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5.1  INTRODUCTION

About ten years ago there was much work onethe problem of supernova
remnants in the Galaxy, and manyiremnantS'were identified, measurements of
the integrated radio flux density were nmade, and theories of both the super-
nova event and thé’expansion of ﬁhe remnant were postﬁlated. Following this
perlod, 1nterest in supernova remnants waned, and the progress in the fleld
was slowc Now, in response to a number of exc1t1ng newbmeasurements, the
field has agaln become the focus of much effort by astronomers. Among the
new measurements the most important are ‘the association of pulsars with super-
novae, the ‘detection of X-ray emission from a number of remnants; and the
availability of hlgh-resolutlon radlo obser?atlons of both the total 1nten51ty'
and the polarized intensity from a large number of remnants.

The next sectionvwill describe the optical properties of supernovae,
deterﬁined primarily from observations of extragalactic objects. Subsequent
sections will describe the twofbest-studied remnants - the Crab Nebula and"
Cas A; the radio preperties of remnants in the Galaiy; and the relationship
between supernova remnants and cosmic rays.

Besides the more detailed references which will be cited throughout
this chapter; there are a number of excellent surveys of the field, the most
important of which are Minkowski (1968), Shklovsky (1968), the Crab Nebulab

Symposium at Flagstaff (summarized in Publ. Astron. Soc. Pacific 82, 1970),

 the IAU Symposium No. 46 on the Crab Nebula (1971), Milne (1970), Downes (1971),

'Iiovaisky and Lequeux (1972a,b), and Woltjer (1972).
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:and SN1604 encouraged an examination of the anc1ent astronomical records of

5.2  OPTICAL PROPERTiES OF SUPERNOVA

5.2.1 identificationvof Supernova Remnants. in the Galaxy

As the early surveys of radio‘emiesion were compiled, it became'ciear~]
that the’radiation from the Galaxy was dominated by intense enission from
a narrow region about the galactic plane, upon which were euperimposed
numerous'oiscrete radio'sources‘having‘angular diameters of one degree or
lees. Some of these had thermal spectra and were identified with prominent
HIi regions (Chapter 3) while others.with nonthermal spectra were ultimately
identified as remnants of galactic supernovae.

The assooaation between supernova remnants and radio sonrces was initially

suggested from the identification by Bolton, Stanley, and Slee (1949) of the radio

source Tau A w1th the Crab Nebula, the remnant of a supernova observed by

the Chinese and Japanese in AD 1054. ‘Subsequent work strengthened the

vassoeiation by showing that the stroang source Cas A was situatedvin a fila~-

mentary nebula having properties like those of supefnova remnants, and by

‘the successful search for radio emission in the reglons of the supernovae of

- Tycho (AD 1572) and of Kepler (AD 1604) It~1s now reasonable to assume

that all nonthermal galactic radio sources having diameters of a minute of

“-arc ‘or greater are remnants-of supernovae.

The successful 1dent1f1cat10ns of radio sources w1th SN1054 SN1572

'the.Chlnese, Koreans, and Japanese, in hopes of finding other supernovae.

Such records are very difficult to use because they are contaminated by

vobservations'oficomets and novae which frequently cannot be distinguished

because the necegsary data on changes of position with time, or of magnitude



andrduration‘of:variability, are simply not Qvailabie. Minkowski (1971)
’conéludés:that two other objects havé been observed optically within thé
.1ést'3060 years - the supernovae of AD 185 and of AD‘1006. A number df
other objects from‘the ancient catalogués<havé been suggested as sﬁper-
n@vae; and a few of these might indeed gain’géneral acceptance, but it is.

E unlikély that theﬂiotalvnumber will exceed ten.

5.2.2 T§pes of Supernovae

Becauée there have been few outﬁursts observed in the‘Galaxy, the

: informa;ién about types of;supernovae ﬁust come from the étudy of extra-
»galéctic objects. The survey of galaxiésvfor the purposeiofbfinding super-
novae has for the past thirty yéars been led by Zwicky, although a few very
interesting objects havg been found by chance by othér observers. Photometfic'
and spéctroscdpic observations of some of the 250 sﬁpernovae discévered shows
that there are two principal types ofisupernbvae.

.Tyge'I: ‘This type‘is identified By its light curve, in'wﬁich the tiﬁé:
near maximum is abouf 50 days;.and the subsequent decay is exponential, with
the brightness decreasing by 1/e in 50 to 70 days. ‘The photographic magni-
tude aﬁvmaximum,»determined from the work offKowél (1968), isvgivenbby Mpg =
18.6'+-5 ;03‘1%5, whére H is the Hubble éonstaqt. »Also characteristic of
this type is its color (relativeiy rgd; B-V between 0.5 and 0.9) and its
gspectrum, which.in thevinitial stages'shows b?oad overlapping emission bands. .
~ 1hevinitia1 velo;ity of e#pansiqn'of the ejected material is in the‘range
| 15,060_ to 20,000 km s71, The‘ovretical‘st'udiés (Gordon (Pecker-Wimel) 1972)
sﬁggeSt-thét about 0.5 Mo isiejectéd; and that the envelopé is deficient in *

‘hydrogenq
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Since all of the identified supernovae that have occurred in E or
SO‘galaxies belong to Type I, it is natural to assume that such supernovae

originate in stars of population II, of mass about 1.5 M@;v However, Type I

v supernova also occur in the discs of Sb and Sc galaxies, in regions thought

to beipredominenrly ofvpopolation L. One solution to this problem, proposed
by‘Tamsann (1970);‘13 tﬁat these supernovae»resﬁlt from collapsing white
dwarfs of-an intermediate population. |

.sze II: The iight curve shows éreat variations and cannot be used
alone for identification of the type. If photometry'is available, these
objects_can be. distinguished by'their ulrravioiet excess. The best distinction
is by»mesns_of the spectrum, whicﬁiar meximum is featureless, with a strong
blue continuum. The photographic magnitude et'maXimum, as determined by Kowal
(l968),isﬁM§g = -16.5 + 5 log i%é . The ejected material shows relocities |
of about 6000 km's—l‘ By comparison with novae spectra, Shklovsky (1968)
estimates that as much as 1 M is ejected in the shell.

Type II supernovae apparently result from extreme populatibn I objeets

,‘hav1ng masses greater than 10 M , since they appear only in spiral or

: 1rregu1ar galax1es, often actually w1th1n splral arms.

Zw1cAy suggests that, in addltlon, there may be three otne less

common .types, Types III, IV and V. These obJeots may 51mp1y be extreme

,_varlatlons of the other types, but are so rare that their properties cannot

- clearly be establlshed. .Thus Type IIT supernovae may be similar in nature

to Type II, except that a larger mass is eJected w1th a hlgher (12, 000 km s )

veloc1ty. Type V supernovae could be elther dwarf supernovae or ‘massive novae,

w1th velocrtles of only 2000 km s 1. S
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5.3 THE CRAB NEBULA

5.3.1 Historical Summary

‘Throughout the stﬁdy of supernové remnants the Crab Nebu1a has occupied.
a central p;sitioﬁ. The relationship between an opserved supernova.and
visible nebulosity-was.estéblished by ‘the work of Duyvendak, Mayall, and Oort (194?),
which conclusively identified‘the’peculiar nebula M1, the Crab Nébula, with “
the Supé;ﬁova of AD 1054. Sﬁbsequently thé nebula was identified as a'radiq source.
Shklovsky‘(l954) proposed that the anoﬁaloué optical conﬁinuum from the
Crab was synchrotron radiation, a pr0poéal that was confirmed when the predicﬁed
optical polariéation was discovered by Vashakidze (1954) and Dombr5vsky (1954).
Finally,‘the'Crab‘Nebula was one of the first X-ray sources tb be identified,
and it is étill the only supernova remnant shbwing an optical éulsar.

Because of its importance_iﬂ the general study of supernova remnanté,
fhe'Crab Nebula will be discussed in detail in this séction.  However, it
must be emphésized that it ﬁas unique préperties. The majority of“tﬁe well-
~$tudied remnants are of aAqqite different nature, and aré more neafly 1ike

Cas A, as will be shown in subsequent sections.

- 5.3.2 Optical Properties

The optical'appearancé of the Crab Nebulé is domihated‘by an intricate
'nétwork of sharp, well-defined filaﬁents which have given it its name.
Althougﬁ the distributibnbof filéments in thfee-diménsions is &ifficult to
reconé;ruct, the'filémentS’clearly are not cbﬁfined to a thin shell at the:
> periphery.- The brightest filaments are»&istributed irregularly over thé’ 
face of the object; aﬁd, in a few césés; extend-radiélly,outwards. 'Ihe

fainter filaments are found in almost all parts of a well—define& elliptical



5-6

' region of dimension 3‘minuteSvof arc by 2 minutés of arc.

