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KeplWs supmova remnant (SNR) Is 
an ideal object for a direct investigation 
of the interadon of a blast wave with a 
hlghly inhomogems medium. Most of 
the optical ernissbn comes from dense 
(n - 103 - 1 O4 cm? and compact (r - 
1016 - lo1' cm) knots recently hit by the 
main shock. The physics of the intwac- 
tion is complex and involves the forma- 
fion of smmdziq shocks, cloud crush- 
ing and evaporation by saturated con- 
duction (see MKw, 1988 for a review). 

We here present some results of a 
tong-term project on Keplefs SNR. di- 
rected towards the study of links be- 
tween the klnemattcal, morpholugical 
and spdmampical propertlea of a 
knd, and the phase of its Interaction 
with the supernova blast wave. Kepbr's 
SNR is a very young object (less than 
400 yr old), and contains features that 
evolve with time-scales considerably 
shorter than a human titime. For this 
reason It represents one of those rare 
cases in which the evolution can be 
followed 'in real time". 

2 Morphology 
Aftar Kepter's supernova (SN 1604) 

faded away, more than three centuries 
passed before its remnant was discov- 
ered. In 1941 Butde '(1 943) flrst de- 
tected some nebulosity near the super- 
nova position that was deduced from 
the historical records. He described 
Kepler's SNR as "a broken mass oT 
bright knots and filaments covering a 
fan-shaped area", but actually detected 
only the N-W brightest part of the opti- 
cal remnant. 

In fact the location of thIs remnant is 
far from ideat for optical observations. It 
is highly redden&, and very crowded by 
field stars. Therefore faint filaments may 
be overwhelmed by the background, 
while same optical knots can & mis- 
taken for stars. Deeper images of the 
nebutar emlssion can h obtained only 
alter a careful suMractIon of the stellar 
continuum f r o m  narrow-band frames 
centred on conspfcuous emission lines, 
like Ha+[N II] (D'Odorlco et al., 1986), 
but also [S Ill, 10 I] or [Q 110 (Blair, Long 
and Vancura 1991 j. 

Such imagas reveal a great deal of 
structure. In addition to the brightest 
complex located on the N-W side of the 
remnant, there are some clumps of 
knots lying along the edge of the rem- 

nant, and spanning directions from N-E 
to West (ckkwiise). Othw groups of 
knots are located closer to the remnant 
centre. Fainter diffuse emission Is atso 
present along most of the northem rim 
of this SNR, as well as In the surround- 
ings of the centrat groups of knots. No 
optlcat emlssion can be detected along 
the southem rim of the remnant. 

Actually the optical Images are not the 
most suitable for defining centre and 
size of Kepler's SNR; but one could use 
radio and X-ray images (Matsul et al., 
IW), w h m  the remnant looks pretty 
circular. However also at these 
wavelengths W shows a strong 
asymmetry in the emission, with a N-W 
limb considerably brighter than the rest 
of the remnant. 

3. Kinematics -A Bow Shock 
Model? 
By a comparison of plates covering 

the period 1942-1 976, van den Bergh 
and Kamper (1977) were abte to mea- 
sure proper motions for 19 knots. Fur- 
thermore they collected radial velocity 
measurements for a few knots. 

Thdr data were consistent with an 
"expansion age" of less than 2 x 1 o4 yr. 
Therefore it became clear that the opti- 
cal knots in Kepler's SNR have hot been 
ejected by the supernova. On the other 
hand they are too dense and clumped to 
be interstellar (recall that the remnant is 
tacated about 500 pc above the &lac- 
tic plane, for a dlstanm of 4.5 kpc). Very 
likely the optical knots originated from a 
wind of the stellar progenitor. This hy- 
pothesis is also supported by the pres- 
ence of a dlgM nitrogen owabundance 
(Dennefeld, 1982; Leibowitz and Dan- 
ziger, 1883). In m e  respcts the knots 
resemble the "Quasi Stationary FImuli" 
in Cassiopeia A. 

 not velocities, typ~ca~~y only some 
hundred kWs, can be interpreted as 
random motions added to a common 
translation, pdnting towards the N-W. 
Bandiera (1987) notied that such a 
translation pdnts to the direction where 
the remnant is brightest, in the optid as 
well as in radio and X rays, and ex- 
plained this in the following way: 

Assuming that this material Miglnated 
from a m l b r  wind, Zts common motion 
may reflect the motion of the supernova 
progenitor. During that rnass-l- 
phase, the wind was interacting with the 
interstellar medium, and formed a bow 

shock in the direction of the stellar mo- 
tion. In the bow shock the gas was 
compressed, allowing the condensation 
of dense clumps. Mow the supemova 
blast wave moves through this dense 
and Inhomogeneous medium. The effect 
of this is an enhanced emission in radio 
and X rays on that slde. When the most 
compact clumps are 'ignited" by the 
arrival of the blast wave they become 
visible as optically emitting knots. 

