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ABSTRACT

By examining the interaction between supernova (SN) ejecta and the
various environments in which the explosive event might occur, we conclude
that -aly a small fraction of the maﬁy SNs produce observable supermova
remnants (SNRs), This fraction, which is found to depend weakly upon the
lower mass limit of the SN progenitors, and more strongly on the specific
characteristics of the assoclated interstellar medium, decreases from
approximately 15 percent near the galactic center to 10 percent at Rgal
V10 kpe and drops nearly to zero for Rgal >15 kpe, Generally; whether a
SNR is detectable is determined by the censity of the ambient interstellar
medium in which it is embedded, We find that SNRs are only detectable above
some critical density (n“0,1 cm'3)! The presence of large, low density
cavities around stellar associationslue to the combined effects of stellar
winds and supernova shells streongly suggests that a large portion of the
detectable SNRs must have runaway stars as their progenitors. These results
explain the differences between the substantially larger SN rates in the
Galaxy devived both from pulsar statistics and from observations of SN
events in external galaxies, when compared to the substantially smaller SN
rates derived from galactic SNR statistics, These results also explain the
very large number of SNRs observed towards the galactic center in comparison

to tew SNRs found in the anti-center direction.

Subject headings; nebulae; supernoyae remnants « stars; stellar statistics
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I. INTRODUCTION

The evolution of a SNR expanding within the "typical" interstellar
medium (i.e., number density n\l cm'a. temperature TW102—104K) has been
studied with a great deal of detail and sophistication (for a recent review
see Chevalier, 1977). In particular, detailed integrations of the basic
shock equations have been performed (Chevalier 1974; Mansfield and Salpeter,
1974), and the complex phenomena which appear during the transition from
the adiabatic to the isothermal phase hav? been addressed (Chevalier, 1975;
Chevalier and Theys, 1975; Woodward, 1976; McCray et al., 1975, etc.).

Recognizing the inhomogeneous nature of the interstellar medium (ISM)
considerable work has been carried out to study the effects of inhomo-
geneities in the structure and evolution of the SN shock waves. For example,
McKee and Cowie (1975), Sgro (1975), and Woodward (1976) have investigated
the interaction of supernova shock waves with interstellar clouds, and
McKee and Ostriker (1977) have examined the effects of SN explosions on
a cloudy interstellar medium.

In all the above work, the basic shock is always assumed to propagate
within a typical (as defined earlier) interstellar medium, and until quite
recently, no attempt had been made to study the evolution of a SN shock
wave expanding into media representing the various possible environments of
supernova progenitors within the Galaxy. For example, it is well known that
most (if not all) stars are born in groups (clusters or associations).

The precursor of the stellar association is a dense molecular cloud. The
first supernova from the stars in the group is set off near, perhaps

inside dense, cold gaseous media. The evolution and long term detectability
of such an event (recently studied by Wheeler et al., 1980; and Shull, 1980)
is obviously very different from that of the canonical supernova remnant

that propagating in the typical interstellar medium .
1




Supernovae propagating isn dense molecular clouds will be very rare,

however, since the first one may disrupt one of the smaller clouds
(Whealer et al. 1980), vhereas for the more massive clouds, the combined

© effect of stellar winds and the earliest supernovae (Bruhweiler et al.,
1980) creates an expanding, hot, low density cavity, within which subsequent
- supernova shells will expand for times up to tenms of thousands of years.
It is this scenario, in fact, which is by far the most common encountered
by supernova shells. As we shall discuss in f V, however, since most
massive stars occur in binary systems, when the primary member of the
system becomes supernova, it naj impart a large velocity to the secondary
star by means of the slingshot effect {Blaauw, 1964). Many of these stars
wvill in fact overtake the supershell and remain within the confin.s ¢f
" the galactic disk until they become supernovae. These stars are the ones
that produce the typical supernova remnants so extensively discussed in
the scientific literature.

In this paper, we will study the évolution of supernova sheils into
these very dirsimilar media, Because of the dramatic effects of the pre-
supernova environment on the evolution of thelremnant, we have confined
our theoretical discussion on the simplest possible description. Thus,
following Spitzer (1978), we characterize the supernova shock by three
phases, namely:

(a) 1initial free expansion of the supernova material,

(b) intermediate adiabatic (or Sedov) expansion, and

(c) late isothermal expansion.




Although the structure of the pre-supernova environment can, in general, be
fairly complex, it is usually made up by a combination of dense clouds,
diffuse, warm medium, and rarefied, hot cavities. To that extent, we shall
study the evolution of supernova remnants into these three types of media,
which should span conditions for nearly all real cases. Thus, we will
consider the remnant evolution into

(1) a dense (n Nloucm°3), cold (T S 10%K) molecular cloud

3. 1 ~10%-10%), and

(2) the typical interstellar medium (n V1 em

3

(3) a bubble or supernova cavity (n NlG'?pm— » T VS x 105K).

II. TYPES OF SUPERNOVA REMNANTS

Before describing each particular type of SNR let us introduce the

relations which allow us to compute the several SN phases for each particular
environment. As stated earlier, we shall follow the formalism of Spitzer
(1978), and Gorenstein and Tucker (1976).
In the early phase, (a),
& shock wave will travel just ahead of the ejected shell, with a velo-

'gity VS. The shock will heat matter to a temperature

_ 2 " -9..2
Tg = 3my, M VS/ISR 11.X%10 vS (1)

(Landau and Lifshitz, 1959), where m is the mass of the hydrogen atom, U
is the mean molecular weight and k is the Boltzmann constant. This phase
ends when the swept-up interstellar material equals the mass of the ejecta,
i.e., when
R = 3M6L1/3 (2)
S ynp
where Mej is the mass of the ejecta and p the density of the ambient inter-

stellar medium. The elapsed time, t, between the supernova event and the end

of phase (a) is given by

R
t=v§ (3)
S




Phase (b), the intermediate non-radiative expansion phase, can be computed - -~

by means of the Sedov solution. The tempsrature immediately behind the ' <7
shock is given by ' ' |

