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The Changing Morphology and 

Increasing Deceleration of 

Supernova 19931 in M81 


N. Bartel,'* M. F. Bietenholz,' M. P. Rupen.' A. J. Beasley,' 
D. A. ~ r a h a r n , ~  T. Venturi,' C. Urnana,= V. I. A l t ~ n i n , ~  

W. H. Cannon.'*'J. E. Conways 

Twenty consecutive Very Long Baseline Interferometry images of supernova 
1993Jfrom the time of explosion t o  the present show the dynamic evolution 
of the expanding radio shell of an exploded star. High-precision astrometry 
reveals that the supernova expands isotropically from its explosion center. 
Systematic changes in the images may reflect a pattern of anisotropies and 
inhomogeneities in  the material lef t  over from the progenitor star. As the shock 
front sweeps up the material in the surrounding medium, it is increasingly 
decelerated and influenced by the material. After 5 years, the supernova has 
slowed t o  half of its original expansion velocity and may have entered the early 
stages of the adiabatic phase common in  much older supernova remnants in the 
Milky Way Galaxy. 

Supernova 19935 (SNlYY3J) ( I )  in the nearby source during the first 100 days showed that 
galaxy M81 was the brightest optical super- its size was growing with time t ,  with the 
nova in the Northern Hemisphere since angular radius 0 x t"' and nz = 0 . Y  6 i- 0.07 
SN1954A and, at a distance of only 3 63 -C (8) .As the supernova expanded, its shell-like 
0 36 Mpc (2). among the closest in modem structure was revealed (9, 10). The expansion 
history. Its progenitor star is believed to have was found to be decelerated over a time of 
been either an -15-solar-mass (M.,) super- -3 years. with estimates of rn of 0.86 2 0.02 
giant that has lost a substantial portion of its (11) and 0.837 i- 0.025 (12). The nature of 
hydrogen envelope to a companion in a bina- the expansion was reported (11) to be self- 
ry system (3, 4 )  or a single -30M super- similar, as described in the standard model 
giant ( 5 )  Shock breakout from the explosion (13) of the interaction of the shock front with 
occurred on 28 0 March 1993 UT (6)  Radio the circumstellar medium (CSM) left over 
emission was detected a few days thereafter from the mass loss of the progenitor star. The 
(7 )  An optical image of M81 superimposed structure of the supernova would remain un- 
on a 5-GHz Very Large Array (VLA) radio changed in this model except for a time-
map shows the supernova in a southern spiral dependent scaling factor. and the deceleration 
arm (Fig 1) Very Long Baseline Interferom- would be constant. Here, we present results 
etry (VLBI) observations of the young rad~o  from VLBI observations over 5 years (14)  

and show that the structure of SNlYY3J is 
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unresolved source when the supernova had a 
radius of just 140 micro-arc seconds (pas) or 
520 astronomical units (AU) corresponding to 
13 solar system radii. The first hint of the shell 
brightness distribution is revealed in the third 
image at t = 175 days. As the supernova ex- 
pands, the shell morphology becomes more ap- 
parent. The brightness is modulated along the 
ridge of the shell. At first, the maximum bright- 
ness appears at eastern to southeastern azimuths, 
and the minimum appears on the opposite site. 
With time, the modulation pattern rotates coun- 
terclockwise with the peak at t = 451 days 
occumng in the south and the minimum occur- 
ring in the north. At t between 500 and 700 days, 
thk brightness is more uniform along the ridge, 
except around the minimum. The minimum has 
now rotated to the north-northeast and appears 
as an opening in the shell. In addition, slight 
indications of an eastern and western hot spot 
can be discerned at t = 686 davs. As the size 
increases, our relative resolution also increases, 
and a more complex morphology is observed. 
From t = 996 days onward, the two hot spots 
become more prominent and evolve in time: In 
addition, a southern hot spot develops and re- 
mains visible throughout the remaining images. 
The central region in the full-resolution map has 
a relatively low brightness, for, say, t = 1693 
days, of 50.15 mJy/beam (mJy, millijansky; 
beam, 0.4 mas2; mas, milli-arc second). This 
limit equals six times the root mean square (rms) 
of the brightness outside the supernova image 
and two to three times the standard error inside 
the shell when image fidelity considerations are 
taken into account. The limit corresponds to a 
spectral luminosity at 8.4 GHz of no more than 
that of the Crab pulsar nebula from the super- 
nova explosion in 1054 A.D. However, the lu- 
minosity of a young pulsar nebula is expected to 
be 10 to 1000 times larger than that of the Crab 
nebula (16), suggesting that the center, expected 
to be opaque, cannot yet have become transpar- 
ent by filamentation (16), provided a pulsar was 
formed in the first place (1 7). The last image at 
t = 1893 days shows a round shell with a fairly 
complex brighmess distribution that has expand- 
ed more than 20 times over the 5 years of 
observations to a radius of 3.25 mas or 12,000 
AU. 

