
favored by reduced replication at the 
semipermissive temperature and that 
there is more episomal DNA in pSV2-gpt 
transformed COS ts2 cells held at 37' 
than at 40°C. The potential to modulate 
copy number by temperature shift might 
be particularly useful for the isolation of 
transformed cells designed to overpro- 
duce toxic products. In principle, the 
copy number of the transfected gene 
could be kept low during maintenance 
and passage of these cells and then am- 
plified thousands of times (6) by shifting 
to the permissive temperature to induce 
replication and overproduction. 

References and Notes 

1. F. L.  Graham and A. J. Van der Eb, Virology 
52, 456 (1973); S. Bacchetti and F. L. Graham, 
Proc. Natl. Acad. Sci. U.S.A. 74, 1590 (1977); 
M. Wigler et al., Cell 11, 223 (1977); W. 
Schaffner, Proc. Natl. Acad. Sci. U.S.A. 77, 
2163 (1980); M. Capecchi, Cell 22, 479 (1980); S. 
L.  McKnight, E.  R. Gavis, R. Kingsbury, R. 
Axel, ibid. 25, 385 (1981). 

2. Y. Gluzman, Ed., Eukaryotic Viral Vectors 
(Cold Spring Harbor Laboratory, Cold Spring 
Harbor, N.Y., 1982). 

3. R. C. Mulligan and P. Berg, Science 209, 1422 

RESEARCH ARTICLE 

(1980); S. Subramani, R. C. Mulligan, P. Berg, 
Mol. Cell. Biol. 1, 854 (1981); P. J. Southern and 
P. Berg, J .  Mol. Appl. Genet. 1, 327 (1982); C. 
C. Simonson and A. D. Levinson, Proc. Natl. 
Acad. Sci. U.S.A. 80, 2495 (1983). 

4. Y. Gluzman, Cell 23, 175 (1980). 
5. P. Mellon et al., ibid. 27, 279 (1981). 
6. J .  Tooze, Ed., DNA Tumor Viruses, in Molecu- 

lar Biology of Tumor Viruses (Cold Spring Har- 
bor Laboratory, Cold Spring Harbor, N.Y., rev. 
ed. 2, 1981), part 2.,, 

7. D. C.  Rio and R. Tjlan, Cell 32, 1227 (1983); R. 
Myers and R. Tjian, Proc. Natl. Acad. Sci. 
U.S.A. 77. 6491 (1980). 

8. R. Clark, K. Peden, J.'M. Pipas, D. Nathans, R. 
Tjian, Mol. Cell. Biol. 3, 220 (1983); R. Clark, 
M. J. Tevethia. R. Tiian. in Cancer Cells (Cold 
Spring Harbor ~abocatory,  Cold Spring ~ G b o r ,  
N.Y., 1984), pp. 363-368. 

9. M. J .  Tevethia and L.  W. Ripper, Virology 81, 
197 (19771 - , - , - , , 

10. C. M. ~ i r m a n ,  G. T. Merlino, M. C. Wil- 
lingham, I.  Pastan, B. H .  Howard, Proc. Natl. 
Acad. Sci. U.S.A. 79, 6777 (1982). 

11. P. Tegtmeyer, J .  Virol. 10, 591 (1972). 
12. D. C. Rio, unpublished data: 0. Sudin and Y. 

Gluzman, personal communication. 
M. Wigler, S. Silverstein, L.  Lee, A. Pellicer, 
Y. Cheng, R. Axel, Cell 11, 223 (1977). 
S. Tevethia et al., personal communication. 
S. W. Kessler. J .  Immunol. 115. 1617 (1975). 
E. M. Southern, J .  Mol. Biol. 26, 365 (1967). 
J .  M. Pipas, K. W. C.  Peden, D. Nathans, Mol. 
Cell. Biol. 3, 203 (1983). 
B. Hirt, J. Mol. Biol. 98, 503 (1975). 
J .  H .  McCutchan and J. S. Paeano. J .  Natl. 
Cancer Inst. 41, 351 (1968); L.  RCI. Sompayrac 
and K. J. Danna, Proc. Natl. Acad. Sci. U.S.A. 
78, 7575 (1981). 

