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Abstract

This paper presents the photometry of four asteroids with periods indicative of the typical range types in
this field of study - (11131) 1996 VOs3, (Short), 12371 Madicampbell (Statistical Average), 105 Artemis
(Long) and 2430 Bruce Helin (Very Long). It describes the setup used by Hunters Hill observatory in
undertaking this type of work and the techniques used to acquire and reduce the data then resolve the
periods.

Introduction

David Higgins has been operating Hunters Hill observatory since 2001 and has been capturing data for
and resolving the Synodic rotation period for all types of Minor Planets since that time. The equipment
used may have varied over that time but the techniques used have changed little.

This paper will outline the equipment and techniques for capturing the data, the method of calibrating
and reducing the images then the techniques of determining the targets synodic period. The synodic
rotation period is the time it takes for the asteroid to rotate once on its axis in relation to the earth. The
motion of the earth is in addition to that of the asteroid’s motion about the sun. The observed synodic
rate will be affected in different ways depending on the position of the earth and the asteroid (Warner,
2006). A graphic example of the evolution of an Asteroids Synodic period observed through all phases
over a single apparition is demonstrated at Koff et al, 2002.

Nearly all asteroids will have a bimodal period curve. That is a curve that displays 2 minima and 2
maxima. This is because the typical asteroid shape can be best described as a potato shape having two
broad faces and 2 narrow faces as the object spins on either it shortest or longest axis. There are, of
course, times when a target has its spin axis pointed at, or nearly at the earth resulting is little or no
variation in the curve and no possibility, in that observational phase, of determining any difference
between a monomodal and bimodal curve.

Lightcurve analysis is also used in determining the spin axis of the asteroid and the asteroids geometric
shape through a method of lightcurve inversion as outlined by Kaasalainen et al, 2002. Analysis of the
lightcurves also allows us to determine the true absolute magnitude of the target and thus a far better
estimate of the targets size (assuming an accurate albedo value). In addition we are able to determine if
the target is binary (or trinary) in nature and where such objects are found, allow us to calculate a
reasonable estimate for the mass of the target and then a reasonable density measure. Understanding the
size and density of these objects goes a long way to mitigation of collisions with such objects.
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Equipment Setup

Hunters Hill Observatory is fitted with a Meade 0.36m LX200GPS Schmidt Cassegrain Telescope
(SCT) operating at /4 imaging through a Meade /3.3 Focal Reducer (FR). Imaging is performed by an
SBIG ST-8E CCD camera fitted with a Kodak KAF1602E CCD operating at Bin 2x2. The camera is
fitted with an SBIG CFW-8 filter wheel fitted with Schuler BVRI filters meeting the specifications
defined by Michael S Bessell.

Fig. 1: Hunters Hill Oservatory interior view

The equipment is permanently setup in a roll top observatory. Telescope and Imaging control is via the
observatory PC which is hooked linked to the home LAN via CATS cable. The PC operates under
Windows 2000 Professional Operating System (Service Pack 4) running ACP4 version 4.2 by DC3.
ACP4 is the automation package that allows the observatory to run unattended all night. It controls the
telescope directly through a Serial interface and the camera via MaxIm DL/CCD version 4.5. The
LX200GPS is fitted with a software controllable focusing unit and ACP provides auto focus via a 3™
party software called FocusMax. Each image is automatically plate solved via Pinpoint 4 by DC3. The
main telescope is guided via a piggybacked 0.1m Meade SCT fitted with a Meade /6.3 Focal Reducer
and Starlight Xpress MX716 CCD camera.

Table 1: SBIG ST-8E CCD Specifications
-2



Number of Pixel Array Size Read Full Well Notes
Pixels Size Noise Capacity

Type

1530x 1020 | 9x9um | 13.9x9.2mm | 15¢'rms | 50Ke/100Ke | NABG

Target selection

Observational limitations are based on the target brightness, the location in the sky and its angular
motion. For the setup at Hunters Hill this generally means a target that does not move more than 3
pixels in the time it takes to acquire enough light to obtain an SNR of no less than 10 but ideally 50+.
An SNR of 100 is targeted as this means sufficient signal to obtain an error of 0.01mag. Further the
target is best placed as rising over the eastern horizon at or around sunset so that it is observable for the
maximum number of hours during the period between 3" and 1 quarter moon. Observations around
full moon, although possible for bright objects, are not advisable due to the inherent increase in
background light, reduced SNR and increased data noise. A typical limitation, based on V filter and 2
minute exposure, is shown at Table 1 (Warner, 2003).