Exténsive studies of the rédial velocities and proper motions of;the
'filaments have beén made ' o By Trimb;e (1968),"Measurements’of béthf
radial veiocity<aﬁd proper motion are available for 125 filaments, and these
~can be ﬁsed to determine tﬁe distance of the nebula if the geometry of the
‘filémentsxis known. Limits to the distagcé are obtained by aséuming thaé
'théAvolumepcontaining the filaments is‘either an obiate or a prdlate‘spheroid.\
In the center the radial velocity is observed to be v, = 1450 km s—l.' Along"
the ﬁajor axis‘the largest proper motions are 0.22'arc sec; yr‘l; and are
féirly well—behaved, but along the minor axis there are la;ge dispersions,
with values up to>0.17<arc secs yrnl. The distanée in pc is then

v

v,
4.74u% Vr

*

D = in km s‘l, u in éeés yr S . (5.1
from which for an oblate spheroid haviﬁg u=0.22, D= 1.4'kp§'whilé for a
>v§rolate.spheroid having ¢ = 0;15, D= 2.0 kpe. - ' ‘ .
Alternatively, instead of assuming a model for thekgeometry,‘Woltjer
(1970a) has found the maxima in the distributipn of both the proper motions
and radial velocities, and cbncludeé'that the besf Qalue for thé distance is‘
1.5vkgc.  This is pfobablyAa loWer-limit; sincé the‘measﬁrements Qf ra&ial
ivelocities are biased towards low valueé. In.fﬁe follqwing, a distance of
2.0 kpe will be usedg | |
The'ﬁfdpervﬁotion studies of the filamenﬁs'ptovide'two other important
facts about the nebula. Firét, if’the motions are aésumed(constant énd'> 
extrapolatediback in time, the filaments converge_iﬁ AD 1140, with an un;
certainty of 15 yéars. Since this is significantly later than the butburst

of AD 1054,.£hé expansion must be'accelerating. Second, the conyérgent point
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of the nebulosity differs from the position of the pulsar, which in turn

v “is generally aecepted as being the stellar remnant of -the éuperno&a.v The

proper motion of the star is difficult to measure, apparently because many

.

of the observations have been made with low angular resolution and are thus

‘affected by the variable features in the nebulosity. However, the best

~ estimate of the stellar proper motion is conmsistent with it being at the

convergent point of the nebulosity in AD 1054.

' The spectrum of the filaments is moderately rich in emission lines,

' with a number of hydrogen recombination lines as well as the lines of [0II],

[01I11], [NII], [NeIII], Hel and HeII. With these lines it is possible in
principle to determine_the physical conditions in the nebulosity. The

denéity is simply obtained from the ratio of the lines in the [0II] doublet

at 23729/3726, and‘is‘about 1000 em-3. The temperature, total mass, and

element abundance:are.much more_difficult problems, since they depend both

" upon the differential absorption across the spectrum and upon the excitation

a

‘mechanism. Davidson and Tucker~(1970)ehave shown that a plausible model is

obtained if it is assumed that collisional ionization is unimportant, and

that the ionizing radiation originates in an ultraviolet continuum which

smoothly joins the optical and X-ray data. In_this case, the'density of

heliumf(including all levels of ionization) must be approximately equal to.

: that of - hydrogen, to explain the strong helium recomblnatlon line. That

Ry

”hellum is seven times more abundant than in the interstellar medlum in general

suggests that the fllaments were formed from enrlched materlal ejected at

the tlme of the supernova outburst. The temperature of the nebula dr0ps

‘fron 15 000 °K at the center to 10, 000 °K at the edge, and the total mass of

1on1;ed gas is l.S.Me. It is :also llkely that some of the filaments have
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cores in which the hydrogen is neutral; the mass of the neutral gas is

&

not known.

Within the region outlined by the filaments is a bright continuum = -
source, erroneously referred to as the amorphous component. Although

generally elliptical in shape, the most intense emission comes from an

'"S"-shaped ridge along the major axis, and there are bays both to the east

' vand west side where the emission is weak. It is also weak in the center,

near the pulsar. Under best seeing, the emission appears to come from a
complex pattern of very fine filaments which are of a different nature than

the line-emitting filaments previously described.

The continuum emission was originally thought to originate in free-free

and bound-free transitions in a highly ionized gas. However,'the great

difficulties with this mechanism - the large mass of 1on12ed material re-

qulred the absence of emission lines, the strong rad1o emission - led Shklov-

sky (l954)to propose that the mechanism was synchrotron radiation,_.With

the detection of polarization in the optical emission the synchrotron

'mechanism gained general acceptance, not only for the Crab Nebula but the

other remnants as well.
The best summary of the opt1ca1 polarlzatlon is still that of WoltJer

(1958) In the central reglons the polarlzatlon is 40 percent, rlslng to

60 percent in the outer regions. The dlrectlon of the polarized vector is .

more or less uniform over the central part of the nebula, and implies a

- magnetic field perpendlcular to the brlght rldge previously mentioned. In

the outer parts the dlrectlons are more scattered, but there are a number
of well-deflned fans. The electrlc vectors in the fans are radlal suggest~,

ing a magnetlc field around a current flow that is perpendlcular to the:

‘plane of the sky.
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- The "amorphous" component has one other important characteristic. It
has been known for fifty years that the details seen optically in the center
- of the nebula change with time. Recently Scargle (1969) has given a much’

more detailed description of these changes (Figure 5.1),.'The south-preceding

star S1 is now idegtifiedAas the pulsar. To the northeast of the'pulsar are

" four well-defined filaments. The thin wisp nearest the star Sl moves in a

qua51per10d1c fashion, away and towards the star, with an apparent veloc1ty

4 -1 . .
of about 6 x 10 km s~ and a time scale of 2 years. The motion of the other filaments
is less reguiar, but it could represent either actual mass motion, in which

the gas and field move together, or compressional waves which are generated

near the star and move outwards.

5.3.3 The Spectrum of the Continuous Emission

in the frequency range 25-100 MHz most of the redio emission comes from ‘ .
an elliﬁtical region centered on the optical nebula but larger,-of.size 5.5 x 3.5 min-
utes of arc. Within thlS region, in fact at a pos1tlon (as determlned by
long—baseline 1nterferometry) c01nc1d1ng with that of the south—precedlng
-star, is a strong point source with a peculiar spectrum. The source accounts
for 20 percent of the totel flux density at 38 MHz and 10 percent at 81.5 MHz.
Between these two frequencies the spectrel index is.-l.Z;‘at higher fre-

‘quencies it must steepen to -2.  Its size is uncertain, but scintillation

-

' measurements give a value of 0.2 + 0.1 éeconds_of arc, implying that if the source is

optically thick at 38 MHz, and is radiating by the synchrotron mechanism,

then the magnetic field (from equation 12.22) is -

B A2 x 1075 g% S5 S;Z ~n 1076 R t.vﬁ (5;2)-'
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{and'thé eﬁergy in pargicles'alone'woﬁld be 1050 efgs.: Botﬁ of theseivalues
seem unacceptable. Aﬁ alteinaiiﬁé explapationi'fhat.the source radiates
bY‘piasma qécillationé,~iS»ungttractiVe sihce the predig;ed high degreé of
circular polariéatién has not been found. ‘A more pléusible suggestion, by Lang
.(19715 and Dréke_(lg70) is that the pulsar radio emission has been scattered
b§jthe_inters£ellarlﬁedium.A The‘predicted §alﬁeé_of's§u:¢e siéé and,spegtrumy
ag well ;é the absence of'pulsés,‘are in‘éeneral agreement witﬁ the observations.
Beﬁween 0.1 én& ld GHz high resolution obéervations are now becoming
‘available. Figure 5.2 shows a ﬁap of the total intensityvat 2695 Mﬂz, made
;With the NRAO synthesis interferometer (Hogg,’Macdonald, Conway, and Wade 1969) having
!angular resolutiop of 10 secopds of arc! The nebula is still elli?tical, b#tv
’smalier than at the lower frequencies.‘ There is good agreément between the
optical and radio features; for example, the prominent optical bays have
fﬁ;édio counterparts, as does.the,ridgebaloﬁgﬁthe major axis of the ellipse;
lCoffespondingly detailed maps ofithe polafization at 2695>Mﬁz aisq sﬁow
features similar to\th&sevat optical wavelengthé. The degree of'polarization
is aﬂoutAlo percent near the gentér, and the polarization vectors have a
uniform difeqtioh invthe region of the central ridge. There are ih the.A
oﬁter parts a number of digtinctivé features which clearly cofreépond to
thé éptiéal fans,rbut the ofientéﬁions of ghe electric vectors are much
"different, presumably because of rotation meééures iniexcessﬁof 360 radvm_z;
For ﬁanyAyears it wﬁs tﬁought that tﬁe flux density iné?eased by an
6fder bf magnitudé ét millimeter wévelengths‘aﬁd fell again in the infrared.
Often, hgwevgr,»these earlonbservatiohs‘were not cérrected propéfly'for the®

