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1 Executive Summary

We present results achieved under ESTEC Contract No. 12621/97/NL/RE of
our investigation of CCD images of the ROSETTA target comet 46P /Wirtanen
acquired during its 1996 apparition.

A detailed description of the observational material and the basic data
processing and archiving steps was presented by H. Bohnhardt et al. in their
report to ESA-ESTEC of November 1997. The photometric evaluation of the
CCD images was presented in an intermediate report of 7 April 1999 (report
I). Report I also contained the calibrated absolute coma brightness of comet
46P /Wirtanen as determined from R filter observations using ring and full
aperture photometry with radii ranging from 2000 km up to 50 000 km, for
the period April through December 1996. In the following we present

e BVR light curves for the complete time span of available observations
(April through December 1996);

e determination of the activity parameter n from the slopes of different
lightcurve sections;

e radial coma intensity profiles and determination of coma gradients «;

e anewly arranged and condensed result table from our working database
containing all results of the coma BVR aperture photometry;

e A-f-p as measure of the dust production rate of the comet;

e results of a power spectrum analysis investigating a possible short-term
variability of the coma brightness; special emphasis was put on the
impact of seeing variations on coma brightness measurements obtained
through small apertures.



Contract and Payment Status

The work on this study contract started on 1 March 1998 at the Astro-
nomical Institute of the University of Erlangen-Niirnberg, in collaboration
with Dr. Hermann Béhnhardt (ESO, Chile). Dipl.-Phys. Peter C. A. Bér is
being employed in this program on a level BAT Ila half-time position. His
current contract, which is limited until 30 June 2000, will be extended until
completion of the project. Payments from ESA amounting to ECU 20000
and EURO 50 000.-, respectively, were received on 25 March 1998 and on 14
December 1998. During the progress of the study, five meetings (three of
them during 1999) among the collaborators were held at Bamberg Observa-
tory.

2 BVR lightcurves of comet 46P /Wirtanen

In addition to the R lightcurve of the comet presented in report I, B and V
filter observations have been evaluated. The results presented here are based
on relatively calibrated measurement values instead of raw measurement data.
The measurement data for a given observation night are normalized to the
flux of a reference image taken in the same night. The method, as described
below, was applied to B and V images in the same way as previously to R
images. We present the complete results for all three filters here, i.e. we
include the R measurements here once again. Since report I we were able
to improve the accuracy of the R measurement calibration slightly for a
number of nights by choosing carefully selected samples of comparison stars.
The calibrated values given here are still very close to the results of report
I. But, though small and, in fact, insignificant for the long-term lightcurve,
the differences are crucial for the short-term variability analysis discussed in
section 4. Also, an attempt was made to determine the slope of the lightcurve
during different sections of time.

2.1 Data processing

The B and V filter CCD images were processed in exactly the same way as
already described for the R filter data in report I. First of all, the comet
was identified in the images. Stars inside the photometric apertures were
removed by replacing the star pixels by the same number of pixels with the
average flux level of the background or coma pixels surrounding that star,
and statistical noise was superimposed on the articifical pixel values. The
images of a given night and filter were then corrected for temporal variations



due to the observing conditions, mainly atmospheric extinction. For this step
we chose a number of comparison stars which were present in all images of
that night and filter. Typically five comparison stars of adequate brightness
per night and filter were found fulfilling this criterion. We then measured
the total flux of the comparison stars in all images of the night. With the
assertion that the better the observing conditions the higher the measured
flux should be, we chose the image with the highest flux of the comparison
stars as a reference image for the subsequent calibration steps. The cometary
flux was measured in a set of apertures with radii ranging from 2000 km up
to 50000 km. The measured fluxes were multiplied by the ratio of the total
comparison star flux in the reference image relative to that of the respective
image.

2.2 BVR lightcurves in 1996

Figs. 1 and 2 show the total brightness of the cometary coma measured
in Bessell B, V and R filters through circular apertures of 10000 km and
15000 km radius, respectively. The R lightcurve can thus not directly be
compared with the lightcurve found by Bohnhardt et al. in Munich. The
Munich group used apertures of variable sizes in order to include all light
from the whole coma at all observation dates. Our measurements were, in
contrary, made with apertures of constant absolute size at the position of
the comet. As the contribution of background pixels to the measured flux
in a given aperture grows quadratically with increasing aperture radius, we
tried to find aperture sizes encompassing a maximum fraction of the coma,
and as little background as possible, at the same time. The radius of 10000
km was chosen as it includes not too much background at early observation
dates on one hand, and still encompasses a large fraction of the coma at later
dates. For comparison, Fig. 2 also shows the lightcurves for an aperture of
15000 km radius. As the radial intensity profiles (see subsection 2.4) show,
there is apparently no detectable light from the comet beyond a distance of
15000 km from the brightness center. An aperture with a radius of 15000 km
is therefore supposed to encompass almost the whole coma, thus enabling a
comparison with the lightcurve of the Munich group, even though our fixed
aperture data probably contain relatively more background flux than the
Munich measurements with individually adapted aperture sizes.