For a more quantitative analysis, we fit by 
weighted least squares a model of the two- 
dimensional projection of a three-dimension- 
al shell with uniform volume emissivity to 
the calibrated visibility data in the u-v plane 
and estimated the shell's center coordinates 
with respect to the stationary core of M81 
(15), as well as its inner and outer radii, Bi 
and 0,, respectively. Although the brightness 
distribution along the rim is rotationally 
asymmetric, the geometric shape of the shell 
at low brightness contours is circularly sym- 
metric. For instance, for epochs at t = 686, 
1532, and 1693 days, the radius of the bright- 
ness distribution at the 20% contour level, 

averaged over 30" in azimuth, varies around 
the center coordinates of the fit shell with a 
rms of <3%. These measurements constrain 
the degree of, for instance, bipolar expansion. 
Moderate one-sided expansion, however, 
would leave the shell mostly circular but 
move the shell center. Such expansion is 
therefore constrained by the degree of sta- 
tionarity of the center coordinates. 

A least squares linear fit for each coordinate 
cu and 6 separately gives a proper motion esti- 
mate with respect to the core of M81 of (J, = 
-9 + 6 pas year-' and (1, = -10 + 7 pas 
year-' (18). For the above distance of 3.63 
Mpc, the proper motion estimate corresponds to 
respective velocity components of - 100 +- 100 
km s-' and - 170 + 100 km s-I (no error 
assumed in the distance to M81). We do not 
consider the velocity components to be substan- 
tially different from zero. Galactic proper mo- 
tion of the supernova around the core of M8 1 is 
computed from HI rotation curves (19) to be 
-230 + 160 krn s-I and directed toward the 
northwest (Fig. 1). Subtracting the two velocity 
vectbrs gives a peculiar velocity of the geomet- 
ric center of SN1993J of 360 2 140 krn s-I 
toward the south and, combined with the 3% 
bound on circular symmetry deviations, a l o  
upper bound on any deviation from isotropic 
expansion of 6%. 

Although the shell structure of the super- 

nova can be seen in the images as early as at 
t = 175 days, only in the last.several epochs 
was the supernova sufficiently extended on 
the sky for the shell thickness to be deter- 
mined with useful accuracy. As an indicator 
of such thickness we plot the ratio 0,/0, in the 
inset of Fig. 3. The weighted mean is <0,/ 
0,> = 1.26 + 0.02, smaller than the value of 
114 (no errors given) estimated by others (10) 
but consistent with the prediction in the stan- 
dard model. A weighted linear fit gives an 
increase of the ratio of 0.017 + 0.022 
years-', which is not significant. 

We determined 0, again, with 0,/0, kept 
fixed at 1.25 in the fits for all observations 
(Table 1 and Fig. 3). A weighted least squares 
power-law fit to the values for 0, gives m = 
0.839 +- 0.009, consistent with earlier mea- 
surements (11, 12). However, the higher ac- 
curacy of the present measurements gives a 
reduced chi-square, X; = 2.7, indicating sig- 
nificant misfits with a probability of chance 
coincidence of 50.3 X We find that a 
self-similar expansion characterized by a 
constant deceleration parameter m is not re- 
alized for SN1993J. At early times up to, say, 
t = 306 days, the supernova expands with 
rn = 0.937 + 0.020 (x; = 0.85), confirm- 
ing our earlier value (8) with a more than 
threefold increase in accuracy and indicating 
a slight deceleration of the shock front in the 

Fig. 1. The galaxy M81 
at 5.0 GHz observed 
with the VLA in the D 
array on 15 November 
1997, superimposed on 
an optical image (37). 
The radio contour levels 
are at 0.14, 0.3, 0.5, 0.7, 
1,2,4,8, 15,20,40,and 
80 mJy/beam. The bright- 
est source is the nucleus 
of M81 at 120 mJy/ 
beam. SN1993J is the 
second brightest source 
located approximately 
south of the center. The 
inset shows an enlarged 
portion of the radio and 
optical images at the 
Location of SN1993J with 
the progenitor of SN1993J 
visible at the radio bright- 
ness peak. The width of 
the box corresponds to  
2 arc min at the sky. 
North is up, and east is 
to  the left. 
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Table 1. SN1993J size determinations. 
17MAY 1&3 
Dm50 