3“’!1"52'0,03!1; E ok Ty
T *—r "% 3 )

s
where E is the kinetic energy of the ejecta;
1/5 2/5
R R e (s)

1/2
\ ‘(%1%")

3/2 -
(%) cw ot
8
and t can again be cbtained from (3).
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Phase (b) ends when T falls below WlOGK, for n v 1 cm ~ since radiative cooling

then becomes important, which brings the onset of phase (c¢), the late isothermal
expansion. This phase can be represented by the snowplow model, where

conservation of momentum applies. Here the shell velocity is given by

Ve = 3 «—-—Hlvl(l)3 (s)
S 4 mp RS
where Ml and Vl are, respectively, the shell mass and velocity at the end

of phase (b)., At this phase, most of the swept-up material is in a cool, dense
shell although there may be some thermal X-radiaiion from the hot low density gas
interior to the shell. This low density interior gas has a long cooling time.

We now discuss the three example SNRs and how differently they appear
in the.Several expansion phases. In all of our calculations we shall assume
that during the SN event, 4 Mo of the stellar material arve ¢jected with a
velocity of 5000 km sec'l, and thus, the total kinetic energy of the ejecta

is 1051 erg. These parameters zre a realistic reprezentation of a type II

SN vwhich would be expected to occur in an OB association.




A. A SN in a Dense Molecular Cloud

While molecular clouds found in nature have a large range of size, mass
and density, -a typical molecular cloud can be approximated as a sphere with

uniform density nH n10%em -3

having a diameter Dc "5 pe (i.e., or cloud mass
Hc 3.5 x 10" M, ). and with a temperature T < 102 (Burton, 1976).

Wheeler et al., (1980) and Shull (1980) have modeled the effects of
a SN exploding within a molecular cloud. The characteristics of the SNR

at the end of each phase using their results are summarized in Table 1 .

We will subsequently call these SNRs the molecular cloud SNRs.

Because of the very high density, the phases occur rapidly for the

molecular cloud SNRs. Wheeler et al. (1980) indeed suggest that the adiabatic

w > 105cm‘3. Whether this happens depends on n as well as on
2

Hej’ The molecular cloud SNR represents the conditions within a young mole-

phase may not exist if n

cular cloud when the first, most massive stars become SNs. These conditions

would be very short-lived as the SNRs would push the molecular cloud away

from the remaining massive stars within the association and cause rapid

cloudl fragmentation (Elmegreen, 1979). Consequently, this picture will apply

to a relatively small minority of the SNs which occur in the Galaxy. More-

over, at no point of its evolution does the resulting shell remotely resemble the
familiar observed supernova remnant (SNR). In particular, during the earlier s:ages
of evolution, optical and x-ray observations are useless as a means of

detection because the cloud is optically thick to those wavelengths., If the

SN were to produce a gamma ray pulsar as the stellar remnant, it would be
observable. However, since only a minority of the pulsars are known to emit

gamma rays, this is not an effective means to search for SNs within dense

clouds. The SNR should be detectable by means of the infrared emission from

tr.e heated grains inside and outside of the cloud (Wheeler et al., 1980; Shull 1980;
§ilk and Burke, 1974). Even this technique is not fool-proof, though, since it may be

very difficult to differentiate the cloud-embedded source of Infrared emission




as a SKR rather than a recently formed OB association.

B. A SN Within a Hot, Rarefied Cavity

Most SNs which occur in the older OB asscciations will first expand into
the hot highly-evacuated volume produced by the combined effects of stellar winds.
and earlier SNe (Bruhweiler et al., 1980), The ejecta expand freely until
enough gas 1s encountered to form a shock, The ejecta do not encounter
significant gas until very late in the evolution of the SNR. Indeed, for a
few thousands of years the SNR is hot, dilute gas expanding without bound.
Such a gas is very difficult to observe (the question of detectability will
be addressed in 5 I11.

As an illustration, we compute the evolution of a SNR contained within a
superbubble with radius R * 105 pc. From the model calculations of Bruhweiler
et al., such a shell would exist around a typical OB association after a few

million years. The characteristics of the SNR within a superbubble are sum-

marized in Table I at the end of each phasc., We shall call these SNRs the

hot cavity SNRs,

C. A SN Surrounded by the Undisturbed ISM

In some instances, an Intermediate mass star may become a SN outside
molecular clouds and also outside the hot cavities surrounding OB assoclations.
The resulting SNR which Interacts with the previously undisturbed interstellar
medium of the galactic disk is the canonical SNR that has been described in f I.
The characteristics of the canonical SNR are summarized in Table 1 .

The canonical SNR has several intriguing differences in properties when
compared to the other two types of SiRs. The total evoluticnary lifetime is
substantially longer than the lifetimes of either the molecular cloud SNR or

the hot cavity SNR. The kinszties of a molecular cloud SNR are quickly transferred

to the yery massive moleculur cloud and the expanding shell stalls within 9 x 10

years foer n v 104 um-s. The hot cavity 3NR, on the other hans, expands rapidly

r S LT 2 & i 5‘:.{‘ N
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until it encounters the outer, slowly moving supershell of neutral gas
(as observed by Heiles, 1979). By then the SN shock is highly diluted,
and consequently the ejecta arequickly decelerated. The slow accretion
of material by the classical SNR in the undisturbed ISM extends the
lifetime by more than twenty-fold compared to either alternate example.