"size of ‘the source. Where 6nly‘the best data are included, the spectrum -
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continueS’smbbthly frsm'decimetér wavelengths to optical wavélengths with

é épectral index of -0.26. |

| The characteristics of the optical emission ha&e already’been reVieWed.}
The apparent spéctral,index of thé optical emission is strongly iﬁfluenced 
by thé‘amount'of‘ggtinction, which is not kﬁéwn accurately. If, for example,

the visual absorption is one magnitude, then the intrinsic optical spectrum

Y

would fitisﬁoothly to the infrared data, but the index would have steepened.
to -0.9. |
The‘Crab Nebula is a stfong X-ray éource which hés been observed through-

out the range 1 keV to 100 keV.l The spectrum of the radiation is hérd,
although the»spectral index of -2 is much steeper than at longer wavelengths.
A small fraction of the emission, ranging from 2 percent at 1 keV to 15
peréent at 100 keV, is pulsed, iﬁdicating an origin ip the pulsar. The
remainaer of the X—fay emission comés froﬁ»an extended region of diameter 100 seconds
dfvarc,the centroid of which lies ﬁear, but perhéps not coincident with, the
south-preceding star. The X~ray emission is_proﬁably Compton—syncﬁrotroﬁ"
emission from the nebula itself; in order that it be radiation scattered

from the pulsar there must be an uﬁacceptably large amount of dust as well

as. a large X-ray flux from the pulsar.- That the average X-ray polarization

in the range 5-20 keV shows polarization of 15 pércent (Novick et al. 1972)
is additional sﬁpport for‘the synéhrotron model; |

- The Crab Nebula itself has not yet been detected at energies above

1 MeV, although pulsed gamma ray emission has been observed. The upper

limits are consistent with the emission spectrum predicted by a Compton-

synchrotron-mode}, in which optical and radio photons generated by the
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synchrotron process afe Compton—-scattered into the gamma ray»regiqn. The
1imits ;o‘the gamma ray fluk rule out the possibility.that-ﬁheehigh—energy
electrons in the nebula are‘secondaries produced by the decay of m-mesons. °*

A summary of the SPectrum of the(Crah ﬁebula‘is given in Figure~5;3,
taken from the work of Baldwin (1971). The synchrotron mechaniem is the only
- radiation:mechaniem‘which provides reasonable‘egreement with the observations
over thigvfrequency range. The total power radiated is 1 k 1038 ergs.s;l,
for an assumed distance of 2 kpc. The ultraviolet and X-ray region (X < 3000 A)
“accounts for163 percent of the radiated power, while 14 percent.appeare in |
the optical region (3000 - 10,000 A), 23 percent:appears in the infrared
(luh~ 1 mm), and pnly'about 0.5'percent is emittea at radio wévelengths

(x > 1 m).

5.3.4 The Crab Pulsar

The diseovery of a pulsar in the Crab Nebula is one of the most important
~events in the study of supernova remnants, since the pulsar holds’the key

to the understanding of such diverse problems as the or1g1n of the magnetle
fleld in the nebula and the source of the relat1V1st1c partlcles which
produce‘the observed emission. It was first observed as a radio pulsar by

- Staelin and Reifenstein (1968). They found, in the course of avsufvey for
'pulsars, an 1ntense but hlghly varlable pulsar (occa31onal peaks of 20,000
flux unlts have been observed at 430 MHz)'w1th a pulse period of 33 msec.‘

The perlod is not constant, but shows an increase of 36 ns per day. There
have as well been at least two instances where the steady inc rease in period

has been interrupted by an abrupt decreaSe, of about 100 ns.
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Shértly after:thg’discovery of the radio puisér; Cocke, Disney and Taylor
,(1969j §etermined thafﬂthe south—precediﬁg staf was optically pulsing in
synchro;isﬁ with the radio pulées., Figure 5.4 is the dramatic phdtograph
by Miller and Waﬁpler (1969), showing the absence of optical emission from °
the star betﬁéen pulses. This star had long been known for its‘peculiar~
spéctfum, which ié‘qéntinﬁous without recognizable absorptiop lines, and had
bgén suggested by Scargle (1§69) as.the‘origin of the motions of the Wisps.

'Subs;quent work has led to the detection of the puisar in the infrared,
"X;ray aﬁd gamma ray wavelengths, and hasbgiveﬁ much detail about the shapes

®

of the pulses, the dispersion measure and the_ampiitude variations. A more
complete discussion is given in Chapter 6. )

It shoﬁld be notéd that a second pulsar, NfOSZS, was found near the
Crab, but it 3ppeafé'that it is not associated with SN1054, since the ob-
served decrease in period is inconsistent with tﬁe large transvefse velocity
required. | |
‘ The decrease in thé period of the Créb ﬁulsar-inspiredkcold (1969) to
suggest that the loss in enérgy ffom the pulsar céuld supply the required

energy for the nebula itself. From equation (6.3), it can be shown that.b

the rate of loss of energy is

?dE _ 4ﬁ2 dp: o
ac - U 3 dc 63

.~ with I the moment of inertia and P the period.
For a star of one solar mass and diameter 10 km, values fhought to be .
‘typical of a neutron star, equation (5.3) predicts a loss of 4 x 1038 ergs s,

to be compared‘with the radiative loss of 1 # 1038 ergs s'; from the nebula.
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At this time there is no agreement as to how the energy releaseo.by the
star mayvbe coupled to the nebula. 1t is generally accepted that the pulsar
~is a rdtating'magnetio neution‘star with a corotating magnetosphere. The
étaf may be surrounded by a relatively denéevplasma.t Particles esoaping
trom the magnetosphere,could be accelerated to high energy by magnetic
.'dipolo»radiation;ﬂés has been suggested by Ostriker and Gunn (1969), or
' they may‘be accelerated electrostatlcally by a component of the electric
field parallel to . the magnetic lines (Goldrelch and Jullan 1969). Another
_‘iotoresting~suggestion concerning the period decrease, or ''spinup'", has been
ﬁade by Pacini (1971). Shortly after the event in 1969,'¢here‘was éome
gvidenoe thot the structure of the wisps changed. The change iﬁ rotational
‘energy of the star is insigﬁifioaht, but péthapo there‘was a major -
temporary = change in the structure of_tﬁevmagﬁetosphere, permitting the
»reiease of up to 104§ ergs of piasma energy. Pacini suggests that such an
‘eféﬁt might occur é%ety year ot two, in agreement with-the time scale ob—
served for the motion of the thin ﬁisp.

Clearlyvmuch ﬁore work‘is.tequite& on the various théories, but already
| the ciose‘reiationshipbbetween the pulsar and the physical‘conditions ini

‘the nebula has been established.

5.4 THE REMNANT CASSIOPEIA A

5.4.1  Optical Properties

The optical object associated with the‘strong radio source Cas A (3C 461)
was first identified by Baade and Minkowski in 1954. The best existing plate-
shows that the opt1cal nebu1051tv forms an 1ncomp1ete shell of diameter 4 mlnutes of

arc,
thh a 1arge number of small knots ‘located -to the north and northeast of the .
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'”épparent‘center of exﬁansioﬁ. Fainter and more diffuse filameﬁts'are

loéatedfin the southern part of the shell. 'in‘the east the shell is Broken,

QnaAa fla:e extends outwards to a:distance‘of aboutva minutes of arc. - . .
‘ The‘filaments and knots ére of two distinct types: about 30 are very

red and show.radial velocities of oﬁly 30 km sﬂl, while the other hundred

. are much bluef, aﬁd'have either large radial velocities of uﬁ‘to 6000'km s~1

or'largexproper motions. In a recent study of the high-velocity knqts;

vaﬁ den Bergh and Dodd (1970) have shown that the motions are consistent

with the thebry that the knots originated at the same timé€, . in AD 1667, and

have not suffered significant deceleration. There is no stellar remnant

brighter than m " 23.5 at the position of the center of expansion. The

distance is uncerfain by about 10 percent; the observed proper motions of

vOTS yrhl combinea ﬁith an expansion velocity éf‘7400 km s.-l lead to a disténce

of 3 kpe, which is consistent with the hydrogen 21 cm absorption prdfiles that

have been observed.

