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PREFACE  

 

Welcome to the 34
th
 annual Symposium of the Society for Astronomical Sciences!  This 

yearôs agenda reflects the broad diversity of interests among SAS participants, with papers 

covering photometry, spectroscopy, interferometry and astrometry; instruments ranging from 

eyeballs to CCDs and spectrographs to radios; and projects ranging from education to 

citizen-science to a variety of astronomical research targets. 

This year we also honor the memory of Lee Snyder, the long-time President of SAS, who 

died in March 2015.  Lee was full of years, he was enjoyed and respected by many friends 

and collaborators, and he left a legacy that will live on.  We will miss his enthusiasm, 

curiosity, and his predilection for corny jokes.  Farewell, Lee ï it was very good to have 

known you. 

It takes many people to have a successful conference, starting with the Program Committee.  

This year the regular committee members are: 

Robert Gill  Robert D. Stephens 

Cindy Foote  Jerry Foote  

Robert Buchheim Dale Mais 

Wayne Green 

We thank the staff and management of the Ontario Airport Hotel for their efforts to 

accommodate the Society and our activities. 

Membership dues and Registration fees do not fully cover the costs of the Society and the 

annual Symposium.  We owe a great debt of gratitude to our corporate sponsors:  Sky and 

Telescope, Woodland Hills Camera and Telescopes, PlaneWave Instruments, Santa Barbara 

Instruments Group/Cyanogen, and DC-3 Dreams.  Thank you! 

Finally, there would be no Symposium without the speakers and poster presenters, the 

attentive audience, and the community of researchers and educators who apply their small 

telescopes to research activities.  We thank all of you for making the SAS Symposium one of 

the premiere events for professional-amateur collaboration in astronomy. 

 

Robert K. Buchheim 

Jerry L. Foote 

Dale Mais 

 

2015 May 
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Spin Axis Distribution of the  
Hungaria Asteroids via Lightcurve Inversion 

Brian D. Warner 

Center for Solar System Studies ï Palmer Divide Station / MoreData! 

446 Sycamore Ave. 

Eaton, CO  80615 

brian@MinorPlanetObserver.com 

 

Robert D. Stephens (MoreData!), Daniel Coley 

Center for Solar System Studies 

Landers, CA 

Abstract  

In the past decade or so, the influence on small asteroids of the YORP (Yarkovsky-O'Keefe-Radzievskii-
Paddack) effect, which is the asymmetric thermal emission of received sunlight, has been firmly established. The 
two strongest pieces of evidence are the nearly flat distribution of rotation rates of small asteroids and the 
distribution of spin axes (poles). YORP theory says that the spin axes, barring outside influences, are eventually 
forced to low obliquities, i.e., the poles are located near the north or south ecliptic poles. This would seem natural 
for objects with low orbital inclinations. However, for objects with high orbital inclinations, such as the Hungarias, 
there are some questions if this would still be the case. The authors and other observers have accumulated 
dense lightcurves of the Hungaria asteroids for more than a decade. The combination of these dense lightcurves 
and sparse data from asteroid search surveys has allowed using lightcurve inversion techniques to determine the 
spin axes for almost 75 Hungaria asteroids. The results confirm earlier works that show an anisotropic 
distribution of spin axes that favors the ecliptic poles and, as predicted for the Hungarias, a preponderance of 
retrograde rotators. 

1. Introdu ction 

In general, the Hungaria asteroids are a 

dynamical group within the commonly-defined inner 

boundary of the main belt asteroids at 2 A.U, having 

orbital elements of 

 

Semi-major axis: 1.78 < a < 2.0 AU 

Eccentricity: e < 0.18 

Inclination: 16 < i < 34° 

 

Contained within the dynamical, or orbital, 

group is at least one collisional family. These are 

members who come from a common parent body that 

was split into multiple pieces by a collision many 

years ago (250-500 Myr; Warner et al., 2009; Milani 

et al., 2010). 

Recent papers (e.g., Warner et al., 2009a; Milani 

et al., 2010; McEachern et al., 2010) have discussed 

the evolution of the Hungarias in detail. A 

particularly interesting theory put forth by Bottke et 

al. (2010; 2102) suggests that the Hungarias are left-

overs from the formation of the Solar System that 

became member of the so-called E-band, and were a 

primary source of impactors in periods after the Late 

Heavy Bombardment (LHB; 3-7-3.8 Gyr ago) that 

were as ñrecentò as ~2.0 Gyr ago. 

In addition to their role in the formation of the 

Solar System, the Hungarias have played a more 

recent, critical role in a play whose plot timeline 

extends from the early days of the Solar System to 

millennia yet to come. 

 

2. Shedding Some Light 

The Hungaria have several characteristics that 

made them ideal for study, especially when using 

modest telescopes on the order of 0.2-0.5 m diameter. 

First, their orbital parameters mean that they are not 

subject to planetary tidal encounters. Second, they are 

all relatively small, the largest member being 434 

Hungaria with an effective diameter of about 13 km.  

