Radio Observations of Supernova Remnants
in the M82 Starburst

Alan Pedlar, Tom Muxlow and Jon Riley

Jodrell Bank Observatory, University of Manchester, Cheshire SK11 9DL, UK;
ap@jb.man.ac.uk

Summary. We report on recent MERLIN, VLA and VLBI observations of the
compact radio sources in the nearby starburst M82, with angular resolutions rang-
ing from arcseconds to milliarcseconds. The spectral properties of the compact
sources have been investigated by 15 GHz VLA-Pie Town observations which show
that 16 of the less luminous compact sources are, in fact, HII regions. However

_the steep non-thermal spectrum, parsec size and small variability of the remaining
sources is consistent with their being supernova remnants. Several show clear shell
structures at MERLIN resolution (~50 mas) and 5 have been resolved further using
VLBI. Measurements of the most compact source (41.95+575) shows an expansion
velocity of ~ 2000 km s™!, and one of the best defined SNR shells (43.31+592)
shows an expansion velocity of ~ 10* km s~'. Recent VLBI and MERLIN mea-
surements confirm this expansion velocity and show little evidence for deceleration.
We comment on the discrepancy between this measured expansion velocity and the
low expansion velocities predicted theoretically for remnants in M&2.

1 Introduction

Although studies of extragalactic supernova remnants (SNR) are currently
limited by sensitivity, and to some extent angular resolution, such studies
provide unique insights into the early evolution of radio supernovae and su-
pernova remnants. Whilst the extensive studies of remnants in our own galaxy
are particularly valuable for testing details of the physical processes occurring
in individual remnants, they are limited by the fact that the youngest known
galactic supernova remnant is over 300 years old. In addition the distances
of many galactic remnants are quite uncertain, which has resulted in studies
involving surface brightness-diameter plots being highly suspect. Further-
more because of the large differences in distance, statistical inferences based
on observations with constant angular resolution and sensitivity are severely
affected by selection effects.

Studies of extragalactic SNR in starburst galaxies have a number of ad-
vantages. Firstly the high star formation rate results in a relatively large
number of young supernova remnants with ages measured in decades, rather
than centuries. Secondly as the starburst region is typically a kiloparsec in
extent, and as distances to even the nearest starburst galaxies are a few
Mpec, the relative distances to each SNR will only vary by ~0.1%. Finally
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radio synthesis techniques ensure that all the SNR are observed with same
angular resolution and sensitivity. Hence as all the SNR, are essentially at the
same distance this corresponds to a constant linear resolution and surface
luminosity limit.

2 The Compact Sources in Messier 82

Although radio supernova remnant studies have been carried out on several
nearby starburst galaxies, by far the most extensive have been carried out
in the Messier 82 starburst. Compact sources were first noted in M82 by
Kronberg & Wilkinson [5], but it was not until the advent of MERLIN [13]
and the VLA [6] that ~50 compact radio sources were separated from the
extended background. Although initially it was thought that some of these
may be radio supernovae, the relatively low star formation rate inferred from
FIR observations (see below), together with the lack of significant variabil-
ity of most sources, implied that the more luminous compact sources were
supernova remnants. This was subsequently confirmed by 5 GHz MERLIN
observations [10] in which all the sources were shown to be extended with sizes
of typically a few parsecs and many had the shell or partial shell structures
typical of remnants.

2.1 Distinguishing Between Supernova Remnants
and HII Regions

The majority of the more luminous compact sources in M82 showed a steep
spectrum, consistent with synchrotron emission from supernova remnants
(e.g., [1]). Although from these initial spectral studies it appeared that only
one compact source had a spectrum consistent with thermal emission, the
sample only included about half (~26) of the known compact sources and
as they were selected at relatively low frequencies hence had a bias towards
non-thermal sources.

However recent work [9] determined the two point (5 and 15 GHz) spectra
of 46 the compact sources in M82 by using the extended VLA (i.e., including
the Pie-Town Antenna) at 15 GHz which resulted in an angular resolution
of 80 mas (=1.2 pc) which can be directly compared to MERLIN 5 GHz
observations with 50 mas resolution. Fig. 1 shows a plot of spectral index
against average brightness temperature of the compact sources, from which
it can be seen that 16 had inverted spectra and brightness temperatures
consistent with optically thick compact HII regions with emission measures
of ~ 107 pc cm™® implying relatively high thermal pressures.

https://doi.org/10.1017/50252921100009222 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100009222

Radio Observations of Supernova Remnants in the M82 Starburst 221

1e+06 T T T T T T T
| ]
| ]
100000 | n 4
"L
€ [ |
14
=3
2 g B
[
<3 | ]
E 10000 b ---mmmmmmmm S = ‘ i o
2 - ; [ e [ [
a | ] [ | o 4 IR
8 nm ﬁm@
Z . 4 .
i) HOE U %
@ n o b otigpl @
1000 | [ 5
100 1 1 1 1 1 1 L
-2 15 -1 05 0 0.5 1 15 2

Spectral index

Fig. 1. The 5/15 GHz spectral index plotted against the average brightness tem-
perature of 46 of the compact sources in Messier 82. The filled squares are consistent

with supernova remnants, and the open circles with compact HII regions (adapted
from {9]).