The origin of the flare at the east is unknown. If it is as old aé the
filaments and knots in the rest of the shell, then the shéll itself must be
severely retarded, which is inconsistent with the analysis of proper motions.
Moreover,'the initial velocity must have been in excess of 30,000 km s~1,

- larger thén that observed for any other supernoﬁaf Alternatively, Minkowski
(1968) suggests that two shells have been ejected, at much different velocities,
and that the flare is the only surviving part of the high ﬁelocity shell,

 while the system of knots shows the location of the slower shell. Such an

expansion has been observed in the Type III supernova in NGC 4303.
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It is an interesting question as to why this supernova was not observed
visually by the Eurdpean astronomers, since to them the object‘is circumpolar.
A typical supernova of Type II has a visual magnitude at maximum of -18, for

1

a Hubble constant of 50 km s Mpc-l. In the absence of absorption the Supef—

nova would have attained an apparent ﬁagnitudé of ;6, too bright to have been
\overlobked. Howé;ér, if thé_visual absorption is as much as 7 magnitudes,
aS»measutemeﬁts by van den Bergh sﬁggest, then the maximum visual magnitﬁde
would have been less than +1, sufficiéﬁtly faint that it could ha?e been
miséed.

The lifet}mes of the moving knots are shorf, on the order of ten years,
with the smallest structures changing even within one year.. New knots .are
continually being formed in the regions in which knots are already present,
so that the general shell-like appearance of the source is maintained.

Spéctra of the stationary filaments show lines of Ha and [NII], with
very weak lines of [OII]. According to Peimbert and van den Bergh (1971)
this requires thaﬁ nitrogen must be overabundant relative to oxygen if the
filaments are ionized by radiation. Thus, these filaments might be formed
by compression of enriched circumstellar material which was present before
.the supernova event.

The fast-moving knots have a much richer spectrum, characterized by
' the forbidden lines of 0, S, and Ar. Lines of H and N are abéent.' Assumi:g'
that tﬁe total visual absorption is 6 magnitudes;.Péimbert and van;denaBefgh'
conclude that the abundance of oxygen is anomalously high, by a factor of |
up to 70, relative to nitrogen and hydrogen. This is the.best'direét
observational evidence for the hypothesis that.heavy elements are synthesized

in supernova outbursts.
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The line rétips also’reflect‘the pﬁysicaliconditioﬁs within the kﬁots.
The ele§tron températdre is 15,000 °K, tﬁé eleétron‘dénsity is 1 x lO4 cﬁ~3;.f“
and the mass of the moving knots visible.at thé;presént timefis & O,ZS'M@.
It is notvknown how much of the shell is néutral; if‘the shell_were‘complete,

. the toéal‘mass could be aébhigh as 2 Mo'

vv5;4.2 “Radio Properties

-~

‘As tﬁe-brightest source in the radié sky, with the exception of the Suﬁ,_
- CaélA has been stddied extensively at a large number of wavelengths. Befween
22.5 MHz and 14 GHz fhe flux density decreases with frequency, with a spectral
.index of -0.77. Below 18 MHz the flux density decreases with decreasing
frequenéy, with an index of +1.6.- The most likely explanation of the turn-
over at low frequency is absorption bylfreé—free transitions eiﬁher in the
.inﬁerstellar medium or within the soufce. A consistent picture‘for Cas A
and a number of other sources‘showing a simiiar,turnover requires that the
\absorption be in the interstellar ﬁedium. The low frequency spectral index
| is too steep to be explained by a cutoff in the energy spectrum of the
electrons which produce the synchrotron radiation; too much of the radiation comes
from regions of angular size 40 seconds of arc or greater, ruling oﬁt the possibility
that there is significént self-absorption (cf. Chapter 12); and the Tsytovich—
Razin‘effect could be important in the filaments ﬁhere the density is high,
but requires too small a magnetic field to be importaﬁt for the bulk of the
source. |

‘The distribution of total intensity of radiation fromvthe‘source‘has'been
mapped at frequencies betweeﬁ 1400 MHz and 5000 MHz,'with resolufions between 24

and 7 seconds of arc. The observed distribution is consistent with an emitting shell
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of‘thickness 0.4‘pc and outer radius 1:9 pc: Figure (5.5)

from Hogé gg;gl. (1969) shows a map of the source at 11 cm, and the:;e—f
lationship té the optical nebdiosity; The shell contains many discrete .
B gegions of angular scale 10* or less which lie towards the edge of the
sourcé and show iittle connection>with the optical filaments. At 5000 Mﬁz
about 9 percent of the total radiation comes from these smalirfeatures
(Résenbe}g 1970).

In all Qf these maps, the region of the flare containing the high-
velocity filaments is characterized by a break in the radlo shell. The work
of Rosenberg suggests that the spectral index; uniform over the bulk of the
source with value -0.75, may be flatter in thié region, with value -0.6.

There is also a'sﬁggestion of an extension in the contours of low-intensity
-emission. It is iﬁteresting to note that at ﬁefer wavelengﬁhs Jennison (1965)
has fodpd a spur whose spectrum might be Very,steep, thereby favoring low
frequency emission. It will be important to settle the question of the
spectral index of the spur, and to measure it at low frequency with higher
sensitivity and angular resolution.

The total power radiated By Cas A in the frequency range up to 100 GHz,
is 4 x 1035 ergs/s, assuming a distance of 3 Rpc. The total energy radiated
over the 1ifetime of this object, if the rate had been unchanged, is
4 x loés»ergs. This is a small fraction of the total energ& in relativistic

eléctrons - 1049

ergs - as calculated by Rosenberg. An estimate Qf the
magnetic field (assuméd to be uniform throughout the shell) is obtained by
assﬁming'thaﬁ equipartition between particle energy and magnetic field energy
obtains; the field_is thus 5 x 10_4 géuss. In fhe small,.more intense regions

of radio emission, the emissivity is approximately 100 times greater than in

the shell, and the fiecld is twice as strong.
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Mﬁyer and Hollinger (1968) discovered several years égo that the radio emission
from Cas A was significaﬁtly.pblétized, ﬁut that it was so syﬁmetric that
there is qustantial cénceilazion of the iﬁtegfated polarization un}ess the
.obsérvations‘aré made with higﬁ resolution;- Two such high-resélution maps —-
' by Rosenberg (1970) at 6 cm and by Downes and Thompson (1972) at 11.1 cm -~
are now available. The polarlzed radlatlon is malnly concentrated in the
bright flng of the source and amounts to about 5 percent of the unpolariZedb
“‘fluﬁ density. Although the data are as yet spérse, Dowﬁes and Thdmpsonlshow
thaﬁ the complex patterns of deéolarization and Faraday rotation could be
-explained by a magnetic field consisting of a uniform radial component of
~strength 1.6 x 10_4 géuss and a random componént of rms strength 5 x 10—4
ggusé. If the depolarization occurs iﬁ the sheil, then the required electron
density is 2'cm-3, and the total mass of the shell is 1.2 M@. This mass is
~in addition to the ﬁass contained in the optical filaments, since the fila-

ments occur predeminantly in the northwest, while the depolarization is

important in the other quadrants.

5.4.3 Secular Changes in Intensity and Structure

A decade ago Shklovsky (1960) showed £hat the‘flué density of a homo—
geneous expanding nebula should decrease with time, and that for an
especially young object, such asACaé A, the éhange should be readily
.-observable. o
'If a source is radiating by the é&gchrotrén mechanism, tﬁe flux

density Sv will be related to the radius r, of the radiating volume and the
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umagnetic field strength HoL by .
‘ o oyt 1wy o
S.' a4r3 K H . 2 - v 2 .,’ ._ . o (5‘4) v
v o o ol o _ ) . ‘
~ where theAenergy spectrum of the radiating electrons is
N aN(E) = K ETAE .