II1. OBSERVABLE SNRs

We Ziscuss here the type of interstellar environment required to
produce an observable SNR. By "observable' Qe mown an SNR which ﬁi}ﬁhc
" seen in a) visible light, b) radio vaves, or ¢)X-rays.
a) 9iéiblérii§ht78Her |
| 7*rhe :ajcrity of visible light SNRs are believed to be in the Sigcv {;eiihitic)
,v:§§xse;:'ﬁ;¢§p§isns ney be very "old" SNRs like the Monoceros Loop, although ﬁn!tt
ij;ééi Cowie (1975) have suggested that even those are in the Sedov phase, or ver;
 "young" SHRs like Cus A and the Crab Nebula. A SNR can be easily detected at visual
ﬂivelengtks if the emission measure, EM = niL, exceeds 50 com ’Gpe where n, is the
slectron density in the SN shell and L is the shell thickness. Careful observations
will aid 4n detecting an SNI with EM v 20 -50 en pe for T 10°K but very special,
tedious techniques arérneedad to detect a SKR with EM v § cn‘é pe (for example a
large Fabry-Perot etalcn, etc.).
The emission measure can be expressed as (assuming, roughly, an average path

length of R, /12 in the Sedov phase)

o 4 2
EM = 3 Rs ng (7)

where n, is the ambient ISM density and RS ig the radius of the shock
front. Equation (7) is actually an over-estimate because the density

drops off rapidly behind the shock front (Spitzer 1978; Chevalier, 1974).

The EM observability criterion (FM 2 S0 e pc) is a function of time.

For the Sedov phase, we find

-1/9 -2/9 -3
n,z 1.8 ESI t, / cm (R)
-6 :
where EM > 50 cm =~ pc. Taking E, =1, t, 3 (sve part C of Tatle 1) we find
that a, g 1.4 em  ie required. tven for the SNR with
LM r -6 e need s .7 -2
{ < €m pe, we neeg ﬂc R, Y= ch
For en SYK in the izothermal {ooollrs) phase, thes -ouecvabillvy cstimates
are different, Large comprec-ions onn *oke place In this cazge (Tox. 1972bg
MoCroy, Stedp oad Pafuves, 19772 ERDE e DU ROPL I O S




’ ﬁndthttm!eamianhmg‘b'fombow i€ the amblent
o ”npitieﬂﬂshmkwam“’bioﬁtathmahrisumh
gnored (8>3 X 107%). The sppropriate pathlengthe is the characteristic
 cooling length (MoCrey st al. 2975). Por & 200 km 8”2 shook with mo
m magnetic ﬂcﬁ, (the most favorable case) the emission wmeasure would
mseﬁ*‘pc ifaoge;i o), Corvespondingly, fam;!an"pe
b, 20-08ca™, stnce the amblent densities are lower, it is more favoreble
_ to observe an optical SWR during its isothermel phase than during its
adisdatic phase. For an "easy" detsction, it seems that the shock must
collide with a dense cloud (locally, the intercloud medium has a density
of % 0,15 ca”?, Falgarone and Lequeux, 1973).
The £illing factor of clouds {s quite small (f ~ 1-10% see MoCray
and Snow 1979). Moreover, the mumber of clouds drops off repidly with
height above the galactic plane (the cloud scale height is probably ~ 1/2
of the scals height of the diffuse intercloud medium; see Falgarone and
Lequeux, 1973). Hence, few optically cbservable SNR's are expected at
7 large heights above the galactic plane. The Cygnus Loop may be observable
' because it has collided with a neutral cloud or clouds. These clouds

cannot be the same type of neutral clouds that produce H I absorption
profiles, as the H I absorption clouds are found (Radhakrishnan et al.,
1972) within 300 pc of the galactic plane.
b) Radio observable SNRs

Radio SNRs are much more numerous than either optical or X-ray remnants.
About 130 radio SNRs have been observed in the galaxy (Clark and Caswell
1976), whereas only 30 of the radio SNRs are detected by any optical emission
(van den Bergh, 1978). It is easier to de:cct a SNR at redio wavelengths
both because lover ambient densities are necessary for radio detection and
because dust does not absord radio photons. It is usually assumed that

T —




van der Laan's (1962) theory applies to the older SNRs, However, the

statistical investigation by Clark and Caswell (1976) confirmed that for
the majority of SNRs the Sedov solution properly describes the value of the
diameter D with time. Clark and Caswell derived an average <E/n >N 5 X 1051

ergs ena where E is the initial supernova energy and n, is again the ambient

51 3

density. If E » 107 erg, the averaged n_ implied by their analysis is 0.2 em T,
More recently, Caswell and Lerche (1979) refined the I - D relation to include a 2-
dependence, (I is thé ridié surface brightness.) The derived scale height of rad:
SNRs 1is 200 pc. The implied frequency of SN producing radio SNRs within the Galaxy
if £ v 1/80 yr--1 The lower values of the ambient density implied by the radio
obsétvations confirm that SNRs are morc easily detected in the radio,

There is also information on the galactic distribution of ZNRs. Tlovaisky
and Lequeux (1972) find that the distribution of radio SNRs closely follows
the radial distribution of the non-thermal background radin emission. At
L kpc from the galactic center the radio SNRs are three times as abundant
as  at 10 kpc. Beyond 15 kpc there are very few radio SNRs.
¢) X-ray observable SNRs

Very few X-ray SNRs have been observed (for a recent review of the
X-ray SNRs see Clark and Culhane, 1976} perhaps being due in part to the
limited seasitivity of complete X-ray surveys. The F/n_ valur derfved for
the X-ray SNRs support the average value chtaiued {rom radle ohsevvations
(Gornnstein, Harnden and Tucker, 1974; Clark and Caswell 117G) althicuph the
two studies are vastly different. The thermal X-vay flux in the 1 100 keV
region of the spectrum for SNks is given by Gorenstein, Harnden na Tucker

3 -1

. yn33 2 , . : ; ,
as Lx v 5x 10 n, R‘c erg s . Using the above expre<- .o for i ard the
£ 't_; - .