While being small may hinder backyard 

telescope observations under most circumstances, the 

proximity of the Hungarias (just outside Marsô orbit) 

and their tendency to have high albedos, meaning 

they reflect between 20-50% of the sunlight hitting 

them makes them relatively easy to study in detail, as 

shown by the fact that reliable periods have been 

established for more than 300 Hungarias since 

concentrated studies began at, first, the Palmer 

Divide Observatory in Colorado, and now at the 

Center for Solar System Studies in Landers, CA. 
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All of these considerations make the Hungarias 

an excellent control set for comparing certain 

physical characteristics against those of near-Earth 

asteroids (NEAs), including spin rate distribution, 

binary and tumbler populations, and spin axis 

alignments. Each of these characteristics is dictated 

to a large degree by the anisotropic thermal re-

radiation of absorbed sunlight, which is a fancy way 

of saying the ñYORP effect.ò 

 

2.1 As the YORP Turns 

The Yarkovsky-OôKeefe-Radzievskii-Paddack 

(YORP) effect consists not only of the thermal re-

radiation of absorbed sunlight but the minute torque 

caused by scattered sunlight (Vokrouhlicky et al., 

2015). While not as strong as gravitational or 

planetary forces, it is unrelenting and can modify the 

rotation rates and spin axis alignments of small 

asteroids,  

D < 20 km. For rotation rates in some cases, the 

changes can be seen on the order of only a decade or 

two (see Kaasalainen et al., 2010).  

Figure 1 shows a frequency-diameter plot using 

data from the asteroid lightcurve database (LCDB; 

Warner et al., 2009b). More than 5000 separate 

objects are included with the Hungarias highlighted 

in yellow. 

The two most noticeable features are 1) the so-

called spin barrier at about 2.2 hours and diameters 

D > 200 meters and 2) the diagonal branch of objects 

at the upper-left side of the plot.  

 

 

 
Figure 2. The spin rates for 300 Hungarias show a flat 
distribution for periods P < 24 h.  

That second feature represents super-fast rotators 

that are almost certainly strength-bound, e.g., nearly 

monolithic. No Hungarias have been found within 

this branch ï so far. Their rapid rotation is likely due 

to collisions, not YORP spin up, and so they are not 

of interest for this paper. 

The spin barrier is believed to be due to YORP 

influencing small rubble pile asteroids, i.e., those 

with D < 20 km and held together by mutual 

gravitation. A rough analogy is a dense spinning bean 

bag without the surrounding bag. If the asteroidôs 

rotation is prograde, YORP causes its rotation rate to 

increase over time. If retrograde, then the rotation 

rate is likely to decrease over time. 

Eventually, a point is reached where the mutual 

gravitation is weaker than centrifugal force and the 

asteroid sheds some mass. The material can 

eventually accrete into a satellite or form a secondary 

asteroid that slowly breaks away from the parent 

body (an asteroid pair). It can also fall back to the 

parent body and create a central bulge running along 

     

Figure 1. The Hungaria 
asteroids are highlighted by 
yellow symbols in this 
frequency -diameter plot. 
Below the ñspin barrierò at 
about 2 .2 hours are the 
ñrubble pileò asteroids, 
those held together by 
mutual gravitation. Asteroids 
spinning faster than this are 
ñstrength-boundò, e.g., 
nearly monolithic rocks.  

See the text for additional 
details.  

From the asteroid lightcurve 
database (LCDB;  Warner et 
al., 2009a).  
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the equator as well as forming a satellite (e.g., 1999 

KW4; see Ostro et al., 2006). 

The total net force of YORP has been shown to 

be very sensitive to small as well as large scale 

features (see, e.g., Statler et al., 2013). So, after the 

asteroid sheds mass, the change in its shape can cause 

YORP to start slowing the rotation rate, reaching a 

long period where it can slip into non-principal axis 

rotation (tumbling). Even if tumbling does not occur, 

coming out of slow rotation back towards faster 

periods takes longer than slowing down from near the 

spin barrier. The overall effect is a strong excess slow 

rotators, i.e., those with P > 24 h. This is clearly seen 

in Figure 2, which shows the number of Hungarias in 

bins of cycles/day (frequency).  

The preceding is simplification of the facts. For 

example, Cotto-Figueroa et al. (2013) showed that 

YORP is both stochastic and self-limiting and so the 

idea of ñYORP cyclesò is more complex. The paper 

by Vokrouhlicky et al. (2015) gives a good summary 

of whatôs known to date. 

 

3. NEA vs. Hungaria Spin Rate 

Distributions 

Earlier studies (Pravec et al., 2008) found a spin 

rate distribution for small NEAs and main-belt 

objects similar to what is shown in Figure 2. That 

involved about 200 objects. However, a more recent 

look at LCDB data using more than 550 NEAs from 

0.2 ¢ D ¢ 10 km rated U ² 2 in the LCDB (Figure 3), 

paints a different picture, one where the excess of 

slow rotators is almost statistically gone and a slight 

depression between 5-9 cycles/day (P = 2.67 - 4.8 h). 

Picking the correct size range for this 

comparison is important. Objects smaller than D ¢ 

170 meters have been shown to be almost exclusively 

super-fast rotators (P < 2 h; Statler et al., 2012). At 

the other end, going above 10 km could start to 

introduce remnants (shadows or echoes) of the 

original collisional state of the objects. The range 

also fits, at least down to 1-2 km, the same size of 

objects as in the Hungarias sample. 

The sample of 560 NEAs was also limited to 

those having an LCDB rating of U ² 2, meaning the 

marginal results at 2ï were not used. The change 

from earlier results may be real; it may be due to 

having a larger sample; it may be due to increased 

observational biases; it may be due a combination of 

two or more of these or additional factors. It should 

be noted that more than 300 of the results include 

those by authors Warner and Stephens, who have 

made a concerted effort to reduce biases by not 

abandoning difficult targets such as those with low 

amplitudes, long periods, or signs of tumbling. 

