

FWHM of the FOV of both our detectors. Because the counting rates are represent-
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ative for the sources as a whole we corrected these for this extended source

effect.

We can now compare the observed flux with the predicted flux in the sever-

al energy ranges. Using the parameters of the SNRs from Table I we calculate the

predicted 'normalized' intrinsic luminosity L (E) = L (E)/n (cf. Equation
q • n x x

d ) ) , with E /n = ( 2 - 5 ) x l O erg crrr and T from Equation (2). The observed

upper limits to the normalized intrinsic luminosity are calculated with the same

values for the distance and temperature and with n from Equation (4). In Figure

2 we have drawn the curves for I in the energy bands 0.16-0.284 keV (full

lines) and 1 - 7 keV (dashed lines) as a function of the diameter 0 (pc). The ob-

served upper limits (corrected for interstellar absorption) have been indicated

with arrows (for simplicity we gave the upper limits only for E /n = 3 x ) 0 erg

cm ). We can see that most upper limits in the soft X-ray band are above the

curves, especially for the large-distance sources W51, CTB1, and W41 (off the

scale). Those in the 1 - 7 keV band are in general within a factor 2 of the

curves. For some sources, although their upper limits in the 1 - 7 keV interval

are close to the predicted values, their upper limits in the soft X-ray band are

well below (an order of magnitude or more), e.g., HB9, the Monoceros Nebula, and

the Lupus Loop. The fact that there are sources which appear subluminous can be

due to either wrong parameters in the calculation of the upper limits, or due to

a wrong model for the predicted luminosity, or due to uncertain absorption in

the interstellar medium.

Before we are going to investigate these possibilities we give in Table 2

the upper limits to the intrinsic luminosity in the energy range 0.16-0.284 keV

and 1 - 7 keV, respectively. Also the calculated values of n, N u, and T are com-
n

piled. No upper limit in the soft X-ray band can be given for PKS0646+06 because
no data is available (cf. Table 1). We considered three values of E /n in order

o

to show its influence on the derived parameters. We note that the soft X-ray

luminosity is not so very sensitive to the value of E /n (variations within a

factor % 3 ) . but in the 1 - 7 keV band the luminosity may differ more than 2 or-

ders of magnitude between the extreme values of E /n. The insensitivity of the

soft X-ray luminosity to E /n supports the indication that some sources are sub-

luminous with the assumed parameters.

4. REVIEW OF OBSERVATIONS OF SOME SNRs

In this section we will discuss additional information about some individ-

ual sources, especially concerning their distances.

The radio SNR HB3 has been studied by Caswell (1967) and Velusamy and
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Figuve 2. Intrinsic 'normalized* 'Luminosity L - L /nJ (erg cm s ) in the

energy range 0.16-0.284 keV (solid lines) and 1-7 keV (dashed lines)

predicted for SNRs in the adiabatic (Sedov) expansion phase of their

evolution. The curves are labeled with the value of E /n (10 erg
3. °

am ).

The upper limits from the ANS observations are denoted with ar-

rows, where the bars refer to the soft X-ray band and the circles to

the medium X-ray band. The upper limits have been calculated by using

data from the radio catalogues of Downes (1971) and Clark and Caswell

(1976), with the density calculated from Equation (4).

For clarity, only the upper limits for a value of E /n = 3x10
3 °

erg cm have been presented, and the curves and upper limits in the

0.32-0.46 keV have been omitted.

We note that some soft X-ray upper limits are well below the pre-

dicted curves. By changing the distance with 0.1 kpc, 0.2 kpc, etc.,

we can shift the upper limits to above the curves. This has been in-

dicated with the dash-dotted line for the Monoceros Nebula. On the

other hand, a decrease of the density can also shift the upper limits,

see scale on the right hand side of the Figure. The points A, B, C,

etc. refer to points in Figure 3 and are explained in the text.
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TABLE 2 PARAMETERS OF THE OBSERVED SNRs AT THE RADIO DISTANCE

o
CO

Source

CTA1

HB3

CTB13

HB9

Monoceros

PKS 061*6+06

Lupus Loop

W41

CTB63

W51

HB21

CTB104A

CTB1

(cm" 3 )

0.08

0.27

0.41

0.32

0.49

0.23

0.17

0.40

0.05

0.38

0.20

0.47

0 .47

N 2 )

NH

(102 1cnf2 )

1.0

1.9

0.7

0.7

0.4

2.7

0.3

12.0

1.1

6.5

1.0

3.0

10.0

EQ/n =

T

(1O6K)

1.1

1.9

0.45

1.6

1.1

0.84

1.1

4.0

1.5

5.5

2.3

1.7

1.7

2 x 1 0 ' e rg cm

L 3 )

X
<

13.0

130.0

27.0

2.7

1-7

-

0.67

34000.0

2.8

540.0

2.8

220.0

62000.0

X
<

0.02

1.4

4.5x10"7

0.10

0.02

0.018

0.01

9.3

0 .07

3.0

0.69

0.62

13.0

Eo/n =

T

(106K)

1.6

2.9

0.67

2 .4

1.6

1.3

1.7

6.0

2 .2

8.2

3.5

2.6

2.6

3x10 5 1 e r g cm3

L 3 >
X
<

9.7

82.0

19-C

2 .2

1.4

-

0 .6

21000.0

2 .0

590.0

2 .5

95.0

18000.0

L*>
X
<

0.23

2.8

2-5x10"4

0.86

0.23

0-57

0.15

6 . 2

0.62

2.6

0.60

1.7

8.3

E o /n =

T

(1O6K)

2.7

4.8

1.1

4 . 0

2.7

2 . 1

2.8

10.0

3-7

14.0

5.8

4.3

4.3

5x105' ere

L 3 )

X
<

7-3

70.0

10.0

1.9

1.3

-

0.56

31000.0

1.6

680.0

2 .1

82.0

10000.0

) cm

X

<

1.6

2 .1

0.04

0.75

2.0

3.7

1.1

5-0

0.63

2.1

0.50

1 .2

4.9

1) D e n s i t y c a l c u l a t e d w i t h n = n e x p ( - | z | / z ) , w i t h n = 0 . 5 cm , z ^ = 120 p c a n d z f r o m T a b l e 1 .

2) N u d e r i v e d f r o m t h o N - d r e l a t i o n by S e w a r d e t a ) . , 1 9 7 2 .
K " i

3) L u m i n o s i t y ( 1 0 J P e rg s ' ) i n the energy band 0 . 1 6 - 0 . 2 8 4 keV.

4) i b i d , 1-7 keV.



Kundu (197*0. No polarization could be measured because of its low surface

brightness and the proximity of the thermal radio source W3. The SNR may be in-

teracting with W3 (Caswell, 1967) for which Sharpless (1955) estimated a dis-

tance of 1.7 kpc. When the effects of W3 are removed a nearly complete shell

with a diameter of 1.2 is visible (Velusamy and Kundu, 197*0, so possibly indi-

cating no physical association between HB3 and W3. From the low-frequency absorp-

tion at 10 MHz, Bridle (1968) suggested a distance d > 2 kpc. Van den Bergh et

al. (1973) observed some optical filaments about 1 to the west of the centre

which is located at R.A. 2 I4 m and Decl. ^ 62°10' and which is about 1° south of

the position of Downes (1970 given in Table 1. If the filaments are associated

with the SNR then it is interesting to note that in this case the radio contour

is well inside the optical boundary (Velusamy and Kundu, 197*0.

The Monoceros Nebula is a bright filamentary ring of optical emission and

there exists a good correspondence with the radio contours (Milne and Hill,

1969). Holden (1968) and Haslam and Salter (1971) suggested that the source may

be associated with an H I cloud and with the I-Mon association. For this latter

concentration of OB stars Raimond (1966) derived a distance of 1.4 kpc and an

upper limit of its age of 6 x 1 0 yr. Recently, Turner (1976) obtained from more

accurate observations a distance of 780 pc for this association. Expansion ve-

locities of about 50 km s in the Monoceros Nebula have been obtained by

Lozinskaya (1972) from Ha interferograms and by Wallerstein and Jacobsen (1976)

from interstellar absorption lines of a star in the direction of the Nebula.

This velocity, when interpreted as a shockfront velo^'ty could well produce the

observed 0 III emission (Kirshner et al., 1978). Ap ing Chevalier's <1974)

model for the evolution of an SNR to the Monoceros Nebula, Kirshner et al.

(1978) obtained an age of 1.6x10 yr and a distance of about 800 pc which is

well in agreement with Turner's (1976) estimate. If one assumes an association

with the apparently nearby Rosette Nebula for which the distance is estimated

to be about 1.8 kpc (Davies et al., 1978) this will result in an expansion ve-

locity of only 10 km s , at variance with the observations.

The source CTB63 is of low radio surface brightness, located on a steep

galactic background, and confused with nearby sources (Milne and Hill, 1969).

However, Caswell (1970b) identified this source with an SNR because of its non-

thermal spectrum (a ^ -0.5) and fine structure, although the classification may

be doubtful (cf. llovaisky and Lequeux, 1972; Clark and Caswell, 1976). At low

frequencies (v < 430 MHz) the source may have a spectral index of -0.4 (Dickel

and De Noyer, 1975).

The radio source W51 is a complex region with many H II sources and one
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non-thermal ring-source which is an SNR (Shaver, 1969; Wilson et al., 1970).

Sato (IS?'*) observed the 21-cm line in absorption and obtained a maximum radial

velocity of the non-thermal component of +53 km s , corresponding to a kine-

matic distance of k.k kpc. A relation of the SNR to the thermal H II sources can

be excluded because of their larger kinematic distances of 6 . 5 - 8 . 0 kpc (Kerr

and Knapp, 1970; Wilson et al., 1970; Radhakrishnan et al., 1972).

The optical SNR HB21 has been studied by a number of authors. Erkes and

Dickel (1969) and Willis (1973) observed spectral variations over the source,

and Kundu (1971) measured polarization from 103; to 30%. The overall radio struc-

ture can be adequately described by a thick shell with some regions where the

shell is thin (Hill, 197't)> and with a poor correlation with the optical fea-

tures (Willis, 1973). Assousa and Erkes (1973) found evidence for an expanding

H I shell around HB21 with a diameter of 150 arcmin (i.e., 1.5 times the radio

diameter of HB21) and with an expansion velocity of 25 km s . Verschuur (1973)

has suggested a possible association of HB21 with the pulsar PSR2021+51, which

may have an age of about 3 Myr, determined from the spin-down rate (cf. Groth,

1975)- If the H I shell would have the same age this would indicate a distance

£ 3.5 kpc, well above the pulsar distance (̂  1 kpc) derived from the dispersion

measure (cf. Groth, 1975). Jones (1975) calculated an age of the H I shell be-

tween 0.3 and 0.8 Myr if it is located at 1.1 kpc (cf. Woltjer, 1972), which is

at variance with the pulsar age. Clearly, more data are needed to derive a so-

lution to the question whether or not the pulsar be associated with the H I

shell.

The shell of neutral hydrogen could be the remnant of an earlier outburst

and not part of HB21. This is suggested by observations of a similar shell a-

round Vkk (e.g., Knapp and Kerr, ^^^k) and by the fact that the shell is outside

the region of radio emission of HB21. An alternative explanation has been given

by Cornett and Hardee (1975) who suggested that a shell is set in motion by pres-

sure gradients produced by ionizing radiation (soft X-ray/hard UV photons) from

the SN flash or SNR.

The radio picture of the region around CTB1 is extremely complicated, show-

ing an extended background of thermal emission (Willis and Dickel, 1971). The

source shows a clear shell structure (Dickel et al., 1977) with a good corre-

spondence to the optical filaments (Willis, 1973). Polarization is about 10<;

over most of the source (Velusamy and Kundu, 197*t). Willis and Dickel (1971)

suggested that an H I cloud, probably at 2.6 kpc, is associated with the source.

Recently, Kirshner (1978) measured radial velocities of the filaments up to a

value of about 150 km s
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In summary, only for the Monoceros Nebula and W51 fairly accurate distance

estimates are available. For the other sources the radio distance d can only

be obtained by using the Z-D relation, derived in several catalogues (Poveda and

Woltjer, 1968 (PW68); Milne, 1970 (M70); Downes, 1971 (D71); llovaisky and Le-

queux, 1972 (IL72); Clark and Caswel1 , 1976 (CC76)). Comparing the derived dis-

tances in these catalogues (see Chapter I of present Thesis for more details)

we note that in general there is quite an agreement, except for the sources

PKS0646+06 (dr = 2.3 kpc (CC76) - 4.7 kpc (IL72)), Vrti (dr = 1.0 kpc (M70) -

5.2 kpc (CC76)), CTB63 (dr = 1.4 kpc (D71, CC76) - 3.2 kpc (IL72)), W51 (df =

1.9 kpc (M70) - 3-7 kpc (CC76)), and CTB1 (d = 0.9 kpc (M70) - 4.7 kpc (IL72,

CC76)).
As may be noted we did not include SN1006 in Table 2, because this source

has now positively been identified by U'JO-7 (Winkler and Laird, 1976). They de-

rived T = d . 5 i 1.9) x IO7K, N u < 4 x 1 0
2 1 atoms cm" 2, and d = 1.1 ±0.2 kpc

(Winkler, 1977), in close agreement with the distance of 1.0 ± 0.3 kpc obtained

from the study of historical records (Stephenson et al., 1977)- Folding their

spectrum through our detector resulted in counting rates which were just below

our 3o upper limits. Culhane (1977) reported on ARIEL V results for this source

and mentioned for a fit with a thermal continuum spectrum: T = (1.9 + 0.2) xiO K
22 -2

and N H < 1.4x10 atoms cm . However, this spectrum would give counting rates

in our detectors which turn out to be about a factor 2 higher than our 3a upper

limits in the energy bands 1.0-3-5 keV and 1.0-7-0 keV. This difference was

also noted by Zarnecki (1977). The recent results by SAS-3 (Winkler, 1978) and

a Leiden-Nagoya (Leinax) rocket experiment (Davelaar, 1978) further complicate

the picture. Winkler (1978) obtained an excess of soft X-ray flux above the ex-

trapolated OSO-7 spectrum. However, the Leinax 0.06-0.40 keV upper limit is in

contradiction with this result and supports the soft X-ray 3a upper limit of ANS

which is about a factor 5 below the SAS-3 soft X-ray flux. The Lupus Loop which

is in about the same 1ine-of-sight as SN1006 was observed by Palmieri et al.

(1972) and OSO-7 (Winkler and Laird, 1976)- It is now positively identified by

observations of SAS-3 (Winkler, 1978) and Leinax (Davelaar, 1978) showing that

its spectrum is comparable to that of the Cygnus Loop but at a much weaker in-

tensity level. Also in this case the upper limits in the soft X-ray range of

both ANS and Leinax are far below the SAS-3 flux. It is conjectured that the

limited FOVs of ANS and Leinax with respect to that of SAS-3 and source confu-

sion between SN1006 and Lupus Loop may cause the contradictory results for both

remnants.

Seward et al. (1976, and references cited herein ) published a list of SNRs
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which they observed in X-rays. Using their detector characteristics we noted

that only for the sources HB3, PKS06'(6+06, and HB21 their upper limits in the

0.2-2.5 keV band are somewhat more stringent than ours. Recently, Davidsen et

al. (1977) reported on the results of two rocket flights and the APOLLO-SOYU'/

mission. For HB21 they found a 2o upper limit of 2.4x10 erg cm" s (0.5-
7 1 — 7 A

2.0 keV), with N u = » 5 x l O atoms cm and a temperature of about 2 x 1 0 K. Asn

this upper limit, when extrapolated to the energy band 0.2-2.5 keV, is only

just below that from Seward et al. (1976), we will use in the further analysis

only their improved upper limits. The consequence of this is that the SNRs HB3

and HB21 are also below the predicted curves in Figure 2 with the parameters

from Table 1.

5. PARAMETERS OF THE SNRs

From the different radio catalogues it is clear that the distances of the

SNRs are not known accurately enough to assess confident parameters to the SNRs

from the X-ray observations. We can however investigate their dependence from

the unknown distance assuming values of E /n in the range ( 2 - 5 ) xlO erg cm .

By varying d and proportionally D we can shift the upper limits to the

normalized intrinsic luminosity above the predicted values by scaling n. For the

lowest value of the distance we choose the minimum value of the estimates from

the available radio catalogues. In Figure 2 we show as an example the track of

the soft X-ray upper limit for Monoceros by increasing the distance by 0.1 kpc,

0.2 kpc, etc. A decrease in density has been denoted with the scale at the right-

hand side of the figure. In Table 3 we compiled the maximum values of the densi-

ty n required to at least equalize the observed and predicted fluxes at a cer-
X

tain distance d . The derived n and d are essentially independent of the
x x x ' r

choice of n and z in Equation C O because the upper limits to the normalized

intrinsic luminosity scale only with d and n . For comparison the density n

according to Equation (k) has been given in the Table. The temperature T (cf.

Equation (2)) and the maximum value of the luminosity (in the range of E /n =
r 1 r> O

(2-5) x 1 0 erg cm ) in two energy bands are also presented. In the column of

d in Table 3 we marked with a bar the range of distances in the several radio

catalogues (cf. Poveda and Woltjer, 1968; Milne, 1970; Downes, 1971; llovaisky

and Lequeux, 1972; Clark and Caswell, 1976)• The results can be considered as

a mean over the catalogues with a standard deviation of less than 50?, except

for Wti and CTB1, where the angular size in Milne's catalogue is much larger

than in the others. Therefore we excluded Milne's parameters for these sources.

The sources CTA1 and CTB63 are not included in Table 3 because their upper
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limits are above the curves in all cases considered.

As an illustration we show in Figure 3 the n -d curves for those SNRs for
— X X

which n may be considerably below 0.1 cm , viz., HB3, HB9, the Monoceros

Nebula, the Lupus Loop, and HB21. The curves are labeled with the value of E /n
r | o O

(10 erg c m ) which has a prominent influence on the nearby SNRs, the Monoceros

Nebula and the Lupus Loop, and at the large-distance side for the other SNRs.

The curves for Monoceros have been crossed by a line with nodes marked A,

B, and C, corresponding to those in Figure 2, and indicating the value of n at

the same distance d but with different values of E /n. Similarly, the cross
X O

points D, E, and F correspond to those in Figure 2 and denote the distance for

which the upper limit equals the predicted value without a decrease of the den-

sity. So at these points n equals the density calculated from Equation (k).

The interpretation of the curves is such that at a given distance the corre-

sponding density is an upper limit or for a given density the corresponding

distance is a lower limit.

The dashed lines in Figure 3 show the n values above which the temperature
6 x 6

is lower than 10 K. Straka (197*0 calculated that below 'v 2 x 1 0 K the losses

by recombination processes exceed those by thermal bremsstrahlung. Then the on-

set of the radiative cooling phase with the formation of a dense shell would

occur (e.g., Cox, 1972): the adiabatic shock-wave model looses its validity. We

therefore estimate that 10 K is the ultimate limit for the application of this

mode 1.