Discovery of New Variable Radio 
Sources in the Nucleus of the 

Nearby Galaxy Messier 82 

Philipp P. Kronberg and Richard A. Sramek 

There is growing evidence that short- 
lived periods of very large energy release 
in galaxies are due to intense bursts of star 
formation. Such bursts, whose intensity 
far exceeds that found in our own Gal- 
axy, are thought to involve very massive 
stars which end as supernovae. Observa- 
tions with the National Radio Astrono- 
my Observatory's (NRAO's) Very Large 
Array (VLA) in New Mexico by Kron- 
berg et al. (1) have revealed about 40 
discrete radio sources in the inner, visu- 
ally obscured nucleus of the enigmatic 
galaxy Messier 82 (M82). These radio 
sources, more luminous than any compa- 
rable objects in our Galaxy, are candi- 
dates for the supposed supernovae asso- 
ciated with the starburst source of energy. 

A radio photograph of the 4.87-GHz 
map made in February 1981 with a reso- 
lution of 0.34 arc second is shown in Fig. 
1. None of the myriad of radio sources 

has been optically identified because of 
the high visual extinction in M82's nucle- 
us. However, the similarity of their radio 
luminosities to those of recently discov- 
ered extragalactic radio supernovae (2) 
strongly suggests that we are seeing an 
entire dynamic population of radio 
sources arising from supernovae associ- 
ated with an intense burst of massive star 
formation in M82's nucleus. 

Observations. It is well established 
that the brightest of the M82 nuclear 
sources, 41.9+58, has been declining in 
flux density since at least the early 
1970's (3, 4). In doing so, it has main- 
tained a nearly constant spectral index 
(-0.9) in the optically thin part of its 
spectrum above 1 GHz. 

Since the February 1981 observations, 
we have done repeated, multifrequency 
mapping of M82 with the VLA in order 
to search for time variability in this large, 
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concentrated population of presumed ra- 
dio supernovae and supernova rem- 
nants. Messier 82 was mapped at 4.87 
GHz (wavelength X = 6 cm) in April, 
May, and June 1982 and again in August 
and October 1983, thus covering a time 
span of 2.7 years at the same resolution 
and sensitivity. Measurements have also 
been made at 1.4, 15, and 23 GHz for 
some of the above epochs, but they are, 
so far, less suitable for the purpose of 
studying variability than the more com- 
plete 4.87-GHz measurements. 

Calibration and errors. The flux densi- 
ty scale of all observations is relative to 
the strong radio source 3C286, whose 
brightness is accurately known. Its 
adopted integrated (zero-spacing) flux 
was 7.41 Jy at 4.87 GHz. Each VLA 
observing run between April 1982 and 
October 1983 was made within the same 
8-hour local sidereal time range, thus 
giving similar interferometer baseline 
coverage. Local amplitude and phase 
calibration in February 1981 was per- 
formed via the nearby calibrator 
0917+624 (I), whose flux density was 
tied to that of 3C286. In April 1982 and 
succeeding epochs, the local calibrator 
was 1044+719. 

After applying the external calibra- 
tions, self-calibration in phase was used 
to improve the dynamic range of the 
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lumpy, complex background of continu- would expect fictitious changes in flux maps. Interferometer baselines less than 
50,000 X were removed to reduce the 
effect of large structure. The final maps 
were then analyzed with NRAO Astro- 
nomical Image Processing System 
(AIPS) routines to obtain best-fit inte- 
grated and peak flux density values for 
all sources which were clearly detectable 
above the ambient background level and 
which were either smaller than or com- 
parable to our half-power beam width of 
0.34 arc second. (This is 5.3 parsecs at 
M82 for an adopted distance of 3.2 mega- 
parsecs.) In deriving the flux densities, a 
best-fit mean and slope of the local back- 
ground radiation was subtracted from 
each source flux. In the following analy- 
sis we use peak flux densities through- 
out, since these are less contaminated by 
the background radiation. Since our 
sources are unresolved, or nearly so, the 
peak and integrated fluxes are close. 
Significantly extended sources (whose 
integrated flux densities are considerably 
greater than the peak values) were omit- 
ted from the variability analysis, since 
their integrated flux densities are difficult 
to accurately separate from the back- 
ground radio emission in M82. 