The lightcurves are plotted against time for the whole observing interval
from April to December 1996. The data points represent nightly averaged
values and are normalized to a distance of A = 1 AU from the Earth.

The overall shape of the long-term lightcurve is very similar for all three
filters. It starts with a relatively flat part from April to about August 1996,



followed by a steeper increase of the coma activity starting in September
1996. Changes of the mean values on time-scales of days are probably not
intrinsic to the comet, but reflect photometric uncertainties due to changing
atmospheric conditions and low signal of the comet. This is in particular true
for the early 1996 observations, when the coma was not yet well developed,
and especially for observations from May, June and end of September 1996,
when bad weather conditions were reported by the observers in their night
logs. Therefore the apparent drop in the coma R brightness in June 1996
seems to be very unlikely due to an intrinsic variability of the comet. The
number of B and V images was much smaller than that of R filter images. In
particular there were no B and V images from May and June 1996 available.
Hence the dip in mid-June cannot be correlated with a possibly corresponding
feature in the B and V lightcurves. With the exception of November the
lightcurves for the three filters are almost parallel which indicates that the
colour of the coma did not significantly change during the whole observing
period in 1996. The average colours B-V and V-R are similar to the solar
ones (B-V ~ 0.5 mag and V-R ~ 0.4 mag).
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Figure 1: BVR lightcurves for the period April through December 1996,

measured with an aperture of 10000 km.
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Figure 2: BVR lightcurves for the period April through December 1996,
measured with an aperture of 15000 km radius; compared with the smaller
aperture data of Fig. 1, the total brightness is increased, but long- and short-
term brightness variations are very similar.
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2.3 Slope of the lightcurve

From the shape of the lightcurve, we tried to determine the activity parameter
n. In Figs. 3 to 5 we plotted m — 5 -log A versus logr. n is the gradient of a
given fraction of the trendline between two sections in the resulting curve. A
number of cases has been tested, corresponding to different choices of sections
in the curve. Scenarios with two to four sections were considered. As a result
we favour a two section model with n; = 1.86 for solar distances of more than
2.29 AU (17 September 1996) and ny = 12.80 for later dates when the comet
was closer to the Sun (for R curve). Correspondingly we found n; = 0.70
and ny = 15.24 for B, and n; = —2.46 and ny = 16.20 for V.

The rather small values of n; for B and V may be explained by the
large amount of scattering present in the early lightcurves. If additional R
measurements before April 1996 would be added, which were not available
to us, but were shown by Bohnhardt et al. in their report to ESA of 8 July
1997 (p. 13), the trendlines with gradient n; would yield a steeper run of the
R curve with a larger n; value. After September 1996, our n, values are in
accordance with the average behaviour of other comets.
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Figure 3: Activity parameter n for B curve. The fit curve equations corre-

sponding to the chosen sectioning scenarios are given in the legend.
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Figure 4: Activity parameter n for V curve. The fit curve equations corre-

sponding to the chosen sectioning scenarios are given in the legend.
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Figure 5: Activity parameter n for R curve. The fit curve equations corre-

sponding to the chosen sectioning scenarios are given in the legend.
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Table 1: Bessell filter calibration.
Filter Star of 0 mag
Blue | 6.32-107° erg/cm?/s/AA
Visible | 3.63 - 107% erg/cm?/s/AA
Red |2.18-107% erg/cm?/s/AA

2.4 Radial profiles of the coma flux

In this section we present the analysis of the coma structure in terms of
brightness and intensity profiles. The latter ones are given as absolutely
calibrated fluxes for the Bessell filters used (Bessell, A&A 333, 1998, and
private communication, Bessell, 2000; see Table 1).

The radial profiles are given in logarithmic and linear form. While log-
arithmic plots are useful for determining the coma gradient «, a linear plot
is more intuitive and more suitable if one is interested in the spatial coma
extension. For the plots of full and ring aperture profiles we used as input
the total flux measured in the respective full and ring apertures, depending
on the application, normalized to Earth distance A = 1 AU or per square
km projected coma surface area.