 
Figure 3. The spin rate distribution (count vs. frequency 

in cycles/day) for 560 near -Earth asteroids with 0.2 ¢ D ¢ 
10 km. 

4. Hungaria Spin Axis Distribution  

The final step of a now decade old project started 

by Warner was to determine the spin axes 

orientations for as many Hungaria asteroids as 

possible and compare the distribution against what 

was found for other objects of similar size.  

One of the more significant recent studies along 

this line was by Hanus et al., (2013b), who identified 

ten collisional families among main-belt asteroids 

and that within each family there were some common 

traits in the spin axis distribution. Chief among these 

were that ñthe majority of asteroids have large pole-

ecliptic latitudesò and that ñsome families have a 

statistically significant excess of members with 

latitudes either < 0Á or > 0Á.ò 

Another finding was that if the pole latitude was 

b < 0° (meaning that the asteroid likely had 

retrograde rotation), the members of the family 

tended to have smaller semi-major axes than the 

middle of the family and larger semi-major axes 

when b > 0° (likely prograde rotation).  

Milani et al. (2010) found an excess of Hungaria 

asteroids with smaller semi-major axes, thus ï by 

findings of Hanus et al. (2013b) ï the expectation 

would be that the Hungarias would show an excess of 

spin axes of b < 0°. Our work would eventually show 

that this is indeed the case.  

 

4.1 The Initial Data Set 

Since 2005, the authors have collected at least 

one dense lightcurve for more than 300 Hungarias. In 

some cases, an asteroid has been observed at four or 

more apparitions. A dense lightcurve is the typical 

time-series data set obtained on several nights with 

each night producing between 30-100, or more, data 

points.  

These are in contrast to sparse data sets, which 

are typically the result of 3-5 observations a night at 
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irregular intervals covering many days, months, even 

years. The data points are often only a few minutes 

apart and so may not cover a significant portion of an 

asteroidôs rotation. The most common source of 

sparse data sets is from the near-Earth asteroid 

surveys and some general surveys. Hanus and Durech 

(2012) found some of the more reliable sources to be 

the Catalina Sky Survey, USNO-Flagstaff, and the 

LONEOS project at Lowell Observatory. 

It has been shown that sparse data sets alone can 

be used to model an asteroid (Kaasalainen, 2004). 

There are several strict requirements, however. All 

the data must be calibrated to at least an internal 

system and the span of the data must cover almost the 

entire orbit (e.g., see Figure 4).  

Barring such a data set, the combination of even 

uncalibrated dense lightcurves and sparse data can be 

very productive. See, for example, Hanus et al. 

(2013; and references therein). Even with combined 

dense and sparse data sets, there are many pitfalls. 

For example, if the dense lightcurves were obtained 

at similar viewing aspects as based on the phase 

angle bisector longitude (see Harris et al., 1984) or 

the longitudes differed by close to 180 degrees, then 

the dense lightcurves do not contain significantly 

different information about the shape of asteroid as 

determined by the shape of the lightcurve.  

If the total data set does not span a sufficient 

amount of time, then the true sidereal period may not 

be determined uniquely or, at best, poorly. A small 

error in the sidereal period can lead to dramatic 

differences in the final result, including changing the 

sense of rotation from prograde to retrograde. Steve 

Slivan (2012; 2013; 2014) covered this particular 

problem in detail. Those attempting lightcurve 

inversion are strongly encouraged to read those 

papers. 

 

4.2 The Finalists 

Not all dense data sets are equally useful for spin 

axis modeling. Just as important, not all asteroids are 

equally good candidates for modeling. Those that 

always have low amplitude lightcurves are 

presumably nearly spheroidal, making it difficult to 

obtain an unambiguous solution. If the asteroid is 

binary, all effects of the satellite must be removed 

from the data. Even then, most binary primaries also 

tend to be spheroidal. Tumbling asteroids are the 

most difficult of all since the principal axis is 

precessing, sometimes significantly. 

To assure the best chance of finding useful spin 

axis solutions, we limited modeling to those asteroids 

with the following criteria: 

 

1. Dense lightcurves from at least two 

apparitions. 

2. Amplitude generally A ² 0.15 mag. 

3. LCDB rating of U ² 2. 

4. Unambiguous period. 

5. Not binary. 

6. Not tumbling. 

7. A good distribution in phase angle bisector 

longitudes (LPAB). 

 

This reduced the number of candidates down to 

117 Hungarias.  

 
Figure 4. The distribution of phase angle bisector 
longitudes in the data set for 434 Hungaria.  Green dots 
represent dense lightcurves. Red dots represent sparse 
data.  

Figure 4 shows the distribution of LPAB for 434 

Hungaria. Note first that the data set covers almost 

the entire orbit of the asteroid. As noted above, this is 

important if hoping to find an unambiguous solution. 

Also important is the location of the dense 

lightcurves (green dots) on the plot. None of them are 

diametrically opposite any other, although two are 

within about 20° a diameter. Diametrically opposed 

data sets provide essentially the same shape 

information about an asteroid, the difference being 

whether the viewing aspect is towards the north or 

south pole. Having a diverse placement of LPAB for 

dense lightcurves provides more details about the 

shape of the object. 
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4.3 The Modeling Process 

We used MPO LCInvert for lightcurve inversion. 