Since the time-scale for the evolution 
of knots is considerably shorter than the 
remnant age, the optical knots trace the 
actual position of the supernova blast 
wave. Knots are visible only on an 
annulus at the intersection of the bow 
shock with the blast wave. Since the 
common transtation also has a radial 
component, the bow shock gmmetty Is 
seen from an oblique perspective, and 
this annutus appears as an ellipse. On 
this hypothesis the knots projected near 
the central regions of the SNR are actu- 
ally part of this ( d i s t m )  ellipse. Wlth 
the expansion of the blast wave, new 
knots wlll appear on an ellipse that in- 
creases in sire and shim In position as 
well. 

This geometry allows one to predict 
where new knots will appear. A non- 
trivial prediction concerns the central 
knots. These new knots should brighten 
to the south of those already existing 
(8andbn 1988). 

4. The Restoration of Old Plates 
Here we shall describe the most im- 

portant phases of a work (Bandim and 
van den Bergh, 19914, that allowed us 
to obtain clmnw and deeper images, 
and to follow h detail the motions of 
many knots and the evolution of their 
intensities over the last half century. 

We used plates taken with the Hooker 
2.5-rn reflector (1 941 -1 943) and with 
th M e  5-m telescope (1 850-1983). 
As already mentioned in Section 2, the 
nebular emission is immersed in a 
crowded stellar fidd. This is particularly 
evident on dd plates, exposed with 
broad-hand filters. As a first step, we 
decided to "restore" these plates, by 
subtraction of the stellar continuum, 
wlth the dm of also extracting from 
them information that was originally 
hidden. This requires an off-line refer- 
ence image for the subtraction. How- 
ever we did not expect the stettar field to 
have experienced significant changes 
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Figure 1: (a) goad-qualily photogrephic plate of Kepler's SNR (Hale 5-m telescope, May 1950); (bJ the same aftw restoration by subtraction of 
the stellar ~untinuum. 

Over the last decades. We therefore de- 
c ldd  to use an image taken recently. 

Observations were carried out in 1 989 
wlth the 1.5-m Danish telescope on La 
Silta, with the RCA CCD No. 15, using 
broad-band as well as Interference fll- 
tefs centred on Ha+[N Ilj, [S II]  Ilnes, and 
on the nearby continuum, Our aim was 
to produoe a reference image for the 
stellar field with a spectral response 
similar to that of the old plates. In this 
respect a BesselI R filter was found to 
give the best results. We first obtaind 
Ha+[N II] and [S II] images of the nebular 
emission, by subtracting the stellar con- 
tinuum, after a proper alignment of the 
frames and an approximate equalization 
of the point spread functions. They were 
then us& for subtracting the nebular 
component from the fmme with the 
Bessdl R filter. In all the steps of #8 
reduction procedure we stressed the 
production of i m g a  that were as clean 
as possible, whiie deemphasidng the 
detection of very faint structures. 

The next step was the subtraction of 
the stellar continuum from the old 
plates. Thls stellar subtraction can be 
carried out only after a linearization of 
the chamcteristic curve of the photo- 
graphic plates. Since this was unknown, 
we had to derive it from the plate itself, 
by comparison with the (line@ CCD 
frame. Thls is a difficult task, mainly 
because the point spread functions of 
the two images are also different. We 
solved the problem in an approximate 
way by comparing the Intensities of a 
set of stars selected independently on 
the plate and on the CCD reference 
frame, using the INVENTORY routine, 
implemented in MIDAS. By this proce- 
dure the image of the bright stars 
cannot be compIetely removed. How- 
ever, for fainter stars which are more 
numerous, the characteristic curve of 
the plate can be fitt6d with greater accu- 

racy, resulting in a more efflclent stellar 
subtraction. As an example, Figure la 
shows the appearence of a photo- 
graphic image of Kepler's SNR, ob- 
tained in 1950 with a broad-band red 
filter. Figure I b  shows the same image, 
after the stellar subtraction procedure 
described &bov%. 