3 Star Formation and Supernova Rates in M82

The global star formation rate (SFR) of a galaxy can be estimated using a
measurements in the ultra-violet, optical, infra-red and radio [4]. However as
starburst galaxies usually contain large quantities of dust, the estimates of
SFR from ultraviolet and optical data are uncertain due to dust extinction.
MS82 is no exception with A, typically 20-30 magnitudes. Fortunately the ra-
dio method [4] is not affected by dust extinction and hence the star formation
rate can be estimated from the equation

SFR(M >5 Mg) = 10 x 107 Meyr™* (1)
where L; 4 is the total 1.4 GHz luminosity of the galaxy [4]. Note that to
avoid complications with the initial mass function (IMF) of low mass stars,
this relation gives the star formation rate for stars with mass > 5 M. Hence
as the total flux density of M82 at 1.4 GHz is ~8.5 Jy and using a distance
of 3.2 Mpec, then SFR(M > 5 M) for M82 can be estimated to be ~ 2.5 Mg
yr~1. Also the radio thermal free-free contribution is reasonably well defined
in M82 [2] and can be used to estimate a star formation rate [12] consistent
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with the above value. Finally the star formation rate derived from the total
FIR luminosity also gives a value of SFR(M > 5 M) close to 2 Mg yr—1,

If the SFR is constant over ~ 107 years, then in principle the type II
supernova rate can be derived directly from the star formation rate and the
initial mass function, on the assumption that all stars with masses > 8 M,
become supernovae. Hence assuming a Miller-Scalo IMF the supernova rate
Vsr, 1s related to the star formation rate via

SFR(M >5 Mg) = 25vs, Mgyr~ L. (2)

Thus, if SFR(M > 5 Mgy) is ~ 2 — 2.5 Mgyr ! this implies a supernova
rate of ~ 0.08 — 0.1 yr—! in MS82.

Several methods can be used to estimate the supernova rate directly from
the radio parameters of the M82 supernova remnants [10, 12]. The simplest
method is to assume that all the M82 remnants which are brighter and smaller
than the Cassiopeia A remnant in our galaxy are younger than 330 years.
Alternatively if a constant expansion velocity is assumed (e.g., 5000-10000
km s~ !) this gives the ages of the remnants and hence the supernova rate
[10]. Finally van Buren & Greenhouse [14] estimated the supernova rates from
remnant luminosities. These methods give supernova rates ranging from 0.05
to 0.1 yr~! - consistent with the star formation rates derived above. It is
possible that not all supernovae produce radio emitting remnants, and if so
this would imply an even larger supernova rates.

However some doubts have been raised concerning the evolution of the
remnants in M82. Kronberg et al [7], in a study of the variability of 24
remnants, claim, using statistical arguments, that in a large fraction of the
remnants the radio luminosity is decaying at less than 0.1% per year. If true
this could suggest that the remnants are over a thousand years old. Also
recent theoretical studies [3] have suggested that the high pressure of the in-
terstellar medium in M82 would result in the supernova remnants expanding
at only 500 km s—!, hence as the observed sizes are typically a few parsecs,
this again would imply ages of thousands of years. Both these results appear
to be inconsistent with the supernova rates of ~0.1 yr~! derived above, which
require that the ages of typical remnants are a few hundred years.

4 Interstellar Medium Pressures in V82

Chevalier & Fransson [3] assume that the pressure in the starburst region of
M82 is 107 em™3K and from this derive the low (500 km s~') SNR expansion
velocities. While there is no doubt that part of the starburst must be at this
pressure (e.g., the compact HII regions [9]), it seems likely that much of the
starburst is not in static pressure equilibrium and that a range of pressures
are present.