Table 1 Aperture to Limiting Magnitude

Telescope (m) Limiting Magnitude
0.2 13.5
0.4 15.0
1.0 17.0
2.0 18.5

The aim is to be able to observe the target for as long as possible in a single session knowing that you
will be able to follow it for the entire lunation (given the number of observing nights one may have
between 3™ quarter and 1% quarter moons). The moon needs to be at least 30 degrees from the target to
prevent undue gradient or increased background brightness (increased background brightness will
reduce the SNR of the target).

Next, we have to work out how often to sample the targets reflected light. A general rule of thumb is
1/20™ of the period (Warner, 2003). This is a little difficult to determine up front since it is the period
you are trying to determine so 1/20™ the average period of an asteroid (as indicated in figure 2) is a good
start.

Asteroids are categorised into families/groups (Scheirich, 2005) and (Faure, 2004). Most surveys will

typically concentrate on a family and/or group and the one I participate in is concentrating on the Inner
Main Belt group. A family are those objects that are thought to originate from a single object whilst a

group are those targets that share similar dynamic characteristics (Warner, 2006).

Data Reduction Method

Each night the selection of chosen targets are entered in the observing plan. The automated system then
obtains a series of images of these targets and saves them to the observatory computer. These images
are downloaded to the analysis computer where they are flat and dark corrected using MPO_Canopus.
Each image read from the CCD includes some amount of temperature induced electron noise and read
noise. A Bias frame and a Dark frame (images not exposed to light) are taken to match the noise in the



final light image and then subtracted from the final image BEFORE any other corrections are made.
(Romanishin, 2002)

The optical system may not be perfectly flat and clean. Some telescope optics such as the Schmidt
Cassegrain Telescope and devices such as focal reducers cause the amount of light falling onto the CCD
to be non uniform. This means that the image must be flattened or what we call flat frame corrected.
The dark and Bias corrected light frame is then divided by the flat frame (Romanishin, 2002).

Each target series is then plate solved using star pattern matching against the known image resolutions
and a star catalogue such as UCAC2. 5 comparison stars are chosen and the relative (differential)
magnitude of the target is determined along with the SNR. This involves measuring the flux values of
each comparison star and the target. The measuring annulus is made up of 3 parts, the object annulus,
the black area and the sky annulus. The object annulus measures the total flux count of the target that
falls inside the area of the annulus. The Sky annuli measures the average flux in that area (typically of
the background sky) then this figure is subtracted from the object flux total to obtain the raw
instrumental flux. The flux values are converted to an Instrumental Magnitude (see equation 1) then
linearly comparing each comparison star to the target and deriving the average IM of the target.

m=-2.5*log (1) (1)
where m = raw instrumental magnitude and I is the measured total intensity of the target

For CCD images this means the total of the pixel values from the star multiplied by the Analogue to

Digital amplification factor (ADU) less the sky value. For the SBIG ST-8E camera, e/ADU = 2.3, so for

an example total count of 1000, I = 2300 which equates to an IM value of -8.404. (Warner 2003)

The SNR for each measure was used to indicate the error in the indices given by the formula:
Err[Target] = 1.0857/SNR|[target] 2)

The factor of 1.0857 converts flux to magnitudes (Howell 2000)

One important factor is that valid measurements can only be obtained in the comparison stars are no

variable. To determine this each data series comparison star is plotted. If the star is variable then the

plot will indicate this. An average of the comp stars that does not show a flat line will also indicate that

one or more of the comp stars is variable. If more than 2 are variable then the data is dumped and the
process started over with a new set of comp stars.
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Fig. 2. Asteroids’ spin rate vs. diameter plot. (Pravec et al, 2002)

Results — Data Analysis

The techniques used to derive the targets period varies with the type of period. Typically the data is
passed through a Fourier routine that results in a frequency graph that identifies various fits, the
better/best fitting periods having the strongest indication. Figure 3 shows the results where the resulting
period is well established. Figure 4 shows a more ambiguous result though there are 2 strong
candidates. A quick look at the graph reveals that the first is likely a monomodal fit and the second is
bimodal counterpart. Various other strong spikes indicate probable aliases.
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Fig. 3. Fourier frequency curve — An obvious fit Fig. 4. Fourier frequency curve — An ambiguous fit
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Extensive studies of asteroid spin rates have indicated that there is a practical upper limit of 12
revolutions per day. This can be characterised by suggesting that these asteroids are gravitationally
bound ‘rubble piles’ with densities of ~2.5 g/cm” (Pravec et al, 2002). Of course higher spin rates are
possible and have been observed but they are the exception rather than the norm.