This is a Windows-based program written by Warner 

that allows using both sparse and dense data sets to 

find a model for an asteroid. It does not allow 

merging data from other sources such as radar, 

thermal observations, or occultations. 

The code was converted from the original C and 

FORTRAN (Kaasalainen and Durech; available on 

the DAMIT web site 

 

http://astro.troja.mff.cuni.cz/projects/ 

asteroids3D/web.php 

 

which also includes models and underlying data for 

more than 500 asteroids. 

We used sparse data from only Catalina Sky 

Survey and USNO-Flagstaff since these were among 

the better sources given by Hanus and Durech (2012).  

 

4.3.1. Finding the Period 

The first step requires finding a unique sidereal 

rotation period for the asteroid. This can be a very 

long process, sometimes taking days of CPU time for 

a single asteroid.  

The reasons for this are several-fold. First, the 

period search range must be broad enough to assure 

finding a universal minimum, not just a local one 

(Figure 5). Second, if the data set spans several 

decades, this increases the number of trial periods 

dramatically so that the true period is not stepped 

over. Third, if the data set has a large number of data 

points, then the processing time is considerably 

greater. To help with this last point, if we had dense 

lightcurves from several nights in an apparition, each 

(or most) covering more than one rotation, only one 

or two of the lightcurves were used in the modeling 

since the others did not provide any significant new 

information about the shape of the asteroid. 

 
Figure 5. The period search plot (Chi -square vs. period) 
for 5841 Stone features several local minimums. Too 
narrow a search range could have found the incorrect 
period.  

Even though asteroids with ambiguous periods 

were excluded, an LCDB rating of U = 2 still 

indicated a significant uncertainty in the period. Also, 

the periods in the LCDB are synodic, not sidereal. 

The two can differ by several units of 0.001 h, even 

more. Therefore, the initial search period had to 

cover a much wider range, sometimes ±20-30% of 

the adopted period. 

A general rule for accepting a period for the next 

stage of modeling is that the second-lowest chi-

square value is at least 10% greater than the lowest 

chi-square value. This is rarely the case, especially if 

the dense sets are of lower quality, the sparse data 

sets are particularly sparse, or the time span of the 

data doesnôt allow finding a sufficiently precise and 

unique period. As a result, we would sometimes do a 

pole and model search using more than one period to 

see if the end results differed significantly. 

To put the period search problem in more direct 

terms, the adopted period must be sufficiently 

accurate and precise so that over the total time span 

of the observations the integral number of rotations 

based on the derived and true periods is exactly the 

same and there is no more than a 10° difference in the 

rotation angle between the two in the current rotation 

at the end of the time span. Mathematically, this is 

expressed as 

 

D = (0.028 * P
2
) / T 

 

where  D period error 

 P rotation period of asteroid (hours)  

 T total span of data (hours) 

 

For example, assuming a period of 5 hours and a total 

time span of 20 years (175320 hours) 
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D = 0.000004 hours 

 

meaning that an error of that amount would result in 

a 10° rotation angle difference over 20 years.  

 

4.3.2. Finding the Pole 

After finding a period, the search for a spin axis 

began. This involved finding a chi-square best fit 

when using 312 discrete, fixed poles at 15 degree 

intervals in longitude and latitude but allowing the 

period to float. 

Figure 6 shows the results for 434 Hungaria, the 

largest body (D ~ 13 km) of the Hungaria collisional 

family. The lowest chi-square solution is indicated by 

a deep blue region. The colors progress from blue to 

greens, yellows, and oranges as the chi-square value 

increases. A deep red (maroon) region represents the 

highest chi-square value solution.  

 
Figure 6 . The pole search plot for 434 Hungaria. See the 
text for details.  

Ideally, as is almost the case in Figure 6, we 

hoped to see a small island of blue within a sea of 

yellows and oranges, indicating a completely 

unambiguous solution. 

The color scaling in Figure 6 is relative in that it 

fits the range of chi-square values. If the scaling is 

change to absolute values, i.e., based on a pre-set 

map equating a value to a given color, this results in 

something like Figure 7.  

 
Figure 7. The pole search plot for 4 34 Hungaria when 
using absolute scaling instead of relative. See the text.  

As in this case, the hope is for a sea of deep reds 

with a relatively small region of colors in greens or 

blues. As shown below, sometimes hopes are dashed 

on the rocks. 

 

4.3.3. Finding the Model 

The lightcurve inversion process can find more 

than one valid solution, often differing by 180° in 

longitude. This is particularly true if the orbital 

inclination of the asteroid is low, making it difficult 

to determine if a given viewing aspect is looking 

towards the north or south pole of the asteroid.  

In other cases, the solutions may be mirrored in 

latitude, one being prograde rotation and the other 

retrograde. This can be a sign that the period is not 

sufficiently well-determined such that there is a one-

half rotation error over the span of the observations. 

There may even be four solutions: two prograde and 

two retrograde, the pairs differing by about 180° in 

longitude.  

Note that the concentration has been on spin axis 

orientation. A natural outcome of the modeling is a 

convex-shaped hull. While the shape was not our 

main concern, it was important in that it had to be 

physically plausible and rotation was about the 

shortest axis. Figure 8 shows the resulting shape for 

the best-fit period and spin axis solution for 434 

Hungaria. 
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Figure 8. The best -fit shape model for 434 Hungaria. 
Unless fully -calibrated data are used exclusively in 
modeling, the Z -axis is not fully constrained, i.e., it could 
be taller or even shorter than show here, though t he 
latter is highly unlikely.  