Compared to the calculated densities from Equation (k) the derived upper

limits to the densities (in dependence of d and E /n) indicate a reduction with
X O

a factor five or more. The presence of such a tenuous plasma has been suggested

by Cox and Smith (197^) and Smith (1977). They proposed that supernova explo-

sions would generate and maintain a mesh of interconnected tunnels containing a

hot (T *vi 10 K) and low-density plasma in the interstellar space. The chance

that a new supernova explosion occurs in such a cavity would be as high as 10%

and that a new SNR shell hits it even as high as 55%. An example of the former

situation may be the North Polar Spur (e.g., Cruddace et al., 1976; Hayakawa et

al., 1977) and of the latter the hot spot in Eridanus (e.g., Naranan et al.,

1976; Zwijnenberg, 1976). Also the formation of 'hot bubbles' by stellar wind

may be an explanation (e.g., Castor et al., 1975), although their occupied space

may be less than in the 'tunnel' effect.
6. CONCLUSIONS

The observed upper limits to the luminosity of some SNRs, if explained in
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TABLE 3 PARAMETERS OF THE SNRs IN DEPENDENCE OF DISTANCE

Source

H83

CTBI3 T

HB9

Monoceros

Nebula

PKS0646+06

[
Lupus Loop

kpc

1. «t

1.7

2.0

2.3

2.7

0.6

0.8

1.1

0.8

1.1

1 4

1.7

0.6

0.9

1.1

2.2

2.5

0.4

0.7

n">

cm-3

0.32

0.29

0.26

0.24

0.2I

0.45

0.43

0.41

0.36

0.32

0.28

0.25

0.49

0.49

0.49

0.24

0.22

0.21

0.11

V n = 2"
n TK
cm'3 ]06K

0.07 4.8

0.08 2.7

0.14 1.6

0.09 2.8

0.09 1.2

0.14 4.1

0.11 1.6

0.(16 1.7

0.43 0.5

-

0.05 2.2

EQ/n . 3

n Tx

cm-3 106K

0.06 7.1

0.07 4.0

0.09 2.4

0.16 1.6

0.12 4.1

0.08 1.7

0.32 0.7

0.09 6.2

0.13 2.4

0.15 1.2

0.08 2.5

0.18 0.8

0.18 1.4

0.07 3.3

EQ/n = 5

n Tx

cm"3 106K

0.07 12.0

0,06 6.6

0.07 4.1

0.09 2.7

0.20 1.7

0.15 6.9

0.11 2.9

0.25 0.9

0.06 10.0

0.13 4.0

0.15 1.9

0.20 1.1

0.12 4.2

0.09 1.3

0.29 0.7

0.09 2.4

0.17 1.6

0.10 5.5

0.07 1.0

luminosity (10 erg 5 )

0.16-0.284 keV 1-7 keV

7.1 0.9

39.0 1.4

220.0 2.6

940.0 4.9

310(1.0 3.4

0.05 0.7

1.8 0.3

19.0 0.04

0.4 0.4

2.7 0.8

2.2 0.6

18.0 0.06

0.8 1.4

10.0 0.1

28.0 0.0007

4.6

2.1

0.3 0.7

2.6 0.01

1) The value of E /n is in units of 10 erg cm .

2) The quoted values of the luminosity are the maximum values calculated in

the range E /n (2 - 5) x 1 0 5 ' erg cm3.

3) The line in front of this column indicates the range of distances in the

used radio catalogues.



TABLE 3 (CONT'D)

Source

W4l

W51 [

HB21 T

[

CTB104A

CTB1

d 3)

X
kpc

1

2

3

5

3

4

5

0

1

1

1

2

1

2

2

2

3

4

5

.5

.5

.5

.0

.0

.0

.0

.0

.8

.1

.4

.7

.0

.6

0

9

5

0

0

0

cm" 3

0

0

0

0

0

0

0

0

.47

.45

.43

.40

43

40

37

35

0.29

0

0

24

19

0.16

0.13

0

0

0

0

0

0

0

48

47

46

48

48

47

47

cm" 3

0.27

0.23

0.25

-

0.20

0.21

-

-

0.07

0.06

0.08

-

-

0.12

0.28

-

0.14

0.19

-

-

= 2 "

106K

170

36

13

35

10

10

3

1

5

3

12.

6.

-

-

.0

.0

0

0

0

0

8

g

8

0

0

0

cm" 3

0

0

0

0

0

0.

-

0.

0.

0.

0.

-

0.

0.

-

0.

0.

0.

-

22

22

35

19

19

29

08

06

07

11

09

15

13

14

32

= 3

T

10

54

20

6

52

15

6

15

5

2

1

8

4

17

10

4

X

6K

.5)

.0

.0

.8

.0

0

5

0

7

8

6

7

5

0

0

0

E

c

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

o / n

m"3

.22

.20

.24

.19

.17

.20

33

09

06

06

07

13

07

09

44

12

12

17

43

= 5

106K

91

33

11

.5)

0

0

0

87.0

2f

11

5

25

9

4

2

'

15

7

2

29

17

7

3

0

0

6

0

6

6

6

6

0

4

4

0

0

0

6

luminosi ty

0.16-0.284

15

77

810

23000

7

260

2500

23000

0

0

5

38

150

3

25

260

71

230

1800

24000

0

0

0

0

6

0

0

0

2

8

9

0

0

6

0

0

0

0

0

0

(IO35erg

keV 1

0

0

1

5

0

0

2

5

0

0

0

1

0

0

0

3

0

1

3

7

.V
-7 keV

.2

.6

.6

.3

5

9

6

3

2

4

8

4

5

3

9

0

6

0

1

2

k) The density n has been calculated with Equation (k).
Q

5) The temperature for this source at this distance is in excess of 10 K for

which our calculations are not valid.
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2 0
DISTANCE ( K p c l

Figure 3. Possible combinations of distance, density, and E /n Values required

to equalize the observed upper limits and the predicted values of the
6 7 "i

intrinsic luminosity. The curves are labeled with E /n (10 erg cm")

and the SNR to which they refer. The soft X-ray (and/or medium X-ray)

upper limits for these sources are below the predictions (in the adi-

abatic phase) within the range of distances quoted in the literature.

The strangled nature of the curves for HB9 is due to the use of

both the soft and 0.32-0.46 keV X-ray upper limit. The curves for

HB3 and 11B21 are mostly based on data from Seward et al. (1976).

The interpretation of the Figure is such that at a certain dis-

tance the corresponding density is an upper limit, and at a certain

density the corresponding distance is a lower limit.

The density of the interstellar medium in which these SNRs e-

volved turns out to be much less (factor £ 5J than expected from

Equation (4), provided they are in the adiabatic phase of their evo-

lution.

The dashed lines through the curves indicate the density above

which the temperature is less than 10 K, which is assumed to be the

ultimate lower limit for the validity of the adiabatic model (cf.

Straka, 1974).

The points A, B, C, etc., are corresponding to those in Figure 2

and are fui'bher eozplained in the text.

The cross in the lower left-hand corner marked with Uinkler in-

dicates the recently derived density for the Lupus Loop (iHnkler ,

1978), which is well in agreement with our upper limit.
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terms of an adiabatic shuck-wave mode), may set constraints to the value of the

density of the interstellar medium. Assuming a plane-stratified distribution of

the interstellar medium with a density n = 0.5 exp(-|z|/120) (cf. Equation CO)

we find that the density around some SNRs may be more than a factor 5 below

average. This may be another indication of the existence of tenuous interstellar

cavities as proposed by Cox and Smith (1971*), Castor et al. (1975), and Smith

(1977).
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CHAPTERV

CALCULATED X-RADIATION FROM OPTICALLY
THIN PLASMAS, III:
ABUNDANCE EFFECTS ON CONTINUUM EMISSION
E.H.B.M. Gronenschild and R. Mewe, 1978

ABSTRACT

We have calculated the continuum spectrum (A1-1000 8, T 1 0 - 1 0 K) of an

optically thin stationary plasma. Abundance effects on the free-free, free-bound,

and two-photon emission have been investigated. Individual effective gaunt fac-

tors for both low- and high-density plasmas have been computed for the elements

H, He, C, N, 0, Ne, Mg, Si, S, Ca, Fe, and Ni, respectively.

Keywords: X-radiation - Physical processes - Supernova remnants.

1. INTRODUCTION

In two preceding papers (Mewe, 1972a, 1975, hereafter referred to as Paper

land II, resp.) we have computed line and continuum fluxes in the wavelength

region 1 -250 8 from a stationary, optically thin plasma of solar composition in
5 9the temperature range 10 - 10 K.

Optimum fits to the X-ray spectra of a number of supernova remnants ob-

served in rocket experiments were obtained by Hill et al. (1975) and Burginyon

et al. (1975) by assuming that the silicon abundance is enhanced by an order

of magnitude or even more relative to the corresponding solar value. On the oth-

er hand, iron is lowered with a factor 10 in these fits. If this were true, pre-

dominantly silicon ions would contribute both to the line and the continuum emis-

sion.

This has lead us to investigate in more detail how the X-ray spectrum can

be affected by the element abundances. In the present paper we consider the case

of the continuum radiation (in the range 1 - 1000 A) produced by free-free, free-

bound, and two-photon transitions of electrons, whereas in a subsequent paper

line emission will be dealt with.
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In the last case, effects of a lack of ionization equilibrium in a tran-

sient plasma (e.g.,Kafatos and Tucker, 1972; Mewe and Schrijver, 1975. 1978b)

can play an important role. Such effects, which can give an alternative expla-

nation for the anomalous X-ray spectra of supernova remnants, will be discussed

in that paper.

In Section 2 the basic equations are given and in Section 3 the results

are presented and discussed.

2. BASIC EQUATIONS AND ASSUMPTIONS

As in Paper I and IX wo have made the usual assumptions of steady-state

conditions and negligible absorption and of a Maxwell distribution for the free

electrons. The continuous X-ray spectrum is due to three processes: free-free

transitions (Bremsstrahlung), free-bound transitions (radiative recombination),

and two-photon decay of metastable 2s states of hydrogenic and helium-like ions.

2.1. Free-free_emiss|on

The energy emitted per unit time, volume,and wavelength interval due to

Coulomb scattering of electrons by a mixture of ions in a plasma of electron

temperature T (K) is, in a hydrogenic approximation, given by (e.g., Elwert,

1954; Culhane, 1969; Tucker and Koren, 1971):

dP f f(A,T) N e ' u

- 1 U " C f f f z T * NZ,z z 9f f <*.*.T> erg cm 3 s 1 8 \ (1)
A 1 L, Z

where A is the photon wavelength (A), N the electron density (cm ).and N_
_, e L ,z

the density (cm ) of ions from element of atomic number Z with effective

charge z, defined by

(2)

I u being the ionization energy of hydrogen and I, , the ionization energy
n i--,2.-\ , n Q

from the ground state with principle quantum number n in the ion from the

preceding ionization stage. Further:
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he 1.1(39 x 10
u = T k T = VT •

The constant C, is given by

(c is the velocity of light (cm/s), m the electron mass (gr), k the Boltzmann

constant (erg/K) and e the electron charge (e.s.u.)). Finally, g,, (z,A,T) is

the temperature-averaged free-free hydrogenic gaunt factor for ions of effec-

tive charge z, which has been computed by Karzas and Latter (1961).

We approximated their graphical results by the following formula:

9 f f(z,A,T) = y | ^ e x K o ( x ) ] 2
+ [ a - b l o g , 0 u ] 2 , (5)

where K (x) is the modi f ied Bessel f unc t i on o f the second k ind ( tab les of e
o

K (x) and polynomial approximat ions can be found in Abramowitz and Stegun,

1965). The argument x is g iven by

£(1 + V1OY
2) . (6)

with

y2 = z2 U-£ = 1.578 x 105 z2 T~\ (7)

and u is given by Equation (3).

Finally:

a = 1.20 e l 3 ' 7 / > (8)
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)

b = 0.37 e \ 2 / (9)

In the range 10~2 - 10 + 3 for u and v 2 IA = 1 - 1000 8, T = 10^ - 108 K)

Equation (5) describes the non-relativistic results or Karzas and Latter to
2

within «* 103; (except for 7 = 1 where the accuracy is within * 15?.) In the I im-
2

iting case ot small values of y , i.e., for a low-z plasma and high temperatures

(see Equation (7)) Equation (5) is given by:

gff(z,X,T) = £ e u / 2 KQ(f) (10)

This is the result obtained by Greene (1959) and is independent of z. Expression

(5) may be considered as a kind of generalization of this formula for the case

z t 1.

2i2i_Free;bgund_em|ss|gn

The energy emitted per unit volume, time,and wavelength interval by the

captures of free electrons in the bound states n of a mixture of ions in a plas-

ma of temperature T is, in a hydrogenic approximation, given by (e.g., Elwert,

195/4; Culhane, 1969; Tucker and Koren, 1971):

(11)

2 2
where I7 , = lu z /n is the ionization energy of the bound state n of theL ,z-I,n n ,

recombined ion and S, is the number of positions in the n shell which are

free to be occupied (before recombination) by the captured electron. The free-

bound Gaunt factor gf, has been calculated by Karzas and Latter (1961) and lies
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in the range 0.8-1.0. Expression (11) takes into account only captures in the

ground state of the ion but it turns out that additional recombination to ex-

cited states is only about 5 to 15% of the total free-bound radiation. Admitting

errors of the order of 10% one can compensate for the neglect of the recombina-

The metastable 2s level is subject to either collisions] depopulation main-

ly to the 2p level or by a process known as two-photon decay. As will be shown

at the end of this paragraph the first depopulation process is negligible for

most cases of interest.

Then the two-photon emission is proportional to the rate of excitation of

the 2s level from the ground state. If we consider only the hydrogen- and heli-

um-like ions the emission per unit time, volume,and wavelength interval is given

by:

d P 2 v U ' T ) AZ
— Hi z N N7 , S7 * h c •%

dX Zz e Z,z Z,z X3
(A > \z )

2.727x10"15 .. „ ., , - ,2 Z'z rf,, v -3 -lo-l
—TTi Ne _E NZ,z f Z , Z 9Z,z

 X Z,z e 0(y)erg Cm S 8 •
A I ti, Z

(A > A7 ) (12)

where S_ , g7 , and A are the excitation rate coefficient (e.g.,Van Rege-

morter, 1962), the averaged Gaunt factor (see Mewe, 1972b), and the wavelength,

respectively, of the Is - 2s transition in ion (Z,z). The parameter f_ is the
z ,z

absorption oscillator strength of the resonance Is - 2p transition in the same

ion. The sum is taken only over hydrogen- and helium-like ions. The function

0(y) with y = A /A is the two-photon decay spectral distribution function,

which has been calculated by Spitzer and Greenstein (1951) for hydrogen-like

ions. It turns out that for y > 0 . 1 (or y > 0) their result can be approximated

within k% (or \k%) by
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0(y) 2: 2.623 tycos [-u(y-i)] . (13)

Note that SO(y) is symmetric around y = = and that the total area by integrating

from y = 0 to y = 1 is equal to 2, because in each emission there are two

photons (with A, = A7 /y and A. = A7 /(1-y)) and thus each pair is counted

twice.

The results for helium-like ions (Dalgarno and Drake, 1969) are very simi-

lar and in a good approximation we can use the same distribution function as

defined in Equation (13). We take g. = 0.055 or g, = 0.045 (Mewe, 1972b;

Mewe and Schrijver, 1978a) and f = 0.416 or f7 = 0.832 | 1-1.34 z"1] (Mewe,

1977) for H- or He-like ions, respectively.

As stated above, the two-photon decay is the most important process to de-

populate the 2s level as long as collisional excitation is negligible.

When the rate C of collissional excitation (mainly 2s -* 2p proton impact)

becomes comparable to the two-photon transition probability A (2s -> Is), the

two-photon continuum will be reduced by a factor 1+ (C/A). If we assume equal

proton and electron densities and temperatures then C °" 0.1 N Z T 2 and A ^

8 Z 6 for H-like ions (Paper I) and C ^ 3 10~3 N e(Z-i)~
2 T~^ and A ^ 16(Z-1)6 for

He-like ions (Mewe and Schrijver, 1978a). If we define a critical electron den-

sity N at which C = A we can write
1 ec

N * 100 Z T2~ (H-like ions) (14)

and

N « 5x103 (Z-1) 8 T* (He-like ions). 115)

Taking for T the temperature at which the ions have their maximum abundance,

i.e., T «* 5000 Z 3 (H) or T * 2400 (Z-i)3(He) we obtain

N * 7x103 Z 9- 5 (H) (16)
ec
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N , * 2x105 (Z-1) 9' 5 i'He)

Typical values are: N * 10 , 10 , 10 cm" for Z = 6, 12, 26, respectively.

Thus for solar coronal conditions or for supernova remnants collisionai depopu-

lation will be unimportant in most cases.

2i4;_Averaged Gaunt_factgrs

Combining Equations (1), (11), and (12) we can now write the total contin-

uum flux received at Earth without interstellar absorption from an isothermal

source with emission measure t; = / N dV (cm ) at distance d(pc):

J c (X ,T ,d )
/ •

. 7 H x 10" 5 7(G f f+G f b+G 2 X) A"
2 T~* Ed"2 e'U erg cm" 2s" 18' 1 , (18)G f f+G f b+G 2 X

where the averaged 'gaunt factors' are:

G f f = N e " ] I N z > z z 2 g f f ( z , * , T ) , (19)

z n k y / n

ITha2 e ' (20)
7., z „ n

(u > Y / n )

and

3 - " B x

H,He;

0 < y < 1 (21)
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The charge neutrality of the plasma implies that

N = Z N z1 , (22;
e Z z , l,z

+z
where z1 is the charge of ions X . (Note that z-z' is the screening number

which may vary between 0 for the hydrogenic case and 3 for the lowest considered

ionization states.) In a solar-type plasma the free electrons are predominantly
+ 1 +2

delivered by the H and He ions, but in plasmas with relatively more heavy

elements also high-z ions may contribute to N .

The ion concentrations for He were taken from House (1964), while for the

elements C, N, 0, Ne, Mg, Si,and S we used the calculations by Jordan (1969).

For Ca and Ni the results of Landini and Fossi (1972) have been applied.

In the case of a solar corona plasma (so called 'high-density' case) Jor-

dan (1969) and Landini and Fossi (1972) corrected the dielectronic recombination

rates for the influence of the surrounding charged particles. For much more ten-

uous plasmas, like in supernova remnants, their results without this density

correction have been used ('low-density' case).

For the element Fe we normally used in the high-density case the recent

calculations by Jacobs et s]. (1977a). They improved the calculations by Burgess

(1965) of the dielectronic recombination and showed that doubly excited states

formed by radiationless capture may autoionize preferentially into excited

states of the recombining ion. This additional autoionization process, which

lowers the dielectronic recombination rates, has been neglected in previous cal-

culations. Consequently, the temperatures of maximum equilibrim abundance are

somewhat reduced for Fe XV through Fe XXVII. However, for Fe XX through Fe XIV

their calculated temperatures are higher than those from Landini and Fossi

(1972) or Jordan (1969), which may be explained by the different density correc-

tions that have been applied in the calculations.

Comparing the results for the Fe IX ion from Jacobs et al. (1977a) with

those from Jordan (1969) or from Landini and Fossi (1972) it was noticed that

the maximum abundance of this ion was lower, possibly due to a boundary effect

in calculating the ion concentrations (Fe IX is the first ion in the calcula-

tions by Jacobs et al. (1977a)). Because of the strong Fe Vlll and Fe IX line

emission in the temperature range 2 x 1 0 K - 2 x 1 0 K i t i s necessary to correct
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this Fe IX-ion abundance and to estimate the abundance for the Fe VHI-ion. For

this estimation we used the Fe VIII and Fe IX calculations for a steady-state

plasma by Shapiro and Moore (1976). Their results could easily be adapted to the

results of Jacobs et al . (1977a).

Recent results of Jacobs et al. (1977b) for silicon turn out to be not sig-

nificantly different from the results of Jordan (1969) for the high-density case.

For temperatures different from those for which the ion density values are

quoted in literature the ion concentrations were computed by second order inter-

polation.

The total number of ions used in the calculations of the free-free and free-

bound gaunt factors is 120. They are indicated in Table 1.

TABLE 1 SUMMARY OF THE IONS USED IN THE CALCULATION OF THE CONTINUUM

SPECTRUM

H II

He II, III

C II-VII

N III-VIII

0 IV-IX

Ne III-XI

Mg III-XIII

S i V-XV

S VI-XVII

Ca VI-XXI

Fe VIII-XXVII

Ni X-XXIX

The two-photon gaunt factor was calculated using 20 hydrogen- and helium-like

ions. The ionization energies needed for the computation of the free-bound gaunt

factor were taken from Lotz (1968).

In calculating the free-free gaunt factor given by Equation (19), for rea-

son of saving computing time, we summed only over those terms for which

N7Z,z
10-3

3- RESULTS AND DISCUSSION

In this section we present the results of computer calculations of the ef-

fective gaunt factors defined in Equations (19), (20), and (21).
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3.iIi_Io.£3l_£ff§c.£iy.e_gaunt_f actor
The total effective gaunt factors given in Equations (19) to (21) have been

calculated as a function of wavelength. As an example we have calculated effec-

tive gaunt factors for the following abundance models (abundances A_ by number

relative to H ) :

Model 1: '

Solar abundances: He(0.085) (Allen, 1973), C(3.8 x lO"1*) (Walker, 1972), N(9x

1 0 ' 5 ) , 0(7x10"**), Ne(3x10" 5) (Rugge and Walker, 1976), M g ( 3 x i o " 5 ) , Si (3.5 x

1 0 " 5 ) , S ( 9 x 1 0 " 6 ) , C a ( 2 x 1 0 " 6 ) , Fe(2.6 x 1 0 " 5 ) , N i(4x10" 6) (Walker et al.,

1974a,b,c).