2.4.1 Usefulness of a 1D analysis

It is important to note that the plots shown are one-dimensional profiles.
The physical parameters derived are therefore valid under the assumption
of a spherically symmetric coma. Usually, dust comae of comets are not
symmetric; as seen in the images delivered with the ESA report by Bohnhardt
et al., also the dust coma of comet 46P/Wirtanen is assymmetric during
the whole observing period in 1996. The main asymmetry is the isophote
extension into tail direction. Apart from this feature, no other coma structure
could be identified (using coma enhancement techniques like adaptive Laplace
filtering and wavelet transform techniques). Therefore, radial profiles as in
our figures give at least a good representation of the average flux distribution
in the coma of the comet. However, they do not properly represent azimuthal
variations in the cometary coma.

2.4.2 Background

The background flux of the DFOSC images (the instrument mostly used
for the observations of 46P/Wirtanen) shows appreciable local variations,
which is due to the spatially variable and partially non-linear response of the
CCD (caused by an irreversible damage of the detector during UV flooding).
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There are areas with a background level close to zero, and others, where
the background flux is comparable to that of outer coma pixels. During the
pre-processing of the images in Munich (see Béhnhardt et al. in their report
to ESA-ESTEC in November 1997), the overall (i.e. averaged over a wider
pixel range) backround was subtracted from the image as a whole. Local
background variations were not taken into account. Therefore, while the
overall background flux level in an image is zero (or close to it), there were
also pixels with negative flux values introduced. Due to the special detector
characteristics these pixels are not spread statistically over the image, but
are grouped in certain areas. It can (and does!) happen, that the coma is
surrounded by high background in one part of the image, while negative flux
is found in another sky region close to the comet.

Since negative fluxes make no physical sense, ring apertures with inte-
grated fluxes less than zero were assumed to contain pure background and
no coma flux at all. So instead of reducing the total full aperture flux from
one radius step to the next bigger one, we simply added zero (actually a dif-
ferentially small positive value, for numerical reasons) in these cases as a first
order correction. This is, by the way, the reason, why the nightly averaged
mininum values never fall below zero in the plots shown in section 2.4.4.

2.4.3 The coma gradient «

In Figs. 9 to 17, log F) is plotted against log p, where F}. denotes the helio-
centrically corrected cometary flux (i.e. normalized to Earth distance 1 AU),
and p the aperture radius. The flux was measured in full apertures. For an
ideal fountain model coma (i.e. for homogeneous, isotropic dust expansion
with constant velocity), the intensity should vary like I o< p~*, with « being
close to -1 (frequently, one ignores the minus sign of ). The coma gradient
a can be determined from these data.

The coma gradient « is shown in Figs. 6 to 8. Generally, « is found to
be close to -1 most of the time. However, it is also obvious that the « values
are variable with time and can also appreciably deviate from -1, indicating
structural changes and non-uniformity of the coma.

Monthly averaged coma profile gradients « for different distance ranges
in the coma for the BVR filters are listed in Table 2. Obviously, during April
to September 1996 the « values at large distances from the nucleus differ
considerably from the ones seen closer to the center (i.e. within 15000 km
nucleus distance). This is due to the inclusion of more and more background
pixels in the aperture flux, which do not contain light from the coma of the
comet. Hence, the gradient will change with aperture size. Only during
the last two observing runs (November and December 1996) the coma radius

12



became larger such that the a gradients of the outer coma are thus indicative
for the flux attenuation with nucleus distance.

Therefore, at the end of the comet visibility in 1996, the « values for the
inner and outer coma region become very similar, which indicates that the
dust coma regime behaved rather uniform, and no major coma structures
(as a result of localized active regions on the nucleus) should have been
present. Only in December 1996 differences existed to some extent between
the gradients in the inner and outer coma.

The temporal development of a shows values higher than 1 during April
to June and in December 1996, below or close to 1 in between. With a few

exceptions the o gradients seen in the BVR filters are very similar (see also
Figs. 9 to 17).
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Figure 13: One-dimensional radial intensity profile for August 1996.
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2.4.4 Linear ring intensity profiles

Figures 18 to 26 are linear intensity profiles. The profiles show the average
brightness or flux in concentric rings around the brightness center of the
coma. The intensity per projected square kilometre is plotted against the
distance from the center of brightness. The horizontal axis denotes the outer
radius of the ring, while the width of the ring is determined by the difference
of its radius and the radius of the next smaller ring.

The 1D radial profiles can be very helpful in determining the maximum
extension of the coma, or rather the extension of a coma of a spherically
symmetric shaped comet of the same brightness. They may also provide
hints regarding the image quality. In report I we already mentioned that
the data points of the December measurements are widely spread, and that
the quality of the December images was less good, which is confirmed by the
behaviour of the radial coma profiles.