Another test for the validity of a given model is 

if the lightcurves from the model fit the dense 

lightcurves.  

 
Figure 9. The model lightcurve (black) for 434 Hungaria 
on 2009 July 16 versus the dense lightcurve (red).  

Figure 9 shows a typical example. Since the 

period of 434 Hungaria is P > 26 h, the individual 

dense lightcurves did not cover more than about 25% 

of a rotation.  

 

4.3.4. When Modeling Goes Bad 

Sometimes the data set is just not good enough, 

e.g., it may not cover a long enough time range or too 

little of the orbit in terms of an insufficient range of 

LPAB values. For whatever reasons, a (nearly) unique 

period cannot be found or the shape of the asteroid is 

too round and so likely to produce highly ambiguous 

shape models. For any or all of these reasons, the 

resulting search for a pole finds only a sea of blues, 

meaning all nearly equal chi-square values, as seen in 

Figure 10. 

 
Figure 10. The results for 1991 TD1 were disappointing.  

This was one asteroid that was not used in our 

spin axis distribution analysis. 

 

5. The Final Results 

We created a rating system of Q = 1-5 to 

determine if a given spin axis would be used in our 

distribution analysis. A rating of Q = 1 (Figure 10) 

meant that it was impossible to know if the rotation 

sense was prograde or retrograde, let alone an 

approximate latitude of the spin axis. Q = 3 was the 

point where sense of rotation was reasonably 

established. However, the latitude was still in 

question.  

Only solutions rated Q = 4 or 5 were used. 

Figure 6 represents a Q = 5 result. A Q = 4 rating still 

allowed putting the latitude within one of three 

regions: |b| < 30°, b ² 30° (prograde), and  b ¢ ï30° 

(retrograde), the uncertainty being which of two 

solutions was more likely correct. The first 

(ñcentralò) zone of Ñ30Á of the ecliptic was chosen 

because it represents about one-half the area of the 

entire ecliptic sphere. 

 
Figure 11. The spin axis distribution for 53 Hungaria 
asteroids rated Q =4/5.  

Out of the 117 initial candidates, we found 

periods and spin axis based on physically plausible 

shapes for 76 Hungarias. Of these, 53 were rated  

Q = 4/5 and so were for distribution analysis. 
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Figure 11 is a plot of those 53 asteroids. Only 

best-fit poles were used while secondary poles often 

found as part of the lightcurve process were ignored. 

Q = 4 solutions are cyan circles. Q = 5 solutions are 

deep blue circles. If the solution is prograde, it has a 

dark blue border while retrograde solutions have a 

red border. 

 

Beta Count Percent 

|b| < 30° 11 21 

|b| ² 30° 42 79 

Table I. Counts and percentages of Hungarias within 
and outside the central region of ±30° of the ecliptic 
plane.  

Table I shows the raw results based only on 

ecliptic latitude. Itôs quite apparent that there is a 

strong tendency for the Hungarias to have spin axis 

away from the ecliptic plane, just as Hanus et al., 

(2013b) found.  

For low orbital inclination objects, the pole 

latitude can be almost be used directly to determine 

sense of rotation, i.e., a southerly latitude indicates 

retrograde rotation while a northerly latitude 

indicates prograde rotation. This is not the case for 

high inclination objects.  

 

Rotation Count Percent 

Prograde 13 25 

Retrograde 40 75 

Table II. Counts and percentages of Hungarias with 
prograde or retrograde rotation.  

Spin axis orientation is more closely tied to the 

orbital plane of the asteroid rather than the ecliptic 

plane. Therefore, it is important to ñnormalizeò the 

result by taking the cross-product of the spin axis 

vector and the north pole of the orbital plane to 

determine if the spin axis is above or below the 

orbital plane. When doing this, two objects within the 

central region swapped their sense of rotation. Table 

II shows the counts and percentages of prograde vs. 

retrograde rotation. 

These numbers are in agreement with Milani et 

al. (2010) who found a significantly greater number 

of retrograde Hungarias than prograde. 

 

6. But Wait! Thereôs More! 

There is still more work to be done. We continue 

our observations of Hungarias, concentrating on 

those that need another apparition or two to improve 

the chances of finding a valid model. However, we 

are also adding new objects, mostly smaller ones, to 

further check on both the rotation rate and spin axis 

distributions. We also look to revise the Q rating 

system to make it more subjective. 

 

7. Conclusion 

Long-term investigations require lots of patience. 

Fortunately, our work on the Hungarias produced 

many intermediate results that provided some instant 

gratification, e.g., the discovery of more than a dozen 

confirmed and several possible Hungaria binaries. 

Weôve made a point of publishing all of our 

lightcurves in the Minor Planet Bulletin over the 

years as well as submitting our raw data to the Minor 

Planet Center 

 

http://www.MinorPlanetCenter.net/light_curve 

 

so that other researchers can make use of our data for 

their own projects, including lightcurve inversion and 

independent period analysis.  

We hope that others will be encouraged to take 

on long-term projects such as this. The benefits to 

science can be enormous, even if not immediately 

realized. Variable star observers know this very well.  