AS the source expands to a radius r, and'assuming both that the magnetic
"flux‘remains constant and that the particle energy is limited by statistical

accéleration, the following_relations‘obtain:

' o
(r1
: (ro}
E = -
N ! o
o (5.5)
YT Yoo :
- ' y-1 3
R
Thus the flux density at any later time is simply
s.ar (5.6)

- Actually Cas A is not a uniform sphere, but rather a shell source. For an
~‘expanding soﬁrce in which the shell thicknesé femaihs‘constant, Kesteven (1968)
finds that the equation is modified slightly, to become

1 .b
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The annual decrease in flux density is then

(5.8)

AS Sy=1
— = 2
S T °

v

Fér Cas A, a = lél = -0.77; Y =»2.54; énd T = 305‘yeaxs; Thé aﬁnual decrease
'_vprediéﬁed by equégion'(S;B) is 1.1 percent,'in good agreement with the
ohéervedxyalue of 1.3 + 0.1 percenf (Scott, Shakeshaft and Smith 1969).

Ifithe:radio sLell is expanding‘éf the rafe given by the’prOpervmotions
of the optical filaments, it should be possible to see changes in the‘source
structure. Rosenburg has compared maps maae at‘Cambridge over a time interval
of 3 years, with inconclusive results. In the near future, as the time

interval approaches ten years, it seems 1ike1y that significant structural

changes will be observed.

5.4.4 X-Ray Emission from Cas A

‘Thié remnant has béen detected as a sourée of X-rays in the energy
range 1 < E < 10 keV. As yet high angular resolutions are not possible, so
that the stfucture of the X-ray source is nét known. It has a hard spectrum,
with a specfral index equivalent to =-3.3. The flux density ranges from
approximétely 2 x 10"29 wm"2 Hz-l at 1 keV to 2 x 10-31 wm—2 qul at 10 keV,
or about a factor of 10 less than the X-ray flux from the Crab Nebula. The
fradio'spec;rum extrapélates to meet the X~-ray flux at 1 keV.

It is not yet possible to determine the origin of the X-ray emiséion.
- That the radio flux extrapolatés to meet the X-fay flux suggests that the

X-ray emission cnuld simply be high-energy synchrotron emission. Alternativély,.

the expanding shell sourcevmight have sufficiently high temperature to'produce'
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thermal X-rays. The queétion of the origin of the radiation is quite critical,
because of the short lifetimes involved. For example, equation (12.7) shows

‘that the power radiated by a relativistic electron is

=&Y - _ A B2 g2 Gev/sec - (5.9)

dt 1 “Gev
. frqm"which the half—iife is

. L S . | o

. t = ——= sec . (5.10)

1/2 2 ) .
' A ?L EGev

- with A = 3.80 % 1056. lForva fiela of 16-4 gausé and X—raéiation atl1018 Hz,
' fhevpérticle eheféybfroﬁ equation (12.6), assuming radiétionvat 0.28 V.o is
4.6 x 104 Gev. Equation (5.10) then predicts for such‘a particle a life-~
vtime»of 20 years, requiring that injection of'sﬁch particles must still be

‘occurring.

5.5 SUPERNOVA REMNANTS IN THE GALAXY

5.5.1 Some Well—Sﬁudied Remnants

 There are now more than 90 objects Whiéh have_béen'identified'as super- .
nova rgmnants or as possible remnants. Catalogues of these objects have' |
been compiledvmost recently by Milne (l970),vby Downes (1971),'énd by
IloVéisky'and Léqueux (1972a) . Attempts to detect hydrégen recombination line
;-emiSSion’fromvmany of'thesé objects‘have been méde, and a ﬁumber~of»HII
_regioné which,were misidentified have been foUn& (cf. ﬁickel‘and>Milne 1972),
but the majbrityvare ﬁonthermal galagtic sources.‘:There are as yet1no data’
'asugqmplete.as those available for ﬁhe Crab Nebula and Cas A. .Hopéfully
iﬁ thekheér future better maps of radio polariiation, mofe'detections 6f

X-ray emission, and more spectroscopic studies of visible nebulbsity will v
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be obtained for a large numbef of remnants. Even now; howe§er5.there are
sﬁfficient daté to reveal some general propertigs of supernova remnants.

The basis of tﬁe discussion of the properties of supernova rémnants
is thé grou§ of sixteen objects for which é distance has been estimated.
The accuracy of the d1stance estimate varles greatly from source to -source.
For exémple, the Zhree objects for which optlcal proper motlons are avall—
able --"the Crab Nebula, Cas A, and the Cygnus Loop -- are at digtances
“known té bettef thaﬁ 20 percent, while only‘gvlower 1imif, bésedy0n1neutral
hydrogen .absorption, is available for Tycho's supernova. - cher techniques
used are the aésociation of tﬁe'radio.source with'a star cluster of known
disﬁance,‘the estimation of the distance modulus from the obéerved optical
maximum, and the amount of interstellar ébsorption at low frequencies. The
properties of these objects, gdapted from the work of Ilovaisky and Leéueu#
(1972a), are given in Table 5.1.

‘A number ofbtﬁese objects are deserving of further commeﬁﬁ:

SN 1572 (Tycho's supernova, 3C 10). This object was observed.by Tycho
Brahe in 1572, when it attained a maximum épéarent magﬁifude of -4, The
observations of the light curve énd‘co1or‘sﬁggest that it was a supernova
~ of TypeVi, and in‘fact Minkowski (1968) considers it to be a pfototype of
this class. o

The remnant is seen as two fllaménts and an arc whlch ére symmetrlc
enough to allow determlnatlon of the center of expan310n. The obServed fédial'
veloc1t1es are very low, presumably because the fllaments are near the edge.

.Van den Bergh (1971) has found that the proper motions are 0 2 seconds of arc yr 1,

corresppnding to a velocity of 4700 km/s at a distance-df S'kpc.b Since the
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e.observed proper metien is less than_oﬁe~§elf thaﬁ required if the‘nebula
’ jwere expandiﬁg uniforﬁly, fhe shell must be strongly decelerated. If the
deceleration ﬁes been cauéedib§ interstellar matter of density 1 x .'!.O-.Zli g cm-B,
tﬁen:the mass of ma;erial already swept up is 12 Mo’ and the initiai &eloeityv
must.have'ﬁeen'% 20,000 kmgsfl. .
| The radio source has a.sﬁell strueture,‘with a veryveharply defined
outer.e%ge. The optical filaments lie clpsebto the edge of ﬁhe radio source.
T;e thicﬁeesS of the radio ehell is about one-quarter of the outer radius.
6bservations of the polarization et 1420 and 2880 Mz by Weiler and Seielstad
(1971), and at.2695 ﬁHz by'Hermahn (1971) reveal that the field is primarily
‘radial in &irection, ahd is highly ordered> with the polarization generally
about 10 percent but r1s1ng to 20 percent in some regions. Figure 5.6,
from the work of Weiler and Seielstad (1971), shows the distrlbutlon of the intrinsic
position angle of the electric vector for this source.
Reeenély_this remnant has been detected as an X-ray sourcef° It has a
relatively‘hard epectrum, comparable with that of Cas A.
SN 1604 (Kepler's superneva,vSC 358). 1In 1604, Kepler notedvthe
apbeereﬁce of tﬁis object,-with a maximum apparent:magnitUde of -2, Although
the date are not as good as‘fer SN 1572, the supernova was probably of Type I.
There are several filaments showihg Ha, [NII], and [Oi].with normal intensityv

"ratios. The observed radlal velocities are in the range 200- 300 kn s l.

vahcse low veloc1t1es are very puzzllng, in view of the short time avellable
for»deeeleratlonf Theyvlmply either that the density of interstellar matter '
‘iS'very much_gieeter near SN 1604 than it is near Cas A, for example,iorf |
that the'filaments are analogous te the low-velocity features in Cas A,eand

: may thereere‘be compreSsed circumétellar maferiai, ae‘has been Suggested ﬁy

~© van den Bergh.
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Little is known'about the radio structure of this source. The recent
- work by Hermann at 2695 MHz shows that 1t is probably a shell source, with

the fractional polarlzatlon reaching a maximum of 10 percent near the center.

‘The limited pclarization data are consistent with a radial magnetic field.