Short period targets are the easiest targets to resolve. These targets, with periods up to 5 hrs, display an
entire period inside a single observing session. Many of these are typically Binary candidates — about
15% of NEO’s are thought to be so (Pravec, 2005) - and indications from current, unfinished studies are
that this value also holds for Hungaria’s (Warner, 2006) and Inner Main belt asteroids (based on my own
observations as part of the Binary Asteroid Photometric Survey).

(11131) 1996 VO3, was discovered by S. Ueda and H. Kaneda on 7 November 1996 at Kushiro. It has
an estimated diameter of 11.5km and is an inner main belt asteroid with a semi major axis (a) of 2.26 au
and an inclination (I) of 3.43°.

This target was observed over 3 nights between 20 September and 25 September 2006. 2 of the 3
sessions resulting in data obtained over a period of more than 7 hours thus allowing more than double
coverage each session. The Fourier analysis routines in MPO Canopus, the software used to extract the
data from the images and derive the period, immediately indicated a short period of 2.8 hrs. As each
additional session was added, small changes were made to their base magnitude to align the plots.

The brightness of the target as well as the quality of the comparison stars allowed for accurate
photometric data to be extracted from the image and allowing a period to be derived with little noise or
error for such a low amplitude.
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Fig. 5. Period plot of the lightcurve for Minor Planet (11131) 1996 VO3,



As can be seen from Figure 2, the average spin rate of an asteroid is very much size dependant though
the average fit in a band ranging from 2 to 5 revolutions per day (5 to 12hrs periods). It is quite possible
to get a good portion of this type of objects lightcurve in a single session and derive a reasonable
estimate at a final period.

12371 Madicampbell was chosen for this paper to show that high precision photometry is not required
for all targets to undertake period analysis. Madicampell appeared in the FOV of 4029 Bridges (an
asteroid who’s binary nature was discovered by the author) when follow-up analysis was being done of
that target. Madicampbell was discovered by S Otomo on 14 April 1994 at Kiyosato. Based on an
assumed albedo, the target has an estimated diameter of 8.3km. It is an inner Main Belt Asteroid with a
semi major axis (a) of 2.28 au and an inclination (I) of 3.51°.

Like the short period targets, a good portion of Madicampbells period was covered in a single session.
The target data showed sufficient amplitude in the lightcurve to overcome the large photometric errors
(0.05mag). Good data density also helped to provide a solid shape to the curve such that overlapping the
following session’s data was easy. Once again adjustment to each following sessions base magnitude to
vertically align the curves
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Fig. 6. Period plot of the lightcurve for Minor Planet 12371 Madicampbell
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These have periods ranging from 12 up to 48 hrs. A recent example of this type is MP 105 Artemis.
Artemis was chosen by request of Dr Ellen Howell of Arecibo Observatory. The target was to be the
subject of radar observations at that observatory and visual collaboration was requested to undertake
extensive physical analysis. Previous attempts by others to determine the period for this object revealed
periods of 16.84hr (Schober et al, 1994) and 18.56hr (Schevchenko et al 2002).
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Artemis was discovered by J. C. Watson on 16 September 1868 at Ann Arbor, Michigan USA. It has a
diameter of 123.0 + 0.3 km and an Albedo of 0.032 + 0.002. Artemis is an inner main belt asteroid with
Semi Major Axis (a) = 2.374 au and an inclination (I) = 21.46°.

Radar images of the target taken by Arecibo are shown at fig 7. The images do help explain why the
lightcurve is so strange looking as the images show just how irregular the targets shape actually is,
unusual for such a large main belt asteroid. (Howell, 2006).

Fig.7. Radar images of 105 Artemis, 22 and 24 Apr 2006 (Arecibo, 2006)

17 observing sessions over the period 18 March to 22 May 2006 were undertaken using C, V and R
filters. Unfortunately the skies at Hunters Hill are not particularly photometric so the data could not be
reduced to the standard system requiring that the data be linked manually by shifting the delta V of each
session to attain a reasonable curve and small error.