As the photoionized component in M82 has a temperature of ~ 10* K,
the pressure assumed by Chevalier & Fransson would require that the density
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Fig. 2. Four VLBI images ([11] and Riley et al. , this meeting) of the supernova
remnant 43.314-59 taken in 2001.1, 1998.9, 1997.5, and 1986.9 convolved to a com-
mon angular resolution of 15 mas. The contours levels are at 12.5% of the peak flux
density of each image.

of this gas be ~ 10° cm 3. However the free-free absorption measurements
‘taken against the individual remnants show emission measures of ~ 5 x 10°
pc em =0 [16], and hence densities of ~ 10* cm ™2 would imply ionized gas
path lengths of only ~0.5 pc. Given that the extent of the starburst region
is at least 500 pc, unless the ionized gas is contrived to occupy the 0.1% of
the volume of the starburst in the immediate vicinity of each remnant, it is
difficult to see how the ionized component can provide sufficient pressure to
slow the SNR expansion to 500 km s™!.

Chevalier& Fransson suggest that the SNR may be confined by the in-
terclump medium of molecular clouds in M82 and note that many of the
remnants are in the line of sight to regions of strong CO emission. This is,
however, not conclusive evidence that the remnants are embedded within the
clouds, and often the H1 absorption spectra measured directly against the
remnants [17] do not support this interpretation (see discussion of 43.31+592
below). Furthermore studies by Weiss et al [15] have shown that the molec-
ular gas in the star forming regions of M82 has a kinetic temperatures of
~ 150 K and densities of ~ 10 em ™ which corresponds to a pressure two
orders of magnitude less than that assumed by Chevalier & Fransson.

Clearly the ISM of M82 is complex, and to assign a single pressure to the
starburst region may be unrealistic. Hence it is likely that many of the SNR
in M82 are embedded in regions with pressures significantly lower than 107

em~? K and hence have expansion velocities >> 500 km s 1.

4.1 Measuring Expansion Velocities

Now that we can resolve the compact sources in M82 [10], in principle it is a
relatively simple matter to measure their expansion velocities by measuring
their size over a period of time, although such studies are limited by current
instrumental sensitivity to the brightest sources. The first expansion mea-
surements were made by Pedlar et al [11] on the compact sources 41.95+575
& 43.31+592. The brightest, most compact source (41.95+4575) was shown to
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Fig. 3. The size of 43.31+592 plotted as a function of age including the 2001.1
measurement. The Figure also shows different expansion models. Adapted from
McDonald et al [8].

have an elongated structure and the expansion velocity along the major axis
was constrained to < 4000 km s~!. Subsequent global VLBI measurements
[8] showed it to have an expansion velocity of ~ 2000 km s~!. This source
is, however, rather anomalous on account of its high radio luminosity and
its rapid decay. Also the global VLBI structure is highly elongated and more
like a bipolar structure than a shell — unlike a typical SNR. [8].

The source 43.31+592 is much more typical an SNR of shows a well- -
defined shell structure (Fig. 2). By comparing data observed in 1986 and
1997, Pedlar et al [11] deduced an expansion velocity of ~ 10000km s 1.
Subsequent Global VLBI measurements {[8] and Riley et al. , this meeting)
have confirmed this result and shown its expansion to be consistent with no
deceleration (Fig. 3), implying an age of about 35 years. As the SNR seems
to be in free expansion we can set a simple constraint of < 2000 atoms cm ™3
to the external density by assuming that the mass of gas swept up is less
than the mass ejected. The expansion velocity of this source clearly exceeds
the 500 km s~! predicted by Chevalier & Fransson, which may be accounted
for if it is in a region with relatively low external pressure. This assertion
is supported by the lack of a low frequency turnover at 73 cm [16] in the
spectrum of 43.314592 even though it is in the line of sight to regions with
strong free-free emission. This shows that the remnant is in front of, and
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not embedded in, the relatively dense ionized gas in the central region of
M82. Even though relatively strong H1 absorption (5 x 10?! atoms cm™?)
is seen against this remnant {17], its narrow width and systemic velocity is
consistent with absorption by a disk of H1 external to the central region
of M82. Hence this is further evidence that this SNR is not embedded in
neutral gas the center of the starburst. Thus if this SNR is in a relatively low
pressure region, it may be possibly reconcile the difference between the 500
km s~! predicted by Chevalier & Fransson and the measured ~10000 km s~*
expansion velocity.

Recent MERLIN observations (Muxlow et al. , this meeting) have inde-
pendently confirmed the above expansion velocities and also measured the
expansion velocities of 2 more remnants. One of the remnants has a veloc-
ity close to 10000 km s™', whereas the other is relatively low at 2000 km
s~1. We now have 4 expansion measurements and find little evidence for 500
km s~! expansion velocities. Hence we see no reason to revise the supernova
“rates or remnant ages that we have inferred previously. Higher sensitivity
observations using e-MERLIN, combined with an increasing time baseline,
will enable the expansion velocities of many more remnants in M82 to be
determined and hence constrain both the supernova rate and the parameters
of the interstellar medium in M8&2.
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