The Cyenus Loop. This is a famous object showing well—developed
filamentafV'structune. The northeast fegion is soibright fhat it is
1dent1fied separately in the NGC catalogue as NGC 6992/95.
Studies of the spectrum by Parker (1964) have led to the conclusion
that the filaments are actually thin sheets of nebu1031ty seen edge—on.
There is evidence for temperature stratificatlon behlnd a shock front. The
presence of [OIII}‘lines is beet explained by a region with temperaturev
greater than SO,OGOY°K while lines'arising from H, N; and S require temper-—
atnres‘of only 20,000 °K. The anundance of>these atoms is normal if |
‘stratifieation is assumed. Tﬁe total mase of‘the visible nebulosity is

2 Mo’ a smal; frection of the 100 MQ which might have occupied‘the volume
vthat has now been.sweptbout. Parker eoncludee that the disfrinntion of

' visibie filaments is closely‘releted to the distribution of interstellar
material Vith which the expandingvshell can interact. The'density1of the
interstellar’clouds will govern the>level of ionization and the temperature
behind the shock front. |

From the proper motions and radial velOciey of.ehe filanentsithe
dlstance is 770 pc and the age, allow1ng for deceleratlon, is 70,000 years._.
| The radlo emission from the Cygnus Loop (Flgure 5.7) shows good

‘v:correspondencelwlth the»optlcal_nebula, espec1ally in the reglonbof NGC_6992/95;
nthefe may.beegignificant ehermel radiation fromithe filaments thefe.,‘There

“1s a prominent source outside the shell at the southwest. 1In this region
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bthe-shell is brokan, and‘the,SOurce the:evmight reprasent the ioss of
energetic particles from‘the'nebula."This sourcé; and‘the’neighboring

'~ region in the shell, are the only places wherevKundu (1969) found significant
polarization at 11 cm}v The polarization ranges between 15 and 25 percent,
and, if the Faraday rotation is small, shows that the magnetic fleld is
allgned along the "filaments.

The,Cygnus Loop has been 1dent1t1ed as an X~ray source haV1ng a soectruﬂ
that is much softer than that of Cas A or SN 1572. The X-ray stfucture
measured by Gorenstein et al. (1971) ﬁas the same angular size as the
outermost boundaries of the optical filaments; ahd is more or less constant

across the circular region defined by the filaments. This is in contrast to

the radio emission.

.5.5.2 The Radio Pfoperties of Supernova Remnants.

In recent years, due in large part to the work of Milne, Dickel, Kundu,
and Downeé,.the structure in both total intensity and in polarization has
been measured for a large number of remnants. In total intensity, eighty
percent of the objects which have been studiedeith high resolution show
‘definite shell structure, or at least enhanced brighthess at the edge of
the source. The remainder could be similaf to the Crab Nebula, although
with very much lower surface brightness. Amonést the shell sources the
thickness of the shell ranges from 10 percent to 30 percent of;the diameter;
.‘Milne (1970) concludes that as the remnants expand, the ratio of the shell
thickness to diameter remains constant.‘. |

A large numoer of remnants have polarized emission in which the

direction of the electric vector is quite confused, so that therefappears‘
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- to be no systematié‘mggnetié field. fManjAobjecté, amongst them the
vyouhgest'remnants (Cas A, SN i604,~SN 1572, and SN 1006) have a highly

Orderéd radial magnetic field.i Seven others, genérally with diameters

gfeater than 15 pc, clearly have the magnétie field directed around:thé
peripherf'oflthé shell. The picture that émerges is thét'the éield in thé
younger remnants is radial, presumably a result of the general outflow of

material in the expansion. As the expansion proceeds, regions in which the

-

fiéld is iangential_are formed by the interaction of the shell with the
inﬁerstellar mediﬁm. Since this iatter process is dependént not only oﬁ the
energy and masé_&istribution‘of the shell but also on the strength and
orientation of the interstellar field, it is to be expected that remnants

in this stage will sﬁow a confused field pattern, wifh both tangential and
radial components present.

The spectral indices of the emission from remnants ranges Between -0.1
and -0.8, wifh.a mean value of ~0.45. Most‘remnants have straight speétra
over the observable range, except for the abéorption at low frequencies by
~ interstellar matter. Suitable observations afe not generally available to
determine if there are spectral index changes within a source, but it is
clear, for example,that in the Cygnus Loop the spectrum of the emission from‘
NGC 6992/95 is cufved, and .is different from that of other parts of the
source. Contrary to early suggestions, there is no change in radio spectral

index as the remnant expands.

5.5.3 Evolution of Supernova Remnants

It is to bevexpected from equation (5.6) or (5.7) that the flux and
surface brightness of a supernova remnant will decrease és it expands into

the interstellar medium. Since for most objects the decrease in flux will
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- be undetectable, even cover a decade, e number ofbauthors have-instead
attempted to measure the change of fluijith size. Some have plotted the
distance—independent quantity surface brightness as a function of angular
diameter;rthere will, however, be some scatteriintroduced_by the implicit
assumption that all remnants are at approximately the same distance,
wherees in fact they range over distances differing by a factor of 10.
The most® useful plot is that of surface brlghtness against llnear diameter
for the source of known d stance (Table 5 1) because if a relatlonshlp
can bebestablished, then it can be used to find the distances of those
~objects for which surface brightnesses and angular diameters are known.
Figure 5.8'shows the surface brightness-linear dieneter relationship
for the objects of Table 5.1. Although’there is considerable scatter,
_there is a definite decrease of surface brightness 2 with increasing
diameter D. If the sources Kepler,.MHRéﬁ, 3¢397, W44; 1C443, SNlCOG, and

HB3 which have large uncertainties in D are given one-half weight, and

~omitting the Crab Nebula, then the least-squares solution yields

E: o D-3+7%0.4 (5.11)
A part of the scatter in Figure 5.6 is due to the‘uncertainties in the.

observations. Most serious are the uncertalntles in the distances, where

the most accurate (Cas A Tau A, Cygnus Loop) are no better than lO percent,

jwhile in the worst cases the p0531b1e error approaches 50 percent. The

errors in surface brlghtness are less than 10 percent for the sources of

high surfacebbrlghtness, where the angular diameter can be accurately defined,

but rise to pcrhaps‘30 percent forba source like HBﬁ. &

The 3catter»in Fignre 5.8 is greaterithan that expecteo from these errors;

however, showing that there is an intrinsic dispersion ‘amongst the sources
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themselves. Certainl} the extragalactic supernovae show a range of velecity
- of the ejecta, and it is to be expected therefore that the oalactlc super-
novaeewill have a‘similar dispersion in velocity, and perhaps in initial
energy as well. In addition, the iatter stages of evolution, even for
objects which were initially identical, might be different because of
differenees in.deeeity of the”embient material into which they expand.
Fieally,‘it is known that in the Crab Nebula relativistic particleseare
Stlll being injected 900 years after the- supelnova eVent. If continuing
injection occurs in other cases as well it must have a profound effect on
thebsurface brightness—linear diameter relatlonship, leading for example to
a pa;allel sequence of objects like.the'Crab Nebula.

" From the SthOVSky relation {equation (S.6ﬂ the surface brightness will

be related to the linear diameter by

£ aD 2Y2 2 4°‘”-4 | (5.12)
which for a typical spectral iﬁdek of —O;S gives L a>D—6, much Steepeivthan
is possible from equation (5.11). Similarly, an expanding shell can aieo
be ruled out. A femnant expan&ing'with a shelllof constant thickness
‘requires I a D_Q's froﬁ equation (5.7), which is ineluded within the un-
~certainty of (5.11); such objects ere probably excluded since the remnants
of low surface ‘brightness have relative shell thicknesses that are comparable
Tto or larger ‘than those of the remnants w1th ‘high surface brightness. Thus
the surface brlghtness dlameter relatlonshié hquatlon (5.11)] leads to the
: eonclusion that the majority of the remnants observed are in a phase where

the interaction with the surrounding medium has become important (van der

Laan 1962, Poveda and Woitjer 1968).
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Severalvdistinct*phasés in the evolution of a supernova remnant caﬁ
‘now bé,ﬁdentified, and are described - _l‘by Woltjer (1972) and by
fIiévaisky andALequeﬁx (1972353 Initiallj the remnant expands freely,vas a

~result of the»outburst,vin thebmanner.described by Shklovsky. This'stage

is quite short-llved -~ Woltjer estimates perhaps 100 years -- because quite
‘rapldly the expandlng remnant sweeps up 1nterstellar matter of total mass
.much greager than thevmass initially ejected. During the second phase the

. expansion is adiabatic, and could lead to tﬁe development of shéll»sourqes
of radio emission as‘envisioned by van der Laén. Most remnants observed.