5. A Catalogue of Optical Knots 
After "cleaning" the old plates from 

stellar contamination, following the 
evolution of the nebular emissbn be- 
comes an easier task. The comptete set 
of restored images has been pubtished 
by Bandiera and van dm Bergh (1 991 4. 
Some knots are seen to brighten con- 
siderably. Most of these lie on the exter- 
nal part of the northern rim, but some 
are also located in the central regions of 
the remnant. The evolution of knots Is of 
particular Interest for the understandhg 
of the geometry of this object, Newer 
knots brightened to the south of those 
already existing; in qualitative agree- 
ment with the predictjons of the bow 
shock model (Bandiera and van den 
Bergh, 1991 b) described in Section 3. 

The qudity of the images is good 
enough to also allow a quantitative anal- 
ysis of the evolution of the optbal rem- 
nant. As a first step, a catalogue of 
emitting knots has been prepared. In 
Kepler's SNR optical knots usually look 
to be well defined. When filamentary 
structures are present, they usually con- 
sist: of a group of aligned knots. In order 
to avoid selection effects produced hy 
manual recognition and centring of 
knots, we prefemd to perform an auto- 
matic search @y INVENTORY) In the 
region where knots are present Further- 
mom, this search was pehrmed inde- 
pendently on the different plates. We 
retained as real only those knots that 
were detected independently on mast of 

the plates. On average a knot was de- 
tected on 9 of the 12 available frames. 
Our catalogue was not intended to be 
complete. Even a few rather bright knots 
were discarded because they were al- 
most coincident with a poorly sub- 
tracted star. Furthermore, a few very 
recent knots were not included, be- 
cause they were only present on a few 
images, Our catalogue Lists only knots 
whose parameters can be detmlned 
with some accuracy. The total number 
of knots In wr catalogue is 50 com- 
pared to the 19 knots catalogued by van 
den Bwgh and Kamper (197 ,  who 
u& a similar set of plates. 

INVENTORY gives both positions and 
intensities of sources. Thewe positions 
can be used to determine astrometric 
motions of individual knots. Proper mo- 
tions are combined to measure the 
amount of common translation, as well 
as expansion velocity. After correcting 
for Galactic mtatlon the components of 
the average hots motion are 11 7 f 10 
km/s and 105 k 11 kmk, toward Wes? 
and North, respectively; the expansion 
velocity is instead 87 i4 26 km/s (for a 
distance of 4.5 kpb. These values are 
consistent with those of van den Bergh 
and Kamper (1973, but have a much 
higher accuracy. 

Approximate photom&y has been 
obtained by comparing the intensities of 
corresponding knots in different images, 
after additional cw7ections for effects of 
the residual non-linearity In the restored 
images. Absolute dibration is provided 
by the knot fluxes given by D'Odorico et 
al. (1986), At the end of this reduction 
we obtained light curves (basically in 
Ha+[N Il] emission) for all catalogued 
knots over a period of 40-50 yr. The 
relative aceutacy on the intensity es- 
timates is about 30%. 

Band bra and van den Bargh (1 991 a) 
prmnt all available quantitEttive infot- 



Figure 2: Ma@t?g (4 of pmper motb?s and (b) of evdutlon in brightness d catalog& knots h KepWs SNR (see texij. 

mation derived from astrometry and 
photomeiq of the catalogued knots. 
Our Figures 2a and 2b give a synoptic 
picture of the proper motions of knots 
and of thelr evolution In brightn-, re- 
speciivefy. In Figure 2a each arrow rep- 
resents the proper motion of a knot over 
400 yr (the present SMR age). The c m  
indicates the position of the centre of 
the mdio and X-ray image, and the 
arrow from its centre indicates the com- 
mon translation of the pattern of knots. 
In Flgure 2b a cirde centred at the posi- 
tion of each catalogued knot represents 
Its evolutionary phase: filled circles indi- 
cate brightening (newer knots), whlle 
open circles indicate fading (older 

knots). Larger circles indicate faster 
evolution. As already discussed above, 
newer knots brlghtend on the northern 
rim central regions of Kepler's SNR. 
Most knots are fading, with time-scales 
generally longer than those of the brigh- 
tening ones (9-fold time-scales are up to 
10 yr for brightening, and up to 30 yr for 
fading). 

6. Effects of the Evolution on the 
Knots' Propedes 
Purpose of this Section is to give the 

reader a qualitative feeling of how the 
properties of knots depend on the 
phase of their evolution. Here we shall 

present preliminary results based on im- 
ages oQtalnd with SUSl at the New 
Technology Telescope (May IN?), us- 
ing narrow-band filters centred on 
Ha+[N Ifl, IS IIJ and [0111] lines, respec- 
tively. For each of these three filters, 
after the subtraction of the stellar con- 
tinuum. the retatlve intensities of knots 
catalogued by Bandiera and van den 
Bergh (1 991 4 have bem measured. 