Model 2:

Same as model 1 except for Si (1.4x10 ) and F e ( 5 x l 0 ) ; this set yielded the

best fit to X-ray spectra of the Cygnus Loop and the Vela supernova remnants,

as observed by rginyon et al. (1975)-

Model 3:
-4

Same as model 2 except for Si (3-5x10 ) ; this set has been used to fit the

X-ray spectra of Puppis A, Cas A, and Tycho supernova remnants (Burginyon et al.,

1975; Hill et al., 1975). The results are given in Figures 1-6.

For the temperature we have chosen a value of 2. 5 x 1 0 K, which may be re-

presentative for all three models .

In Figures 1, 2 ,and 3 we present the contributions to the two-photon gaunt

factor of the elements together with the total gaunt factor (solid line). The

arrow at the lower edge of the Figures marks the wavelength A for which the3 3 a max
total free-free spectrum is about maximum: A (8) = 6.2/kT(keV). For compar-

1T13X

ison the free-free gaunt factor (dashed line) is also given. The curves consist

of two lobes, corresponding to the helium- and hydrogen-Iike ions.

It is clear from these Figures that for all these abundance models oxygen

is the main two-photon contributor to the total gaunt factor at this tempera-

ture. At its maximum the two-photon gaunt factor of oxygen reaches 30%-70% of

the total gaunt factor, depending on the abundance model.

At this relatively low temperature the free-free gaunt factor is negligible

except for long wavelengths, where it dominates.

The total gaunt factor is almost completely given by the free-bound gaunt I

factor at temperatures lower than about 10 K and wavelengths less than about !

20 A. This is illustrated in Figures 4-6,where, in addition to the total gaunt

factor, we also present the free-bound gaunt factor for each element. The free-

* Detailed results for other temperatures are available on request.
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MODEL 1 SET OF RBUNORNCES MOOEL 2 SET OF RBUNOflNCES

TUO-PHOTON OflUNT FBCTOR IFE FROfi JBCOBS El fil.I

lEWEHRTURE = .21S4E»00 KEV I .250DE.01 R ] IIUOM DENS [ i n

10' 10' 10'

10 -
10

10' ,
10 '

IU0-PHOT0N BflUNI «CfOR

TEnPERBIURE = -2154E.00 K£tt I -2S0DE>01 HI U0I I DCNSilT)

10'

WRVELENGTH tfl)
Figure 1 Contributions to Ihe two-photon gaunt factor as a function ol \va\elcngth from the
different elements with mode! 1 abundances, and temperature of 2.5 x 111'1 K (high density).
The upper curve presents the total gaunt factor, the dashed line the free-free gaunt factor.
The arrow at the lower edge marks the wavelength >.,„„ for which the free-free spectrum
reaches about its maximum value. Fe-ion concentrations taken fiom Jacobs a al. ( l°77a).

WfiVELENGTH i f l l
Figure 2 Same as figure I. hul lor model 2 abundances (Si \ 40. IV x 1 ?). ami low dciiMt>



MODEL 3 SET OF flBUNORNCES MODEL 1 SET OF fiBUNDfiMCES

7H0-PH0TON GAUNT FACTO*

TEnrEKATUItE = .2tS4E«OO KEV I .2SOOE.O1 HI I LOU OEHSITV]

10* 1Q1 1O1 10'

10 "l

10IKL MUH1 ration

1 0 •* I ' i i i i

10"

10 2

I0 1

WAVELENGTH i f l j

to :

FREE-BOUNO OflUU! FOC10R 1FE FRDH JBCnBS ET DL. l

lEnPEBBIURE = .2154E«00 KEV I -JSOOEtOTB! IH1GH OCHSItVI

10" 10 ' 10 '

I D 1

10'
I M i l l ) —1 1 — 1 1 I I I

10* ,
i . m m 1 0 '

' 4 :

10"

10°

Figure 3 SaniL' ;is figure 1. hul for model 3 nhundnnees (Si x K). He x 1/5). and low density. Figure 4 Cuntribuluins lo Ihc trec-Niuml gaunt factor a- a function of wavelength from the
different elements with model t abundances, and temperature of 2.5 x III" K (high densilv).
The upper curve indicates the total gaunt factor, the dashed line the free-free gaunt factor.
The arrow at the lower edge marks the wavelength /.n.JV for which the Iree-lree spectrum
reaches about its maximum \alue. Fc-itw concentrations taken from Jacobs ei at. (l')77ah



MOOEL 2 SET OF RBLJNDRNCES MODEL 3 SET OF RBUNQPNCES

FME-BOUNO MUM FBttOR

TEHPEItHTU»E : . 2 1 5 4 0 0 0 KEV I .2S00E<07 HI I LOU DEHSITM

1 0 '

MUNT rncio»

= . 2 1 S 4 E . 0 0 «EV 1 . 2 5 0 0 E . 0 1 « ! I LOU DEUS I I T )

10° 10' ID'

10°

10- '

~1 I I I I I III 1—I—I I I I III 1—I I I I 11
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10°

10'

WRVELENGTH ( f t ) WRVELENGTH ( A )

Figure 5 Same as fijiuru 4. hul fur nmdcl 2 ahuiulano.'s (Si x 40. He x I'5). and low clcnsily. Figure ft Same as figure 4. hut for mndel 3 abundances (Si x Id. Fe x I'5). and lowdenwu.



bound gaunt factor given by Equation (20) has been plotted witn tne free-bound

gaunt factors of hydrogen and helium as reference. So, in the calculation for a

particular element we always set the abundance of the remaining elements zero

except for hydrogen and helium. This has been done because, in the cases consid-

ered, these elements are the main electron deliverers and the gaunt factor is

inversely proportional to the electron density (cf. Eq. (20)). We did the same

in calculating the two-photon gaunt factor.

As in the case of the two-photon gaunt factor again oxygen dominates. At

the edge wavelength of 0 VII[(A * Tt 8) the free-bound gaunt factor exceeds the

free-free gaunt factor (dashed line) by an order of magnitude. In model 2 also

silicon contributes much to the total gaunt factor and reaches about 75-S of the

oxygen level at wavelengths less than the Si XL1 edge value (.X * 25 8 ) .

If we compare the free-free gaunt factor in the different models we notice

that in model 2 this gaunt factor is 50Z-)01 (A = i8-1000 8) larger than in

model 1. This is important because it means that simplifying the calculation of

the free-free gaunt factor by taking only hydrogen and helium contributions will

yield erroneous results just for plasmas with abundances of the heavy elements

higher than in the solar corona.

The temperature dependence of the total gaunt factor is illustrated in

Figure 7 (low-density case, model 1 abundances). At low temperatures (* 3 x 1 0 K)

free-bound radiation from hydrogen and helium is dominant, whereas at higher

temperatures the increasing influence of two-photon and free-bound emission of

oxygen and also carbon becomes visible. Finally, at very high temperatures

{^ 10 K) free-free radiation from hydrogen and helium gives the main contribu-

tion to the total gaunt factor.

2.2._NormaHzed_effective_gaunt_factgr

As we already illustrated in the formulation of the gaunt factors it is

always needed to make a summation over the different elements and ions. It is

difficult to deduce from the total gaunt factor the contributions of the differ-

ent terms in these summations and the effects of changing abundances.

Therefore, we introduce here the 'normalized' effective gaunt factor. Equa-

tions (19)-(21) show that only N and N 7 are dependent on the element abun-
e L,Z

dance.

If we take in Equations (19)-{21) the partial sum belonging to a particu-

lar element of atomic number Z, multiply this with N , and divide it by the ele-

ment abundance A z > we get the so called normalized gaunt factors. These gaunt

factors which are independent of the element abundance are given by:
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r 1 1——T"
10'

~T 1" 1 Mill

Figure 7. Total gaunt factor for different temperatures as a function of wave-

length (low-density case, model 1 abundances). The aurves are marked

with the temoeratuve.

GZ
ff

gff(z,A,T) , (23)

etc., with the relative ion concentration given by:

NR
z'z

Z,z (24)

From the definition given above it is clear that
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G f f - Z A, G 2 f f , (25)

etc. (cf. Equations (19)"(21)).

Here we introduce also a'normalized1 electron density NZ g given by

NZo NR , z1 , (26)

,,+z'where z1 is, as defined in Equation (22), the charge of ion X . From Equation

(22) we derive the expression for the electron density:

N = Z A, NZ .e _ Z e (27)

10* 10' ID'

10' 10' 10*

TEMPERRTURE IK)

Figure 8. Normalized electron density curves for a low-density plasma. For a

high-density plasma the curves are practically the same.
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It can be easily shown that the normali£eci electron density reaches, a max-

imum equal to the charge number ot the bare nucleus. In Figure 8 we plotted the

normalized electron density for each element (.low-density case, high-density

case practically the same) at. a function of temperature in the range 10-10 K.

The wavy character of the curves reflects the successive ioni2ation stages. Be-

cause of the absence of lower ions (cf. Table 1) the curves for the elements

S, Ca, Fe ,and Ni turn over at low temperatures.

For a temperature of 2.5x10 K and low density (results for high density

are comparable) we have drawn the normalized free-free gaunt factors in Figure 9.

10'

T

WAVELENGTH Ift)

Normalised free-free gaunt- factor as a function of wavelength for the

different elements, and temperature of 2.6x10 X (low-density case;

the results for a high-density plasma are not very different). The

arrow at the lower edqe marks the wavelength A , for which the free-

free spectrum reaches about its maximum value.
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Each curve is labeled with its appropriate element. The arrow at the lower edge

has the same meaning as in Figure 1. The curves scale about with z in Equation

(23).

The results of Karzas and Latter (1961) show that the temperature averaged

free-free gaunt factor, approximated by Equation (5). is not strongly dependent
2 2

on y and thus on z . For plasma temperatures larger than the corresponding en-

ergy of the emitted photon the free-free gaunt factor differs only by a factor
of
2

2 3 + 3
of about 1.5 for y in the range 1 0 - 1 0 , So, the value of the normalized
free-free gaunt factor is roughly spoken of the order of z

The curve in Figure 9 labeled with H, which is the free-free gaunt factor

for a pure hydrogen plasma, shows that the often used approximation for this

gaunt factor by 1 is reasonable for wavelengths around \
H13X

At the chosen temperature the silicon normalized free-free gaunt factor is
at A about a factor 200 larger than the corresponding value of hydrogen. In

max n

model 2 the silicon abundance is l.'txlO , so in this model silicon contributes

about 30% to the totai free-free gaunt factor. This was already noticed in com-

paring Figures 1 and 2, which showed the total gaunt factors.

To get a survey of the normalized free-free gaunt factor at different tem-

peratures we plotted the values at A as a function of temperature in Figure

10 (low density; high density very similar). Again the wavy character of the

curves reflects the successive ionization stages. The turnover at low tempera-

tures of the curves for the elements S, Ca, Fe,and Ni is caused by the absence

of the lower ions in the calculations (cf. Figure 8 ) . This has practically no

effect on the results for a plasma of normal cosmic abundances. Only for rather

cool (T % 5 x 1 0 K) plasmas with very high heavy-element abundances (10 -10 )

the errors become of the order of 10%. At high temperatures the curves of the

lower

(5)).

lower elements are similar and differ only by a factor of about z (cf. Equation

Because of the stepwise character of the normalized free-bound gaunt factor

we have computed its value at the edge wavelength of each of the 120 ions. In

Figures 11a,b and 12a,b we present the results for the elements H, He, C, and Si

in the low- and high-density case, respectively. The curves are plotted as a

function of temperature and labeled with the ionization stage to whiah the re-

combination takes place. As can be seen from the Figures the temperature depend-

ence is rather complicated. The combined effects of the ion concentrations and

the exponential factor e (cf. Equation (20)) give rise to the occurrence

of some peaks and cut-offs in the curves. The gaunt factor value at these cut-

offs appears to be strongly dependent on the relative ion concentration. For
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10-'
10'

TF.MPERRTURE IK)

10'

Figure 10. Normalized free-free gaunt factor at X for the different elements
J71CICC

(low-density ease; results for high-density are comparable).

instance, if we truncate in the calculation of this free-bound gaunt factor the

relative ion concentration at a level of 10 the value of the peak of C V will
-hbe an order of magnitude higher than for an ion concentration cut-off at 10

However, to study such effects in more detail we have to wait for niore accurate

calculations of the ionization equilibrium. Therefore, to be less sensitive to
-hsuch jumps we cut off the relative ion concentrations below 10 . Further, we

may note that in transient recombining (ionizing) plasmas these effects can be

strongly enhanced (suppressed) due to deviations from the stationary ionization

balance.

Concerning the silicon abundance effects we already noticed in Figure k

the large contribution of Si XII , i.e., recombination of the ion Si XIII to

Si XII, at a temperature of 2.5x10 K. From Figure 12a,b one can read that the
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normalized free-bound gaunt factor has a value of about 3 5 x 1 0 at this temper-
-4

ature. Taking the silicon abundance of model 2, i.e., 1.4x10 , we get a value

at the edge of about 5-

In the case of ironwe compare in Figures 13a, b, and c the normalized free-

bound gaunt factor for the ionization equilibrium calculations by Landini and

Fossi (1972) (low- and high-density case), and Jacobs et al. (1977a), respec-

tively. For the lower ions enormous differences of orders of magnitude can be

noticed. This is due to a shift in the ionization curves (cf. Figures 14a, b,

and c) and a corresponding higher value of the e^ factor (cf. Equation

(20)). This again underlines the importance of detailed and careful analysis of

the ionization balance, especially in the case of computation of line intensi-

ties of both stationary and non-stationary plasmas (e.g., Mewe and Schrijver,

1975, 1978b).

Table 2a,b is a compilation of the normalized free-bound gaunt factor at

the edge as a function of temperature for low and high density.

As already mentioned above, the two-photon gaunt factor consists of two

parts, viz., the 'hydrogen' and the 'helium' lobe, because we only treated the

hydrogen- and helium-like ions. We saw in Figures 1-3 the sharp rise and slow

decay of the lobes going from short to long wavelengths. The normalized two-
2 Y

photon gaunt factor reaches its maximum at X given by:

u (28)
y

which can be obtained by differentiating the normalized two-photon gaunt factor
2 Y

with respect to A. Values of A as a function of temperature are plotted in
rnsx

Figure 15.

We have calculated the maximum value of the normalized two-photon gaunt

factor as a function of temperature (low density, high density comparable) and

drawn in Figure 16. The 'helium' values are indicated by full lines, the 'hy-

drogen' values by dashed lines. The small humps in the curves of sulfur are

caused by the interpolating procedure in calculating the relative ion concen-

trations.

The curves show that the maximum of the two-photon gaunt factor reaches a

considerable level, especially for the lower elements such as carbon, nitrogen

and oxygen. Again this indicates the importance of this process in the total

continuum emission of a plasma. For instance, if we use the solar corona abun-
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Figure I4a Keluli\c ion concentration curves for the element iron. The curves are second

order interpolations of the lou-density results of Landini and Monsignori Fossi (1972).
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TABLE 2A NORMALIZED FREE-BOUND GAUNT FACTOR AT THE EDGE WAVELENGTH (LOW DENSITY)

T(K) HE NE MG SI CA FE Nl

IOE+06

20 ..

30 »

40 "

50 "

60 "

70 »

80 » •

90 "

10E+07

20 "

30 "

40 "

50 "

60 "

70 "

80 "

90 »

IOE+08

20 "

30 •'

4 0 ••

50 »

60 "

70 ••

80 ••

90 ••

10E+09

.15E+02

.35E+OI

.18 »

.12 »

.87E+00

.69 •'

.57 ••

.48 ••

.1(2 ••

• 37 ••

. 1 7 ••

.11 »

.82E-01

.65 ••

.54 "

.46 ••

.1(0 "

. 3 6 ••

. 32 ••

. 1 6 "

. 11 "

.79E-02

.63 ••

.53 "

. 4 5 ••

. 4 0 • •

. 3 5 ••

. 3 2 ••

.26E+05

.59E+03

.14 «

.61E+02

.36 '•

.24 "

.18 »

.14 "

.11 "

•95E+01

.35 "

.21 "

.15 "

. 1 1 "

.94E+00

.79 "

.68 »

. 6 0 ••

.54 "

.26 "

.17 ••

.13 "

.10 "

-85E-01

.73 "

.64 "

.57 ••

.51 "

.48E+05

.29E+04

•57E+03

.34E+05

.37 "

.34 "

.28 ..

.25 •'

.23 "

.22 "

.33E+04

.89E+03

.43 "

.26 "

.18 "

.13 ••

.10 •>

.86E+02

.72 "

.27 "

.17 "

.12 »

.92E+01

.75 "

.63 "

.55 "

.48 "

. 4 3 ••

.48E+04

.26E+05

.47E+04

.14 »

.23E+05

. 2 3 ••

.28 "

.27 ••

.25 "

.22 »

.61E+04

.16 <<

.65E+03

.35 "

.23 "

. 1 6 ••

.13 »

.10 •<

.82E+02

.28 »

. 1 6 ••

.12 »

.89E+01

.72 "

.61 "

.52 "

.46 "

.41 "

.66E+04

• 31 "
.12E+05

•76E+04

.31 "

.16 ••

.16E+05

.19 »

.20 "

.20 "

.13 "

.77E+04

.35 "

. 1 9 ••

. 1 1 ••

.76E+03

.56 »

.44 »

.36 "

.11 "

.60E+02

.42 »

.32 »

.26 "

.21 "

.18 "

.16 "

.14 "

.81E+04

.55 "

.35 "

.29 "

.46 "

.93 "

. 8 9 ••

. 66 •'

.43 »

.30 "

.13E+05

.12 "

.11 "

.82E+04

-55 "

.37 "

.26 "

.19 ••

-15 "

•35E+03

.18 ••

.12 •'

.87E+02

.69 "

. 5 7 ••

.48 "

.42 "

.37 "

•57E+05
.86E+04

.49 "

.41 "

• 37 "

.33 "

.31 "

.33 "

.42 "

.54 "

.89 "

.96 "

.87 "

.85 "

.81 "

.77 "

.67 "

.56 "

.46 "

.10 "

.46E+03

.29 "

.20 "

.16 "

.13 "

. 1 1 "

.92E+02

.81 "

.19E+05

. 1 4 ••

.70E+04

. 4 6 ••

.42 ••

.37 ••

.35 "

.33 "

. 3 2 ••

.30 ••

53 •'

.68 ••

.70 ••

.70 ••

. 6 9 ••

. 6 6 ••

. 6 6 ••

. 6 6 ••

.65 ••

. 2 4 ••

. 1 1 ••

.66E+03

.45 ••

.34 ••

.27 "

.23 ••

.19 "

. 1 7 ••

•50E+03

.24E+05

.11 "

-64E+04

.45 "

.36 "

.31 "

.28 ••

.27 '•

.26 ••

.31 "

.52 "

.66 ••

.53 "

.46 "

.41 "

-37 "

-33 "

.31 "

.33 "

. 2 1 ••

.13 "

.90E+03

.66 ••

.52 "

.43 ••

.36 ••

-31 "

.53E+03

.30E+04

.29 '••

.29 "

.36 »

. 4 6 ••

.63 "

.66 "

.54 »

.45 ••

.17 "

.19 "

. 2 6 ••

. 3 1 ••

- 3 5 ••

. 7 1 ••

. 6 0 ••

. 5 4 ••

.53 "

. 2 8 ••

.25 "

.24 ••

.21 "

. 1 8 ••

.14 ••

.12 "

. 1 1 "

.96E+03

.00E+00

•91E+05

.20 "

.66E+04

• 35 "

• 25 "

.21 "

.20 "

.20 "

.20 "

.29 "

.27 "

.19 "

• 17 "

-15 "

.17 "

.20 "

.23 "

.27 "

.34 "

.24 "

.19 "

.17 "

.17 "

.17 "

.18 ••

. 2 0 "•

.23 "

.00£+00

.84E+04

.22E+05

.22 "

.11 "

.61E+04

.39 "

.28 "

.22 "

.19 "

.19 "

.39 "

.43 "

.38 "

-33 "

.29 "

.26 "

. 2 4 ••

.23 "

.33 "

.24 "

.18 "

.16 "

.15 "

.14 "

.15 "

. 1 6 ••

.19 "



TABLE 2B NOMALIZED FREE-BOUND GAUNT FACTOR AT THE EDGE WAVELENGTH (HIGH DENSITY)

T(K) NE MG SI CA FE"

I

4?