. are in this phase; For example, Tycho's supernova has entered tﬁis phase
‘aftér only 400 years, while the X-ray emission from large remnants with low
“surface brightness such as the Cygnus Loop shows that the radiative cooling
which terminates this phase has not yet,become important. = Thus the second
étage may last as long as 7 x 104 years. The final stageé of evolution aré
only defined theoretically, since there are no known remnants definitely
identified‘with them. The shell might céntinue expansion at constant radialv
momentum, or it might be forced to e#pand by the pressure of cosmic rays
trappéd within the remnant. In either case the source will ultimately become
indistinguiéhabie from the galactic radio Eackground;

A completely different ﬁode of evolution in'whiéh the decreasé.of radio
emission is ascribed to the decrease in particle injection by a central
pulsar has been proposed by Pacini (1971). 1In this theéry; all supernova
'remnants have pulsars which are a source of continuous injection of relativistic
particles. In a remnant such as Cas A, the pulsar perlod is predlcted to be
long and the pulsar accordingly would be difficult to detect. The magnetic

‘field near the postulated pulsar would be weak, and the ejected particles
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: would emit 31gn1f1cant synchrotron radiation only in an outer shell where the
"1nterste11ar fleld has been ccmpressed durlng the e#pan31on of ‘the remnant.
Thus the difference in structure betWeen the shell sources and the more
ﬁniform ellipsoids like the Crab Nebula is attributed to the property of
the central star. | | |
' This theory is dlfflcult to assess, since repeated searches of super-

'nova remnants have falled to- find associated pulsars, except in the three
inétahcee’discussed below. The»surface brightness ~diameter relationship in
equation (5.11) is of little value, since the relationship predicted in
Eacini's theery depends critically on certain properties of pulsars which
vare not yet known. However, even if there is eontinuing }njection_of
Vviparticles, the remnants must pass through the three’eipansion stages
described above, although the time spent at'each stage might be increased
over the case where there is no injection after the initiellevent.

h Aipotentially more‘sensitive method of studying the final stages of
'evolution is by determina;icn of‘the Juminosity fﬁnction. In the most
»-complete discussion at this time, Ilovaisky and Lequeux (1972a) find that

for remnants having diameters between 10 pc and 25 pc, within 7.6 kpc of the

Sun, the number having diameter less than a given value is
n(<D) o D3:2%0.7 | o (5.13)

‘The luminosity function for remnants haﬁing diamefers greater than 30
pc is dominahed by ohser?etional selection effects, since such objects
‘cannot easily be 1dent1f1ed agalnst the galactlc background On the othef‘
hand ‘there are too few obJects W1th diameters 1ess than 30 pc toApermlt

an accurate determination of the number*diameter relationship; the observed'
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 %éprnént, 3.2ﬁ0.7,.Cannot»distinguish whether the réﬁnants are in the
,bdecelerétionvphase (exfonent‘valug'is 2.5), the constantvfadial~momentum
phase‘(exponént is 4), or‘théucosmic ray preésﬁre phaée (exponent is 3).
Since there is’little hbpe of'increasing the'number,of identified rémnants

significahtly, Ilovaisky and Lequeux conclude that the luminosity function

has little value in the study of the evolution of supernova remnants.

5.5.4 Distribution of Remnants in the Galaxy

The location of all of the presently identified remnants can be
determined by using equation (5;11) to estimate the distances; The.remnants
are concentrated towards the Sun because of observational selection effects
»that are especially serious for objecgs of low surface brightness; An
estimate of the completeness of the sample can be made by asSuming that
the luminosity function equatioh‘(5.13) applies not only near the Sun but
throughout the Galaxy as well. In.this way Ilovaisky and Lequeux (1972a)
find that the surféce density ofAremnants with diameters less than 30 pc
is‘approximately constant as a function of distance from the galactic center
out to 8 kpc, with a valug of 0.5 kpcﬂz, after whi¢h the surface density
drops.rapidly, with no remnants lying beyond 16 kpc. The total number
expected iﬁ the Galaxy is'only 20C, so that nearly = half of the entire
population has ncﬁ been identified. | |
| ‘”The remnanﬁs are séronglyuconCentrated towards theﬂgalactié plane;
‘although the scale height of the distribution increéses‘with increésing'
vdistancé from the galactic center;'the scale height.near'the sun is 90 pc.
“Mllne (1970) has found that within the plane the remnants are found

preferentlally in the neutral hydrogen concentratlons of the spiral arms.
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It is clear therefore that the dlstrlbutlon of remnants within the

Galaxy;ls -gimilar to the dlstrlbﬁtlonbof extreme populatlon I obgects.

They must result from supernovae of Tvpe II (or possibly of Type III). It

is temptingAto postulate that since the majority of remnants are shell sourcés
like Cas A_énd the Cygnus Loop, the shell structuge is a Charactefistic of

the Tyﬁe'II supef;QVa. Sources like the Cfab Nebula énd‘3C 58 could be
remnants of a fundamentally differént type of event. However, both Tyﬁhd's
superno&a and Keple?'s superno?a are‘béiieved to have been of Type I, and

the remnants of these also have a‘shell structﬁre. vApparently preéent data-
are not Sufficient to uniquely classify the typé of supernova that led to a
given remnant. Some other criterion, such as the speétréscopic characteristics
of‘the filaments in the remnant, must be developed..

There is conéiaerable interest in the compariséﬁ of,the galactic
_diStrib#tion of supernova remnants and of pulsars, in order to test the
'vhypofhesis that pulsars are the stellar remnants of supernovaé; The best
evidence of an aésociation wouid be to find puisars actually in suﬁerﬁova
remnants, but after many séérchés there is still only one weli-establishéd
association (the Crab pulsar) and two possiblé associations (pﬁlsar_0833~45
with Vela X and pulsar 1154-62 with G 296.8{— 0.3 in Cruﬁ); Tﬁis-léck of
detailed correlatiqn'might'arisé&because thevsurveyS for puisérs,»especially
of short‘pefiod,,are not coﬁple;e; because the rédiationrfrdm pulsars is’
éhafﬁiy $eamed;'dr becéuse there is:no real assbciation.“ To evaluéte this
last p0551b111ty, Ilov1asky and Lequeux (l972b) have studled the galéctlc
dlstrlbutlon and dgn51ty of pulsars. They conflrm the earlier results that
‘the scale height of the pulsar dlstrlbutlon near the sun is 120 pc, comparable

wlth that .of the supernova remnants.> The surface density of pulsars of age
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.iess £ﬁan 5 x>106 yrvisvabout 100 kpc—z, ér QOO‘tiﬁés”greatef than'tﬁé éurféce
'densiﬁj'of.remnants having diameters lessvthan 30 pc and ages . less than l X lbé‘yr.
Since ghe surface densities are approximately in the same ratio as the 1ifetime§

of the fwo classes(of objects, it is céncluded that the density and distribﬁtion
of pulsars is.cénsistent,with their origin beiﬁg in the same type‘of event that

produced the supernova remnants.

5.5.5 Igéptﬂéfuﬁﬁerg§ fo'tﬁéwGéiéxj
It has long been felt thaﬁ supernovée could be a significant éource of
énergy for the Galaxy, with the energybtransmitted both in the form of
cosmic rays and in kineﬁic energy of the expanding remnaﬁt; Now that the
properties of remmants are better ﬁnderstood; it is useful to estimate the
amount of energy pdtentially available from these objects;
The initial'eﬁergy of the sgperﬁova outbﬁrét must be greater than

~ 10%2

AY

‘ergs, the total‘amount of light emitted near maximum (ﬁinkowski i968).}
Another lower limit is obtained from the‘kinetic energy of the‘eﬁpanding

shell. For a remnant like the Cygnus ioop; which has entered the decéleration
phase,vthe diameter D is given as a function to time t; energy of the outburst

E, and density of the surroundiﬁg medium p by (Woltjer 1970b)

D = 2.34% Tt | o (5ab
_For the Cygnus Loop, D = 42 pc and t N5 x 104 years. Assuming'p Nl 3’10524
gem , E=2x10 9 ergs.  This value is critically dependent on the density
of the interstellar mattér,band'could be as low as 5 x lOAg'ergs. _ Other -
remnants also appear to‘require initial kinetic energies in the‘range

49

| 107 -~ 1050 ergs.
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"~ These vaiués érg lower limits, because it is not known at what
efficiency the initialﬂenergy of the outburst can be converted into either :
optical energy or kinetic energy; Presumably-the suﬁernova outburst occurs
~a§ a result of evolutlon of the core of a star to a den31ty of ~ 10 14g cm_3,
at. Mthh point a dynamic implosion occurs, in the manner descrlbed. for
‘example, by,Colgate‘and White (1966). The implosion ultimately leads to an
outgoing»shock wave which can ejéct the epvelope of the star ﬁith a kinetic
e;ergy ofrat least‘lO50 ergs, the amount required by equation (5.14). The
éxplanafion of thé optical flash is more controversial. On the one hand
Morrison and Sartori (1969) propose that the optical emission is neither
from the supernova itself nor from the envelope, but rather is from a
large HII region excited by a pulse of ultraviolet radiation. Such a model
would require that the total energy in the event be '-\:1052 ergs for a Type I
supernova, and 1050 ergs for a Type II supernova. Colgate (1972) on the
other hand proposes that the eicitation of the HII region results from the
conversion of the kinetic energy of the ejected shgll; this also requires
~ 1052 ergs. Thus, although the nature of the outburst is not yet understood,
the total energy involved is lO51 - 1052 ergs, of which 1 to 10 percent appears
as kinetic energy in the remnant.