]

he V=ia PP, vr copnetuads than an

'*m

X-rays measured for Pup A, the Cypaus Loop and

X-ray SNR is not observable if the ambient densit; is 3p - o7 ly Joar

than % 0.1 M ~. On the basis of recent WFAG - B (Finor. o,

e M




for X-ray emission of radfo and optical SNRs (Knox Long, private connunica:innz’

initial ambient densities below 0.05 ca™? would not produce detectable
thayrfluxes. A value of the critical density of 0.1 enfa 1a.uired to observe
an X-ray remnant is consistent with the "Einstein" results. From the above
discussion ve conclude that if the ambient interstellar medium density n,
exceeds a critical value n., the SNR is observable. It would most probably
be obggrved as a radio SNR, but if n, is appreciably larger and the SNR is not
too distant, it may be an optical or an X-ray observable SNR. We adopt the

3 with the awareness that this is a realistic estimate really

value n, = 0.1 ca”
for the radio SNRs. 1In any case; we find that the study which follows would
not change appreciable if n, were to change by a factor of 2 to 3. For optical

3

SNRs in the Sedov phase, we find n_ " 1.0 ca™> but this value is probably

unimportant since it is much easier to detect the radio SNR.

To simplify our analysis, we assume that all SNRs located within a
medium with ambient density exceeding n, will be observable, but all SNRs
located where n, <nc are not observable. For example, SNRs with diameters
approaching the cloud scale height would be expected to be brighter on
their edge nearest to the plane (Clark and Stephenson, 1977; Caswell and
Lerche, 1979) and therefore, would Le observable even though a portion of
the SNR is located in a medium with density less than n,. The largest
observable SNRs have diameters < 50 pe which is less than the cloud scale

height, so our results will not be significantly changed by this effect,

11
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IV, STATISTICS OF SUPERNOVAE

= ﬁ: avii‘asc expa\:m :ate fér 0& umhtio:xs isrﬂ 5 i:st a

the radius af a typical supertavity at the Sun ' distance fram the galactic

‘ center is 23& pc, 1t takes about 5 x 10’ jiears for an assaciation member to

A 'nvettﬂt;e the supershell Iiuring this time all stars more massive than 7

sﬁi have mpzete& their ‘evolution, so that if a 1“er mass limit of ’a M,

ca;sabhs of ‘ésca plig the cavity before they ‘become supe:navae (:he numbers

"-:e h:lgher fer cioser distam:&s to the center--see belew——hut stﬂl small)

If the mass 1:I.nit of ‘stars producing SNs ia ex:ended dm to 4 HG then '
z"the majority of SN explosions that produce SNRs in the solar neighborhood
E would originate in 4-8 Mo . A significant fraction of the prcgenitnrs
 would escape the low Bensit}' cavity before exploding. As there {s an
uncertainty of the mass limit of stars which produce SNs we will consider
two limits: 8 Maénd 5 Hesﬁt:.!n part (A) below, we use 8 H@while in part
(B), where we also include the effects of the gravitational fiela from the
galactic disk, we adopt 4 M@ as the lower mass limit. By these two examples,
we represent the upper limits and lower limits to supernova occurrences
within OB associations.

Early type stars have a high incidence of binaries. A survey of
early B stars (Abt and Levy, 1978) shows that abeout half of these stars are
multipie systems.

Blaauw (1984) suggests that when a 8N occurs in such a binary system
the companion can becnme a runaway star. In his classical work, 19
runaways are identified out of which the latest spectral type is B3 with
an assigned mass of Vv IC M, . A later study of 304 O stars (Cruz et al., 1974)

concludes that at least 2 percut of all O stars ave naway atars, Using

—
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the above evidence, and assuming that all binaries produce runawayi. it

follows that one-third of all SNs are from runavay progenitors . It is
the runaway stars that have an opportunity to escape the superbubbles
and in turn produce observable SNRs.
However, not all runaway progenitors produce observable SNRs. In
order to estimate the fraction that produce observable $NRs, we need to
estimate the following:
1) the initial mass function (IMF),
11) the totul evolutionary lifetime, T, for stars with different masses,
i111) the average peculiar velocity for runaway stars, VP’ which when used
with the total evolutionary times will allow us to estimate the
total distance, d, that a runaway star would travel from the OB
association, and ‘
iv) the effective critical scale height, Hc,.£0t obgervable SNRs.
We now digcuss each of these variables that will influence the estimate
of observable SNrs.
The IMF for the massive stars is uncertain at best, expecially for
the O stars. Ostriker et al., (1974) used the observational data of Richstone and
Davidson . (1972) to derive an IMF for O stars. Their mass function
predicts significantly more massive 0 stars than that predicted by an
extrapolation of the IMF deduced for the mid to late-B stars by McCuskey (1966).
Theoretical evolutionary calculations, when compared with eclipsing binary
data (Stothers, 1972), indicate a different mass versus spectral type
relationship than used by Ostriker et al. Bruhweiler (1980) has re-analyzed the Rich-
stone and Davidson (1972) data and has determined the masses for MK
standards based upon the work of Stothers (1972). Both the data of Richstone and David-
son and of McCuskey (1966) can be represented by an IMF which relates

the total number of stars as:

13




We now estimate thaéi&tanees, é,:hatsmwif star 't

- an OB asse{:ﬁti@; before it "ﬁéenﬁgtgi aupernm: Yipmnid :
d=V (-t) =V by, . e ae
> "ﬂhere T and T, are the tntal evolu:imty tm af the primary and :ﬁe

seccndary 2n a biaary ayat& and Atu ig the differem:e. : The average

,V,’““ of - the Pﬁmry,— y» can be expressed in terms of the mass’ of the -

secandary, Hz by the rela:ien' B e , ,

e i’fhe ’higher mass 1m1t for the IMF is not critical. In equation (11)

: ‘ we assume that the primary has a random mass distribution described by
. the IMF in equation (9). In Table 2, we present the resultant mass

(which is a mean value) of the primary, M, computed from equation (11)

and the timescale, Ai‘zl - 1.'2 = Ty which enters the expression in (10)*.