In Figures 3a and 3b knot intensities in 
different lines are plotted ([Sll) vs. 
HatlPIII], and [O IIfl vs. [Sllj, respective 
ly). Each knot is repmentedby a circle, 
whose characteristics indlcate the 
evolutive phase of that knot, according 
to the conventions already used in Fig- 

hg. ([Sn]) (arbitrary d t s )  

Figure 3: WsMbutlon of knots at d I f f m  e d u t h m y  -888 in the (4 &a+W 110 -Is 14 end (bJ IS I4 - [O / I l l  htensily-planes (see i d .  



llre 2b. Figure 3b contains only 30 
knots, because the !NVEMORY routine 
failed to detect [0 llu emission from the 
others. 

From both figures it Is se%n that the 
regions rrontaining ywmgar knots (filled 
circles) are separated from those con- 
taining older knots (open circles). In Fig- 
ure 3a the correlation between [S i l l  and 
Ha+[N Il] intensities is rather good, but 
older knots are typically brighter in (S I l l .  
However, In Flgm 3b this cornlation L 
poor. Most of the brighter knots in [O IH] 
are young, while this Is wt so for Iq. 

These results qualitively agree with a 
scenario In which the knots am initially 
at a higher ionization level, which then 
decreases with time. However, quantita- 
tive conclusEons am beyond the scope 
of this discusslon which is still based on 
jnoomplete data. 

We have shown that a spectroscopk 
survey of apttcal knots, If combined with 
the p m t  knowledge on their ~VOIU- 
tion, can provide a wealth of information 
on the temporal behaviour of the in- 
teraction of a blast wave with dense and 
compact clumps. Therefore. It might 
represent a useful benchmark for 
theoretical models of this Interaction. 
The next step in this programme is to 
obtain a complete set of spmra for all 
catalogued knots. Intensity information 
on many lines would allow one to see 
how physical quantltla, llke densities 
and temperaturn, evolve with time. A 
further goal is to discriminate those 
specbd features that mostly depend on 
evolutionary phase from those directly 
related to the Intrinsic properties of a 
knot, llke original density, size, etc. . . . 

A detaHed mapping of the radial ve- 
locities of knots Is also planned. With 
Repls's SNR we are at p m t  in the 
paradoxical situation that proper mo- 
tions are known In more detail than ra- 
dial velocities. These two components, 
once combined, will give a &dimension- 
1 picture of the kinematics of this ob- 
ject. Such a study could provide vdu- 
able information on the structure and 
possibly also on the nature of thls rem- 
nant. 

The present advanced $tag9 of our 
investigdon is mostly due to obsmm- 
tions taken at La Sllla. The equipment 
present at la Sllla is particularly suitable 
for a completion of the survey with a 
wasonably short observing time. Multl- 
Object-Spectr~sc~py facillule~ th 
most suitable for oQtimiring o h w i n g  
time when spectra are needed for a 
large number of nearby objects. A prl- 
vat% instrument (but well integraw in La 
Silla environment) like ClGALE Fabry- 
Perot scanning Interferometer from 
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Subarcsecond Structures in Kepler's SNR 
Wmw-band frames of Kepler's SMR 

have been obtained on May 15, 1991, 
using SUSl at the New Technology Tele- 
scope, during an offlclal run devoted to 
imaging and spectroscopy of this object. 
Here we pmmt images of the most 
conspicuous clusters of optical knots. 
These images are based on a 10-min 
exposure frame, taken with a narrow- 
band flher centred on Ha + Iu lies; 
the seeing was 0.7 arcs%. 

After standard reduction, the stellar 
continuum has been subtracted using 
another 1 0-min exposure with an m-line 
narrow-band filter, obtained in similar 
seeing mnditims. Before stellar sub- 
traction the two pdnt-spread furdons 
have been carefulty equalked, taking 
care of degrerding the resolution as little 

as possible. In the resulting Image the 
miduals are about 7% Ipeak-to-peak) of 
the originl stellar images, whHe the see- 
ing has been degrad%d to 0.8 arc=. 

In order to extract details on the fine 
structure of the opticat knots, we d tght- 
ly drnutated an unsharpmasking proce- 
dure. We convolved the Image with a 
gaussian function of 1.8 arc= FWHM, 
and added a constant value of I .5 dmes 
the sky backgrrxrnd. We finatly div(cl& 
the original image by this "mash". The 
effect of such a procedure Is that of 
depressing the diffuse emission, as welt 
as that of compressing the dynamical 
range. The dynamlcai compression 
allows us to see at the same time knots 
that originally were differing in intensity 
even by a factor 100. The mults are 