Three principal sources of error are 
present in the comparison of flux densi- 
ties between different epochs. These are 
(i) the uncertainty in the flux scaling to 
the primary calibrator source, (ii) the 
error of fit to the best peak flux, and (iii) 
the offset error involved in estimating the 
true background level which was sub- 
tracted. The derived flux densities for 
our calibrators are given in Table 1. The 
dispersion in the flux of 1044+719 is 2 
percent, which can be considered an 
upper limit to the calibration scale error, 
since some of this variation may be in- 
trinsic to the source. Also, from other 
monitoring programs at the VLA, scaling 
errors of order 2 percent have been 
achieved in analyses similar to the one 
we have just described. We thus esti- 
mate error component (i) to be 2 percent. 

The best objective estimate of error 
components (ii) and (iii) was obtained 
from the statistics of flux density differ- 
ences between the closely spaced ep- 
ochs, over which genuine flux density 
variations are assumed to be insignifi- 
cant. The adopted errors are a quadratic 
sum of these three error components. In 
Table 2 we give the flux densities at the 
beginning and end of the 2.7-year period, 

um radio emission in M82. The latter is due to measurement errors of 8 to --30 
more difficult to reproduce in an identi- percent, respectively. 
cal way from session to session. For Results and discussion. In Fig. 2 we 
sources ranging from 2.5 to 1 mJy we show flux density-time plots for the ten 

Abstract. Widespread variability has been discovered in a large population of 
radio sources close to the nucleus of an active galaxy. The galaxy, Messier 82 (M82), 
and others similar to it show evidence for enhanced nuclear activity and unusually 
strong far-infrared emission. The observational data, obtained with the National 
Radio Astronomy Observatory's Very Large Array in New Mexico over the past 3 
years, provide the first direct "look" at a starburst-the phenomenon of sudden, 
rapid star formation which occurs near the nucleus of a small fraction of galaxies. 
Nearly all the brightest of about 40 radio sources in M82's nucleus decreased in 
intensity over 2.7 years up to October 1983. One source, which in February 1981 was 
ten times as bright as our Galaxy's most luminous supernova remnant, turned o f  
within only a few months. Most of the other ten strongest sources are declining so 
rapidly that they will fade into the background within 30 years. Thus, new 
supernovae are expected to appear in M82's nucleus every few years. The discovery 
has revealed the "engine room" of the mysterious activity in M82 and, by 
implication, similar active galaxies which have disturbed nuclei and which are 
unusually luminous in the far infrared. An estimate of the rate of energy input by the 
radio-visible supernovae closely matches the far-infrared luminosities which were 
recently measured for M82 and other similar galaxies. 

Table 1. Calibrator flux densities relative to 3C286 (flux density = 7.41 Jy at A = 6 cm). 

Calibration 
source Date Flux density (Jy) 

0917+6250 February 1981 1.322 
April 19-82 
May 1982 
June 1982 
August 1983 
October 1983 

*Mean flux density, tStandard error. 

Fig. I. 
GHz (A 
of 0.34 
Kronbe 
tion to 
galaxy. 

VLA map 
= 6 c m ) n  

arc second 
rg er a/ .  ( I )  
the optice 

of M82 at 4.87 
iith a resolution 
as observed by 
, shown in rela- 
11 image of the 

along with the percentage change and its 
error, and corresponding half-lives as- 
suming a simple exponential rate of de- 
cay. 