FOOTNOTE

*In our discussion we have ignored the effects of mass loss and mass exchange

in the evolution of 0 and B stars. These processes affect 4 Ty vwhich in

turn affects the fraction of runaway stars that escape from the supercavity.
Mass loss is expected to lengthen (by about 10%) the evolutionary lifetimes

of the more massive stars (Chiosi, Jasi and Sreenivasan, 1978). However, the

domain of extensive mass loss is limitea to BO or earlier stars (Snow and

Morton, 1976), i.e., stars with initial masses 2 17 M. From our calculations,

these stars become supernovae either inside the supercavity or outside the

galactic plane, Thus, the proposed increase in evolutinnary timescales has a

14




negligible effect.
A potentially more significant effect is due to the mass distribution of
the binaries. For the sake of simplicity, we have assumed a random distribution

of mass ratios among binaries. This assumption gives MZIH1 2> 0.73 for masses
of interest in this work., On the other hand, if close binaries are formed

as bifurcation products, then the mass ratio should be of order unity.
Observationally determined values for this ratio range from 0.35 (Stone, 1979)
to about 1 (Heintze, 1973). 1In view of these uncertainties, sur assumption
of H2IH1 R 0.73 is reasonable. If the true ratio were smaller, A T;a
would be larger than our tabulated values, whereas the bifurcation hypothesis

leads to smaller A‘t‘lz than our tabulated values. In

Iny.event, the effects are not overwhelming, and our procedure is justifiable
at present. A final uncertainty is introduced by our having ignored the
effect of mass transfer incomputing A Ty9° Due to the speeding up of the
evolution beyond core H-exhaustion stage, the effects of mass dumping by the
primary is expected to be minimal when compared to the shortening of the

evolutionary timescale of the secondary. This would lead to generally smaller

&‘112. Since in order to produce a runaway the magss ejected must exceed

the mass of the companion, mass transfer could modify the statistics of close
binaries.

The effective critical scale height, Hc, for observable SNks is
determined by the scale height of the gas. In Figure 1 we shovw the
structure of the supercavity produced at three different distances from

the galactic center, R = 5, 10, and 20 kpc. These are structures based

gal
upon the model we calculated (Bruhweiler et al., 1980). We assumed an

exponential density distribution

n=n St/ (12)

with H = 70, 150, 500 pc and n_ = 3, 1, 0.1 em™ for R, = 5, 10, 20 kpe,

Gal
respectively. The assumed densities are appropriate for the H I medium

as determined in Paul, Casse and Cesarsky (1976) and the scale height is




from Kerr (1969). Exponential distributions were found by Celnik, Fohlfs
nnq Braunsfurth (1979) for large distances away from the galactic plane.
They give detailed formulae for the scale heights, H, although the values
of n, are harder to determine from their work. Assuming that 5 percent
of the total mass of the galaxy is in gaseous form, we find - using the
work of Celnik, Rohlfs and Braunsfurth - that o " 6, 0.7 and 4 x 1073 3
for R, , = 5, 10 and 20 kpc respectively. Bohlin et al. (1978) on the other
hand, find that a, ~ 0,9 for the H I medium and v 1.2 for the H I + nz medium
(in the solar neighborhood).
Even though there are large uncgrtainties in the parameters of the ISM

gas, the structure of the bubble-SN cavity is not affected very much. This

is so because the radius of the bubble is only weakly proportional to the

-1/5 -1/3

ambient density (= n, ) and the radius of the SN produced shell is a L

near the plane. For the case where the uncertainties are large (RG.1 = 20 kpc)

3 produces such large super-

we find that even the higher density n, - 0.1 em
cavities that essentially no runaway stars escape. Therefore, this result

would still be true if we choose n° to he smaller.

A. Supernova Statistics Derived with 8 P&D Lower Limit for SN Progenitors,

and Ignoring Gravitational Effects of the Disk.

We now compute the percentage of all SN progenitors that produce observable
SNRs. In this case we assume 8 Mg to be the lower limit for SN progenitors,
and ignore the gravitational effects of the digk. The gravitational force
of the disk tends to restore gas to the galactic plane and in the z-direction
decreases the size of the supercavities. Hence, the percentages found in

this case will be a lower limit to the actual percentage.
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In FPigure 2 we present the fraction of runaway stars in mass intervals
AM = 1 Mo that escape the supercavity to produce obaservable SNRs. The
results change for different ratios of RCIVP; hence, we show the curves for
a range of Hc/Vp. For example, if we assume Vp = 50 km s'l and we wvant to
appropriate curve for RGal = 5 kpec, from Figure 1, Hc = 240 pc and therefore

ac/vp = 4.8, Similarly, for RGal

We now illustrate the application of this figure by presenting numerical

= 10 kpc Hc = 350 pc and lic/vp -7,

estimates for the fraction of stars in a | M, mass interval that escape the

z/H

supercavity and produce an observable remnant. We chose n = “o‘- as in

paper 1 at the two galactic distances RGal = 5 and 10 kpc. The critical

density, n, = 0.1 cn-s. makes the total fraction of SN producing observable

remnants at ch = 20 kpc equal to zero. Decreasing the critical density to

0.05 em™> would predict a total fraction at Ro,y = 20 kpe of less than 1 percent.
Table 3 presents the lower limit on the percentage of SNs that produce