IOE+06

20 "

30 "

40 "

5 0 •'

6 0 ••

70 "

80 «

90 ••

10E+07

20 "

3 0 ••

40 "

5 0 ••

60 "

70 »

80 "

90 ••

IOE+08

20 "

30 "

40 "

50 "

60 "

70 "

80 "

ro "
10E+09

.15E+02

.35E+01

.18 »

.12 "

.87E+OO

.69 ••

.57 "

. 4 8 ••

. 4 2 ••

.37 "

. 1 7 ••

.11 »

.82E-01

.65 ••

.54 ••

.46 »

.40 ••

. 3 6 ••

. 3 2 ••

. 1 6 ••

. 1 1 ••

.79E-02

. 6 3 ••

.53 "

.45 "

. 4 0 ••

. 3 5 ••

. 3 2 ••

.26E+05

•59E+03

.14 ••

.61E+02

.36 ••

. 2 4 ••

. 1 8 ••

. 1 4 ••

. 1 1 "

.95E+01

.35 ••

. 2 1 ••

.15 "

.11 "

.94E+00

.79 ••

.68 ••

. 6 0 ••

.54 ••

.26 "

.17 "

.13 "

. 1 0 ••

.85E-OI

.73 "

.64 ..

.57 "

.51 "

.94E+05

.29E+04

•57E+03

•33E+05

-35 "

.35 "

.34 ••

.32 "

• 31 "

. 2 8 "

.33E+04

.91E+03

.43 "

.26 "

. 1 8 '•

.13 "

.10 "

.86E+02

.72 "

.27 "

.17 "

. 12 "

•92E+01

-75 "

.63 »

.55 •'

.48 "

.43 ••

.27E+05

.32 "

.47E+04

.14 "

.22E+05

.23 "

.25 "

.27 "

.28 ••

.26 "

-65E+04

. 1 6 ••

.65E+03

. 3 6 ••

.23 "

.16 "

.13 "

.IOE+03

.82 "

.28 "

.16 "

.12 "

.89E+01

.72 "

.61 "

.52 "

.46 "

. 4 1 • '

•37E+05

.15 "

.23 "

.82E+04

.31 "

.16 ••

.21E+05

.18 "

.18 •'

.20 "

.16 ••

.82 E t C

.35 "

.19 "

.11 "

.76E+J3

.56 "

.44 »

.36 "

.11 "

.60E+02

.42 »

. 3 2 ••

.26 "

.21

.18 "

.16 "

.14 "

•55E+05

.23 "

.12 "

.11 "

.16 "

.17 "

.11 "

•70E+04

.45 ••

• 31 "

.13E+05

.13 "

.12 "

.86E+04

.55 "

.37 "

.26 "

.19 "

.15 "

•35E+O3

.18 "

.12 "

.87E+02

.69 "

.57 "

.48 "

.42 "

• 37 "

.11E+06

.27E+05

.16 "

.12 "

.10 "

.82E+04

.81 "

.91 "

.I1E+05

.12 "

.89E+04

.94 ••

-97 "

.95 "

.92 -. "

.83 »

.70 . : ;

.57 "

.47 "

.10 "

.46E+03

.29 "

.21 "

.16 "

.13 "

.11 "

.94E+02

.83 "

.18E+05

-32 "

.19 "

.13 "

.12 "

.10 "

.88E+04

.81 "

-73 "

.68 "

.68 "

.72 "

.74 "

.76 "

.75 "

.73 "

.72 "

.72 "

.69 "

.24 "

.11 "

.66E+03

.45 "

.34 "

.27 "

.23 "

.19 "

• 17 "

.1IE+05

-27 "

.19 "

.13 "

.10 "

-85E+64

.76 "

.73 "

.68 "

-65 "

-56 "

-63 "

.69 "

-59 "

.49 "

.44 "

.41 "

-37 "

-35 "

-35 "

.21 "

.13 "

-90E+O3

.66 "

-52 "

.43 "

.36 "

.31 "

.27E+05

.23 "

.14 "

. 11 "

-13 "

.16 "

.13 "

. 11 "

.90E+04

-73 "

.34 "

-38 "

.42 "

-45 "

.42 "

.78 "

.65 "

.58 "

.56 "

.31 "

-27 "

-25 "

. 22 "

. 1 8 "

-15 "

.12 "

.11 "

•97E+O3

-OOE-fOO

-51E+03

.45E+04

.42 "

.24 "

.15 "

. 10 "

-89E+03

.10E+04

.12 "

.68 "

-50 "

.34 "

.30 "

- 3 0 ••

-31 "

• 33 "

• 37 "

.40 "

.38 "

. 3 0 ••

.26 "

.24 "

.23 "

.21 "

.20 "

.18 "

. 1 8 "

.OOEtOO

.78EtO5

.34 "

.15 "

.96E+04

• 73 "

.63 "

.57 "

-53 "

.51 "

.60 "

.36 "

.25 "

.21 "

.21 "

.24 "

.28 "

.31 "

• 33 "

.35 "

.23 "

.18 "

.17 "

.16 "

.16 ••

.17 "

.19 "

.21 "

.00E+00

.39E*04

-23E+05

-33 "

.18 "

.10 "

.68E+04

.54 "

.46 "

.42 "

.38 "

.68 "

.65 "

-53 "

.44 "

.37 "

. 3 2 ••

.29 "

.27 "

.34 ••

.24 "

.18 "

.15 "

.14 "

.13 "

.13 "

.14 "

.16 "

Fe-ion abundances taken from Landini and Monsignori Fossi (1972)
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Figure 15. Curves of X at which the normalized two-photon gaunt factor reach-

es its maximum. The curves are plotted as a function of temperature

and labeled with the element (full lines: helium-like ions; dashed

lines: hydrogen-like ions).

dances given in model 1 we find maximum two-photon gaunt factors of 3.8(C),

0.9(N), and 5(0).

Finally, let us investigate the relative contributions of the different

gaunt factors.

Free-free emission can be expected to dominate at high temperatures and

long wavelengths. As a rule of thumb, for a gas of solar abundance composition,

Tucker and Koren (1971) gave a value of A * 600/T(10 K) for which the free-

free and free-bound gaunt factors are comparable.

By comparing Figures 11a, 12a, 13a, and 16 with Figure 10 temperature in-

tervals can be obtained in which for each individual element the free-bound or

two-photon gaunt factor exceeds the corresponding free-free gaunt factor. The

boundary values T ^ ( T J ^ ) and T
ma X(

T^g X)
 of these intervals for the free-bound

(two-photon) gaunt factor are given in Table 3 (for low density; for high den-

sity the results are comparable).

In the same way, there exist temperature intervals for which the two-photon

exceeds the free-bound gaunt factor. The boundary values are compiled in Table

k (both for low- and high-density plasmas) from which one can read that the two-

photon gaunt factor of only the lower elements (C-Mg) can exceed the free-bound

- 1 4 8 -
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Figure 16. The maximum of the normalized two-photon gaunt factor as a function

of temperature for the different elements. The full Lines indicate

the helium-like two-photon gaunt factor, the dashed lines the hydro-

gen-like one (low-density; results for high-density are nearly the

same).

gaunt factor.

In conclusion, in this paper we have investigated the influence of anoma-

lous abundance effects on the continuum emission of optically thin plasmas. On

the basis of some models, representative for the solar corona and several super-

nova remnants the results have been discussed. For each of the cosmically abun-

dant elements the gaunt factors (free-free, free-bound and two-photon) have

been calculated. We have shown that especially the free-bound gaunt factor is

very sensitive to the ionization balance. In all cases considered, oxygen gives

a dominant contribution to the total continumm emission, while for the super-



TABLE 3 TEMPERATURE INTERVALS FOR WHICH THE FREE-BOUND AND TWO-PHOTON

GAUNT FACTOR EXCEEDS THE FREE-FREE GAUNT FACTOR*

Element

H

He

C

N

0

Ne

Mg

Si

S

Ca

Fe

Ni

T f b IK)
min W

< 15

< I5

< I 5

< I5

< I5

< 15

< I 5

< I 5

< I 5

< ,5

2.05

< I5

Tfb
ma>

4.

1.

1.

1.

2.

4.

6.

8.

1.

>

>

>

(K)

55

66

57

27

67

07

o7

56

o8

I8

I8

,8

r! (K)
mi n

-

-

< I 5

1.25

2.15

4.25

8.O5

1.56

2.36

5.86

2.27

6.57

TmL (K)

-
-

6.26

7.26

1.27

1.77

2.37

3-27

4.07

5.67

> I8

> I8

N.B.: Supercripts indicate the power of 10 by which the tem-

perature should be multiplied, e.g., 4.5 = 4 . 5 x 1 0 .

The results are valid for a low-density as well as a high-

density plasma.

nova model 2 set of abundances silicon plays an important role. Finally, two-

photon emission may be important for temperatures in the range 1 0 - 1 0 K for

the elements C, N, 0, Ne, and Mg.
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TABLE It TEMPERATURE INTERVALS FOR WHICH THE TWO-PHOTON GAUNT FACTOR

EXCEEDS THE FREE-BOUND GAUNT FACTOR*

Element

C

N

0

Ne

Mg

T . (K)
mm

1.75

2.8 5

h.f
KO 6

1.66

T (K)
max

3 . 1 5

5 .0 5

6 .9 6

l . l 6

1.76

N.B: Superscript notations the same as in Table 3-

The results may be applied to both low- and

high-density plasmas.
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CHAPTER VI

NON-EQUILIBRIUM EFFECTS ON THE X-RAY EMISSION
OF SUPERNOVA REMNANTS
E.H.B.M. Gronenschild and R. Mewe

ABSTRACT
It has been investigated how the effects of non-equilibrium ionization and

energy relaxation can affect the X-ray spectra emitted by supernova remnants.

To calculate the dynamical evolution we have considered a two-fluid blast

wave model in which the electron-ion relaxation is described by Coulomb colli-

sions.

As a result we have found that the continuum emission is affected by the

enhanced two-photon decay radiation mainly due to oxygen and by the suppressed

recombination radiation of bare oxygen nuclei. The line emission is strongly

intensified especially at wavelengths larger than about 10 A so that the spec-

trum appears to be appreciably softer than under equilibrium conditions.

The X-ray observations of young remnants have revealed a two-temperature

structure in the emitted X-ray spectrum, which is usually explained by a reverse

shock wave. However, we have shown here that such an apparent temperature

structure may be also caused by the ionization effects in the plasma heated by

the expanding blast wave. Model spectra for Cas A and SN1006 clearly demonstrate

this effect. Some calculated line fluxes in the spectrum of Cas A are in reason-

able agreement with the observed fluxes, assuming normal cosmic abundances.

It turns out that even for the older remnants of an age up to 20 000 years

the softening of the spectrum will persist. With the current low-resolution

X-ray instruments however, it may be difficult to observe such a dual-temper-

ature structure in the,X-ray spectrum of these remnants.

Taking into account collective plasma interactions at the shock front it is

possible that the electron temperature relaxes much quicker to the ion temper-

ature than in the case of Coulomb collisions. The X-ray spectrum calculated for
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such a one-fluid model at an age of 20 000 years shows a spectral hardening be-

low about 10 A with significant emission of Fe XX satellite lines near 1.9 A.

Detection of such a line feature may favor the one-fluid model.

Finally, it is shown that in the case of an isothermal expansion the X-ray

spectrum is quite the same as for an adiabatic expansion.

Keywords: Supernova remnants - X-ray emission - Non-stationary plasmas - X-ray

spectroscopy.

1. INTRODUCTION
Thusfar X-ray emission of 20 radio supernova remnants (SNRs) have been ob-

served (see Chapter I of present thesis). Except for the Crab Nebula whose X-ray

radiation is mainly due to the synchrotron mechanism, the X-ray emission of all

well-studied SNRs is thought to be of thermal origin. Strong arguments for the

thermal nature of the emitting plasma are the detection of optical coronal lines

of [Fe X] and [Fe XIV] (cf. Woodgate et al., 197**, 1975; Lucke et al., 1979)

and of X-ray lines (cf. Davison et al., 1976; Pravdo et al., 1976; Zarnecki et

al., 1978). Also, the derived X-ray spectra can be fitted better with thermal

spectra than with non-thermal (power-law) spectra (except for the Crab Nebula).

In particular, the younger remnants like Cas A and Tycho do show spectra

of a more complex character than that of a plasma at a unique temperature. In

these cases at least two temperatures are needed to adequately describe the

observed X-ray spectra.

It is generally assumed that in SNRs the thermal X-ray emission is due to

the interaction of an expanding blast wave with the surrounding interstellar

medium (ISM). In the case of young remnants a reverse shock wave which moves

back into the matter (shell) ejected during the SN outburst produces additional

and softer X-ray radiation, so giving rise to a dual-temperature spectrum.

There are however some departures from these simplified models to be expected.

First, the electron temperature need not to be the same as the ion temperature

as Shklovsky (1962) suggested even before the detection of X-rays from SNRs.

Secondly, the emitted spectrum may be quite different from that emitted by a

plasma under equilibrium conditions as was assumed above, in view of ionization

timescales which are longer than hydrodynamical (expansion) timescales (cf.

Gorenstein et al., 197*0. Both these non-equilibrium effects have been studied

by Itoh (1977, 1978, 1979, hereinafter referred to as 177, 178, 179, respec-

tively) who calculated theoretical X-ray spectra of both young and old SNRs.
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In this chapter we will study these effects in more detail using as a work-

ing model the analytic solutions for an expanding shock front (adiabatic expan-

sion after Sedov (1959) or isothermal expansion after Solinger et al. (1975)) -

The calculations are basically the same as performed in 179 but we have extended

his work by including also X-ray emission from Ca and Ni ions and using more

recent and more accurate atomic data.

In Section 2 a general outline of the dynamical evolution of the remnant and

the method to calculate the ionization state of the plasma is given, in Section

3 computational details and the used models are presented, while in Section k

the results are shown. The results are discussed in Section 5 and we conclude

with a summary.

2. PHYSICAL MODEL AND ASSUMPTIONS

In order to calculate the ionization state of a plasma the time-dependent

evolution of the electron temperature and density need to be known. We will use

here a two-fluid blast-wave model yielding this evolution and which, except for

some details, is essentially based on that described in 177 and 178.

2i2i_Dynam|ca| evolution

After a period ("- few hundred years) of free expansion the blast wave will

be decelerated due to the increasing swept-up mass (see Chapter 1 of present

thesis). The radiative losses are negligible so that the total (thermal + kinet-

ic) energy content is conserved. The expansion is then described by the ana-

lytic adiabatic self-similar solution after Sedov (1959). Assuming a mean molec-

ular weight of p = 0.6 the radius, R (pc), and mean temperature, T (K), of the

shock front are given by:

" 5 2/5

and

-6/5

ti, . (2)

with E (10 ergs) the energy released during the supernova explosion, n (cm )
o /) °

the particle density of the ISM, and u(10 years) the time elapsed since the
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explosion. The compression at the shock front is a factor k (strong shock with

Y = 5/3. cf. Landau and Lifshitz, 1959). The mean temperature and density in

the interior of the remnant is given in explicit form by Sedov (1959) and we

will not repeat these expressions here. Graphs of the mean temperature and

density are shown in Chapter I of the present thesis.

The gas within the blast wave can be readily assumed to be ionized

under the conditions used throughout the present paper, so that the equation

of state may be written as

P - ne<<Te + n.kT. (})

= (ne + n.)kTm , " (i.)

where p is the total gas pressure, n.(n ) the ion (electron) density, T.(T ) the

ion (electron) temperature, T the mean temperature, and finally k Boltzmann's

constant. It is assumed that all ions are compressed equally and that the temper-

ature is the same for all ions.

The evolution of the electron gas is derived by using the equation of state

and the energy equation:

P e = n ekT e (5)

and

$ -Q .

with p the electron pressure, V the specific volume, and Q the heating rate

of the electrons by Coulomb interactions with the ions. This rate is written

as (cf. Weaver, 1976, 177)

Q = | V n e k ( T . - T e ) t ^ , (7)

with t the temperature relaxation time for the electrons given by Spitzer

(1962):

A A. A T . \ 3 / 2

t = 5.87 V [ir + 7CI ' (8)

e q n.z/lnA \ e \J
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with lnA the Coulomb logarithm (cf. Spitzer, 1962). We consider here only Coulomb

collisions with hydrogen ions because these give the dominant contribution to

the heating rate. With this assumption the atomic weight, A., and i-on charge, z.,

may be set equal to 1.0. The electron atomic weight, A , is given by A =

= 1/1836.16 and the specific volume is defined as

with m the proton mass, so that after some algebraic manipulation Eq. (6) re-

duces to:

f T S <">
n

(From Eq. (3) and (4) it follows that T. - T = (-̂  + 1) ( T m - Tg) = 2.087 (Tm - T )

for the sets of abundances given in Chapter V of the present thesis. It is also

assumed that n /n. is constant throughout the expansion).

Eq. (10) simply describes the change of the electron temperature due to the

heating by Coulomb collisions (first term, see Spitzer, 1962) and due to the ex-

pansion (second term, which fol lows from the dynamical evolution after Sedov

(1959)). The equation has to be solved numerically, although in 178 an analytical

solution is derived by neglect ing T./A. in Eq. (8) and by taking a constant value

for lnA. But near the centre of the remnant the neglect of T./A. is certainly

not allowed because there T. or T is very high and expected to be much larger

than T . The effect is that in 178 the relaxation time is considerably under-

estimated near the centre. Therefore, Eq. (10) in 178 is in error, and the curves

for the electron temperature in Figure 1 in 178 should bend downwards near the

centre (this, however, will not affect the conclusions in 178, because for the

bulk of the shocked gas which is concentrated near the shock front the simplified

expression for t is a good approximation (Itoh, private communication)).

2i2;_Strueture_at_the_shgck_front

The structure at the shock front, i.e., the transition of the electron

temperature and density from their pre-shock to their post-shock values, requires

some further elaboration.

In young supernova remnants the collisional mean free path of the electrons

or ions is larger than characteristic scale lengths of these remnants so that a
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collisionless shock front will develop. In such a front, contrary to a collision-

dominated front where the flux of momentum and energy of the particles is con-

served, momentum and energy can be transferred from the particles into electric

and magnetic field oscillations (cf. Tidman and Krali, 1971). Similarly, the

ions and electrons are affected differently through the passage of the shock

front so that the assumption of equal temperatures may not be fulfil lea. McKee

(197A) has suggested that in such a shock front plasma instabilities are effec-

tive in equilibrating the ion and electron temperatures through the action of

electric potentials.

However, observational arguments do not support this view. In Cas A, where

the observed expansion velocity of the fast-moving knots of about 5000 km s

(cf. Kamper and van den Bergh, 1976) would produce an ion temperature of about
Q y

A x 10 K, the observed electron temperature is only 6 x 1 0 K. Observations

at the Earth's bow shock do also show discrepancies between the ion and electron

temperatures (cf. Montgomery et al., 1970).

The shock front thickness is much smaller than the collisional mean free

path of the ions. In the case of no turbulence it may be on the order of the

ion gyroradius, but in highly-turbulent shocks, which we are dealing with, it

is probably equal to a few times the ion inertial length (= c/<u . where c is

the speed of light and w . the ion plasma frequency). This has been observed

at the Earth's bow shock (cf. Bameetal., 1979) and also in laboratory plasmas

(cf. Paul, 1969). For a SNR with a typical pre-shock density of order 1 cm

the ion inertial length amounts to only about 5 x 1 0 cm, so that within the shock

front only a very short interaction time is available for the electrons to ac-

quire energy. In this case the electrons are compressed adiabatically with a

factor 4 ( Y = 5/3) which means that they are heated to a temperature of V Te^ ,

where T e is the pre-shock electron temperature (cf. Zeldovich and Raizer, i967).