These types of targets can be quite challenging as their period generally doesn’t attract too many
collaborators, however, the periods are short enough to derive as long as they do not conform to a
multiple of 24hrs. The other danger is the Alias. This is an artefact of the sampling rate in comparison
to the actual period and fools the Fourier routine such that it cannot sufficiently distinguish valid from
false periods. The routine can be confused by periods that have close mathematical relationships
between the length of the observing session and the session start time and their relation to 24 hrs. This
is where experience counts.

An Alias in a period is another period where the data seems to fit well, possibly as well as the actual
period. Aliases are most often encountered when the period between observing sessions and the actual
period itself are multiples of each other. IL.e. a target with a period of 8 hrs is observed at exactly 24 hr
intervals (i.e. you start observing at the same time each nightly session) means that you are observing
exactly the same part of the curve each night. Another example is for targets where the period curve is
symmetrical so that it is difficult to tell where the minima and maxima should be. (Warner, 2003)

There are techniques to avoid or at least minimise the Aliasing problem. First is to take observations on
at least 2 nights in a row. The second is to attempt to plot the /2 period. If the /2 period produces a good
fit for the horizontal alignment of maxima and minim then the period is likely to be good (regardless of
the amplitude of the maxima and minima). If the 2 period does not produce a good fit then you are
statistically likely to not have a valid period. There are exceptions of course. There are the occasional
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oddballs and 3155 Lee is a good example. This target has a quadmodal curve with very little symmetry
(Warner, 2003).
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Fig. 8. Period plot of the lightcurve for Minor Planet 105 Artemis
& $ % #

These targets have periods in excess of 48 hrs. There is no upper limit with periods having been
recorded as long as 2 months (MPC, 2006). The target chosen here, MP 2430 Bruce Helin, has a period
0f 126.85 + 0.03 hrs and amplitude of 0.6 + 0.02mag.

Bruce Helin was discovered by E.F. Helin and E. M. Shoemaker on 8 November 1977 at Palomar
Observatory and has an estimated diameter of 23.5km. It is an inner Main belt asteroid with a semi
major axis (a) of 2.36 au and an inclination (I) 0of 23.45° .

These targets are notoriously difficult to resolve as the longest practical observation session is some 11
hrs with an average of around 6-7hrs. These targets require collaboration and need at least 2 or 3 linked
nights. There are a couple of options when it comes to linking. The easiest is to have overlapping
collaborating stations. That is, the data from each station will partially overlap the period form the
previous station and so forth. Unfortunately this was not possible for Bruce Helin. In this case Modra
observatory was able to link their own data to a precision of 0.03mag. This then provided placeholders
against which my own data could be positions by adjusting each session’s base magnitude (adjusting the
deltaV).

Rather than plotting the entire period, I aimed for a monomodal fit. Plotting the individual sessions
against the %2 period (63 hrs) allowed us to line up all sessions against each other as well as the
overlapping portions. This does smack of curve fitting but it is a matter of deriving a curve that works.
Experience tells you if the curve is forced or fits.



The Fourier analysis of this ‘fit” enabled me to derive a period with least errors of 126.85hrs though
Modra obtained a period of 127.9hrs. Given the length of the period and the less than 100% phase
coverage, a 1 hr discrepancy from 2 different software solutions is not unexpected.
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Fig. 9. Period plot of the lightcurve for Minor Planet 2430 Bruce Helin
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Conclusion

The four targets were successfully observed and a suitable synodic rotation period was derived for all as
outlined in Table 2.

# Name Date Range Session Period P.E. Amp
Hrs Mag

105 Artemis 22Apr-16May06 12 37.1 0.1 0.13
2430 Bruce Helin 11Sep-030ct06 17 126.86 0.03 0.60
11131 1996 VO30 20Sep-25Sep06 3 2.7884 0.0007 0.14
12371 Madicampbell 24Apr-26Apr06 3 7.264 0.005 0.4

The techniques used may appear a little unscientific in that the periods are derived after some level of
curve fitting by eyeballing the plots but is technically no different to applying a delta V after fitting each
session to a standard curve and in fact is the same technique used before computers when data was
plotted on graph paper and the curve shapes manually lined up by eye. In most cases the data from each
session will overlap making the results, in most cases, as solid as any technique.

Obviously fitting to the standard magnitude system is ideal; however few amateur sites are located in
places offering photometric skies. However, the results speak for themselves and have been scrutinised
by leading professionals in the field — namely Professor Rick Binzel, MIT, USA. Dr Alan Harris, Space
Science Institute, USA., and Dr Petr Pravec, Astronomical Institute, Czech Republic.
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