Our earlier report of 7 April 1999 contained already several plots of radial
coma profiles. These plots showed the average flux per pixel during a given
night. Here we present plots of the average monthly intensity per square
km, instead. We investigated radial profiles for all individual observation
nights, and found that they would not provide relevant additional information
compared to the monthly plots. In order to reduce the number of diagrams
we just provide the latter. The advantage of the normalization to 1 km? is
that the plots for different epochs can directly be compared with each other.
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Figure 18: One-dimensional radial intensity profile for April 1996.
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Figure 19: One-dimensional radial intensity profile for May 1996.
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Figure 20: One-dimensional radial intensity profile for June 1996.
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Figure 21: One-dimensional radial intensity profile for July 1996.
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Figure 22: One-dimensional radial intensity profile for August 1996.
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Figure 23: One-dimensional radial intensity profile for September 1996.
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Figure 24: One-dimensional radial intensity profile for October 1996.
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Figure 26: One-dimensional radial intensity profile for December 1996.
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2.4.5 Linearity of flux profile

For an ideal comet with homogeneous, isotropic dust emission and constant
velocity, a relationship of the type F'(p) o p is applicable. The linearity can
therefore serve as a measure for the pecularity of a given comet. Figures 27
to 29 show the monthly averaged flux as a function of aperture radius for the
BVR filters, respectively. It is evident that a linear relationship is roughly
confirmed. Note that here the measured, absolutely calibrated flux for the
full aperture was used. The flux was also not corrected for an Earth distance
A =1AU.

Obviously, in the inner coma the flux increases almost linearly with aper-
ture size, while at larger distances from the nucleus deviations occur. From
a comparison with the images we conclude that these deviations from lin-
earity are due to the presence of more and more background pixels in the
measurement aperture.

Hence one can obtain a very approximate value for the coma extension
from the distance until which the radial flux profiles are almost linear with
p. The following coma radii were found from R images of the comet:

April-July ~ 15000 km

August + September 20000 to 25000 km
October ~ 30000 km
November ~ 40000 km
December more than 50000 km

3 Dust productivity in A-f-p

Despite the fact that in comet 46P/Wirtanen the coma gradient « is not
always close to -1, and that the flux grows only approximately proportional
to the aperture radius in km, we nevertheless tried to assess the dust pro-
duction of the comet in terms of A-f-p. In Figs. 30 and 31 we show A-f-p
as a measure of the dust production of the comet during the observation
period for 10000 km and 15000 km apertures, respectively. The curves are
very similar in shape to the long-term lightcurves for the same aperture radii.
The plots suggest a drop in activity in June in R, however, as mentioned in
report I, there were problems with the images taken then. B and V images
cannot confirm the drop, because there were no B and V images available for
May and June 1996. From July through October the plots suggest a low but
constant dust production, followed by a steep increase starting in November.
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Figure 27: Measured absolute flux as a function of aperture radius p for
B filter measurements; especially late in the year, fluxes are approximately
proportional to p.
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Flux vs apertureradius
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Figure 28: Measured absolute flux as a function of aperture radius p for
V filter measurements; especially late in the year, fluxes are approximately
proportional to p.
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Figure 29: Measured absolute flux as a function of aperture radius p for
R filter measurements; especially late in the year, fluxes are approximately
proportional to p.
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Figure 30: Dust production parameter A-f-p for p = 10000 km. The values for
early observation dates are obviously very uncertain. Before mid-September
the dust production appears to decrease slightly, although the comet gets
closer to the Sun; this period is followed by a steep increase of dust produc-
tion. The overall shape is similar to the run of the long-term lightcurves.

41



TT-2T-966T  VI-TT-966T 8T-0T-966T ¢¢-60-9661 92-80-966T 0€-/0-966T ¥0-L0-966T 20-90-966T TT1-G0-966T
L 1 1 1 1 1 1 1 1

(Ln)erq

GT-70-9661

XeWA v
UIWA - A
A a»
Xewy
uwy A
4 a»
Xewqg v
uwg A
f a»

w>f 000ST = oy
oy} v

0

rot

r0c

roe

-0y

wo /oyl § v

Figure 31: Dust production in A-f-p for p = 15000 km.
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4 Analysis of short-term variability

The rotation period of the nucleus of comet 46P /Wirtanen is not yet reliably
determined, although a few authors attempted to do so using both ground-
based (Meech et al. A&A 326, 1997) and space-based (Lamy et al., A&A
335, 1998) observations of the comet. The latter group has fit a rotation
period of 6 hours to the HST nucleus photometry, based on a data sample
combining multiple cycle observing sets, which typically consisted of only
1-2 measurements per cycle. The ground-based observations had a better
coverage of the rotation phase (2-3 hours per night, with only 2 subsequent
nights and gaps of 2 months between runs), hence providing a data basis,
which is also not well suited for a periodicity analysis.