 

8. Acknowledgements 

Current funding for observations by Warner and 

Stephens at the Center for Solar Systems Studies 

(CS3) was provided by NASA grant NNX13AP56G. 

Earlier work at the Palmer Divide Observatory in 

Colorado was funded by NASA grant 

NNX10AL35G. Work on the asteroid lightcurve 

database (LCDB) by Warner was funded by National 

Science Foundation grants AST-1032896 and AST- 

1210099. 

The purchases of one SBIG STL-1001E CCD 

camera and a Meade 0.35-m SCT used at CS3 were 

made possible by Gene Shoemaker NEO grants from 

the Planetary Society. 

 

9. References 

Bottke, W.F., Vokrouhlicky, D., Nesvory, D., 

Morbidelli, A., Brasser, R. (2010). ñThe E-Belt: A 

Possible Missing Link in the Late Heavy 

Bombardment.ò LPI Contribution 1533, p. 1269. 41
st
 

Lunar and Planetary Science Conference. 

 

Bottke, W.F., Vokrouhlicky, D., Minton, D., 

Nesvorny, D., Morbidelli, A., Brasser, R., Simonson, 

B., Levinson, H.F. (2012). ñAn Archaean heavy 



9 

 

bombardment from a destabilized extension of the 

asteroid belt.ò Nature 485, 78-81. 

 

Cotto-Fiueroa, D., Statler, T.S., Richardson, D.C., 

Tanga, P. (2013). ñKilling the YORP Cycle: A 

Stochastic and Self-limiting YORP Effect.ò AAS 

DPS meeting #45, #106.09. 

 

Harris, A.W., Young, J.W., Scaltriti, F., Zappala, V. 

(1984). ñLightcurves and phase relations of the 

asteroids 82 Alkmene and 444 Gyptis.ò Icarus 57, 

251-258. 

 

Harris, A.W., Young, J.W., Bowell, E., Martin, L.J., 

Millis, R.L., Poutanen, M., Scaltriti, F., Zappala, V., 

Schober, H.J., Debehogne, H., and Zeigler, K.W., 

(1989).  ñPhotoelectric Observations of Asteroids 3, 

24, 60, 261, and 863.ò  Icarus 77, 171-186. 

 

Hanus, J., Durech, J. (2012). ñThe potential of sparse 

photometric data in asteroid shape modeling.ò 

Planetary and Space Science 73, 75-79. 

 

Hanus, J. Durech, J., Broz, M., Marciniak, A., 

Warner, B.D., Pilcher, F., Stephens, R., Behrend, R., 

and 112 coauthors. (2013a). ñAsteroids' physical 

models from combined dense and sparse photometry 

and scaling of the YORP effect by the observed 

obliquity distribution.ò Astron. Astrophys. 551, A67. 

 

Hanus, J., Broz, M., Durech, J., Warner, B.D., 

Brinsfield, J., Durkee, R., Higgins, D., Koff, R.A., 

Oey, J., Pilcher, F., Stephens, R., Strabla, L.P., 

Ulisse, Q., Girelli, R. (2013b). ñAn anisotropic 

distribution of spin vectors in asteroid families.ò 

Astron. Astrophys. 559, A134. 

 

Kaasalainen, M. (2004). ñPhysical models of large 

number of asteroids calibrated photometry sparse in 

time.ò Astron. Astrophys. 422, L39-L42. 

 

Kaasalainen, M., Durech, J., Warner, B.D., Krugly, 

Y.N., Gaftonyuk, N.M. (2007). ñAcceleration of the 

rotation of asteroid 1862 Apollo by radiation 

torgques.ò Nature 446, 420-422. 

 

McEachern, F.M., Cuk, M., Steward, S.T. (2010). 

ñDynamical Evolution of the Hungaria Asteroids.ò 

Icarus 210, 644-654. 

 

Milani, A., Knezevik, Z., Novakovic, B., Cellino, A. 

(2010). ñDynamics of the Hungaria Asteroids.ò 

Icarus 207, 769-794. 

 

Ostro, S.J., Margot, J.-L., Benner, L.A.M., Giorgini, 

J.D., Scheeres, D.J., and 11 coauthors. (2006). 

ñRadar imaging of Binary Earth Asteroid (66391) 

1999 KW4.ò Science 314, 1276-1280. 

 

Pravec, P., Harris, A.W., Vokrouhlicky, D., Warner, 

B.D., Kusnirak, P., Hornoch, K., Pray, D.P., and 23 

coauthors. (2008). ñSpin rate distribution of small 

asteroids.ò Icarus 197, 497-504. 

 

Statler, T.S. (2009). ñExtreme sensitivity of the 

YORP effect to small-scale topography.ò Icarus 202, 

502-513. 

 

Slivan, S.M. (2012). ñEpoch Data in Sidereal Period 

Determination. I. Initial Constraint from Closest 

Epochs.ò Minor Planet Bull. 39, 204-206. 

 

Slivan, S.M. (2013). ñEpoch Data in Sidereal Period 

Determination. II. Combining Epochs from Different 

Apparitions.ò Minor Planet Bull. 40, 45-48. 

 

Slivan, S.M. (2014). ñSidereal Photometric 

Astrometry as Efficient Initial Search for Spin 

Vector.ò Minor Planet Bull. 41, 282-284. 