This adiabatic electron heating (in concert with the plasma compression) has

been observed at the Earth's bow shock. Bame et al. (1979) find a factor of
Y - 1

about 2.7 for the electron temperature rise, close to the value of 4' = 2.53-

2 ;3i Effect of_heat conduction

The presence of a magnetic field and turbulence at the shock front ma/ sup-

press thermal conduction from regions behind the shock front to regions in front

of it. This is implied by the observations of SNRs which do not show evidence of

the existence of pre-heated electrons. But in contrast with the boundary, within

the remnant the magnetic field may be more or less homogeneous so that conduction
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along the field lines may play a role there. Under these circumstances the elec-

tron temperature in the interior will be smoothed (cf. Cowie, 1977). In the case

of an infinite coefficient of conductivity a self-similar solution for the ex-

pansion of the blast wave has been found by Solinger et al. (1975). The electron

temperature distribution is isothermal and due to a more uniform distribution

of the particles in the interior the compression at the shock front is less than

that in the adiabatic case described in Section 2.1. (i.e., 2.378 instead of M .

We will make use of this solution for comparison.

2if}i_ilonj_zat-Jon_state

The ionization structure in an optically thin plasma where ionization oc-

curs by collisions with thermal (presumably maxwellian) electrons, including

a contribution from autoionization, while recombination with electrons is radia-

tive and dielectronic, is described in general by a set of coupled differential

equations as follows

dN

f - I T = N Z , Z - 1 S Z , z - 1 - N Z ) Z < S
Z > z + d Z , z > + a Z , z + i a

Z , z + 1 ' ( 1 1 )

where S 7 denotes the total electron collisional rate coefficient (cm s ) for
+zionization of ion Z from element of atomic number Z with charge z and density

N_ (cm ) . All ions are considered to be in their ground state. Further, a_
£,Z / .. \ £ ,Z

is the total recombination rate coefficient for the process Z + z ->• Z . T o

a good approximation the rate coefficients are functions of the electron temper-

ature T (K) only. The rate coefficients will be described in the Appendix.

The X-ray spectrum of an optically thin plasma is calculated by considering

both continuum and line emission. In Gronenschild and Mewe (1978, Chapter V of

present thesis) the formulae are given for the calculation of the continuum

radiation due to free-free, free-bound and two-photon processes. Earlier calcu-

lations for the line spectrum were presented by Mewe (1972b, 1975). In these

papers approximate formulae were given and the results listed in tables. In the

present paper we wi 11 gi ve more detai Is on the processes which contribute to the 1 ine

formation making use of recent advances gained in this field of plasma spectros-

copy.

The emissivity j 7 (ph cm s ) in a spectral line k -* I emitted by ions
L,Z
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of type Z in an optically thin plasma can be written as

n
e

N

NH

2
ne

S z - 1 n z - l + ( Sz + a z
(12)

, RR DR ,
(a . + a , )ri
z + 1 z + 1 z +

where N /N,, is the abundance of element Z relative to hydrogen (H), n , is the

fraction of ions from element Z in ionization stage z - 1, etc. Further, the

symbols (for convenience without superscripts kJl and subscripts Z) S _ . , S ,
RR OR 3 ~1 z - I z

a ., and a . denote the rate coefficients (cm s ) (including possible

branching ratios and cascade effects) of the processes known to contribute to

the formation of the considered spectral line k -> i. in ion Z ; innershell

ionization (II) of ions Z , excitation (E) or innershell excitation (IE)

of ion Z , and radiative or dielectronic recombination (RR or DR) of ion 1 .

respectively. Finally, we have put in Eq. (12) a term with rate coefficient
DRS

a , which represents the contribution to the line intensity from all satellites

that cannot be resolved spectroscopically. Note that these satellites which re-

sult from the dielectronic recombination of ion Z occur in ion Z . More

details will be given in the Appendix.

3. COMPUTATIONAL DETAILS AND MODEL PARAMETERS

The dynamical model discussed in the previous section has been written in

Lagrangian coordinates. In this form the temperature and density of a single

gas element can be followed throughout the evolution of the remnant. Sedov (1959)

presented the adiabatic solution in explicit formulae, in the case of the iso-

thermal solution by Solinger et al. (1975) the Lagrangian coordinate, R , it

calculated using the following fundamental relation with the Eulerian coordinate.

R:

•| TT R Q
3 p Q = ATT I p(r)r2 dr (13)

Thi s formula expresses how the mass, original ly present wi thin a sphere of radius R

and at constant density P , is, after being shocked, redistributed in a sphere

with radius R and density p(r) (cf, Zeldovich and Raizer, 1967). Throughout the
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computations it is assumed that the radiative losses are negligible (adiabatic

condition) and do not affect the evolution or ionization state.

The supernova remnant is divided in shells such that the s.̂ e'. thickness

decreases with increasing radius because the mass is concentrated towards the

shock front (cf. 179). Of every shell (26 in total) the time evolution of the

mean temperature and particle density is followed after which the electron

temperature is calculated on the basis of Eq. (10) at a few hundred epochs

chosen in such a way that the relative electron temperature changes are approx-

imately equal between two succeeding epochs.

The integration of the set of simultaneous differential equations given in

Eq. (11) in which the rate coefficients parametrically depend on time via the

temperature, is performed by a fifth-order Runge-Kutta routine. The time step

is taken to be variable in view of changing gradients throughout the evolution.

The electron temperature at every time is obtained by interpolating the electron

temperature calculated at different epochs as described above. The routine re-

quires that at t = o s at least two ions of any element have a relative abun-

dance larger than 10 . To avoid effects of ionization of H and He on the elec-

tron density we have chosen a starting temperature of 20 000 K for both ions and

electrons (implied by n /n. = constant assumption). During the calculations the

plasma is required to be fully contained, i.e., the total number of ions of a

given element should be conserved.

The computations have been carried out for a typical model describing the

Cygnus Loop (cf. Chapter II of the present thesis). Ions of the most abundant

elements in cosmos, H, He, C, N, 0, Ne, Mg, Si, S, Ca, Fe, and Ni, are consider-

ed (hydrogen was assumed to be ful ly ionized). InTablei (p. 190)the model s used are

listed. Because it is not clear whether the electron and ion temperatures are

equilibrated at the shock front we have integrated the equations also with

T = T. at the shock front. We performed some calculations to determine the

effect of the shock front thickness , L , on the relative ion concentrations.

Because this thickness and thus the time for the gas to spend in the shock front is

small, the ionization state was found to remain unchanged during this time even

for Ls as large as several times the ion gyroradius. However, to avoid large

amounts of machine time inherent in large gradients and in small values of L

we have taken in models 1A and 2 L = 10 xc/io . ̂  10 cm (this is nearly equal
s p i

to the ion gyroradius in a magnetic field of strength comparable to the inter-

stellar value of 10 G). Within the shock front we have assumed for simplicity

a linear rise of the mean and electron temperature and the ion and electron

density from their pre-shock to their post-shock values.
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4. RESULTS
In this section we will present detailed results of our numerical computa-

tions in the form of graphs. First, attention is paid to the dynamical evolution,

while later the ionization state and the emergent X-ray spectrum will be discuss-

ed.

In Figures l a - c and Figures 2a - c the evolution of the radial position,

density, and temperature for models 1A and IB and model 2, respectively, are

shown as a function of time. The curves are labeled with the Lagrangian coordi-

nate, R (pc), indicating the position of a gas element when being shocked.

The (mean) temperature is drawn with full lines, the electron temperature (for

model IB only) with dashed lines. The evolution is followed until the spherical

blast wave reaches a radius of 18.8 pc, or after about 20 000 years (models 1A

and 1B) or 19 000 years (model 2 ) . In the case of the isothermal expansion \n

notice that gas elements initially within about 1/3 of the final radius remain

fixed to within half the remnant's radius (cf. Solinger et a!., 1975). The

consequence is that the expansion is stopped for these elements so that the

density will be constant, see Figure 2b.

Of great importance is the considerable departure of the electron temper-

ature from the mean temperature as shown in Figure 1c (of course for the models

1A and 2 T = T ). The electrons are first heated by Coulomb collisions and are

cooled subsequently due to the adiabatic expansion. Only close to the shock

front where the Coulomb collision times are smaller T may reach T . Notice

that the electron temperature is nearly isothermal in the interior. Following

Itoh (178) we define a parameter v given by

1/14
(14)

with t, the age in 10 years. This parameter characterizes the electron-

temperature structure of the remnant. For small values of v (a, 1) the electron

temperature is considerably smaller than the mean temperature, even near the

shock front. Only for v £ 5 T may be equal to T in the outer regions of the

remnant. In Figure 1 the value of v is about 10.9 (t, = 20) which after 178 would

mean that for radii larger than about 15 pc T = T . This is in agreement with

our numerical results showing that for gas elements initially at radial positions

larger than about 10 pc (cf. Figure 1c) and which after being shocked moved to

radii larger than about 16 pc (cf. Figure la) T = T. = T . It may be noted again
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Figure 1. Dynamical evolution of the adiabatic model with E =1.1x10 ergs and n = 0.15 am .In (a) is pre-

sented the radial position (pa) as a function of time for differe>:t elemental gas shells labeled with

the initial value (in pa) before being shocked. The final time is about 20 000 years by which the shook

front has reached a radius of 18.8 pa. In (b) the density (cm ) is plotted, in (c) the mean temper-

ature (full lines) and electron temperature (dashed lines).
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that for very small values of R (< 1 pc) the initial electron heating by Coulomb

collisions with the ions is very small in view of the large values of T
10 m

(> 10 K). The result is that the electrons start cooling nearly immediately due

to the dominant influence of the adiabatic expansion which indicates that near

the centre of the explosion neutral gas may be present, unless electron heat

conduction suppresses this severe cooling.

Jii2._Eyolution of ionizatjon_state

The ionization structure of the plasma is best presented in separate graphs

in which the non-equilibrium (NEQ) balance is compared with the equi1ibrium (EQ)

balance. In Figures 3a - 3f the relative ion concentrations (C, 0, Ne, Si, Ca,

and Fe) are drawn for model 1B as a function of the relative mass M (R) (it can
3 r

be easily shown that M (R) equals R where R is the Lagrangian radius corre-

sponding to R as defined in Eq. (13)). The age of the remnant is 20 000 years

and the corresponding radius of the shock front is 18.8 pc. In the figures we

have also plotted the electron density (dash-dotted lines) and the electron

temperature (dotted lines).

Comparing the NEQ curves with the EQ curves we notice that for a given

element the ions in the lower ionization stages have a higher concentration in

the NEQ case, while those in the higher stages are less abundant. For the

intermediate stages the NEQ concentration is higher near the centre and lower

towards the edge of the SNR (in terms of relative mass). This is well demon-
+A +7

strated for the ions of Ne (see Figure 3c) where Ne - Ne are above the

EQ values, while Ne and N are below. The concentration of Ne is larger

near the centre and smaller near the edge with respect to its EQ concentration.

The explanation for this behaviour is that the effective ionization time,
t. * 1/n S_ , decreases during the evolution and towards the centre where
i e L ,z

the density is low. The evolution of the ionization structure of a given gas

element is then as follows: due to the steep rise of the electron temperature

(for regions not too close to the centre) only the lower ions are rapidly burnt

out because t. is small for these ions. The electron temperature does not

change very much during the further evolution, except near the outer boundary

(cf. Figures 1 and 2) but the electron density decreases due to the expansion

so that t. increases. This implies a deceleration in the ionization relaxation

rate, causing the ionization balance to lag behind its equilibrium state. The

departures from the equilibrium state are even more pronounced in Figures

ha - kf where we have plotted the relative ion concentrations for a remnant's

age of only 5000 years. Comparing the NEQ concentrations for the different ages
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Figure S. Relative ion concentrations as a function of the relative swept-up mass for model IB at about 20 000

years. The curves are alternately plotted uith full linen and dashed lines and are labeled with the

number of ionizations. The electron temperature, (dotted line, fight-hand scale) and electron density

(dash-dotted line, left-hand scale) are also drawn. In Figure 3a the results for carbon are presented

with at right the equilibrium concentrations for comparison.
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In Figure 4a the results are shown for carbon.



10 '*

NON-EOUILIBRIUM
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I

i ' "'i ' 10

10'

10'

I
i
UJ

10'

0 0.1 0.2 0.3 0.1 O.S 0.6 0.7 0.8 0.9 I
RELBTIVE MflSS

10

EQUILIBRIUM
0 0.1 0.2 0.3 0.1 D.5 0.6 0.7 0.8 0.9 1
1 1 < 1 1 1 1 1 ,. i , j g

CJ

o

1 0 -

10 -

X.

6,-'

106

:10S

-10*

-103

0 0.1 C.2 0.3 0.-! 0.5 0.6 0.7 0.6 0.9 1
RELHT1VE nflSS

10"

Figure 4b. Results for oxygen.



1 0 ' *

NON-EQUILIBRIUM
0 0.1 0.2 0.3 0.4 O.S 0.6 0.7 0.8 0.9' !

EQUILIBRIUM
0 0.1 0.2 0.3 O.i 0.5 0.6 0.7 0.8 0.9 1

10
0 O.I 0.2 0.3 B.i 0.5 0.6 0.7 0.6 0.9 1

RELRTIVE riRSS

10'
D 0.1 0.2 0.3 0.1 0.5 0.6 C.7 0.8 0.9 1

RELATIVE MflSS

Figure 4c. Results for neon.



on

§

on

S
03

Q '

CD

O

r-.

d"

d"

d"

d"

to
d"

• °

\ ..
I ••

A
i\
: ^I

\

\
\

I

1
(

\

„.

/S< - ^ - r r r - " - ^ — • —

X ""••-• ^ ^ - < ^

\ \ / • • • • • - .

i i ' '>
i' / ' •

d ^

o z:

U3 0 -

o

ft-UO)iOI

-175-



10

NON-EQUILIBRIUM
, 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I

_ J 1 1 1 I , • , , , ]Q>

EQUILIBRIUM

en
L J
Cl-

10
0 0.1 0.2 0.3 0.1 0.5 0.6 0.7 0.8 0.9 I

RELflTIVE MflSS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I
IT 10'

kio"

LJ

ho'

Ho3

10

Fi-gure 4a. Results for sale inn.



10'TT

NON-EDUILIBRlUn
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.3 1

10
0 0.1 0.2 0.3 0.1 a. 5 0.6 0.7 0.8 0.9

RELPTIVE tfflSS

1 0 ' TT

LDUIUBRIW
C 0.1 C.2 i .2 G.4 O.S 0.6 C.7 0.6 0,9 j

10 -.

U!"

1C'

10§

'•2-;

UJ

•101

c.6 c.7 c.e c.3 :
•10'

Figure 4f. Results for ivcr..



of the remnant we notice that in general for the older remnant the ions in the

lower ionization stages are less abundant towards the centre, while those in

the higher stages have a higher concentration towards the shock front. Also the

ions in the lower stages are more abundant in intermediate regions for the older

remnant. The differences between the ionization states of an old and a young

remnant are explained by the differences in the available relaxation time and

in the electron temperature (or value of V, see Equation (I'f)).

The results are similar to those obtained by Itoh (1979) who used for his

model E = *tx10 ergs and n = 0.20 cm . His ion concentration curves for an
o a o

age of 15 000 years may be best compared with ours for an age of 20 000 years

because the ionization time scales with n . But in view of a different value

for H used in our calculations some (minor) deviations may be present. I toh

has assumed that hydrogen and helium are fully ionized and that the other ele-

ments are 3 times (C), *t- times ( N - S i ) , or 5 times (S, Fe) ionized behind the

shock front.The present calculations do show that indeed He is fully ionized
+k

(but for the shock front) and that only carbon is in the C stage, while for

the other ions the relative concentration just behind the shock front is between

^ 0.08 and ^ 0.2 (20 000 years) or between ^ 0.3 and ^ 0.8 (5000 years). But

the contributions from these ions to the total X-ray spectrum of the remnant

are so small that the assumption of their relative concentration being 1.0 at

the shock front can be safely made. The results for the other models show the

same general features. As examples we have drawn ionization curves for 0, Si,

and Fe in Figures 5a, b, 6a. b, and 7a, b for models IB and 2, respectively

(only NEQ). The curves for oxygen are very similar to those on Figure 3b, except

for 0 in model 1B which is about a factor k less abundant near the centre.

For silicon we notice that model IB hardly differs from model 1A, only Si and
+14

Si are more abundant near the centre. However, the ionization relaxation in

model 2 is in a more advanced stage, showing smaller concentrations of the lower

ions and higher concentrations of the higher ions than in model 1A. The same

holds for iron, albeit more pronounced. We notice the same concentrations towards

the edge of the remnant in model 1A and 1B but near the centre the ionization

balance is in a higher stage, showing a significant (̂  10 ) presence of ions up

to Fe . The ionization balance in model 2 may be intermediate between that of

model 1A and 1B. The effect of the expansion on the ionization is very well

demonstrated by comparing the results of the isothermal model with those of the

adiabatic models. In the adiabatic model the density decreases orders of magni-

tude during the expansion (see Figure 1b) causing the ionization time to increase

considerably. However, in the isothermal model the expansion stops when the den-
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sity has fallen a factor of about 10 only Uee Figure 2b). It means that in this

case the lower ions can be effectively burnt out in contrast with the adiabatic

expansion. This explains why no ions in the lower stages are present near the

centre in model 2.

As was pointed out by Chevalier (197*0 the results for the dynamical evolu-
2

tion are invariant under scaling as long as E n and n t are kept constant.

Notice that also-v (cf. Eq. (1*1)) remains the same with this scaling law so that

not only the dynamical evolution but also the evolution of the electron temper-

ature and thus ionization state are unaffected (cf. 179).

Ai3i_EyoJ[ut_ion_of _ the_emergen t_X-ray_SBectrum

The non-equilibrium state of the ionization balance causes departures also

in the emitted X-ray spectrum. The continuum spectrum due to free-free and free-

bound transitions and two-photon decay processes is expected to follow the

temperature changes as will be shown. This is especially true for the free-free

emission, because it is dominated by hydrogen and helium where the former ele-

ment isfully ionized and the latter shows only smal I deviations from its EQ ionization.

The free-bound emission may be suppressed in view of the delay of the i on izat ion balance

(cf. ChapterVof the present the sis). However, the two-phot on decay emission may be

severely i nf luenced by the NEQ effects . lnFigure4itis shown that for the lower ele-

ments (£Mg) the H-l ike and (even more) the He-1 ike ions are overabundant with respect

to their EQ values. From Figure 16 of Chapter V one can read that the He-like

ions of the lower elements contribute mainly to the total two-photon decay

emission. This is especially true for oxygen which dominates this type of emis-

sion for the used set of abundances (see Figure 1 of Chapter V ) .

Concerning the line emission,considerable departures from the EQ emission

are expected, because in the processes of line formation only 3 ions at the

most are involved for a given transition (cf. Eq. (12)). Except for the direct

excitation also processes like innershell ionization and radiative or dielec-

tronic recombination may play a role. The former process is enhanced during

the build-up phase of the ionization balance (in the shock front) while for the

latter process this may be the case during the decaying phase (expansion) as

is shown for a homogeneous plasma by Mewe and Schrijver (1978b). In a super-

nova remnant the situation is even more complicated because the temperature

and density structure severely affects the emergent X-ray spectrum.

The total X-ray spectrum was calculated by the following formula:
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I.

Sp(X) = kn .Z} ne? P. (X) R.2 dR (ergs s"1 8~1) , (15)

where P.(X) is the calculated emissivity (ergs cm s A ) of shell i with

electron density n e. and radius R. and in the wavelength range X ± AX/2.

The summation was performed over nearly 1000 shells where the values of the

quantities n e. and P.(X) were interpolated from those derived in the 26 shells.

The resulting errors in this procedure were less than 1%, estimated from simula-

tions with EQ spectra.

In Figures 8-11 we show the emergent X-ray spectra for model IB at an age

of 5000, 10 000, 15 000, and 20 000 years, respectively. The line emission is

integrated in a wavelength interval AX of 0.25 8, full lines indicate the NEQ

spectrum, dotted lines the corresponding EQ spectrum. The strongest lines in

some bins are labeled with the ions in which they occur.

Comparing the NEQ with the EQ. spectrum we notice a considerable intensifi-

cation above about 20 8, whereas below about Ik 8 the spectrum is depressed.

These effects become less pronounced at older ages.

With respect to the continuum spectrum, the two-photon decay emission of

oxygen above about 22 A causes an appreciable softening of this spectrum espe-

cially for the young remnant (note also some small contribution of nitrogen

above ^ 35 8 in addition). At smaller wavelengths the EQ, continuum is dominated

by recombinations to hydrogen-like oxygen (X < 14.2 8) while in the NEQ case

the bare nuclei of oxygen are underabundant, causing the depression for wave-

lengths below 1A.2 8.

