Crab Nebula. This is not surprising in
view of the large difference in age
and volume between the objects. The
large x-ray flux might be responsible
for the excitation of the optical line
emission observed from the filaments
of the Cygnus Loop. However, in the
hot plasma hypothesis one encounters
the difficulty of explaining the lack of
consistency between the high tempera-
ture observed in the x-ray region and
the apparent low expansion velocity of
the filaments.

We now know of two classes of
x-ray sources among the supernova
remnants—the remnants of events that
took place less than 103 years ago,
and those more than 10% years old.
Members of the first class, for example
Crab Nebula, Tycho’s Supernova, and
Cas A, are visible at energies above 2
kev while members of the second class
have been seen only below 1 kev. The
Cygnus Loop belongs to the second
class and a recent report by Palmieri
et al. (10) adds Vel X and Pup A to
this class. The x-ray emission mecha-
nism is known for only one member
of the first class, the Crab Nebula, and
it is synchrotron radiation. Our results
suggest that another mechanism, ther-
mal radiation from a hot plasma, is
responsible for the emission from the
second class.
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Seft X-rays from the Cygnus Loop: Interpretation

Abstract. Two possible interpretations of the recent soft x-ray observation
of the Cygnus Loop are discussed. A synchrotron model requires a magnetic
field less than 10—6 gauss and electron energies in excess of 10* electron volts.
These electrons must either have been reaccelerated or continuously injected
into the source for about 50,000 years. The observations are also consistent with
the radiation from a hot plasma having the cosmic abundances of the elements.
A likely origin for the hot plasma is a blast wave produced by the explosion
of a supernova in the interstellar medium. Fitting such a model to the observa-
tions implies a kinetic energy release in the explosion of 6 X 10%° ergs, for an

assumed distance of 770 parsec.

The soft x-ray observations of the
Cygnus Loop -(I) provide information
concerning the structure of the source,
its intensity, and its spectrum. In sum-
mary, the observations show that (i)
the source has a shell-like structure
with an outer diameter of about 3 deg;
(ii) the flux from the Cygnus Loop in
the 10- to 80-A region is ~ 2 X 10—8
erg/cm2-sec; and (iii) the measure-
ments of the spectrum of the source
can, at this time, best be fit by an
exponential emission function with an
electron temperature T ~ 4 X 106 °K
plus an emission line around 20 A.
The intensity of the line is roughly
equal to the integrated continuum
emission in the 15 to 20 A range.
The feature around 20 A could also
be produced by a power law spectrum
characterized by a large change in the
spectral index between 20 A and 15
A, so that the results can be interpreted
in terms of either a synchrotron or a
hot plasma model.

In the synchrotron model the shell
structure could be due to the enhanced
radiation of the high energy electrons
as they encounter regions of high mag-
netic field near the boundary of the
nebula, as in models for the radio
emission. Extrapolation of the observed
radio spectrum (2) down to 20 A
yields a flux of the right order of mag-
nitude, so a unified synchrotron spec-
trum extending from radio to x-rav
wavelengths is not precluded by the
observations. A sharp break in the
spectrum between 20 A and 15 A
would result if there were a sharp
change in the electron spectrum at the
appropriate energy. This change could
be intrinsic to the mechanism for pro-
ducing the high energy electrons, or
it could be due to synchrotron losses.
The radiative half-life for an electron
that produces synchrotron radiation of
frequency v in a perpendicular mag-
netic field B. (in gauss) is

tis =~ 6 X 10"/B.**"* seconds

A break in the spectrum will appear
near the frequency for which ¢ ,, =
.1, the age of the source. For B. ~
106 gauss and v = 1.5 X 1017 hz (the
frequency at 20 A), t;,5~ 50,000
years, a little less than, but in rough
agreement with, other estimates of the
age of the Cygnus Loop (2). For
magnetic fields of this strength the
energy of the electrons producing the-
soft x-radiation is ~ 10'* ev; and the
total energy of all the electrons in the
source is ~ 1048 ergs, somewhat greater
than the energy in the magnetic field.
In order for the spectrum to be a
single power law from radio down to
x-ray wavelengths, continuous injec-
tion or reacceleration of the high
energy electrons must have taken place
for about 50,000 years or until the

magnetic field of the expanding nebula

dropped to a value of about 10—¢
gauss; otherwise synchrotron losses
would have produced a break at much
lower frequencies. In summary, the
parameters of a synchrotron model
are extreme but perhaps not so extreme
as to exclude it.

Of course, if we accept the existence
of an emission line in the spectrum,
this rules out any Xx-ray production
mechanism other than radiation from
a hot plasma. Nonthermal processes,
such as the characteristic x-ray line
emission that follows K-shell ionizaticns
by fast protons (3) or the decay of
excited states after charge-exchange
processes between hydrogen atoms and
heavy cosmic ray particles (4), could
in principle result in x-ray line emis-
sion; but their low efficiency (= 10—5)
would require prohibitively large non-
thermal particle fluxes (= 10! erg/sec).