 

Vokrouhlicky, D., Bottke, W. F., Chesley, S. R., 

Scheeres, D.l J., Statler, T. S. (2015). ñThe 

Yarkovsky and YORP Effects.ò arXiv:1502.01249v1. 

Posted 2015 Feb. 4. 

 

Warner, B.D., Harris, A.W., Vokrouhlicky, D., 

Nesvory, D., Bottke, W.F. (2009). Analysis of the 

Hungaria asteroid population.ò Icarus 204, 172-182. 

 

Warner, B.D., Harris, A.W., Pravec, P. (2009b). ñThe 

asteroid lightcurve database.ò Icarus 202, 134-146.  

Updates available at http://www.MinorPlanet.info 

 



10 

 



11 

 

The Utility of Outer Planet Spectroscopy 
Steven M. Hill 

Denver, CO 80224 

smhill001@gmail.com 

 

Christophe Pellier 

Abstract  

Amateur astronomers can now routinely record disk integrated spectra of the outer planets at moderate to high 
spectral and temporal resolution. Initial studies of the application of small telescope spectroscopy to the outer 
planets (including Titan) were published in the early 2000ôs. This paper seeks to revisit these capabilities in 
conjunction with advances in understanding the target atmospheres, available low-cost instrumentation, and 
current observational needs within the research community.  First, observations and data reduction are 
presented. Second, the basic capability of small-scope planetary spectroscopy is re-validated and spectra of 
Jupiter, Saturn, Titan, Uranus and Neptune are compared to professional spectra at similar resolutions. Third, 
effective line-of-sight methane number density, ɖN(CH4), is retrieved using best fits to integrated band strengths 
for both classical single reflecting layer models and classical homogeneous scattering models. The observations 
and methane number densities obtained lie within the scatter seen in published literature. Fourth, the challenges 
to making highly repeatable, well calibrated observations are examined. This is done in the context of monitoring 
for transient changes in band strengths, e.g., as result of longitudinal variations clouds, hazes and/or surface 
albedo. Jupiter provides an easy, high signal-to-noise test case where the detectability of Great Red Spot transits 
is evaluated. In conclusion, we summarize the results, make recommendations for extending this work and 
suggest a campaign that could be carried out immediately by appropriately equipped amateurs. 

1. Introduction  

From the initial atmospheric characterizations of 

Jupiter, Saturn, Titan, Uranus and Neptune by Kuiper 

(1944), the state of the art has evolved to spatially 

resolved hyperspectral imaging (c.f. Sromovsky, 

2005) and in two cases in situ measurements (c.f. 

Young, 1996; Owen, 2005). For many years amateurs 

have been able to contribute to monitoring 

atmospheric circulation on Jupiter and Saturn, both in 

broadband NUV-VIS-NIR imagery and in narrow 

band methane imagery (c.f. Rogers, 2006). Now, 

under the best of circumstances, amateurs are 

beginning to record detail in the atmospheres of 

Uranus (de Pater, 2014) and Neptune (Pellier, 2013). 

In addition, photometric measurements by amateurs 

and professionals have provided insights into 

seasonal variability on Titan, Uranus and Neptune 

(Lorenz, 2004; Lockwood, 2006). 

About a decade ago spectroscopy began to grow 

in popularity among amateur astronomers. While 

many amateurs have focused on stellar, nebular or 

extra-galactic targets, solar system targets also 

provide a rich reservoir of detail.  Lorenz (2003) 

provides an investigation of capabilities for small 

telescope spectroscopy of Titan, Uranus and Neptune 

and concludes that useful observations can be made 

by amateurs with modest equipment. In particular, 

Lorenz (2003) concludes that detection of 

atmospheric changes with time may be achievable. 

Spectroscopy complements other types of 

observations of the outer planets because it can reveal 

quantitative information about the vertical scattering 

structure in planetary atmospheres. Spectral changes 

over time are indicative of rotational or seasonal 

modulation due to long lived structures as well as 

shorter-term cloud or storm outbursts. 

To provide utility, two criteria need to be met for 

spectral monitoring of the outer planets and Titan.  

First, the methodology needs to be validated in terms 

of accuracy and repeatability with equipment 

available to amateurs.  Second, an extended ï 

preferably long-term ï record of spectra with mostly 

uniform temporal spacing needs to be obtained. The 

purpose of this paper is to investigate the former, and 

pending validation, recommend an amateur-

supported observational campaign to provide the 

latter. 

The following sections are broken up as follows: 

First, the observations and data reduction used for 

technique validation are described. Second, the 

resulting planetary spectra are presented and 

compared to professional observations of similar 

spectral resolution. Third, an analysis of the methane 

absorption features of the spectra are presented, 

including estimates of the column density for each 

body. Fourth, the accuracy and repeatability of 
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equivalent width measurements is examined in the 

context of looking for rotational transients in the 

Jovian albedo. Fifth, brief comparison is made 

between the efficacy of spectral measurements at 

detecting atmospheric changes versus other 

techniques accessible to amateur astronomers. 

Finally, the work is summarized and 

recommendations for future work are discussed. 

 

2. Observations and Data Reduction 

Slit-less spectroscopic observations of Jupiter, 

Saturn, Titan, Uranus and Neptune were made in 

2013, 2014 and 2015.  Two instrumental 

configurations were used.  Both configurations used 

an SBIG ST2000XM CCD camera and a 

StarAnalyzer 100 line/mm transmission grating.  The 

full spectral range extended from 380 to 1000nm. 