The overall spectrum is completely dominated by line emission, a typical

effect of the delay in the ionization structure. Dominant lines visible in the

spectra are Ly a lines in hydrogen-1 ike ions and the n = 2 triplets in helium-

like ions for the elements C, N,and 0. In Figures 1 2 - 1 5 the line strengths are

plotted as a function of age together with their strengths relative to the EQ

values. It can be seen that for tK. 'ow-Z ions the relative intensities de-

crease with the remnant's age, whereas the absolute intensities remain approx-

imately the same (within a factor of 2 for the Ly a lines and within a factor

of 5 for the helium-like lines).

From Figures 1 2 - 1 5 it can be seen that the line intensities grow for

carbon (all lines), while for the other elements the initial rise of the inten-

sity stops and/or turns over in a decline at later ages. The latter effect

increases by going from N to Si. The same behaviour of these line intensities

-183-



I
00
-p-
I

to
CD

[2

\o-.

10*,

10 4

10*

MODEL 1B
AGE 5000 YEARS

20 10 50 60

WAVELENGTH (A)
BO 90

MO*

100

Figure 8. Emergent X-ray spectrum in ergs s A as a function of the wavclenjth (A) for model IB and for an ly

of 5000 years. The equilibrium spectrum is plotted with dotted lines, the line features arc labeled

with the strongest line. The resolution is 0.2!> /?. tloto the spectral softening for wavelengths longer

than about 20 2.



+4

-185-



S5

34

'—>

en

M
GT

H

1

>

az

S

bu
t 

fo

CO

S

to

-186-



ex

S

o
Q

SI

o

-187-



10

LUMINOSITY (ERGS/SI QP LY RLFfl

0 5 ID 15 20 2b

pr.uvnvr. LUMinuMir

C 5 10 15 20 25
RGE H O 3 YEfWSI

T J - 1 0 '

i 'j ~.

U '•:

10 -IT r1 ', iJ

Figure 12. Luminosity for the Ly a line of hydvogenlike oca'bon, nitrogen, oxygen,

and silicon as a function of the remnant's age. In (a) the absolute

luminosity (ergs s ) is shown, in (b) the relative luminosity with

respect to the equilibrium value. Note the decreasing relative line

strength by going from low-Z ions to higher Z-ions.
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Figure 13. The same as Figure 12 but now for the n - 2 resonance line which we
2 1 1aalled He 1, i.e., the transition Is ( S) - Is2p( P). We may see that

especially for the very low Z-ions the line strengths considerably

departs from the equilibrium values.
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Figure 15. The same as Figure 12 but now for the n = 2 forbidden line, called
2 1 3He 33 i.e., the transition Is ( S) - Is2s( S). This line is weaker

than the resonance line whereas the opposite is true under equi-

librium conditions.

-189-



Table 1. MODELS USED IN THE CALCULATIONS

Model

1A

IB

2

(ergs)

1 . 1 x 1 0 5 0

II

8.6 x i O * 9

no
(cm-3)

.15

II

. 1 7

R e m a r k s

Ad iabat ic model, Tg = T.

T e ft T.

Isothermal model, T = T.

X-RflY LUMINOSITY IERGS/S;

5 10 15 20

LfiTiVi; '.'.liNCIS!

l O ~z

a.io - i.U) *EV

—I 1 1 1

5 10 IS 20 25
RGE H O 3 YEfWSI

Figure 16. Emitted X-ray flux is some frequently used energy intervals as a

function of age. In (a) the absolute X-ray luminosity is drawn, in

(b) the value relative to the equilibrium is presented. From this

figure one eon clearly see the softening of the speatimm due to ion-

ization effects.
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with the remnant's age has been found by Itoh (179). As he noted, the initial

rise of the line strengths with remnant's age is due to the development of the

blast wave, while the decline is caused by the excitation function which steeply

decreases by the fall in the electron temperature for the higher elements. Our

results are in agreement with this explanation. A rough estimate of the effect

at early ages may be as follows: for temperatures larger than the temperature

for which the excitation function, S , is at maximum (2kT ^ X , with
E/ IE

X_ is the excitation energy, see Appendix) the excitation function is about
-A 3

proportional to T . The emission measure scales with R , while we take for

simplicity the ion concentrations as constant with age, so that the luminosity

of a line scales with T * R * t . From Figures 12-15 it is seen that the

luminosity is about linearly proportional with the remnant's age at early ages,

the deviation from the rough estimate being caused by the excitation function

and the ion concentrations. The decrease of the luminosity at later ages is due

to the fall in the electron temperature and thus a decrease in the value of

S for higher elements (̂  C) and for temperatures lower than that for which

this value is at maximum. The increasing emission measure can not compensate

this. It may be noted that the higher the nuclear charge Z, the earlier the lu-

minosity declines with age.

The NEQ spectrum at 20 000 years still deviates from its corresponding EQ

spectrum by about a factor 2 for the continuum and much more for individual
2(1lines, in particular CV 1s2(1S) - , X = ^0.27 8 and CV 1s2(1S) -

- 1s2s( S), \ = kl.kj 8, which are a factor k5 and 7.8 more intense than under

EQ conditions. Also the CVI Ly a line at 33.70 8 has a larger strength than the

EQ value. This behaviour for carbon is caused by the overabundance with a large

factor for the helium- and hydrogen-1ike ions at all ages, see Figures 3a and

In general, all lines with wavelengths larger than about 20 A are comparable

to or more intense than the EQ values, even for an age of 20 000 years, so that

the spectrum appears softer. In Figure 16 we have plotted the X-ray luminosity

in some bands, also relative to the EQ values. The figure shows large deviations

for the soft X-ray bands with respect to the luminosities calculated under equi-

librium conditions. It may be noticed that the density when derived by scaling

the observed 0.16-0.28^ keV X-ray flux with a calculated EQ flux results in a

value too high by a factor ^ 3 (5000 years) to ^ 1.5 (20 000 years).

The X-ray spectra calculated for models 1A and 2 are shown in Figures 17

and 18 for an age of 20 000 years and 19 000 years, respectively. The result

for model 2 is quite the same as for model IB. The continuum is somewhat below
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that of model 1B for X £ 10 8 while the opposite is true for shorter wavelengths.

However, for X £ h 8 the model 2 spectrum again falls below the model IB spectrum,

even more pronounced. Regarding the line spectrum we notice about the same

effects.

The X-ray spectrum of model lfl> is considerably harder than that of model

IB, but shows no significant differences for X £ 15 A. Of special importance is

the Fe XX line feature at X = 1.91 A with an intensity of about 10 ph cm s

at Earth for an assumed distance of 770 pc to the Cygnus Loop. The harder spectrum

is caused by the higher electron temperature throughout the remnant for this model

which results in a larger abundance of ions in a higher ionization stage and for

heavier elements (see Figures 3> 5i 6, and 7). Note that the Fe XX satellite lines
+ 19

originate near the centre (see Figure 7a) where the Fe ion is significantly

present for about 20% of the remnant's mass and where also the electron temper-

ature is higher than in model IB.

5. DISCUSSION

The relevance of our computations is that the X-ray spectrum of a supernova

remnant is severely affected by non-equilibrium conditions of the ionization

balance, even for older remnants. The spectrum is intensified for wavelengths

above about'20 8 while it is depressed (but less.significantly) for shorter

wavelengths. If such a NEQ spectrum is fitted with an EO. spectrum the derived

mean electron temperature, <T > .would bean underestimate, but this is not

as straightforward as it seems: in general the X-ray observations are carried

out with proportional counters which due to their low energy resolution cannot

resolve any line features. For proportional counters the energy resolution

typically varies from ̂  20% at 6 keV to "" 100?; at 0.3 keV. The observed pulss-

height data from these instruments are fitted with model spectra by varying

three parameters: the X-ray temperature, T , the emission measure, and the amount

of interstellar absorption usually expressed in a hydrogen column density, Nu.
hi

Obviously, the electron temperature is determined mainly from the higher energy

data. For the younger remnants this indeed may result in an underestimate of

<T >. However, for the older remnants which do not emit high-energy X-rays the

derived T is determined from the medium-energy data {y 0.5-2 keV), just where

the effects of NEO. are at a minimum, while the low-energy data are fitted with

an overestimated value for N... The conclusion is then that for the younger

remants the derived value of T , when interpreted as the mean electron temper-

ature, may lead to an underestimate of <T > while this is probably not the
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case for the older remnants. Further, the value of N u will be overestimated
n

with the use of these crude X-ray observations.

Itoh (179) argued that at least two temperature components are needed to fit

the time-dependent X-ray spectrum wi th i so thermal EQ. spectra. But in view of the dis-

cussion above this may be true only for current X-ray observations of those young rem-

nants (age'̂ > 5000 years) for which the value of N H is not as large as to affect the low-

temperature component (i .e., N u £ 10 atoms cm"^). The derived higher temperature may
n

be a good estimate for the mean val ue of the electron temperature (cf. 179). Recent

X-ray observations of young remnants do show a dual-temperature X-ray spectrum (cf.

Davison et al., 1976; Winkler, 1978). The general ly accepted explanation is that the

low-temperature component is from a reverse shock wave moving back into the supernova

ejecta (McKee, 197*0. However, the present calculations show that the same

effect can be due to the non-equilibrium ionization state of the plasma. To

inquire further into these effects we have computed the NEQ X-ray spectra for

the very young remnants Cas A and SN1006 for which we used the following para-

meters: Cas A: E = 2.5x10 ergs, n = 6.7 cm"3, and t = 300 years (cf.
0 ° 49 -1

Gorenstein and Tucker, 1976; 177); SN1006: E = 5 x 1 0 ergs, n = 0.20 cm ,

and t = 1000 years (cf. Winkler and Laird, 1976). The distribution of the elec-

tron temperature for both remnants is very similar to that given in Figure 4a,

but scaled to 4 x 1 0 K for Cas A and 9 x 1 0 K for SN1006 near the centre, which

are close to the observed temperatures. The density structure within the remnant

is obtained by scaling the curve shown in Figure 4a which is valid for

n Q = 0.15 cm"3.

The X-ray spectra are shown in Figures 19 and 20. We see that the spectrum

of Cas A is considerably softer than the corresponding EQ spectrum. It may be

noted that the line complexes between 10 and 15 8 contribute to the softening

of the observed X-ray spectrum (X-ray emission above ^ 15 A is severely obscured
22 -2

by the large amount of interstellar matter, N,, ̂  10 atoms cm , cf. Charles

et al., 1975). Of more interest are the lines of Si XIII, S XV, and Fe XXII at

short wavelengths. Line features in the spectrum of Cas A at about 2 keV and

6.6. keV are claimed to have been detected (cf. Hill et al., 1975; Davison et al.,

1976; Pravdo et al., 1976). To obtain a satisfactory fit to the observed anoma-

lous low-energy X-ray spectrum Hill et al. (1975) needed to increase the Si

abundance with a factor of about 10 relative to the adopted cosmic value. This

was the reason why we have investigated in detail the influence of abundance

anomalies in the continuous X-ray spectrum (see Gronenschild and Mewe, 1978;

Chapter V of the present thesis). In that paper we already remarked that tran-

sient ionization effects, which especially affects the line emission, can pro-

-195-



10*4
20 30 so 60 70 80

10*

90 100

MODEL 1 B
Cas A

1031

10 20 30 10 SO 60

WflVELENGTH (A)
90

Figure 19. Calculated X-ray spectrum for Cas A. We -note many lines which are ir. most cases absent in the equi-

librium spectrum. Of special interest are the Fe XXII satellite lines CK "V 1.9 %), the S XV n = 2 trip-
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Figure 20. Calculated X-ray spectrum for SN1006. Although this remnant is physically older than Cas A it shows a

larger departure from the equilibrium due to the density which is a factor 30 smaller than for Cas A.

The spectrum clearly demonstrates the excess soft X-ray emission which has recently been observed.



vide an alternative explanation for the spectral enhancement. Indeed it is shown

here that for example the Si XIII n = 2 triplet at about 1.85 keV is intensified

merely due to the ionization effects (and not due to an abundance enhancement)

by almost a factor 15 compared to the EQ strength. The photon flux in the line

feature is calculated to be about 0.10 ph cm s for an assumed distance of
22 -2

3 kpc and a value for N u of 10 atoms cm . This compares reasonably well with
-2 -1

a derived flux of 0.03 ph cm s (see Griffiths et a!., 1976), and is equal

to the flux observed with the Einstein observatory (White, 1979). The flux of

the S XV n = 2 triplet near 2.^5 keV is enhanced by a factor 5 with respect to
-2 "1

its EQ value and amounts to 0.02 ph cm s (with the same assumptions as
- 2 •• 1

above) which is in fair accordance with a flux of 0.06 ph cm s as obtained

by the Einstein observatory (White, 1979). The other outstanding line feature

is a complex of satellite lines at about 6.6 keV of mainly Fe XX - Fe XX1I1

(Fe XX and Fe XXII lines being of comparable strength). At a calculated electron

temperature of 3 ~ *» x 10 K these satellite lines are intensified under NEQ

conditions due to the delay of the ionization relaxation combined with the

favourable conditions of high temperature for the dielectronic recombination

process through which these lines are chiefly formed. We would like to focus

attention to the fact that in contrast to the NEQ situation the EQ line feature

near 6.6 keV is mainly due to the Fe XXV n = 2 transitions and Fe XXIV satel-

lites (slightly shifted towards shorter wavelengths as compared with the Fe XX

- XXIII lines), while the flux is nearly the same as the NEQ value, viz. 0.017
-2 -1ph cm s . This is 3 times larger than the reported line flux near 6.6 keV

(cf. Pravdo et al., 1976; Davison et al., 1976). In view of the uncertainties

in the calculation of fluxes of especially satellite lines and given the sim-

plification of our model we conclude that the computed line fluxes are not at

variance with the observed fluxes so that the present model still allows the

assumption of normal abundances for Si, S, and Fe.

The X-ray spectrum for SN1006 presented in Figure 20 clearly demonstrates

the softening of the emission. Although the remnant is physically older than

Cas A the effects are here more pronounced due to the density which is a factor

30 smaller than for Cas A. For wavelengths larger than ^ 20 A the NEQ spectrum

is about a factor 5 above the EQ spectrum. This is in line with the recent X-ray

observations which have shown an excess of soft X-ray flux below ^ 1 keV (cf.

Davelaar et al., 1979; Winkler et al., 1979; Zarnecki and Bibbo, 1979). Winkier

et al . (1979) conjectured that except for the reverse shock wave a hot neutron

star, the stellar remnant of the supernova, may account for the excess soft X-

rays. An alternative explanation is that this flux is caused by the lack of
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ionization equilibrium as is clearly shown by our calculations.

It seems that the spectrum of Puppis A can be fitted only with two temper-

ature components (Zarnecki et al., 1978), T = 2.5x10 K and T = 1.3x10 K.
x x

This is again in qualitative agreement with our results. Moreover, they have

detected an 0 VIII line flux (Ly a) at 18.97 8. Our calculations show that

this flux is about twice its EQ value at an age of 5000 years (cf. Figure 8 ) ,

which is somewhat older than suggested for Puppis A (see Chapter X of the

present thesis).

Moore and Garmire (1976) have found evidence (or NEQ conditions in the

spectrum of the Vela supernova remnant which is alike the Cygnus Loop. Compar-

ing the X-ray data with and without a fi1tsr to isolate emission between 0.55

and 0,69 keV they derived that the observed flux, presumably due to 0 VII and

0 VIII lines, was deficient with a factor 3 - 5 from the calculated flux. They

argued that this may be caused by NEC; effects mainly for 0 VIII because here the

detector efficiency is larger than for 0 VII . Our calculations as well as

those from 179 however, show that the 0 VII and 0 VIII line fluxes are compar-

able to the corresponding EQ values (cf. Figures 1 2 - 1 5 ) . This may indicate

that the oxygen abundance in the remnant is below the cosmic value.

As to the Cygnus Loop, Stark and Culhane (1978) used a Bragg crystal

spectrometer to search for 0 VII line emission near 22 8 without success. They

obtained an upper limit to this line flux of £>% of the total emitted X-ray

flux between 0.17 and 1.5 keV. Our present calculations show that the relative

line flux amounts to about 20% both for NEQ and EQ conditions (also for models

1A and 2 ) , which is comparable to the calculated (EQj flux by Stark and Culhane

(see their Figures 5 and 6 ) . The observed low line strengths could imply that

the Cygnus Loop is hotter than is generally assumed or that oxygen is depleted

from the cosmic value. In Chapter II of the present thesis (GronenschiId, 1979)

we have found evidence for high temperature regions in the remnant, making the

former possibility very probable.

6. SUMMARY AND FINAL REMARKS

We have shown that non-equilibrium conditions of the ionization balance in

a supernova remnant strongly affect the emergent X-ray spectrum. The continuum

emission is enhanced by two-photon decay radiation mainly due to oxygen for

wavelengths larger than about 20 8, whereas it is suppressed by the lack of

recombination radiation of bare nuclei (principally oxygen) below ^ H 8. The

line emission is significantly intensified especially for wavelengths larger

than about 10 A where transitions in helium- (and lower) like ions are dominant.
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The combined effect is an appreciable softening of the spectrum giving it the

appearance of a two-temperature structure.

The X-ray observations of young remnants have revealed a dual-temperature

structure in the emitted X-ray spectrum. The generally accepted explanation is

that the low-temperature component is caused by a reverse shock wave which

heats ejected matter from the supernova explosion. However, as yet the poor

spatial resolution of the X-ray observations has not made it possible to reveal

decisively the presence of such enhanced soft X-ray emission in the very interi-

or of young supernova remnants. As an alternative suggestion we put forward the

possibility that these excess soft X-rays are accounted for by the lack of

ionization equilibrium in the shock-heated plasma.

Even for the older remnants of an age up to 20 000 years the spectral soft-

ening is shown to persist. However, with current low energy-resolution detectors

it may be difficult to observe such effects.

At present it is not entirely clear whether the electron temperature is

different from that of the ions after the passage of the shock front. Observa-

tions of the Earth's bow-shock have shown that the ions are heated more than the

electrons and the X-ray observations of Cas A indicate that the electron temper-

ature is lower than the suggested ion temperature for a shock wave velocity of

about 5000 km s . However, there are theoretical arguments that collective

plasma interactions cause the electrons to guickly relax to the ion temperature.

To investigate the effects we have performed calculations with the assumption

of equal temperatures for the electrons and ions rather than including relax-

ation like in the computations above. It turns out that the emergent X-ray

spectrum shows spectral hardening below about 10 8 whereas for longer wavelengths

the results are quite the same. The detection of a resulting line feature due to

Fe XX satellite lines near 1.9 8 would be crucial to discriminate between the

two used models.

It has been argued that thermal conduction in the interior of the remnant

may smooth the temperature profiles as derived in the adiabatic solution for the

expansion. In order to inquire further into the influence of thermal conduction

we have considered the extreme case in which the temperature is completely

smoothed (isothermal model). It is shown that the X-ray spectrum for an age of

19 000 years only slightly differs from that of the adiabatic model. This

supports the suggestion that the use of the isothermal model in the inter-

pretation of X-ray spectra of the remnant as a whole will result in approximate-

ly the same parameters (cf. Solinger et al., 1975).
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Experience in non-equilibrium ionization effects on the X-ray emission can

be gained with observations of solar flares on described in a series of papers

(cf. Mewe and Schrijver, 1979; Mewe et al., 1979b; Sylwester et al., 1979).

The basic work by Cox (1972), later elaborated by Dcpita (1976, 1977) and

Raymond (1979) have shown that by including the non-equilibrium ionization the

observations of optical line emission in supernova filaments can yield accurate

determinations of the elemental abundances, electron temperatures, and electron

densities.