On the other hand, the spectral ob-
servations can be explained quite
readily in terms of radiation from a
hot plasma. Figure 1 shows the spec-
trum of a hot, optically thin plasma—
computed on the assumption that the
plasma has a temperature of 4 X 10¢
°K, is optically thin to its own radia-
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tion, and has the abundances given
by Brown and Gould (5). The ioniza-
tion equilibrium calculations of Jordan
(6) which are appropriate to a low
density plasma were used. A resolu-
tion of 0.5 A was assumed, and the
following processes were included: line
emission following radiative decay of
excited states produced by electron
collisions and continuum emission pro-
duced by bremsstrahlung, recombina-
tion, and two photon decay of meta-
stable states in hydrogenic and helium-
like ions. The prominent lines are
labeled according to the ion and the
transition.

An important feature of this spec-
trum is the strong Lyman-a line of O
VIII at 18.96 A. It should be noted
that the O VII 1s2-152p lines around
21.6- A are also quite strong, and at
lower temperatures, around 2 X 106
°K, these lines dominate. The experi-
ment of Gorenstein et al. did not have
sufficient resolution to discriminate be-
tween the O VII and O VIII lines.
In addition, there are other strong
lines in the 10- to 15-A region, notably
Ne IX, which might produce enough
flux in this region to introduce a sig-
nificant error into the method of de-
termining the temperature by means
of an exponential plus a single line.

Thus the temperature might well be

lower by about 2 X 10¢ °K. Observation
of [Fe X]JA6374 emission from the
Cygnus Loop (7) provides evidence for
a lower temperature, around 1 or 2 X
106 °K. What is the origin of the hot
plasma? Production by a shock wave is
the most attractive hypothesis. The

possibility that supernova outbursts can
produce shock waves in the interstellar
medium has been recognized for many
years (8), and x-ray emission from the
hot plasma behind shock waves pro-
duced by supernovas has been discussed
by several authors (9, 10, 11). Shock
velocities V, of the order of 400 to
600 km/sec are required in order to
produce a temperature of 2 to 4 X 106
°K. This is about a factor 4 or 5
greater than the expansion velocity V,
of the filamentary system of the Cygnus
Loop, as determined by Minkowski
(12) on the basis of Doppler shift mea-
surements, but a value of V/V;~
4/3 would be expected on the basis of
the theory of shock waves. There are
essentially two possibilities. (i) The
discrepancy is real, and the filaments
actually are moving a great deal slower
than the shock front; or (ii) the dis-
crepancy is only apparent, and the
expansion is proceeding (or appears to
proceed because of limb brightening
effects) at almost a right angle to the
line of sight so the Doppler shift mea-
surements give us at most an estimate
of only a small component (~ 1/5)
of the total velocity of the filaments.
The first alternative requires that
the motion of the filaments be unre-
lated to the motion of the shock
front. The existence of slowly moving
filaments in a rapidly expanding medi-
um is not unique to the Cygnus Loop;
similar features exist in Cas A and
Tycho, for example. The similarity in
size and structure of the Cygnus Loop
x-ray source and the optical filamentary
system further requires either that we

are observing the Cygnus Loop during
a special period of its existence, or
that the filaments disappear in a time

~which is short compared to the ex-

pansion time of the source. A recent
study of the optical filaments in Cas A
has shown that most of them have a
lifetime of the order of 10 years or
less (13). In the case of the Cygnus
Loop an upper limit of a few thousand
years on the age of the filaments is
required. If we adopt alternative (i),
the distance (770 parsec) and radius
(20 parsec) remain as determined by
Minkowski (/2); however, the age be-
comes only 12,000 to 20,000 years, if
it is based on the shock velocity. At
this distance the soft x-ray luminosity
is ~ 1036 erg/sec. Theoretical studies
(10, 11) of the flow behind the shock
front show that the power radiated in
a photon energy band Ae by the shock-
heated plasma may be approximated
by ‘
L(Ag) ~3 X 10°n2RSP (Ag, T)
) erg/sec (1)
where ny is the density of the gas in
front of the shock, R, is the radius of
the shock in parsecs (1 parsec = 3.26
light years), and P(Ae, T) is a func-
tion which describes the emissivity of
a low density plasma with a tempera-
ture T. For T =4 X 106 °K, and As =
0.2 to 1.0 kev, the emissivity P(Ae,
T) =2 X 1028 erg/cm3-sec (I4). With
this value and the observed radius of
20 parsec for the Cygnus Loop, Eq. 1
shows that an interstellar density n; =
0.16 is required in order to explain a
soft x-ray luminosity of 103¢ erg/sec.
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Fig. 1. X-ray spectrum of a hot, optically thin plasma which has the cosmic elemental abundances. The resolution is 0.5 A, and
the electron temperature is assumed to be equal to 4 X 10° °K. The processes of line radiation, radiative recombination, two
photon emission, and bremsstrahlung have been included. The prominent lines are labeled according to ion and transition. P is
the emissivity and N. is the electron density.
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Fig. 2. Luminosity of supernova-produced
blast waves in three different energy inter-
vals as a function of the radius of the
blast wave. The curves have been nor-
malized to give the correct 0.18 to 1.6 kev
flux for the Cygnus Loop at a distance of
770 parsec.