observable SNRg. In Column 1, rows 2-10, we increment the mass range in bins

of 1 M@. However, row 1 has a bin of 17-70 HQ « In column 2, we present

the fraction of all SN progenitors that are within the mass bin. In columns

3 and 4, the fraction of all SN progenitors, which are within the mass bin,

is given for those that produce observable SNRs at 5 and 10 kpc. Column 5,

which would list the fraction of SN progenitors that produce SNRs at R

Gal
is empty to emphasize that no SNRs would be produced in the ambient interstellar

gas at 20 kpc. In row 11 we add the incremental percentages to find the

total percentage of runaway SN progenitors that produce observable SNRs. To
this total, we must add .n row 12 the few SN progenitors in the low mass range
that survive long enough to escape the supercavity even at the association
expansion velocity of 5 km s -1. By comparison, we have assumed that the
runaway progenitors have Vp = 50 km s-l. We see that no slow moving stars

escape the supercavity at R

cal " 10 kpc while only 4.3 percent of the SN

17
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progenitors are slow moving stars which escape the iuperéavity of Rcal = 5 kpe.
Even if a SN explodes outside the supercavity formed by the parent
association, such a SN might not be in the ambient interstellar gas. Rather
the SN may find itself in another supercavity and hence, it would not form
a visible SNR, The fraction of the ISM occupied by these supercavities is
hard to estimate. The 0 VI gas (McCray and Snow, 1979) has a filling factor
estimated to be twenty percent whereas the hot gas responsible for the X-ray
background (Kraushaar 1977) has a filling factor estimated to be 50 percent.
We find thét about 30 percent of the ISM is occupied by these superbubbles
produced by OB associations. However, this is likely to be a lower limit
since we do not include in our model the (older) B associations, With 30
percent of the ISM assumed to be in the hot phase, we find the percentages
listed in line B, Note that we have decreased the percentage of the runaway
progenitors by 1/3 and not the percentage of the slow-moving progenitors,
as the latter will be just beyond the superbubble and would be very unlikely

within another supercavity.

B. Supernova Statistics Derived with 4 M, Lower Limit for the SN Progenitors,

and Including Gravitational Effects of the Disk.

The runaway progenitors and the gas are subjected to a gravitational
restoring force towards the disk which we have ignored thus far. Close to
the galactic plane the gravitational force law can be approximated by
7z = ~kz with the resultant motion being that of an undamped harmonic
oscillator.

We now calculate the critical angle, GH, at which runaway progenitors

would produce SNs at a height Hc above the planc for a selected mass range

18




as represented by Atn = T,=Ty. In terms of the z-~direction gravitational

force, ve can express i and H : 4
$- v, sin oy = AF (13)

and P
B, = A stn (YK AT,)). (14)

Ve can solve for On as:

sin O, = -Lvﬁ {lin (‘J_k ATZI)} -1 (15)
P

Within the mass range represented oy A Toy: all rvnaway progenitors that
are ejected from the galactic plane at ejection angles less than Bu will
produce SNs at heights less than Hc sbove the galactic plane. The fraction
of runaway progenitors that produce observable SNRs for a given mass range

AMz is then:

8
"
2
2"5-9 v, Bty (a4,))% cos 6 d 0
fsnr ” : 7 = sin 6,
lm‘&p ATZI (AMZ))

(16)

The fraction { can be evaluated by substitution of equation (16) into

SNR
equation (15).

We are aware that large uncertainties are inherent in the gravitational
force law for the Galaxy, Although errors in the force could be quite large
at high latitudinal distances, we are mostly concerned with z-distances less
than 300 pc. The Z = -kz approximation has estimated errors of less than
20 percent (see paper 1) in the solar neighborhood (RG a1 “ 10 kpe). However, %
at 5 and 20 kpe the force law is much more uncertain.

Based upon the curves published by Schmidt (1956), we adopted in
Bruhweiler ot al. (1980) linearized force laws out to 300 pc in z with the

1 15 16

values of k being 6.06 x 10~1°, 2.58 x 10”1 and 3.65 x 107°° sec™2 for
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- S, 10 and 2@ lqac tﬂﬂctiﬂi}‘

'aan thc vaiau £9r§ mvy, matﬁvﬁ

'valuu fcr B doptnd upon the amued value: of L7 tad t%m nmed ﬂmity

av i(!qﬂatica 12). The average veloscity, V o’ for mnmy proscniter: is

“also very uncertain, Several runaway stars are known to have v, 2 100 sl

: S-Muw, 196@: Stone 1979). The average runaway velocity we use is based on the
~ welocities of 19 runavays presented by Blasuw. Various selection effects
”?ﬁti known that strongly suggest the lower velocity runawvays may not be

Tfaco;ni:able as such, While a reaéonsblt value for Vb may be on the order

’af 30 kn s (o: lom), ve feel canstrained to express H  and VP in

terns of one va:inble, nanely, tbeir ratio, H /V .

H% now show in rigures 3 and 6 curves similar to those in Figure 2,

but with the gravitational restoring force included, Within the mass intervals,
A M=1 Mg , we plot the fraction of runaway progenitors that escape the
supercavity and produce observable SNRs. Figure 3 is for R = 5 kpe and
Figure 4 is for RGII
nh/vp = 1,0 and 2,0.