With the X-ray observations by the Einstein Observatory using both high-

energy and high-spatial resolution detectors we are nearing the possibility to

estimate elemental abundances and plasma parameters in X-ray sources from spec-

tral line measurements. In order to interprete such observations it can be im-

portant to include the ionization effects as investigated in the present paper.
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APPENDIX

A. Calculation of rate coefficients for ionization balance

A- 1i_Jionizat2gn_rate_cgef f ig j^ents

The ionization structure in an optically thin plasma where ionization oc-

curs by collision with thermal (presumably maxwellian) electrons, including a

contribution from autoionization, while recombination with electrons is radia-

tive and dielectronic, is described in general by a set of coupled differential

equations as follows

1 d N Z z
4r^ = N, , S 7 , - N 7 (S_ + a , ) + N 7 , a, , , (A.I)

n dt Z,z-1 Z,z-1 Z,z Z,z Z,z Z,z+1 Z,z+1 ' x '

where S, denotes the total electron collisional rate coefficient (cm s ) for
'z +z

ionization of ion Z from element of atomic number Z with charge z and density

N_ (cm ) . All ions are considered to be in their ground states. Further, a,

is the total recombination rate coefficient for the process Z -*• Z . T o

a good approximation the rate coefficients are functions of electron temperature

T (K) only. Finally, n (cm ) is the electron density. The temperature T (t) and
6 6 6

density n (t) are assumed to be dependent on time t.

The total rate coefficient for ionization by electron impact of ions Z

to the next higher ionization stage z + 1 is given by

SZ,z - SZd,z + ^ . z ' <*-2>

where S is the coefficient for direct ionization from the ground state and
Z,z
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S_ the coefficient for ionization via autoionizing levels, i.e., electron

collisional excitation from the ground state to an autoionizing level followed

by autoionization.

For the first process we have used a formula given by Lotz (1968a, 1969,

1970:

S^ =3.2<..10~/lT"i I ? x~\ E (X. , A T ) (cm3 s'1) , (A.3)

where

xi,2,z * 13'6 n i 2 ( Z " a i ) 2 (eV> <A-i))

is the ionization energy from the shell in ion Z z with principal quantum number

n., ?. is the total number of electrons in this shell, and a. is an effective

screening number for which an average value is taken for a whole isoelectronic

sequence. Values for n., t,., and a. are given in Table A.I for 21 < Z - z < 28,

while for the higher isoelectronic sequences the data are given elsewhere (cf.

Mewe and Schrijver, 1978b, hereafter MS, for 1 - z > 7 and Mewe et al., 1979a,

hereafter MSS 1, for 6 < Z - z < 2 0 ) . Finally, E. (x) is the exponential integral

which can be approximated by a simple formula (cf. MS, Eq. (10)).

The rate coefficient for autoionization reads (cf. Mewe et al., 1979b, hereafter

MSS 2)

(A.5)

where

= 3.A (Z-aJ2 (eV) (A.6)

is the excitation energy, a, a screening number (a, ̂  ai + 1 f°r Z - z < 18 and

a. + 1 for Z-z > 18), H is the average collision strength for electron excita-

tion, w is the statistical weight of the ground state in ion Z , and A and i
9 a

A are the probabilities for autoionization and for radiative decay to a bound

state below the ionization threshold, respectively. From MSS 2 we take for

Z-z > 11 (for higher z autoionization takes place from the n = 1 shell the rate

of which is relatively very small):
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(A 7)

A12i_Recgmbination_rate_cgeffievents

The total rate coefficient for recombination Z + e •* Z reads

< A' 8 )

where a 7 and a, are the radiative and dielectronic recombination coefficients,

respectively. The coefficient for radiative recombination is approximated by

oL - l O a z - * ^ (cm 3*" 1) , (A.9)

where for 0 < Z - z < 19 a, n» and A are given by MSS 2 (Table A.2).For Z - z > 19

we take a = 1.36, n = 0.63, and A = 0 ..

The dielectronic recombination rate coefficient is approximated by

A •> •>/, 7 i Si -10 y z '/T . .
O, = 10'3 T 3/Z (z Z+13.M J Z o.z ' e ' e (cm3 s'^^A.IO)
^>Z i = 1,2 '

where the parameters a., 3., etc. for 5 ^ Z - z < 19 sre given by MSS 2 (Table A.3)

and for Z - z > 5 by MSS 1 (Table A.2).For Z - z > 19 we take c^ = 6, &. = 3.7,

Y, = M z + 1 ) 2 , 6, = -O.Tt, a2 = 13, 32 = 2.1, Y 2 = 6 and « 2 = 0.86.

B. Processes of line formation and calculation of rate coefficients

The emissivity j 7 (phot cm s ) in a spectral line k -*• £ emitted by ions

of type Z z in an optically thin plasma can be written as

where N_/Nu Ts the abundance of element Z relative to hydrogen (H), n, is theL n z - 1 7
fraction of ions from element Z in ionization stage z- 1, etc., and N,,/n <V 0.85

for a plasma with solar abundances and T £ 2 10 K (fully ionized'H and He).e
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Further, the symbols (for convenience without superscript KV. and subscript I)

S ,, S , a ., and a . denote the rate coefficients (cm s ) (including

possible branching ratios and cascade effects of he processes known to contrib-

ute to the formation of the considered spectra 1, k ->• ? in ion Z + z :

innershell ionization (II) of ion Z z , excitation (E) or innershell excita-

tion (IE) of ion z , and radiative or dielectronic recombination (RR or DR) of

ion Z , respectively. Finally, we have put in Eq. (B.I) a term with rate
DRS

coefficient a , which represents the contribution to the intensity of the line

in ion Z from all satellites that cannot be resolved spectroscopically from

this line. So it depends upon the spectral resolution we assume whether we lump

the satellite contribution in with the main line in Z or treat it separately.

Note that these satellites which result from the dielectronic recombination of

ion Z + z occur in ion Z +^ z' ] K

2
We consider electron impact ionization from the inner 1s shell of ion

Z , which contributes to the production of a certain line in the next

higher ion Z+Z (e.g., the 'forbidden' 2 S^ -* 1 S Q transition in the He-like

ion or satellites to the n = 2 •+ n = 2 He-like 'main' lines from lower (Li-,

Be, etc.) like ions). Using the formula of Lotz (cf. Eq. (A.3)) with ?. = 2
2 '

for the Is shell and assuming the upper line level to be populated proportion-

ally to its statistical weight we obtain (cf. MSS 2)

E , ( x " , / k ^ X c m 3 s'1) , (B.2)

where

w. A

• ( B ' 3 )

CII = Iw7 A~+TA~ •
j a r

Here Zvi. is the total statistical weight of the configuration to which the level

j belongs and A , A are transition probabilities for decay by autoionization
3 r

and radiation, where the summation is over all possible radiative transitions

from level j. The ionization energy xz _ 1 (
eW of the 1s shell in ion Z ^z

is given by Lotz (1968b). For a whole group cf (satellite) lines from the same

ion it can be approximated by (cf. MSS 2)

X"_ , =1.24 10* aZI/X (eV), (B.4)
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where * (A) is a mean value for the wavelength, and a.,. _i_ l.l- 1.3 for all ions

icf. Table B . I ) . C T was calculated from data given by MS, Grineva et al. (1975),

and Vainshtein and Safronova 0 9 7 8 ) (cf. MSS 2 ) , where for a group of satellites

of the same ion a summation was carried out. Results are given in Table B.I for

Z = 26. The second branching ratio in Eq. (B.3) decreases rapidly with decreasing
Z)

Z since A « Z and A is nearly independent of Z. From a comparison with the
r 3

Z-dependence of the K-f1uorescence yield (Fink et al., 1966) we derive as a rough

approximation for Z ^ 26

C (Z) » C (Z = 26) | 3' 2f k ] , (B.5)
11 XI I V 4

which for Z = 20 in agreement ( M 8 % above) the results for Li-like ions (Vainsh-

tein and Safronova, 1978). We note that for the He-like forbidden line C^ is

independent of Z since the branching ratio A /(A + Z A ) = 1.
r 3 r

We assume that all ions Z that are to be excited are in the ground state

(of statistical weight w ). After excitation (with corresponding excitation energy

X ) by electron impact to the upper line level the line transition takes place

with some branching ratio factor BR = A /(A + EA ) so that analogously to Eq.
r 3 r

(A.5) we can wri te

= 8.62 1(f6 (fi / w ) BR C1 T~* e'
y (cm3 s"1) , (B.6)

where Q is the collision strength averaged over the Maxwellian electron energy

distribution (e.g., MS), C. is a correction factor for cascades following exci-

tation of higher levels, and

Y E / I E 8
•• - ^ I ^ A 3 9 10° a ( B 7 )

kTe A(8) T (K)
e

where a = x /photon energy h\> (i.e., a > 1 for lines not ending on the ground

level g ) . Writing (e.g., Mewe, 1972a, hereafter M)

fi/w = (8TT//3) (xu/X ) f 9 = 0.0159 X f g /a , (B.8)

g Hz
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where Xu 's the ionization energy of the hydrogen atom, <• is the absorption os-

cillator strength of the considered line, 'A is the line wavelength (8), and g is

the average gaunt factor (e.g., M) of the excitation process and introducing the

effective oscillator strength

f = f BR Cj/a, (B.9)

we have

S* / I E * 1.373 10" 7 X f i T~* e" y ( c m 3 s " 1 ) . (B.10)

The gaunt factor has been analytically approximated as follows (e.g., M, MS):

i = A + (By - Cy 2 + Dy3 + E) e y E, (y) + (C + D)y - Dy2, (B.11)

where the parameters A, B, etc. are determined by fitting this expression to

known results. Values for these parameters and the cascade factor C1 are

obtained for the H- and He-like ion lines from MS and M. In the case of the

H-like ion transitions we have taken into account the effects of resonances near

threshold (cf. SS 1). Results are given in Table B.2. The data for Li-like ions

are taken from earlier calculations (M), while for other isoelectronic sequences

we have taken (cf. M) A = 0.15 (An ± 0 transitions) or 0.6 (An = 0 transitions),

B = C = D = 0, and D = 0.276 (allowed dipoletransitions) or 0 (forbidden transi-

tions) .

The contribution to the forbidden (2 S. •* 1 S ) transition in He-like ions

from cascades predominates over that from direct excitation from the ground state.

In the low density limit (N £ 0.01Z ) , where collisional coupling between the
3 3 e

2 S and 2 P levels can be ignored the cascade correction reads

.065(1 -BR,)] , (B.12)

where the second term of the r.h.s. is due to cascading from n P levels with

n > 2 and the last term due to cascading from 2 P. BR. is the branching ratio

for the intercombination (2 P •+ 1 S) line, which can be computed from the tran-

sition probabilities given by MS (e.g., BR. = U.111, 0.293, 0.425, 0.675, and

0.821 for Z = 6, 8, 14, 20, and 26, respectively).
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From the calculations of Mewe and Schrijver (1978b, c) it can be shown that

at N ^ 0.01Z 3 collisional excitation N S.p from 2
3S(S) to 2 P(P) becomes com-

parable to radiative decay A_p from 2 S to the ground state (G). Then the

branching ratio BR in Eq. (B.6) can be written for the forbidden (f) and inter-

combination (i) line as follows

BRf(Ne) = [1 + (NeSsp/ASG)BR.(O) ] "' (B.12a)

and

BR.(Ne) = ApQ/ tApG + ApsBRf(Ne) 1 . (B.12b)

The cascade correction factor C., for the forbidden line is still given by

Eq. (B.12) with BR. = B

combination line reads

Eq. (B.12) with BR. = BR.(O), whereas the cascade correction for the inter-

C. (Ne) = 1.065+ F(SGS/SGp) + O.^ e"°-
21yj [1+ (ASG/NeSsp)] "

1 , (B.12c)

where the ratio of the excitat ion rate coefficients (without cascades and

branching ratios) of the forbidden and intercombination line is approximated

by (MSS 1, 2)

SGS / SGP = (y + K 1 5 ) / 7 ( y + °-6)- (B.12d)

From the results given by Mewe and Schrijver (1978b, c) for the intensity

ratio forbidden/intercombination line in ions of different Z we have derived

for the case of zero external radiation field but including proton and a-particle

col Iisions

S s p/A S G * 330 Z~
]k-57 ( e / 1 0 5 ) " 0 - 7 3 2 ' , (B.12e)

9
where 9 = T /Z is the reduced electron temperature in K,

— 1 1 n 1 ft 7
For example, for Z = 8 and 26 we have (Ssp/As(.) ' * ^.3 10 and 1.2 10 cm ,

respectively at 6 = 10 5 K.
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The oscillator strength values f can be obtained with interpolation formulae

(Mewe, 1977) and from other data (Mewe, 1972b, 1975), whereas branching ratios

and the factor a are estimated from Wiese et al. (1966, 1969) and Mewe (1972b,

1975).

Gaunt factor parameters for the electron impact excitation of the 1s - 2p

innershell transitions in Li-like ions have been derived by comparing Eqs. (B.10)

and (8.11) with the results of calculations by Vainshtein et al. (1979). For

simplicity, we have taken the same values (cf. Table B.2) for the innershell

transitions in ions from lower isoelectronic sequences. The oscillator strengths

f (summed over all satellites to be excited from the ground state of one ion)

and branching ratios BR (averaged over all transitions from one ion) have been

derived for the Li-like ions from Ca and Fe from calculations of Vainshtein and

Safronova (1978) and for the Be-1 ike and lower ions from Fc from the data of

Grineva et al. (1975) (cf. Table B.3). The Z-dependence of the oscillator strength

was taken as

I-
f(Z) * f(Z = 26) [ l^L) , (B.13)

\ 1 " fl J
25

where a1 (cf. Table B.3) was taken from Mewe (1977). Since the radiative transition

probabilities approximately scale as (Z - 1) and the autoionization probabilities

are roughly constant we write the branching ratio in the form

BR* M = , (B.14)
a 2 ( Z - 1) + 105a

where a. and a, are given in Table B.3.For the Li-like transitions, where the

computations of Vainshtein and Safronova (1978) were performed for a wide range

of Z-values (Z = 4 - 3 4 ) Eq. (B. 14) is quite correct, but for the other iso-

electronic sequences, where only data for Z = 26 were available (cf. Grineva et

al., 1975) it will probably give only a rough estimate for low-Z (say, Z ^ 14)

ions.

The contribution to a certain line in ion Z due to radiative recombination

of ion Z Kz+tl is written as (cf. MSS 2)
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a R " . = 10" 1 1 BR C R R (z + 1 ) 2 n + 1 T" n (cm3 s " 1 ) , (B.15)

where BR is the branching ratio of the line and the parameters C_- and n are

given in Table B.A (cf. also MSS 2, Table B.5). These parameters have been

derived from calculations for hydrogen- and helium!ike ions (cf. Burgess and

Seaton, I960, MS) and include the effects of cascading from higher levels. In

the case of the 2 S -> 1 S transition in heliumlike ions the cascades from 2 P

should also be taken into account (cf. MSS 2, Eq. (20)). In all other cases

than hydrogen- or heliun-Hke (n = 2) levels we have assumed that hydrogenlike

formulae can be applied and that the upper line levels are populated in the

ratios of their statistical weights.

recombination

The production by dielectror.i c recombination of ion Z '* of a satel-

lite line in ion Z is given by (e.g., Gabriel, 1972)

where

w A A
Bs=

I 3

The energy difference x between the satellite upper line level s (with statis-

tical weight w ) in ion Z and the ground state (with statistical weight w.) of

the recombining ion Z can be written as

X s = 1.24 lO2* aDR/A (eV), (B.18)

where A is the 1 ine wavelength (8) and a._ % 0.7-0.9 for the 1 s - 2 p satellites

for all ions considered (cf. MSS 2 ) . Further, A and A are the transition prob-
-1 a r

abilities (s ) for decay of level s by autoionization and radiation and the

summation is over all possible radiative transitions from this level. T is the

electron temperature in K.

-213-



Again the contributions from all satellites be'onging to one ion we have

lumped together so that the values of B as given in Table B.5 should be

considered as summations over all strong satellites of one ion (e.g.,

Bg = 99 10
l:> s"1 for all Fe XXV n = 2 satellites to the Fe XXVI La line, etc. I .

These values have been derived from the calculations of Vainshtein and Safronova

(1378) for the n = 2 satellites in He- and Li-like ions of Z = k-lh, from

results obtained.by Bely-Dubau et al. (1979) for n = 3 satellites in Fe XXIV, and

from the data given by Grineva et al. (1975) for the lower isoelectronic sequences

(only available case Z = 2 6 ) . Since we found that for the He- and Li-like ions in

the range Z = 6 - 2 6 (cf. Vainshtein and Safronova, 1978) the average values of

A and A scale about as (Z - 1) and (Z -
r a

results for Z = 26 to lower Z by writing

L ac
A and A scale about as (Z - 1) and ( Z - 1 ) (with a. * 0.5) we have scaled the
r a 3

B (Z) ^ B (Z = 26)
"s' ' — s' — a

1<f6a/)(Z-1)'
i+a5

(Z-1) 5 + 2 10'5(Z- I)1*

(B.19)

where ar and a_ are given in Table B.5 together with the values for a_R taken from

MSS 2 (Table 7).

Finally, dielectronic recombination contributes to the population of the

upper levels of the n = 2 -*• n = 1 lines in heliumlike ions. The corresponding
DR

rate coefficient a - was calculated for iron and calcium by MSS 2. With the aid

of formulae given by MS these results can be scaled to lower Z values.

B.5. Contribut£on_of_unreso]yed

For other than the 1s - 2p satellites we have assumed that the satellites that

are formed by dielectronic recombination of ion Z and occur in ion Z are

spectroscopically unresolved from the corresponding main line in ion Z and thus

are lumped in with this line. To estimate the total satellite contribution to the

line in ion Z we have used Burgess's (1965) semi-empirical formula (with only

the one term in the summation that corresponds to the given line), slightly modi-

fied as follows:

« f S = 8.i4 10-'* C D R S T;
3 / 2 f BR ( X z

E)* A(x) B( Z) a"*
 C ( z ) (cm3 s " 1 ) , (B.20)

where x (e^) is the excitation energy and f the oscillator strength of the main

P
line, y = X A T (cf. Eq. (B.7))-CDR<. is a reduction factor to take into account



rhat not all levels in a given shell are autoionizing (e.g., Gabriel, 1972; we

take C D R S = 0.6), and x = <*/13.6(z + 1 ) ,

A(x) = (1 + O.I05x+0.015x2r1, B(z) (z2 + 13.4)"*,

and

C(z) 1 + 0.019
-1

We have taken for BR the branching ratio of the main line though it may be

different (smaller) for the corresponding satellites so that strictly the result

from Eq. (B,20) is an upper limit. Consider as an example the Li-like ion (Z+ ')

satellites to the He-like ion (Z ) transition 1 s3p -*• 1s . The branching ratio of

the latter line is

B Rline = A ( ' s 3 P * 's2)/fA(ts3p -> Is2) + A(1s3p •* Is2s)|, while for the satellite

1ines we have
B Rsat = A ( 1 s 2 P 3 P •*• ls22p)/[A(1s2p3p -> lsZ3p) + A(ls2p3p -> 1s22p) + A(1s2p3p -

•* 1s2p2s) + A ] .

Assuming the influence of the spectator (2p) or (3p) electrons to be negligible,
2 2

hence taking A(is2.p3p-* Is 3p) =sA(is2p->- Is ) , etc., and ignoring the autoioniz-
ing probability A because this should already be taken into account in somea ~

implicit way in the Burgess (1965) formula, we have because A(is2p ->• Is ) *

* 3.5A(1s3p -* 1s2) and * 30A(1s3p •* 1s2s) (e.g. , Wiese et al., 1966)

BRj . n e ^'*
BR

sat- Since it turns out that, at the temperatures where the inten-

sities of the main lines are maximum in a stationary plasma, the estimate taking

BR = BR gives a relative contribution of the dielectronic recombination
. DRS

satellites of only 1 0 - 3 0 % , we may neglect the a term in most practical cases.

C. Continuum radiation

The coninuum radiation due to free-free, free-bound, and two-photon proces-

ses can be calculated with the formulae given by Gronenschild and Mewe (1978).

For the wavelength region 1 - 3 8 and the temperature range 2.5 10 - 10 K a simple

approximation formula was used by MSS 2 for a solar abundances plasma.
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Table A.I. lONIZATION RATE PARAMETERS

Z- 1

21

22

23

24

25

26

27

28

"1

4
4
4
'•

4
4
4
4

3

3

3
3
3
3
3
3

2

2

2

2

2

2

2

2

9

10

11

12

13
14

15

16

ai

15.2

16.6

18.0

20.0

21.6

23.0

24.0

25.0

a?

14.9

15.6

16.3

17.1

17.9

18.9

19.5

20.2

Table B.I. INNERSHELL lONIZATION PARAMETERS

Isoel. seq.

of ion Z

He

Li

Be

B

C

N

0

F
Ne, etc.