This fixes the energy, E, driving the
shock at about 6 X 1050 ergs.

As the shock wave expands, it slows
down and the temperature after the
shock is consequently lower. Thus the
emission is shifted to longer wave-
lengths and increases with time, be-
cause of the larger mass of matter in
the swept-up shell. This process con-
tinues until radiative losses become
important, after which time the emis-
sion fades out rapidly. Radiative losses

become important for the Cygnus Loop _

at ¢, (the cooling age) ~ 130,000
years, at which time its radius will be
~ 50 parsec and the temperature after
shock will be =2 X 105 °K. During
these last phases the shock will have a
total luminosity ~ 4 X 1038 erg/sec and
will radiate most of its energy in the
10- to 30-ev region in the form of
resonance lines of lithium-, beryllium-,
and boron-like ions of oxygen and
neon. This evolutionary behavior is
illustrated in Fig. 2, where the luminos-
ity in different energy bands is plotted
versus the radius of the shock wave
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(the radius Ry is proportional to t,,,2/?).
This figure shows that supernova rem-
nants having radii in the range 20 to
35 parsec will in general be strong
sources of soft x-rays.

The second alternative, that the ex-
pansion is anisotropic, could arise quite
naturally if the shock wave formed
only in a direction perpendicular to
the magnetic field, and if the direction
of the magnetic field in the vicinity of
the Cygnus Loop is parallel to the line
of sight, to within 10 deg. Alterna-
tively, the ejection of matter in the ini-
tial explosion could have been aniso-
tropic. In this case the motion of the
filaments can be identified with the
motion of matter behind the shock, so
that the total velocity of the filaments
Vi~ 0.75 V, =~ 300 to 400 km/sec. The
proper motion measurements then im-
ply a distance of about 2000 to 3000
parsec. At this distance the radius of
the source is about 50 to 75 parsec; its
soft x-ray luminosity is 1 to 2 X 1037
erg/sec; its age is somewhere between
about 70,000 and 140,000 years, and
the energy driving the shock is = 6 X
1052 ergs, depending on the tempera-
ture and the degree of anisotropy of
the explosion. The rather large value
of the energy would argue against a
distance as large as 3000 parsec. Un-
fortunately, for an object as far above
the galactic plane as the Cygnus Loop
(= 110 parsec), the data on soft X-ray
absorption by the interstellar medium
provide little information concerning
the distance.

Finally, let us consider the conse-
quences of assuming that the type of
event that produced the -Cygnus Loop
occurs with a frequency f=10-2 per
year per galaxy. Then the integrated
spectral luminosity of the galaxy due
to these sources is

¢
Lo, o () = );c_% (e,)dt

=f L (g) erg/sec-kev

Computation of this integral for E =
6 X 10%° ergs and n; = 0.16 yields
Ly o0 (Ag) ~3 X 104 erg/sec with
Ae ~ 10 to 30 ev (ultraviolet), and
Ly, oo (Ag) ~4 X 1038 erg/sec for
Ae ~ 150 to 1000 ev (soft x-ray). For

E=6X 1052 ergs and n; = 0.24 the

luminosities are a factor 70 higher.

Most of the energy of the remnant is
emitted in the 10- to 30-ev range, not
in the oxygen Lyman-e lines as sug-
gested by Shklovsky (9) and Heiles
(10).

Even for E =6 X 1059 ergs the rate
at which energy is deposited in the
interstellar medium is sufficiently large
(~ 3 X 1041 erg/sec) that ultraviolet
and x-ray emission from supernova-
produced blast waves must be con-
sidered as an important heat source in
the interstellar medium (75). In fact,
we can probably rule out the possibility
that the average kinetic energy pro-
duced by a supernova explosion is as
great as 6 X 1052 ergs, since in that
case the average energy input into the
interstellar medium (~ 2 X 1043 erg/
sec) would appear to be too large.

For an average E =6 X 105 ergs
and a frequency of 1 per 100 years
per galaxy, the contribution of these
events to the soft x-ray (0.15 to
1.0 kev) background is ~ 7 X 10—10
erg/cm?-sec sterad, about a factor of
30 less than the observed value (I6).
This estimate takes no account of pos-
sible evolutionary effects, such as a
high supernova frequency during the
early phases of a galaxy’s existence. Un-
less such effects are important, it is
unlikely that sources like the Cygnus
Loop make a large contribution to the
soft x-ray background.

WALLACE H. Tucker
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