= 10 kpc. We present the results for the ratios of

The percentages of SNs that would produce observable SNRs are summarized

in Table 4, As in part (A) we assume that 1/3 of all SNs are from runaway

g 4 stars and that 1/3 of the interstellar medium is occupied by supercavities.
The percentages listed in Table 4 are for an evolved supercavity with the
internal SN from low-mass progenitors being at large distances from the shell
(labeled in Figure 1 as SN2). The SNR from the more massive stars have
either dissipated or have been overtaken by the expanding supercavity around
the old association. If stars appreciably less than 8 Mg produce SNs, then
1t is possible that these older supercavities would be ringed with SNRs from
the slow moving progenitors. For example, if the expansion velocity were

5 km s-l foxr the association, then 5 Mg stars would diffuse 500 pc, which

20
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in the solar neighborhood is twice the shell radius, along the plane, by the’
time they become SNs. '

We have also computed cimilar models for young supercavities where only

stars with spectral type BO or earlier have become SN (the radius is showm

in Pigure 1 as "SN1")., Thcse younger supercavities would be surrounded by

SNRs from the relatively morse massive progenitors (M > 11 Mg). A possible
example of such a syster may be the Gum Nebula. It is a roughly spherical

cavity with a 123 pc radive. Two known SNRs in close proximity are Vela X-1
and Puppis A.

The computed estimates of SNs producing SNRs for the rslative younger

and older supercavities are very similar. The total percentages, summarized

in Table 4, are 29.8 percent and 23.1 percent for R.., = 5 kpe and 10 kpe

rcgpcct:lvely. About one half of the SNRs ara from the slowmoving (5 km s-‘)

stars.

We also computed the percentages of SNs creating observable SNRs at

RG:J. = 20 kpc and find that less than one percent of the SNs would yield

observable SNRs.
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7 cr sx ;ro;miteu thl’ ymc the ehnmny dcmmblc SNRs. .
gn..ur ptrccnup of hi;htt‘ﬂsl stars ucapc the suparcavity
at mu ‘eu. p:i.urny becaun the sizes of the supercavities are smaller
tmrd tht zahcti.c center. The mdel prcdictm that mors SN produce
mtcubh sm tt mn Rogy i in qunl.iutivs sgreemsnt with the oknrud 7
di;tributica (van der Bergh, 1978. Clark and casntll, 1976; . Ilcvlisky and #

L:@m 1972). MuckmnotaMScna

-~ which may be pprg
appropriate for the denss inner arms--ve would have predicted 2.2 tmﬁun S¥Rs
at 3 kpc than at 10 kpe. Due to the unce stainties involved we consider
this to be satisfactory agreement with the observations. This also impliss
that our assumption that the rate of SN outbursts throughout the galactic
plane s nearly uniform My b® close to reality. The distribution of
observable SNRs is only dgtern:mad by the presence and size of the super-
cavities and by the fraction of "runaway" SN progenitors that escape before becoming
Shs.

The exact fraction of SNs that produce observable SNRs cannot be
estimated accurately with the present data. Upon a variety of assumptions
and pacsmeters hopefully encompassing the real situations, we find that
this fraction ranges from approximately 10 percent to 35 percent depending
on the RGal' with 5 percent variations in either direction being reasonable.

The interstellar gas densities affect the above percentages somewhat,
However, the fraction of SNs producing observable SNRs more than doubles
when the lower mass cutoff decreases from 8 HG to 4 HO' Moreover, if & HG)
stars are progenitors, the slowly moving stars wiich diffuse at the association

2




i, o

velocity of expansion (5 ka 3'1) would make an equal contribution to the
total SNR percentage.

Since our modal indicates that only one to three out of every ten SN
produce an observabla SNR, the disagreement between rates deduced from observable

SNRs on the ons hand and SN and pulsars on the other hand can be understood.

E Tammann (1974) suggests a mean interval between SNyToy v 30 years. This leads

tv a SNR production rate of one every 100 to JOO0 yr. On the other hand pulsar

TG D

statistics (Taylor and Manchester, 1978) dimply Ton Vv 10 years. This leads to a

SNR production rate of one every 30 to 100 years. Since the mean Tonm derived

by Caswell and Lerche (1979) is " 80 years, there is a weak support for the
higher SN rate. However, regardless of whether one SN occurs every 10 or 30

years, we can now understand how both these numbers are lower than the 80 year

i . i

interval for the production of detectable SNR derived from radio data.

Recently, Higdon and Lingenfelter (1580), have proposed an alternative to
our point of view, They propose that if a hot CN106K). tenuwus gas fills 90X
of interstellar space, the observed number and surface brightness distribution of

galactic remnants implies a SN rate of once every ~ 30 yr. However, even though

in this way the statistics may equally be reconciled, we fcel that their filling

factor is excessively large, although not inconsistent with the 0 VI dats (Jenkins

and Meloy 1974). Our mechanism would operate in

L bt A

any case, further reducing the number of observable SNRs. Because of this, the

90X filling factor is not justified. The results of Tables 3 and 4 would

{ndicate that £illing factors as large s 70% could be tolersted but not

appreciably higher than that.




Ve nu;t lnpha.iso that our discussion has been confined to type 1l
supernovae., Iype 1 luparnoQip. which probably originate from low-mass
populai on 11 stars, share alivst none of the considerations addressed in
this plpir;ﬁ;ngfihey should be invéltigitid sngiritely. However, since some
statistical studies of SN do not difféfentga:i the SN types, they cannot
be compared with our results without pr‘#iou;ly estimating the type I SN
contribution., If one, however, examines the known SN of tha last milleniunm,
all of which left ébn&tvablt remnants, the question of differentiating between
8N of type I and SN of type I1 becomes important,