DAY 461 

11 MAY 1995 
DAY 774 

19 DEC 1995 
I DAY 996 

8APR 1996 
DAY 1107 

DAY 1253 

3 DEC 1996 
DAY 1356 

7 JUN 1997

1 DAY1532 

I15 NOV 1997 
DAY 1693 

1 MAS 
0.1 LIGHNEA 

D 
20 30 40 50 60 70 80 90 100 

PERCENT
Fig. 2. Images from 8.4-CHzVLBl observationsat 
20 epochs made consecutively from t = 50 to 
1893 days after shock wave breakout (32).The 
total flux densiq reaches a peak of -100 mJy at t = 100 days and decreases thereafter to -18 mJy 
for the last map. The convolving beam is conservatively chosen to be circular for each map with the full 
width at half maximum (FWHM) approximatelyequal to or larger than the FWHM of the "dirty beam" 
along its major axis. It starts with a FWHM of 0.5 mas, increases steadily to 0.9 mas for the midterm 
map at t = 996 days, and then increases again to 1.15 mas for the last map. This procedure minimizes 
deconvolution distortions and brightness structure misinterpretations and provides for a smooth 
appearance of the structural evolution of the supernova. The color brightness scale is normalized 
separately to the peak of each image.The peak brightnessesfor the representative first, middle, and last 
map are 15,l.g. and 0.8 mJy1beam. respectively,and the correspondingrms values of the background 
noise are 0.10,0.09,and 0.03 mjylbeam. Differences in features are significant if they are Larger than 
-10% for the first-year maps and -20% from then onward. 

first months after the shock breakout. With seen in the optical spectra. For, say, t = 19 
the distance of 3.63 Mpc, the early velocity is days, our -fit gives 17,600 t 500 km s-', 
equal to the largest expansion velocity vmax compared with vmax = 18,000 2 ,1000 km 

Date Age* Frequency Angular 
(days) (CHz) radius?.(pas) 

27 Apr 1993 
17 May 1993 
17 May 1993 
17 May 1993 
27 Jun 1993 
27 Jun 1993 
4 Aug 1993 

19 Sep 1993 
19 Sep 1993 
6 Nov 1993 

17 Dec 1993 
17 Dec 1993 
28 Jan 1994 
28 Jan 1994 
15 Mar 1994 
22 Apr 1994 
22 Jun 1994 
30 Aug 1994 
31 Ob 1994 
23 Dec 1994 
12 Feb 1995 
11 May 1995 
18 Aug 1995 
19 Dec 1995 
8 Apr 1996 
1 Sep 1996 

13 Dec 1996 
7 Jun 1997 

15 Nov 1997 
3 Jun 1998 

*Time since shock breakouton 28.0 March 1993 UT. ?The 
angular outer radius 8, of a three-dimensionalshell rnod-
el, see text (18). 

s-I from the blue,edge of the H, hydrogen 
absorption trough (20). Vice versa, we get a 
direct distance determinationto M81 of vmaxl 
0, = 3.7 t 0.4 Mpc (21). The deceleration 
grows later on. For the time period from t = 
582 days to our last epoch at t = 1893 days, 
m = 0.772 t 0.013 (x: = 1.2), which is 
different from m at early times by 7u (22) and 
indicates a change of the physical parameters 
in the shock front region (Fig. 3). A changing 
decelerationrate has not been directly moni-
tored for any other supernova, although for 
SN1987A, it could be inferred that a change 
had occurred before the first size measure-
ments (23). 