The ESO 1996 observations of 46P/Wirtanen represent the most exten-
sive existing imaging data set. Homogeneous observations are spread over a
time interval of about 8 months. Sufficient images were taken in numerous
observing nights to allow for a good phase coverage of a possible nucleus
rotation period of several hours.

As we expected the brightness variations caused by the rotation of the
cometary nucleus to be small, we decided to use our best images only for the
analysis of short-term brightness variations. Therefore we made a selection
of nights that appeared to be suitable with respect to the photometric and
seeing conditions, and regarding a good coverage of single nights by sufficient
images and with several nights per run. We carefully recalibrated the frames
(for the method see section 2.1).

For the short-term variability analysis, a difference of a few hundredths of
a magnitude can be crucial (the other groups found an amplitude of 0.05-0.1
mag for the rotational lightcurve of this comet).

In the following sections we describe the results of the periodicity analysis
of the brightness measurements of the inner coma.

4.1 Influence of seeing variations

As a starting point we used the night of 20 August 1996 (UT), as it is one of
the best nights regarding the observing conditions. The images of this night
were used to cross-check the measured brightness variations of the inner coma
of 46P/Wirtanen (see Bohnhardt et al. in their report to ESA-ESTEC in
November 1997). As a result we could reproduce the sinusoidal brightness
variation as found by Bohnhardt et al. for that night (see also report I of
April 1999). An aperture radius of 2000km was used for the measurements
presented in Fig. 32.
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The last two images of this night were taken in twilight, and the measure-
ments for the first image were found to be erroneous. The measurements for
these images are not plotted in the figure. Test measurements done with a
dense set of circular apertures on the same images (Béhnhardt, private com-
munication, 1999) confirm the expected decay of the lightcurve amplitude
with increasing aperture, which is shown in Fig. 33. It is evident that the
shape of the lightcurve changes with increasing aperture size. The measure-
ments made with the smallest aperture of 2000 km radius are systematically
different from those with larger radii, which appear to be all similar in shape.

Therefore we checked the influence of the seeing on the measurements.
As shown in the diagrams in appendix A the seeing varied sometimes signifi-
cantly during an observation night. Due to these nightly variations the image
quality of stars and other point-like sources (like the brightness peak in the
inner coma) is changing from image to image. Measurements with narrow
apertures, ie with diameters only 2-3 times larger than the full-width-at-half-
maximum (FWHM) of the seeing disk, may suffer from such variability in
image quality, since a non-negligible percentage of the light is lost in the outer
wings of the seeing disk (for instance: apertures 2 and 3 times larger than
the FWHM of the seeing disk contain only 93 and 99 percent of the total
flux, respectively - ignoring further losses due to the non-gaussian shape of
the seeing disk wing profiles).

The seeing varied between 0.8” and 1.52” during the test night (20 August
1996). The smallest aperture of 2000 km radius compares to 3.59” diameter
at the time of the observations.

Figure 32 shows the R filter lightcurve of the inner coma of 20 August
1996 as measured with the 2000 km radius aperture (thick line). For compar-
ison the seeing as measured by the La Silla seeing monitor telescope during
the same night is plotted in the same figure (thin line). Obviously, a tight
correlation exists between the brightness variability measured in the inner
coma and the seeing: the better the seeing, the brighter the inner coma and
vice versa. The amplitude of this variation is about 0.1 mag, which is close
to the value one would expect for the light losses by the seeing (of the order
of 10 percent from 2 to 3 times FWHM of the seeing disk).

The next step was to check the sensitivity against seeing variations of the
next larger aperture, with a radius of 4000 km. In fact, this aperture size al-
ready turned out to be insensitive against seeing variations at all observation
dates (see Fig. 33). However, the measurements of 20 August 1996 performed
with this and larger apertures did not reveal any simple periodicity pattern.
Therefore, we looked for other candidate nights for the short-term variability
analysis (see subsection 4.2).

In summary, we conclude that the measured variability of the inner coma
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reflects mostly seeing variations rather than intrinsic variability of the comet.
This conclusion is contrary to what was said in the earlier report by Bohn-
hardt et al. on the same night’s data. Measurements using very narrow
apertures (2-3 times the FWHM of the seeing disk) are sensitive to seeing
variations. To avoid this effect, one should only analyze images of very similar
image quality and seeing, which is, however, very difficult to estimate from
trailed star images in exposures of moving objects. Outside seeing monitor
values may only partially reflect the actual image quality at the telescope.
Alternatively one can choose larger apertures, but must then expect smaller
amplitudes of brightness variations. This finding also renders doubtful the
results of Meech et al. (A&A 326, 1997), derived from their lightcurve analy-
sis of comet 46P /Wirtanen. Their observing period (17-18 August 1996) was
close in time to our test night 20 August 1996, and had seeing in the range
of 1.4” up to 2.8”. They used an aperture radius of 2.5”, but no assessment
of the impacts of seeing variations is presented.