We conclude that the supercavity concept-~that of a hot, low-density
gas around stellar associations created by stellar winds and SNs--provides
a most effective scenario for understanding the general structure of the
interstellar medium. Moreover, we bezlieve that supercavities lLave already
been detected observationally as the HI supershells (Heiles 1979) and as
the X-ray supe;bubbie in Cygnus (Ca sh et al 1980). This provide: a
compelling argument that many SN do not occur in environments cornducive to

detectable SNRs .
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Figure 1. Geometry of the supercavity structures at Rgy = 5 kpc and .10 kpc as modeled by Bruhweiler, ef al. (1980). The three
stages of evolution are depicted. The curve labelled B is the limit of the supercavity formed by the 28 massive O stars having ug
nificant stellar winds. The curve labelied SN1 defines the size of the shell at the evolutionary time when all 28 massive O stars have
becomé SNs. However, 180 more B stars have masses greater than 8 Mg. These too become SNs and drive the supercavity to the
SN2 size. i - I
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Figure 2. Fraction of runaway stars that escape the supcrcavity to produce observable SNRs.
The various curves are for various assumptions of H./V, where II; is the critical z distance
beyond which a SNR would not be detectable and Vp is fhe runaway star velocity. Note that
here the gravitation restoring force is not consdered for the runaway star.
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Figure 3. Fraction of runaway stars that escape the supercavity to produce observable SNRs.
This is for Rg,; = 5 kpc and includes the gravitational restoring force.
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Figure 4. Fraction of runaway stars that escape the supercavity to produce observable SNRs.
This is for Rg,; = 10 kpc including the gravitational restoring force.
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TABLE 1
A. The Molacular Cloud SR (n = 10%em3, T £ 10 K)

=N

tye)" ' Vglm Tg(k) Rg(pc) Remarks
o . _ 3000 3..'»::10B 0 Explosion occurs
23 5000 3.5x10° 0.12  Free expansion ends
on2 1200 2x10 0.3 Adiabatic phase ends
ox10* s 2.5x10° 1.9 Shell stalls
B. The Hot Cavity SMR (n ~ 10 2ca >, T~ 5x 10° K
t(yr) Vs(kn s Tg(k) Rg(pc) Remarke
0 ) 5000 3.5x108 ' 0 Explosion occurs
3.7x103 5000 3.5x10° 19 Free expansion ends
1.4x10° 300 1.3x10% 105 SN shock encounters
moving bubble shell
and it quickly gets
decelerated to the
C. The Classical SNR (n ~ 1 cm-a, T~ 10% - 104 K) bubble velocity (21 kn B'l)
t(yr) Vs(kn 3-1) Tg (k) Rs(pc) Remarks
0 5000 3.5x108 0 Explosion occurs
6.2x102 5000 3.5x108 3.1 Free expansion ends
2.9x104 265 106 19.6 Adiabatic phase ends
3.6x10° 5 2.5x10° 73.6 Shell stalls




Primary and Secondary Masses of the Binary System

and the Evolutionary Timescale Differences

*
Ml (%D)

25.85
24.49
23.13
21.77
20.4
19.05
17.69
16.33
15.0
13.6
12,24
10.88
9.53
8.16
6.8
5.44

+ Mass of the runaway secondary.

of the runaway secondary.

TABLE 2

M (n@)"'

19
18
17
16
15
14
13
12

* Average mass of the primary for the tabulated mass of the runaway secondary.

%% Difference in the total evolutionary times, ATZl =

the evolutionary time of the primary and T

hk
41y, (yr)

[~ = AN - - S - R - - S - O -

NN N N NN

12-11, where T

is the total evolutionary time




TABLE 3

A Lower Limit on the Percentage of SNs
That Produce Observable SNRe**

SN Progenitor Relative FPraction , Percentage of SK;*
Mass (Mg ) of Total SN Producing Observable SNRs
Prorgn:ltors; chl = Skpe Rﬁll = 10kpe Rcal = 20kpe
17-70 17.9 0.0 0.0
17-16 2.7 0.9 0.0 3
16-15 3.3 1.1 0.0 é‘
15-14 4.1 1.4 0.0 3
14-13 5.2 1.6 0. 4% é &
13-12 6.7 1.8 1.3 ° H
12-11 8.7 2.0 2.4 K
11-10 . 11.7 2.0 3.0 §'8
10-9 16.3 2.1 3.2 ° -§
9-8 23,6 2.1 3.2 24
Runaway Total 100.0% 15.0% 13.5% 0.0%
Additional Contribution
by Slowly Moving Stars _4,32 _0.0% 0.0%
0.0%
*’rotal Allowing for 30% ISM
as Supercavities 16.3% 9.0% . 0.0%

*The mass bin is only 13.0 to 13.5 Ho

+A density law n = uae"z,u is assumed and with following values:

Rga1 (kee) a_(cu™) H(pc)
5 3 70
10 1 150
20 0.1 500

++These total percentages are computed by assuming that 1/3 of the galactic plane

is occupied by supercavities, i.e. it {s computed by multiplying the Runaway

Total by 2/3, but all slow moving stars contribute.
**Aggumptions: B8M () is the lower limit on SN progenitors.
The gravitational restoring force is negligible,

V =50kn s
P

N




TABLE 47

Mass Bin Percentage of SN
Mg) Producing Observable SNR
Gal ™ Skpe Rcsl = 10kpe
19-18 0 0
18«17 0 0
17-16 0.12 0
16-15 0.23 0
15-14 0.29 0
14=13 0.36 0.36
13-12 0.46 0.46
12-11 0.61 0.61
11-10 0.72 0.67
10-9 1.13 0.72
9-8 1.63 0.89
8-7 2.45 1.35
7-6 3.85 2.67
6-5 6.8 6.8
5-4 12,39 - 1.22
Runaway Total 31.05% ~21.75
Slowly Moving Stars _9.13% _8.62
Total™ 29.8% 23,10%

+‘I‘he same dengity law as in Table 3 is assumed.

++
This total is obtained by multiplying row 16 by 2/3,

(i.e. we assume as before that 1/3 of all ISM is occupied

by cavities) and adding it to row 17,
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