From these results, a coherent picture of 
the evolution of SN1993J can be derived. 
From early on, the supernova expanded iso-
tropically (at least in projection) within 6% 
and with the shock front appearing circular, 
even within 3%. The evolvingbrightness dis-
tribution, however, is azimuthally asyinrnet-
ric and more complex than expected for a 
self-similar expansion.Changes in the bright-
ness distribution could be caused by irregu-
larities in the ejecta, such as fluctuations of 
the density distribution coupled with distor-
tions in the velocity field of the hydrogen gas. 
However, given the high degree of circularity 
of the images, such irregularities may not be 
the dominant cause of the structural changes. 
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Fig. 3. The angular outer radius 0, of I I 

the shell model from Table 1, plotted o 22 GHz 
- A l 5 G H zagainst time. The dashed and solid di-

agonal lines represent weighted least- 8.4 GHz 

squares fits (0, x tm) t o  the 14 data ,-
points of the early eight epochs (t 5 ;;; 1 
306 days) and to  the 12 data points of 1 
the latest 12 epochs ( t  2 582 days). -

For the latest epochs, the standard er- t 
-

rors of 8, are only half as large as the 3 
' 

symbols. (Inset) The ratio of 0, t o  the 
inner radius O i  for several of the last 
observations for which both 0, and O i  o,l -
could be estimated with useful accura-
cy. The horizontal line represents the 100 1000
weighted mean of 8,/8, from these ep- Time since shock breakout (days)
ochs. Error bars indicate SE (78). 

Another possible cause for the structural 
changes may be changes in the magnetic 
field. Probably more important are deviations 
from isotropy and homogeneity of the CSM 
in the form of local condensations in the wind 
from the progenitor star possibly caused by 
its binary nature. The shock front overruns 
this stellar wind with a speed up to -2000 
times larger. It can thus act as a "time ma-
chine," by recording, in just a few years and 
in reverse, the wind history over the period of 
-10,000 years before the star died. 

The expansion was already slightly decel-
erated at the time of the first obsenrations, 
and its deceleration increases subsequently, 
indicating a change in the interaction between 
the shock front and the CSM. In particular, 
with the assumption that the standard model 
gives an approximate description of the inter-
action region at least for individual time seg-
ments. the deceleration is related to the den-
sity profiles of the supernova ejecta, p,, x 

r-", and of the surrounding CSM, p,, x rp", 
with r as the radius from the supernova center 
and n? = ( n  - 3)/(n - S) (24). The ex-
panding shock front sweeps away the obscur-
ing layers, giving a time dependence for the 
opacity due to external free-free absorption of 
T x t s ,  with 6 = - (2s  - 1)ni andn =(6 + 
6 - m)![2(1 - m)]. With 6 = -1.99::::: 
determined from the radio light curves (25), 
our early expansion value for ni gives s = 

1.56::::: and n = 24:A2, consistent with 
the interpretation of early x-ray emission 
(26). For the later time interval, 2 to 5 years 
after the explosion, the parameter 6 is not 
well determined. If we assume that it has not 
changed, then s = 1.79:; :: and n = 
7.1 C0.5 , , , .  A more elaborate model, with syn-
chrotron self-absorption included, gives s = 
2 being consistent with the data for all times 
(27). With this value, n changes from early to 
late times from 18:; to 6.4 -C 0.3. 

These results represent a shock front with an 
initially steep density profile that relaxes its 
steepness after 1year as the shock front sweeps 
through, and is progressively decelerated by, 
the CSM. The latter has a density profile close 
to s = 2, expected for an isotropic CSM gen-

erated by a time-constant ratio of mass loss to 
wind velocity, M,,/w,of the progenitor. Or, for 
the alternative scenario with s = 1.56, the pro-
file is somewhat flatter (at least during the first 
year), indicating a decreasing ratio (25), M,,lvv 

t-0.44 , at least for the last 1500 years before 

the star died. Our images show asymmetries in 
the brightness distribution resembling a horse-
shoe pattern that rotates with time during the 
frst -600 days and systematicallychanges in a 
more complex way afterward, indicative of a 
pattern of deviations from isotropy and time 
constancy. Perhaps M,,/vvwas systematically 
changing angularly and temporally but on av-
erage remaining constant for s = 2 or decreas-
ing with time for s = 1.56. Or, perhaps more 
plausibly, the density profile of the CSM may 
have been modified by the fast wind of an 
early-type companion (28), giving rise to the 
asymmetric and rotating brightness pattern seen 
in the early images. The change in the deceler-
ation of the expansion after -1 year may indi-
cate the location at which such modification 
was no longer dominant. However, a direct sign 
of the purported binary nature of the progenitor, 
for instance, in the form of a suggested disklike 
structure (29) of the CSM, is hard to discern in 
the images. Two-dimensional hydrodynamic 
simulations may be needed to interpret the de-
tails of the images accurately. 