The flux densities of progressively 
fainter sources become proportionately 
more uncertain owing to the residual 
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sources which were stronger than 2.5 
mJy in February 1981. The sources are 
labeled with a nomenclature which gives 
their positions, and they are indicated on 
the contour map in Fig. 3. With the 
possible exceptions of 41.3 +596 and 
45.7+652, all have decreased with vary- 
ing half-lives which are less than -20 
years. We now describe the results in 
more detail. 

The brightest source, 41.9+58. This 
source has decreased monotonically at 
an average rate of 9 percent per year at 5 
GHz from 1981.1 to 1983.8. This agrees 
very well with the average rate of de- 
crease at 6 cm, for which we have rec- 
ords beginning with Hargrave's (5) mea- 
surement in 1973.6 (Fig. 3). The agree- 
ment in rate of decrease of 41.9+58 in 
our present data with all previous data 

Table 2. Comparison of the October 1983 5-GHz flux densities with those in February 1981 from 
Kronberg et al. ( I )  for the ten brightest sources in February 1981. 

Source Flux density Flux density Change Approximate 

name in February 1981 in October 1983 (%I half-life* 
(JY) (JY) (years) 

- - - -- -- - 

*This assumes a precisely exponential luminosity decay law. Corresponding errors are not given since there 
is as yet no evidence for the form of the luminosity decay law. 

June Octqber 
February Apr i l  I August1  

I I I 

Fig. 2. Plots of flux density (S )  
against time for the ten M82 
sources which were stronger 
than 2.5 mJy in February 1981, 
as measured between Febru- 
ary 1981 and October 1983. 
For each source a least- 
squares straight-line best fit is 
shown. 

above =2 GHz gives further confidence 
to our flux density calibration and hence 
the variability estimates for other 
sources having flux densities well above 
the noise and diffuse radio background 
levels. 

Discovery of a "rapid turnoff" 
source, 41.5+597. The most dramatic 
change has occurred for source 
41.5+597, which in February 1981 was 
the sixth brightest source at 7.1 mJy. 
Fourteen months later, and in all subse- 
quent sessions, it was less than 1.5 mJy. 
It had a spectral index of - 1.1 in Febru- 
ary 1981 and was unresolved at both 4.9 
and 15 GHz, which gives a firm size 
upper limit of 0.15 arc second. It is clear 
that the flux density variation of this 
source is distinct from all the others, 
which suggests that it arises in a different 
kind of object. 

It is interesting to compare 41.5+597 
in M82 with the Type I supernova ob- 
served in 1983 in the radio by Sramek et 
al. (6). This object, SN 1983.51 in M83, 
had a peak radio luminosity of lo2' W 
Hz-', compared with our value of 
1.1 x 1019 measured for 41.5+597 in 
February 1981. Also, Sramek et al. 
found SN 1983.51 to have a decay time 
of less than 100 days, which makes its 
behavior consistent with 41.5+597 in 
M82. As noted above, the spectral index 
between 5 and 15 GHz of 41.5+597 in 
February 1981 was -1.1 ( I ) ,  which is 
very close to the value of - 1.0 obtained 
by Sramek et al. for SN 1983.51. If 
41.5+597 is also a similar Type I super- 
nova, then the February 1981 observing 
session was very close in time to the 
supernova event. 

Search for variability among the re- 
maining sources brighter than 2.5 mJy in 
February 1981. Figure 2 shows that the 
flux densities of nearly all the discrete 
sources stronger than 2.5 mJy decreased 
between 1981.1 and 1983.8. Of the ten 
sources which had S > 2.5 mJy in Feb- 
ruary 1981, we find that at least eight 
showed a systematic decrease in their 
flux density at A = 6 cm between 1981.1 
and 1983.8. This result indicates that the 
brightest population members are evolv- 
ing on a remarkably short time scale. 
Thus, new radio sources should appear 
on comparable time scales, and our VLA 
observations are continuing with this ex- 
pectation. More important, this phenom- 
enon of rapid variability affords us the 
first opportunity of directly estimating 
the rate of energy input to the interstellar 
medium of an active galaxy. 