Note: the peak-to-peak amplitude of their lightcurve is 0.1 mag, while
the expected amplitude for light directly reflected from a nucleus of 600 m
radius and an axis ratio of 1.3 (see Lamy et al., A&A 335, 1997) would only
amount to 0.04 mag.

4.2 Selection of suitable nights for further lightcurve
analysis
As the brightness variations caused by the rotation of the nucleus are ex-

pected to be small, only nights fulfilling certain criteria were selected for the
further analysis of possible short-term variability:

e the night should be of good photometric quality;

e the seeing should be small (as compared to the measurement aperture)
and constant; at least, the amplitude of the seeing variations should be
small;

e the number of images available for that night should be as great as
possible;

e data sets consisting of observations from several subsequent nights of
good quality and with numerous images of dense time coverage were
preferred.

We selected the following candidate nights for our analysis: 1996-05-11,
1996-05-12, 1996-08-20, 1996-08-21, 1996-09-12 and 1996-09-16. These nights
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served as starting points. The data base was subsequently broadened by the
addition of nights preceding or succeeding these candidate nights.

The night of 20 August 1996 fulfills our criteria except for the seeing
variations as discussed above. We decided to use apertures of 4000 km radius,
exclusively, since such aperture size seems to be above the limit, for which
seeing plays a crucial role, though the effects of intrinsic variability of the
comet will also be less pronounced than for smaller apertures.

The selection includes the night of 18 August 1996, although the night
comprises only three suitable images, but is otherwise the best night of all
according to all other criteria mentioned above.

4.3 Power spectrum analysis

Only under favourite circumstances one can discern a periodic variability pat-
tern like rotational light changes in nightly lightcurves by pure eye inspection.
The brightness amplitude must be large enough compared to the intrinisic
photometric scattering, and the observations of this night must cover a time
span comparable to the rotation period.

However, the only objective means to check an extensive set of obser-
vations from numerous nights including such, which were not completely
photometric and others, in which only a few images had been taken, is to ap-
ply a periodogram analysis technique like a Fast Fourier Transform method
or other periodicity search algorithms. We used a program frequently ap-
plied to eclipsing binary stars and pulsating variables for period search or
improvement of ephemerides. The numerical period search uses the Singular
Value Decomposition (SVD) algorithm (see Press et al., Numerical Recipes
in FORTRAN, 2nd edition, p. 51ff., Cambridge Univ. Press 1992), which
fits a function of the type

f(z) =a1+az-x+ a3 - sing(x) + ay - cosp(x)

to the measurements and optimizes the fit by adjusting the coefficients a; for
given phases

o(x) = ¢o + int(z/P),

where ¢g denotes an arbitrary zero phase and P is the assumed photomet-
ric period. To produce power spectra, the period P is used as a variable,
and test periods are restricted to a range conceivably encompassing the sus-
pected time scale of variability, with an adjustable time resolution. For each
test period, corresponding to a set of phases, a least squares fit is made to
the observations, and a quantity proportional to the inverse sum of squared
residual (O — C values) is plotted as power value against time or period. P
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was varied from 0.01 up to several days at a step width of about 0.001 days
for our investigation of comet 46P /Wirtanen. Examples of power spectra are
shown in Figs. 34 to 39.

The interpretation of such power spectra is not always easy, since they
can be rather complex, depending on the quality, number and distribution
of input data. Also, the well-known aliasing problem, i.e. the appearance of
numerous beat period peaks has to be recognized and properly dealt with,
to identify possible physically realistic periodicities and to discern such from
numerical artifacts.

Once candidate periods are isolated, they have to be tested by plotting
the correspondingly phased observations together with their best fit against
phase. With physical boundary conditions in mind, it is then possible to rule
out purely numerical pseudo periodicities. A further crucial check for the
reality of a power spectrum peak consists in the necessity of its appearance
under use of different input data sets (different nights and groups of nights).
With due regard to these considerations we applied the periodogram anal-
ysis to several single nights and samples of neighbouring nights, which are
discussed in the following subsections.

4.3.1 May 1996

For the three observing nights in May 1996 we obtained a power spectrum
with a sharp peak at a period of 0.0609 days (87.71 minutes), as shown in
Fig. 34. However, we do not consider this short period as real, because the
observations of each night are grouped within too short time intervals (2.00
hours, 1.54 hours and 1.55 hours on 11, 12 and 13 May, respectively) to
allow for a reasonable phase coverage of variations with longer periods. The
inspection of the best fit representation of this observing data set, phased
with a trial period of 0.0609 days, as plotted in Fig. 35, clearly suggests that
this period has to be discarded.