Equation (5.14) can also be used to esiimate the frequency of occurrence
of supernovae in the Galaxy. There are 170 remnants in the Galaﬁy having
udiameters less than 25 pc (Ilovaisky and Lequeux 1972a) . These must have
ages less than 1.4 x 104 yéars from equation (5.14); assuming that E/p = 2 x 1074,
the yalue for the Cygnus Loop. ‘Ihus the mean interval between supernovae is
80 years. Ihg value obtained‘here is slightly higher than the 60 years |

obtained in a number of other studies; the difference perhaps lies in the
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_valﬁe of,E/p adopted.’

| With these numbers,4it is now possible to estimate the amount of:
energy available from suéernovae.‘ The energy appeariﬁg as kinetic energy
vin';he expanding remnant is 8 x 1040 ergs sec—l, while the energy available
from tﬁe initial ultra?iolet flash amounts to ~ 1042 ergs sﬁl. .This latter
1uamount is large eeeugh to be of critical importance to the thermal and
ionizatibn balance of the interstellar gas (Jura and Dalgarno 1972).

~ Supernovae and fheir remnants have also been postulated as the'primary
source ef cosmic rays in the Gelaxy. To maintain the present energy density
of.l‘x 10'-12 erg cm requires a contiﬁual injection of ﬁ 6 # 1040 erg s
- (Woltjer 1970b) for ali cosmic rays, and about one hundredth of that for the
electron component. The observed remnants have an energy in relativisitic
electrons of ~ 5 'x'lO48 ergs, sufficient to produce an input of ~ 1039 ergs s_.l
if the particles can escape. However, the mean spectral index of the remnants,
;0;45, wouldvproduce a cosmic ray electron spectrum of 1;9, significantly
different,ffom the observed value of 2.5. Therefore, although sufficient
energy for the electfon component'bf cosmic rays is in priﬁciplevavailable
frem supernovae, a mechanism must be found to explain the difference in
spectra. To supply the cosmic ray photons‘would require an iniection rate
of 1 # 1050 ergs per event. Such energy is available at the ;ime of the ouﬁ-
burst, at least in the Colgate-White model where the outer envelope is ejected
atvreletivistic speeds. HoWever; recent observations of the chemical composition

and anisotropy of cosmic rays lead to the suggestion that the protons at 1east

may ‘be of extragalactlc origin (Brecher and Burbidge 1972).
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 5.6 SUMMARY o | : SN

'bMu;hvprogress ha; ﬁeen made in the £dentificatioﬁ éf supérnova
 remnants, and in the study of "their radio propértieé: The number of such
objects kﬁéwn will proBably not increasg signifiéantly in the neit éeveral
yéars{‘althbugh it would ﬁé important to find a. few large remnants thét

are in the third gﬁd‘final‘stage_of evolution. Perhaps one such object

is the Ghm Nebula. Future observations should concentrate on |

1) the measurement of the polarizafibn structure at radio wavelengths,
in order to determine more clearly ;he interaction between'the
remnant and the interstellar gas;

25 optical stﬁdies of filaments in remnants; in order to obtain
distances and, perhaps, to distinguish the type of supernova
and the stage of evolution of the remnant;

3) X-ray studies of the remnants, in order to determine if particle
injection is still continuing, and to distinguish the stage of
evolution of the remnant by measuring the temperature of the
material inside the shell. |

From the standéoint of theory;vthe stages of hydrédynamic evolution

aré generally understood, but a much more detailed model of the second stage,
wherevthe shell is decelerated by the ambient interstellar ﬁattef ﬁould be
.most useful% In addition, the work by Pacini'on fhe relationship between:
buléars and femnants; especially relating to‘continuing injection of

partiéles,”should be followed up. -
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Fig. 5.1

Fig. 5.2
Fig. 5.3

Figo 5Q4

Fig. 5.5

Fig. 5.6

© Fig. 5.7

Fig. 5.8
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cAPTiONS TO FIGURES

Schemétic representatioﬁ éf‘the,nébulbsity and stars in the
central region of the Crab ﬁebula.‘ |

The ﬁrightness distribution dvér éhe Crab Nebula at a ﬁavelength
of 11.4 cm. The coordinatesvare‘f&f.l950.0. The contour
interval‘isv620 °K, and thejdutermost'contouf level is.2200 °K.

The electromagneticvspectrum.of the total radiation from the

Crab Nebula. The thickness of the lines indicates thevuncertainty

at a given frequency.

Théfcentrallregion of the CraE Nebula, with north at the top
énd‘east to the left. The upper picture is takén whenvthe.

éulsér,is near minimum light, and shows the north-preceding

star S2. The lower picture shows the pulsar near maximum light.

. The coordinates are for 1950.0. Thé contour interﬁal is 1750 °K

and the outermost contour level is 5200 °K.
Intrinsic position angle of the electric vector for Tycho's

supernova. The solid line shows the distribution of intensity

~of the 21.1 cm polarized radiation, at a level of 0.012 x,;‘LO"26 W m

Hz ~ per square min of arc, while the dashed line shows the 10.4

contour, at a level of 0.029 x 10‘26AW =2 -1

arc..

The brightness distribution over Cas A at a wavelength of 11.1 cm.

3

cm

m  Hz = per square min of

Distribution of antenna temperature at 40 cm over the Cygnus Loop.

. The contour unit is 0.75 °K.

The surface brightness I as a function of linear diameter D for

" sixteen remnants from Table 1. The least-squares solution I a D

© . 1s also shown.
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TABLE. 5.1

| Galactic

" Source

Radio Prdpertiesvof Pemnants of Known Distance

Mean

Flux Spectral Surface Distance  Diameter
Source at 1 GHz Index Diameter Brightness , kpc pc
Number - flux units v Arc min 1 GHz(MKS) '
Gl11.7-2.1  Cas A | 2100 ~0.77 4.3 2.00E-17 3.0 3.8
G184.6-5.8  Tau A T 1000 -0.25 3.6 9.18E-18 2.0 2.1
G 4.5-6.8  Kepler 20 - -0.58 3.0 2.64E-19 6 - 10 5-9
G 43.3-0.2 w4§B Fo -39 -0.33 4.8 2.02E-19 10 14
6326.2-1.7  MAR4L 145 -0.24 9.8 1.80E-19 4 11
130.7+3.1  3C58 . . 33 ~0.10 6.3 9.89E-20 '8 15
G120.141.4 Tycho ', 52 ~0.74 8.1  9.43E-20 5 “12°
‘G 41.1-0.3  3C397 | 35 0.3 9.0 5.14E-20 7 18
(332.4-0.4  RCW103 28 ~0.34 9.0 4.11E-20 4 10
v‘G.34.6~O.5 we 190 ~0.40 31 © 2.29E-20 3 RV
G189.142.9 IC443 180 =0.45 40 1.34E-20 1-2 12-23
(263.4-3.0  Vela XYz =~ 1800 ~0.30 200 5.355-21 0.5 29
0327.6+14.5  SN1006 “_“‘ 25 ~0.63 26 4.408-21 1.3 10
6315.4-2.3  RCWS86 a3 -0.5 40 2.45E-21 2.5 29
0132.442,2 ©ues 36 ~0.7 80 6.70E-22 2.0 e
674.0-8.6 ~ Cygnus Loop 160 -0.45 180 5.94E-22 0.8 42







i TR S TR e v
AR # : . Ny . .

R o . zH 4 boj - : . ,
€ : : - ‘ o€l DT 6 L
€2t ® | 6l L Gl , _ Loe-

e S

| z¢-

82~

(-ZH 2 WM
s boj




- 3C10

+2° +17

+3

4.51 E +q'

Keitns



-]

- SURFACE BRIGHTNESS Z Wm

ster

2
Hz
OL -
\l

@)
\
o

OI
(o

OI
N
O

e
O,
M

O'
)
N

L I ,
b 3 10 30 100

~ LINEAR

DIAMETER D (pc)

gww" e e

Asca