Summary and conclusions. We have 
discovered that virtually all of the bright- 
est radio sources in M82 are decreasing 
in luminosity on the remarkably short 
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time scale of a few years. At the current 
rates of decrease, eight of the ten bright- 
est sources in Fig. 1 which were brighter 
than 2.5 mJy in early 1981 will be fainter 
than this level in less than -35 years. 

At least one source, 41.5+597, has a 
remarkably fast decay time of less than 1 
year, whereas another, comparably 
bright one, 41.3+596, has been uncom- 
monly stable over the 2.7-year period. 
These facts reveal that individual vari- 
ability characteristics and perhaps even 
the peak radio luminosities within our 
population can be widely different, and 
any modeling of this dynamically evolv- 
ing population must account for this fact. 

To maintain such a rapidly decreasing 
population of luminous sources, our re- 
sults require a refreshment rate of one 
new radio source every few years. Our 
preliminary estimate (which depends on 
the form of the luminosity decay) re- 
quires a new supernova every 3 to 5 
years. The very rapid decay of source 
41.5+597 strongly suggests that its first 
observation in February 1981 was very 
close to the supernova outburst. This 
rate could be even higher if "rapid turn- 
off'  sources such as 41.5+597 are a very 
frequent event-that is, more frequent 
than every -3 years. In order to "catch" 
sources such as 41.5+597, a monitoring 
interval is needed which is less than their 
typical half-life-that is, a few months. 
Because our monitoring interval has gen- 
erally been much less frequent, we can- 
not yet estimate the frequency of the 
very fast sources like 41.5+597. 

Thus, our discovery of rapid flux de- 
cay provides an opportunity to directly 
measure the energy input to the optically 
obscured nucleus of a galaxy which is 
undergoing an active starburst phase. 
Assuming that each supernova releases 
lo5' ergs (the canonical energy of a su- 
pernova), our experimental results for 
M82 give a rate of energy release of 

erg sec-'. This number could be 
significantly increased if fast decayers 
such as 41.5+597 are frequent and are 
also supernovae (see above). This is 

M82 
4872.6 MHz 

February 198 

IIJ 
0 9 ~ 5 1 ~ 4 6 '  4 4 S  42' 408 

Right ascension 

Fig. 3. Radio contour version of the VLA 6-cm map shown in Fig. 1 ,  showing the positions of 
the ten brightest sources plotted in Fig. 2. A more complete list of 32 sources and their flux 
densities is given in Kronberg et a / .  ( I ) .  

close to the total far-infrared excess lu- 
minosity of M82, which is -6 x erg 
sec-' (7). 

We can therefore conclude that, to the 
accuracy of the energy input estimates 
currently possible, supernovae are suffi- 
cient to explain the "excess" power 
source in M82. Since the Infrared As- 
tronomy Satellite (IRAS) has recently 
shown many other radio-enhanced gal- 
axies to have strong infrared excess 
emission like that of M82, our results 
suggest that we have isolated the "en- 
gine room" of starburst galaxies in gen- 
eral. In particular, it seems that it is not 
necessary to invoke a single supermas- 
sive star or a gravitationally collapsed 
object to explain the large energy input 
in galaxies like M82. Rather, "conven- 
tional" supernovae occurring in a suffi- 
ciently intense starburst scenario are suf- 
ficiently frequent to provide the power 
source. 

The rate of supernova production in 
the inner nucleus of M82 is approximate- 
ly 50 times higher than that for the entire 
disk of our Galaxy, whose linear dimen- 
sions are 30 times as large. Also, the 19 
brightest radio sources in M82 range 
from twice to 150 times the radio lumi- 

nous single radio source in the Milky 
Way. 

Our radio monitoring of M82 superno- 
vae with the VLA is continuing. We 
expect that a new supernova of the more 
"slowly" decaying type-that is, with a 
half-life up to a few decades-should 
appear within the next few years. Be- 
cause of the very large opacity of M82 in 
optical bands, it will probably not be 
visible optically. However, it should be 
detectable at infrared wavelengths long- 
er than about 1.5 pm. 
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