4.3.2 August 1996

An analysis of the data of August yields two periods with almost equal rel-
ative probabilities, 0.3704 days (8.89 hours) and 0.4543 days (10.90 hours),
see Fig. 36. However, the fit for neither period matches the measurement
data points well for more than a single night, as is seen in Fig. 37.

4.3.3 September 1996

The nights of 12 and 16 September 1996 were selected for the power analy-
sis. The power spectra exhibit probable periodicities at 0.5990 days (14.38
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hours) and 1.4985 days, as can be seen in Fig. 38. At first glance, the fits for
both periods seem to represent the general distribution of groups of observ-
ing points quite reasonably, but if checked in more detail, the photometric
variations within single nights is not well fit at all, which is demonstrated in
Fig. 39.

4.3.4 August through September 1996

Finally, we combined the nights of 18, 20, 21 August and 12 and 16 September
1996 to form a data set with a broader time base. The power analysis yields
a very complex power spectrum. As shown in Fig. 40, there are many peaks
at periods between about 90 minutes and 1.5 days. However, the general
structure of the power spectrum does not clearly favour a certain period.
Due to the time distribution of the measurements, there are many pseudo
and beat period peaks. A necessary precondition for the reality of a period
is that it has to appear simultaneously in power spectra based on different
subsets of input data.

The two groups of peaks at about 1 day and 0.5 days simply reflect the
typical time separation of measurement groups by multiples of one full day.
The highest peak appearing at 0.9280 days (22.27 hours) is just an artifact
caused by the given time separation of our observations. This can be seen
from Fig. 41, which shows the best fit representation for that period. It
is evident that the night-to-night grouping of observations causes the high
probability of this pseudo period. No similar peak is indicated in the power
spectra exclusively based on August or September observations.

In summary, the power spectrum analysis could not yield a unique nucleus
rotation period. Even if rotational light changes at a level of a few hundredths
of magnitude can be expected, their photometric evidence seems to be masked
by seeing variations, intrinsic measurement scattering, stochastic brightness
variations of the inner coma, and by low-level nucleus activity.

5 BVR aperture photometry in tabular form

In appendix B to this report we present the results of the aperture photometry
in tabular form. Table 4 contains the results of the BVR aperture photometry
and characteristic data of all images used. Table 3 is a description of the
result table entries.

We include the R measurements already presented in our first report here
once again, for two reasons:

(1) In order to increase the flexibility in our processing of various data
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sets we stored all measurements, image paramaters and ephemerides in a
relational database management system (Adabas D 10 Entry Edition). For
this reason we had to redesign the data structure. This redesign was valuable
in many ways and allows us to present our results in a more user-friendly
way. Table 4 is, in fact, the result of a joined SQL query of three database
tables. The information model was then translated into a database scheme
compliant with Codd’s 3rd normal form (Codd, E.F.: "Further Normalization
of the Data Base Relational Model”, Data Base Systems, Courant Computer
Science Symposia Series, Vol. 6, Englewood Cliffs, N. J., Prentice Hall, 1972).
Table 4 is a view of the database.

(2) For the short-term variability analysis (see section 4) we changed
the original selection of comparison stars used for the relative calibration of
some nights. The reason was that we tried to achieve the highest possible
accuracy for the selected nights, although in most cases the resulting flux
values changed only very slightly compared with the calibration used in report
[. These minor changes are irrelevant for the long-term lightcurve, but they
might influence the short-term variability analysis, where small amplitude
variations of the coma light are investigated.

Only the results for those observing nights and images, which were judged
as useful input data for our analysis are contained in Table 4. A selection
was made according to various considerations, e.g. in some images it was
impossible to identify the comet; sometimes a bright star blend was present
in the image of the comet; sometimes the star was located so deeply inside
the coma (i.e. so close to the coma center) that any attempt to remove it
cleanly failed; and finally, a number of images were simply underexposed.

The table is the result of database query over three relations. The com-
plete database tables can be made available upon request, but will probably
only be useful in combination with access to the images themselves.

6 Conclusions

Reports I and II summarize the results of our photometric analysis of images
of comet 46P /Wirtanen obtained during its 1996 apparition. The main aims
were to determine long-term BVR lightcurves and to search for short-term
brightness variations due to the nucleus rotation.