After 5 years, the velocity of the shock 
front has slowed down to -8500 km s-', less 
than half of its value during the first 3 weeks. 
Therefore, the mass of the CSM swept up by 
the shock front, M5,, is expected to be com-
parable to or larger than the mass in the 
hydrogen shell, M With M ,  = 5 X 

1O p 5 M ,yearsp' for 10 = 10 km s-' from 
radio light curve fits (27) and s = 2, we get 
M,, - 0.3M,?. This value increases by 30% 
for the alternative scenario with s = 1.56 
during the first year instead and the above 
value for M,,occurring for a time of 120 
years before the explosion (25). In any case, 
this value is too small in comparison to MShell 
- 3MZ, suggested for the single-star model 
(5). An unrealistically high value of M,,/I? 

would have to be assumed for M5,,,2 Mshell. 
The value of Mshellis, however, comparable 

to the relatively small estimates of 0.2Mc to 
0.4M2 (4, 30) that remained after mass trans-
fer to the companion for binary models. 
Therefore, and because of the growing decel-
eration, SN1993J has finished the free-expan-
sion stage and appears to have entered the 
early stages of adiabatic expansion, where its 
evolution is dominated by the swept-up ma-
terial of the CSM, and the deceleration pa-
rameter approaches rn = 0.4. Several much 
older galactic supernova remnants are be-
lieved to be in this stage, interacting instead 
with the interstellar medium. However, their 
evolution could be monitored only over 
<lo% of their lifetime. SN1993J has been 
monitored over nearly 100% of its life and, 
after only 5 years, indicates how much older 
supernova remnants in our own galaxy may 
have evolved. 
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Protein Interaction Mapping in 
C. elegans Using Proteins 
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Protein interaction mapping using large-scale two-hybrid analysis has been 
proposed as a way t o  functionally annotate large numbers of uncharacterized 
proteins predicted by complete genome sequences. This approach was exam- 
ined in  Caenorhabditis elegans, starting with 27 proteins involved in  vulval 
development. The resulting map reveals both known and new potential inter- 
actions and provides a functional annotation for approximately 100 unchar-
acterized gene products. A protein interaction mapping project is now feasible 
for C. elegans on a genome-wide scale and should contribute t o  the under- 
standing of molecular mechanisms in this organism and in  human diseases. 

Complete genome sequences are available for 
Escherlchza col1. Sacclzaronzyces cerevtslae. 
and C elegans, and are expected soon for other 
model organisms and humans (1).In addition to 
facilitating the identification and cloning of 
genes and providing valuable insights on evo- 
lution, this information is likely to change the 
way biological questions are addressed. It is 
becoming possible to study molecular mecha- 
nisms globally in the context of complete sets 
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Protein-protein interactions are crucial for 
many biological processes. Therefore, the 
knowledge of interactions involving 
otherwise uncharacterized proteins may pro- 
vide insight into their function. The two-hybrid 
system, a standardized functional assay. facili- 
tates the identification of potential protein-pro- 
tein interactions and has been proposed as a 
method for the generation of protein interaction 
maps (4-7). Before the approach can be applied 
on a genome-wide scale, however, conceptual 
and technical issues need to be addressed. Con- 
ceptually. the biological information gener- 
ated by two-hybrid analyses is often ques- 
tioned because of the inherent artificial nature 
of the assay. Therefore, this method should 
be tested in a model organism using groups of 
proteins for which functional data are avail- 
able. Technically, the cloning of open reading 
frames (ORFs) into appropriate expression 
vectors with the current techniques is labori- 
ous and expensive when dealing with hun- 
dreds or thousands of genes. Consequently, 
methods to standardize this process are re- 
quired. Furthermore, it is necessary to decide 
upon a format in which the interaction data 
will be made available to the research com- 
munity. Finally, it will be necessary to devel- 
op methods to determine the biological rele- 
vance of the potential interactions identified. 

To address the issue of the potential biolog- 
ical relevance of protein interaction maps, we 
selected C. elegans as a model organism (8) .  
The nearly complete C. elegans genome se-
quence led to the prediction of -20,000 gene 
products of which approximately 700 have 
been functionally characterized [for example, 
(9)] .As a starting point, we chose to focus on C. 
elegans genes involved in the regulation of 
vulval development. At least four different 
pathways function coordinately to form a single 
vulva in the adult hermaphrodite. including a 
receptor tyrosine kinase (RTK)IRas pathway 
(RTKIRas), a Notch pathway (Notch), and two 
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