1

1

> 1

1

.293

.296

.242

.164

a

+ 0.

+ 0.

II

009(Z-26)

008(Z-26)

CXI(Z = 26)

0.75

0.106

0.27

0.28

0.28

0.46

0.33

0.3

0.3

Z-z

2

3
4

5
6

7

8

9
> 10
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'able B.2 EXCITATION GAUNT FACTOR PARAMETERS

I -

Bo, u u .

S •• I snp

" Isnp JS
(n •• 2)

Is • 2p s J t e l -
l i t u s

0 .075

0 .25

0.31

0 .35

O.053f,

0

0

0.0b

0.08

0 05

0.03

0

0

0

0 124

0

0

O.I24f.,

0.0372f?

0

0.0221,

-O.OI6 f ,

0.025

0 ?76

0 276

0 tlb

0 /7b

0.276

0

0

U. ?76

O./U

3 11

0.36

0.J8

0.0371,

o.09?f.

0.01?^f

0 l

1 or
0'

' Ob

1 . 0 6 5

[ g . I B . I

N . B . r f . U ) 1 * a . 2 ' 1 ( a . > - 1 . 3 . 1 . 5 . 7 , and 0 . 4 f o r i = I . 2 . i. , i n d

Table B.3. OSCILLATOR STRENGTH AND BRANCHING RATIO PARAMETERS FOR 1s - 2p
INNERSHELL TRANSITIONS

Isocl. scq.

Li

Be

B

C

N

0

F

f

2 * 20 26

0.76 0.76

0.785

1.0

0.84

0.67

0.47

0.235

a.

1

1.65

2.15

2.6

3
3.4

3.9

BR

2 = 20

0.88

26

0.91"
0.76

0.36

0.22

0.19

0.151!

0.15

1(2

1

2

3.3
2

2.8

3.1

a a

•• 20) 0.045(Z • 20)

1.2

3

5.2

13

15

14
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Table B.5. OIELECTRONIC RECOMBINATION PARAMETERS FOR THE SATELLITES TO THE U - ? p RESONANCE LINES
OF H- AND He-LIKE IONS

2

3

It

5

6

7

8

9

Isoel. seq.

of ion Z+* '

He

Li

Be

B

C

N

0

F

B ( 1 0 1 3 s - ' )
DR <Z - 26)

0.69 99

0.70 ]li9 (n - 2)
0.90 68.5(n • 3)

0.70 21A

0.73 1290

0.7*« 1030

0.76 1980

0.78 151

0.79 17.8

7.57 0.1(3

5.55 0.59

-

-

> 5,1*6 0 , 6

satel1i t c , to H-l ike L >

-

sate l1 i tes 10 He-Iike
> n * 2 > n * 1 1ines

Table B.lt. RADIATIVE RECOMBINATION PARAMETERS

Z - z

1

2

Isoel.
seq.

H

He

AlI other cases

Upper line
level

2p 2P(La)

np 2P(n > 3)

Is2p !P

Is2p 3P

Is2s 3S

u

n

0.7

0.7

0.87

0.81

0.51)

0.7

CRR

, ,, J>CBR(H,np)
1.55(n/3) 2 - 6 1 J RR

10

25.7

0.79

*) w * statistical weight of upper line level u, w * total statisti-

cal weight of shell with same principal quantum number n as level u

(e.g., w - <(n for He-like ions).
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SAMENVATTING

Dit proefschrift bestudeert supernova restanten, zowel theoretisch als ob-

servationeel. Deze restanten manifesteren zich na een van de meest spectaculaire

evenementen in het heelal, de explosie van een ster. Deze explosie markeert de

eindfase van een langdurige evolutie die begon toen de ster zich vormde door

samentrekking van een grote oer-gaswolk ten gevolge van de zwaartekracht die op

elk gas elementje werkt. Deze inkrimping veroorzaakte een stijging van de tempe-

ratuur tot enkele tientallen miljoenen graden, hoog genoeg om kernfusie te ont-

steken. Deze uitermate effectieve energiebron waarin waterstofkernen fuseren tot

heliumkernen zorgt ervoor dat de ster oplicht en we deze aan de hemel kunnen

zien. Dit proces duurt niet eeuwig, wel erg lang; zo zal de zon nog ongeveer

vijf miljard jaar op deze wijze 'branden'. Nadat de waterstofvoorraad in het cen-

trale deel van de ster is omgezet in helium zal de ster een nieuwe energiebron

moeten aanboren, dit gebeurt door verder in te krimpen. De temperatuur stijgt

hierdoor tot een nog hogere waarde waardoor tenslotte een nieuw proces van kern-

fusie kan gaan optreden, waarbij helium zal worden omgezet in elementen zoals

koolstof en zuurstof. Hierbij komt minder energie vrij dan bij waterstoffusie,

zodat na uitputting van de helium-voorraad de ster na relatief korte tijd weer

verder moet gaan samentrekken om zijn energiehuishouding in stand te houden.

Steeds zwaardere elementen worden gevormd en gevolgd door steeds sneller op el-

kaar volgende contracties, totdat er geen energie meer uit kernfusie kan wor-

den vrij gemaakt. Dit gebeurt wanneer ijzer is gevormd, het meest stabiele ele-

ment. Wat daarna volgt hangt af van de massa van de ster. Is deze vergelijkbaar

met die van de zon dan zal de ster overgaan in een zgn 'witte dwerg' die lang-

zaam uitdooft. Is de ster zwaarder dan zal door een nog verder inkrimpen een

instabiliteit ontstaan waardoor de kern van de ster plotseling implodeert waar-

bij de elementen in neutronen overgaan. Dit gaat gepaard met een schokgolf die

de verder naar buiten gelegen lagen sterk verhit zodat de kernfusie hierin ex-

plosief verloopt. Binnen een zeer korte tijd (minder dan één seconde) komt een

enorme hoeveelheid energie vrij die de buitenste lagen van de ster wegslingert

met snelheden ter grootte van 5000 tot 10000 km s : een supernova is geboren.

De kern van de ster is dan een neutronen ster geworden of zelfs een zwart gat

in het geval van zeer zware sterren. Om een idee te geven van de energie die

gepaard gaat met deze explosie: deze energie (ongeveer 10 erg) is evenveel

als de zon acht miljard jaar lang zou uitzenden op het huidige niveau, terwijl

op zijn beurt de zon in slechts één seconde een hoeveelheid energie uitzendt die

even groot is als Nederland in liefst honderd miljoen jaar consumeert!
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Het verschijnsel van deze uitbarsting wordt waargenomen doordat de ster

plotseling wel meer dan tienduizend keer helderder wordt, zodat in sommige ge-

vallen het sterrenstelsel waarin de supernova zich bevindt wordt overstraald.

Aan dit verschijnsel dankt de supernova zijn naam. De bestudering van supernovae

is van buitengewoon belang omdat veel kosmische objecten ermee samenhangen, zo-

als röntgen dubbelsterren, pulsars, zwarte gaten, radiobronnen, optische nevels

(zie bijvoorbeeld.de omslag foto) en kosmische straling.

Tot nu toe hebben we de meeste kennis verkregen door de waarnemingen van

supernovae buiten ons eigen melkwegstelsel. In hoofdstuk I wordt een kort over-

zicht van de resultaten van deze waarnemingen gegeven. Uit het aantal supernovae

en de verdeling ervan over de verschillende sterrenstelsels heeft men afgeleid

dat in ons Melkwegstelsel gemiddeld eens in de 15 jaar een supernova ontstaat.

Door de absorptie van de uitgezonden straling op weg naar de aarde zien we

echter slechts één in ongeveer 250 jaar. De laatste die zichtbaar is geweest is

die in het jaar 160^, door Kepler bestudeerd. Andere supernovae die eerder zijn

opgevlamd zijn vnl waargenomen door Chinese en Koreaanse astronomen. Zo zijn op-

tekeningen bekend die gewag maken van supernovae in de volgende jaren (na Chris-

tus): 185, 386, 393, 1006, 1054 en 1181. Van de later verschenen supernovae wer-

den ook waarnemingen in Europa opgeschreven, zoals die in het jaar 1572, die

door Tycho Brahe is ontdekt en bestudeerd.De meest spectaculaire explosie is zon-

der twijfel die van het jaar 1006. Deze bereikte zo'n grote helderheid dat hij

overdag zichtbaar was en 's nachts kon men bij zijn licht'goed zien'. Er zijn

meldingen dat hij zelfs tien jaar lang met het blote oog zichtbaar is geweest.

Een andere, zeer bekende supernova is die van het jaar 105^ nu bekend als de

Krab Nevel.

Nadat de supernova uitdooft door de grote uitstraling en afkoeling van de

weggeslingerde ster materie manifesteert hij zich als een zgn supernova restant

(SNR). Het restant is dan niet alleen in optische straling zichtbaar, maar ook

in radio en röntgen straling. Deze laatste straling ontstaat door de verhitting

van het zeer ijle interstellaire gas (dichtheid van ongeveer 1 deeltje per cm J)

tot temperaturen van de orde van één tot tien miljoen graden t.g.v. een schok

front dat door de weggeslingerde materie werd opgewekt. De röntgenstraling moet

dan geconcentreerd zijn in een schil direkt achter dit schok front. In hoofdstuk

II worden waarnemingen in het ró'ntgenl icht van één van de bekendste SNRn nl de

Cygnus Loop ('Sluier N e v e l 1 ) , besproken. Hiervoor werden de twee Utrechtse rönt-

gen detektoren aan boord van de Astronomische Nederlandse Satelliet (ANS) vier

uur lang gericht op een gebied aan de hemel dat de optische 'filamenten' geheel

omsloot. Het resultaat na een uitgebreide bewerking is een röntgenbeeld van het
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restant. Heel duidelijk zichtbaar is dat röntgenstraling voornamelijk wordt uit-

gezonden door een vrijwel cirkelvormige ring die de optische filamenten overlapt.

Ook werd aangetoond dat de temperatuur van het verhitte gas varieert tussen zo'n

vijfhonderd duizend en vijf miljoen graden wat zeer waarschijnlijk het gevolg is

van een niet constante dichtheid van de materie in de interstellaire ruimte.

Met de ANS werd ook gezocht naar nieuwe röntgen SNRn. Slechts in één geval

had dit succes. De nieuwe bron, W't't, werd gedetecteerd op een stralingsniveau dat

ongeveer gelijk was aan de sterkte zoals eerder voorspeld. De interpretatie van

de gegevens, beschreven in hoofdstuk III, leerde o.a. dat de supernova zo'n tien-

duizend jaar geleden ontploft moet zijn.

De negatieve resultaten voor de andere SNRn worden bediscussieerd in hoofd-

stuk IV. Wanneer we het model voor de evolutie van SNRn toepassen op het waar-

nemingsmateriaal ook al is er geen röntgenstraling gemeten, dan leidt dit nega-

tieve gegeven voor sommige restanten tot het resultaat dat de interstel laire

materie veel ijler moet zijn dan op grond van eerdere veronderstellingen is aan-

genomen. Dit dan, zou een ondersteuning van een model zijn waarin grote delen

van ons Melkwegstelsel bijna zijn schoon geveegd door de miljoenen supernova

restanten die sinds de oorsprong van het Melkwegstelsel zijn ontstaan en zich

hebben uitgebreid.

Om de temperatuur van een SNR te bepalen wordt het gemeten röntgenspectrum

vergeleken met theoretische spectra zoals exponentiele en remstralingsspectra.

De laatste tijd wordt steeds meer een zgn lijn- en continuumspectrum gebruikt

voor deze bepaling. Dit komt door het verkregen inzicht dat net als in de zonne

corona behalve waterstof en helium ook vele andere elementen in het interstel-

laire gas voorkomen. Juist deze elementen geven aanleiding tot 1ijnstraling ,dwz

straling van karakteristieke golflengtes. Deze straling domineert het röntgen-

spectrum voor temperaturen tussen ongeveer één en tien miljoen graden, juist

die temperaturen die voorkomen in SNRn.

In hoofdstuk V gaan we in op de continue straling van de meest voorkomende

elementen in de kosmische ruimte. Deze straling wordt geproduceerd door de be-

invloeding van een elektron wanneer het een positief geladen ion van een van

deze elementen nadert. Op deze manier ontstaat er remstraling (ook wel vrij-vrij

straling genoemd) wanneer het elektron wordt ingevangen en om de kern van het

ion gaat draaien. Een ander, meer ingewikkeld proces is het twee-fotonen verval.

Hierbij komt straling van allerlei golflengtes vrij doordat bij de overgang van

een elektron van de ene baan in een andere baan om de kern in bepaalde gevallen

twee fotonen tegelijk worden uitgezonden. De som van de energieën van deze fo-

tonen is gelijk aan de energiesprong van het elektron. Het blijkt dat voorname-
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lijk zuurstof een belangrijke bijdrage geeft tot het totale continue spectrum.

Er is reeds lang gesuggereerd dat in SNRn de ionisatie balans niet in even-

wicht verkeert. Wanneer men de tijden berekend die nodig zijn om bepaalde ato-

men of ionen (nog verder) te ioniseren door het verwijderen van een gebonden

elektron dan komt men tot waarden die liggen tussen duizend en honderdduizend

jaar,dwz van dezelfde grootte orde als de leeftijd van jonge (300 jaar) tot oude

(30 000 jaar) restanten. Tot voor kort waren nog geen berekeningen gemaakt van

de röntgenstraling die onder deze zgn non-equi1ibrium (NEQ) condities door SNRn

wordt uitgezonden. Deze berekeningen vereisen kennis van het verloop van zowel

temperatuur als dichtheid van een elementair gaselementje nadat het verhit wordt

door de passage van het schok front. Voor deze evolutie worden in hoofdstuk VI

drie modellen gebruikt. In één model wordt aangenomen dat zo'n gas elementje

adiabatisch, dwz zonder energie verliezen, expandeert en afkoelt. De elektronen

worden door botsingen met de hete ionen langzaam verhit tot temperaturen die in

de meeste gevallen lager zijn als die van de ionen. In een ander model nemen we

aan dat door allerlei instabi 1 iteiten van het plasma in het schok front de elek-

tronen temperatuur onmiddellijk gelijk is aan die van de ionen. Het derde model

beschrijft een zgn isotherme expansie van het SNR, waarin de elektronen en ionen

dezelfde constante temperatuur hebben binnen het restant. De resultaten voor de

drie modellen zijn vrijwel gelijk. Het rö'ntgenspectrum blijkt aanzienlijk ver-

sterkt te zijn t.o.v. het EQ spectrum vooral voor golflengtes langer dan 20 8

t.g.v. het versterkte twee-fotonen verval proces in helium- en waterstof-achtig

zuurstof (dwz een zuurstof atoomkern waaromheen nog maar 2, respectievelijk 1

elektronen draaien). De lijnemissie van vnl helium- en waterstof-achtige ionen

is zeer sterk in intensiteit toegenomen door de verhoogde concentraties van deze

ionen en de gunstige omstandigheden van temperatuur voor de overgangen van de

elektronen binnen de ionen. Deze resultaten geven een alternatieve verklaring

voor de extra zachte röntgenstraling die ondekt is bij jonge SNRn. De waarge-

nomen röntgenspectra van deze restanten kunnen alleen verklaard worden met

emissie van een plasma van twee verschillende temperaturen. Onze berekeningen

voor twee jonge SNRn, Cas A en SN1006, respectievelijk 300 en 1000 jaar oud,

tonen aan dat deze twee temperaturen het schijnbare gevolg zijn van een ionisatie

balans die niet in evenwicht verkeert. Een voorlopige bevestiging van deze be-

rekeningen zijn de door het Einstein Observatorium gemeten lijn fluxen die rede-

lijk in overeenstemming zijn met de door ons berekende waarden.
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STELLINGEN

BEHOREND BIJ HET PROEFSCHRIFT

'X-RAY EMISSION FROM SUPERNOVA REMNANTS WITH PARTICULAR

REFERENCE TO THE CYGNUS LOOP'.

De naam "supernova restant" is verkeerd omdat deze suggereert dat we delen

van de geëxplodeerde ster zien, wat slechts waar is voor de jonge "restan-

ten".

Dit proefschrift, hoofdstuk I.

2. Het is niet mogelijk om de gemeten randverheldering van röntgenstraling in

supernova restanten te vergelijken met theoretische profielen zonder kennis

van de interstellaire absorptie en de richtingsafhankelijkheid ervan naar

de restanten.

Dit proefschrift, hoofdstuk II.

3. Tot nu toe is het formalisme van Sedov dat de expansie van supernova restan-

ten beschrijft verkeerd toegepast doordat de faktor a (̂  0.49) steeds ver-

waarloosd is.

Dit proefschrift, hoofdstuk II.

k. De emissiemaat van zonnevlammen wordt sterk overschat wanneer niet-statio-

naire effekten op de ionisatie balans van het plasma niet in rekening

worden gebracht.

5. De numerieke modellen die het ontstaan van een supernova verklaren hebben

allen tot resultaat dat een neutronen ster overblijft. Dit is niet in over-

eenstemming met het aantal van slechts 2 waargenomen pulsar-supernova

restant associaties.



2 1)
6. De bepaling van spectrale parameters door middel van de zgn. x -methode

leidt tot onjuiste informatie over de statistisch bepaalde spreiding in

deze parameters wanneer de bandbreedte van de meetkanaien niet in overeen-

stemming is met het energie-oplossend vermogen van de gebruikte detektor.

' Lampton, M., Margon, B., Bowyev, S.: 1976, Aotrophys. J. 208, 177.

Recente metingen van de gasversterking in proportionele telbuizen sugge-

reren dat de onderstelling van Zastawny als zou de genormeerde ionisatie

(Townsend) coëfficiënt a/p alleen afhankelijk zijn van de genormeerde

veldsterkte S = E/p, onjuist is.

van Nieuwenhoven, J.: 1974, Intern Verolag, Laboratorium voor

.Ruimte-Onderzoek, Utrecht.

2)
' Zastawny, A.: 1966, J. Sc. Instr. 43, Z9b.

De conclusie van van Paradijs dat zgn. röntgen-bursters een straal hebben

van ongeveer 7 km is onjuist gezien de grote systematische fout die ontstaat

door aan te nemen dat het uitgezonden spektrum dat van een zwart lichaam is.

' van Paradijs, J.: 1978, Nature 274, 650.

9. De stelling van R.M. Duin dat het onmogelijk is uit waarnemingen van een

supernova restant dat in de impulsbehoud-fase (stralings-fase) verkeert het

type van de oorspronkelijke supernova explosie te bepalen, betekent niet dat

dit wel mogelijk is tijdens een van de daaraan voorafgaande fasen van expan-

sie, waarin de massa van het opgeveegde interstellaire gas die van het weg-

geslingerde gas overtreft.

Duin, R.M.: 1974, Proefschrift, Universiteit van Leiden.

10. De registratie van een afgeleide van een spektrum naar de golflengte biedt

voordelen boven de direkte registratie.



11. Bij het opstellen van een programma voor het waarnemen van straling uit-

gezonden door kosmische objekten met behulp van satelliet instrumenten kan

men beter zijn keuze beperken tot een klein aantal bronnen met lange

observatie tijden dan te kiezen voor een groot aantal bronnen met dienten-

gevolge korte tijden.

12. Het stijgend gebruik van de computer en de toenemende automatisering in het

arbeidsproces dient te worden belast voor het scheppen van nieuwe werkge-

legenheid of voor de financiering van werkloosheidsuitkeringen.

13- Als gebruikers van gemeenschapsgelden dienen wetenschappelijke onderzoekers

zorg te dragen voor de popularisering van de wetenschap.

4. Het goedmoedige karakter en de fatalistische instelling die de Limburger

eigen zijn en die een diep-religieuze oorsprong hebben werken sterk be-

lemmerend voor de economische herontwïkkeling van (Zuid-) Limburg.

15. De boodschap van de Club van Rome is eigenlijk deze: "Savoir est prévoir,

prévoir est au revoir a la monde".

16. Bij de aanschaf van huishoudelijke apparaten geldt een kostenbeperkende

faktor sterker dan een energiebeperkende faktor, dit ondanks de zich aan-

dienende energiekrisis.

17. The ïncreasing use of English words in the Dutch language is to be regretted.

Ed Gronenschild 27 juni, 1979