The shape of the long-term lightcurve is in accordance with general ex-
pectations. The R lightcurve was discussed in detail in our previous report
[. The B and V measurements confirm these results. All three light curves
exhibit essentially the same overall shape, i.e. no systematic changes of the
(B-V) and (V-R) color indices as a function of solar distance of the comet
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are evident.

The shape of the lightcurves was investigated in different sections of time.
Observations at solar distances larger than about 2.5 AU, say before Septem-
ber 1996, yield a gradient n of about 2 for the R curve, while the later
observations suggest n &~ 13, indicating an increased activity.

Radial profiles of the coma brightness distribution were determined for
all observations and filters. The profiles are given as full aperture fluxes
versus aperture radius in logarithmic form as well as ring aperture fluxes
versus radius in linear form. From the logarithmic representation, the coma
gradient o was determined. For most of the observing time it is found to
be around -1 for BVR data, as expected for homogeneous isotropic dust
expansion. However, at early dates (April to June 1996) and in December
1996, appreciable deviations of « from a value of -1 are evident, partly due
to the image quality, but also due to a non-uniform coma structure.

A periodogram analysis of possible short-term brightness variations with
a time scale corresponding to the assumed nucleus rotation period could not
yield definite detections. Though some candidate periods between about 1
hour and a few days were found, none of these could be verified to be phys-
ically realistic. The expected amplitude of rotational brightness variations
of a few hundredths of magnitude are probably masked by seeing variations
influencing small aperture data, photometric noise, and intrinsic fluctuations
of the inner coma and active nucleus.

The rotation period suggested by Bohnhardt et al. turned out to be a
consequence of the seeing variation during the observing night of 20 August
1996. We like to note that Meech et al. (A&A 326, 1997) may have had
the same problem, as they also used a small aperture with a diameter of
only 2.5” for their measurements. The radius of this aperture corresponds
to less than 3000 km at the location of the comet for their June and August
measurements. Our investigations showed that measurements done with such
small apertures can be influenced by the time variation of the seeing. Thus,
only results of measurements performed with larger apertures (with a radius
of more than 3000 km) can be regarded as reliable.
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Figure 32: Measured coma brightness variation of 20 August 1996 (thick line)
imposed on the seeing variations (thin line); a strong correlation is clearly

evident.
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Figure 33: Measurements of 20 August 1996, obtained with different aperture
radii between 2000 km (bottom) up to 10000 km (top). The smallest aper-
ture data (2000 km) show a clearly different variability pattern than those
obtained with larger apertures. The reason is the impact of seeing variations
on data taken with aperture sizes, which are of size comparable with the
seeing disk (see text).
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Figure 34: Power spectrum for the nights of 11, 12 and 13 May 1996.
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Power spectrum fit
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Power spectrum fit for the nights of 11, 12 and 13 May 1996.
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Figure 36: Power spectrum for the nights of 18 to 23 August 1996.
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Figure 37: Power spectrum fit for the nights of 18 to 23 August 1996.
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Power spectrum
September 1996
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Figure 38: Power spectrum for the nights of 11 to 17 September 1996.

0.75 1

0.65

Jemod anirepy

57

15

0.5

Period in days



8rT

A4

(1LN) £2-70-966T Wo1J paunod skep uawi L

vt 14"

124"

54

44"

Wl
05'8T

wy 000Y Shipes ainyjade
‘ssauyBig Y painsespy

skep ££5861'T polad —

sKep 206650 poLiad
suonouny Jij 91poLdd

1911} pay
966T Joqwaldas

11} wnJj9eds Jemod

F0ov'8T

r0€'8T

r0¢'8T

F0T'8T

r00'8T

r06°LT

08'.T

r0L'LT

F09°LT

-0S9'LT

sopniuBew ui sseuyb g o

Figure 39: Power spectrum fit for the nights of 11 to 17 September 1996.
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Figure 40: Power spectrum for all observing nights of August through
September 1996 combined (18-23 August 1996, 11-17 September 1996).
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Figure 41: Power spectrum fit for combined nights of 18-23 August 1996 and
11-17 September 1996.
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A Appendix: Seeing variations
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Seeing

La Silla, July 1996
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Seeing

La Silla, December 1996
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B Appendix: BVR aperture photometry re-
sults
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Table 3: Structure of the result table 4.

Field
Date (UT)
Time (UT)

Image

F
Exp. time

Description

Observation date (UT).

Observation time (UT).

Image identifier (file name of the image).
Bessell filter used (B, V or R).

Exposure time (seconds).

Object distance from the Sun (AU).

Object distance from the Earth (AU).
Aperture radius given in km at the location of
the comet.

Relatively calibrated brightness (magnitudes).
Relatively calibrated heliocentric brightness, ie
normalized to A = 1 AU (magnitudes).
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