Order separation was performed by using either a 

>685nm or a >742nm long-pass filter. Table 1 

provides an overview of the observations while the 

rest of this section provides additional detail. 

 

2.1 Instrument Configurations 

In the first instrument configuration, the grating 

was placed in the imaging train of a 0.2m aperture 

Schmidt-Cassegrain telescope operating at f/6.3.  

Using a set of spacers, the grating was placed at a 

distance from the focal plane to obtain spectral 

dispersion of 1.6 nm/pixel. However, the effective 

spectral resolution was limited by angle subtended by 

the target. The spatial plate scale was 1.1 

arcsec/pixel. The disk of Uranus, blurred by seeing to 

about 5 arcsec diameter, represents the worst case 

and reduces spectral resolution to about 8 nm (R~75 

at 600nm). Observations of Neptune and Titan have 

proportionately higher resolutions. 

In the second configuration, the grating was used 

as an objective grating for a 135mm camera lens. 

This provided a higher dispersion, 0.55nm/pixel due 

to the greater distance from the focal plane. The lens 

was highly stopped-down (f/8 ïf/22, e.g., apertures of 

0.017 to 0.006m) to limit sphero-chromatism and 

ensure tight focus across long spans of wavelength.  

The spatial scale was approximately 11 arcsec/pixel. 

This ensured that even Jupiter, the largest target, gave 

a worst case resolution of 2.2nm (R~270 at 600nm). 

 

 

 

 

Target Year Aperture 

(m) 

Int. Time. 

(sec) 

Dispersion 

(nm/pix) 

Jupiter 2015 0.006 VIS-various 

NIR-various 

0.55 

Saturn 2014 0.006 VIS-150 

NIR-300 

0.55 

Titan 2013 0.200 VIS-60 

NIR-60 

1.60 

Uranus 2013 0.200 VIS-600 

NIR-2080 

1.60 

2015 0.017 VIS-1320 

NIR-1200 

0.55 

Neptune 2013 0.200 VIS-930 

NIR-2740 

1.60 

2014 0.017 14400* 0.55 

Table 1: Observation Log (*Data taken on two nights)  

2.2 Data Reduction 

Observations were processed according to 

standard protocols in the commercial off-the-shelf 

(COTS) program MaximDL, e.g., dark frames and 

biases were subtracted from raw images. However, 

flat field calibration was not done, primarily due to 

the difficulty of flat-fielding slit-less spectroscopic 

data.  After initial calibration, the image files were 

rotated such that the spectra were aligned 

horizontally.  While better precision could have been 

obtained if the spectra were taken with a horizontal 

alignment, the instrumental set up would have made 

that challenging and difficult to repeat.  

The spectra from a given evening were co-

aligned using field stars and then cropped to a 

convenient size.  The co-alignment made for efficient 

and repeatable extraction of one-dimensional spectra. 

One-dimensional spectra were extracted and 

wavelength calibrated using the COTS program 

RSpec (Field, 2011). Extraction included background 

subtraction of 10-20 rows of pixels above and below 

the rows of interest. Wavelength calibration for 

visible spectra (380-750nm) were linear fits, typically 

to the solar Ca H&K lines at 393 and 397nm along 

with the HI lines at 434, 486, and 656nm.  

For the near infrared spectra two approaches to 

wavelength calibration were taken.  First, in the 

presence of contemporaneous, co-aligned visible 

spectra, the visible wavelength calibrations were 

transferred directly to the IR spectra.  In the absence 

of appropriate visible spectra, the O2 A and O2 B 

bands at 761 and 687nm were used for the >685nm 

filt er.  The O2 A band along with the 889nm CH4 

band were used for the >742nm filter. 

Further processing and analyses of the extracted 

visible and infrared spectral files were performed 

using custom software written in the Python 
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language. First, both the IR and visible spectra were 

interpolated onto a regular 0.5nm interval grid. When 

contemporaneous IR and visible spectra were 

available, they were merged to a single seamless 

spectrum. This was done by selecting an overlap 

region where the IR spectrum was scaled to match 

the visible spectrum exposure normalized intensity 

(typically a few percent different). The final spectrum 

was normalized by exposure, collecting area and 

spectral bin size, but not converted to energy units. 

Thus, the resulting units of the spectra are órawô flux, 

e.g., counts-s
-1
-m

-2
-nm

-1
. 

 

3. Spectra 

Spectra of reference stars with well-characterized 

spectra were taken in order to establish the overall 

instrument system response including telluric 

absorption. The raw flux spectra of Jupiter, Saturn, 

Titan, Uranus and Neptune were divided by this 

system response function resulting in top-of-

atmosphere spectra.  A custom Python program was 

used to perform the division and the 0.5nm reference 

spectra were taken from the RSpec library (Field, 

2011). 

Finally, the spectra were divided by a reference 

solar spectrum, also from the RSpec library, to 

provide relative albedos as a function of wavelength 

for each target.  The albedo spectra are scaled to 

match overall magnitude of albedos published in the 

literature. The data of K94 ï henceforth K94 ï was 

taken in 1993. It is used for the comparison and is 

interpolated onto the standard 0.5nm grid used here. 

The K94 spectra are those used by Lorenz (2004) for 

comparison to small telescope spectra. 

Figure 1 plots the spectra of Jupiter, Saturn, 

Titan, Uranus and Neptune from this work compared 

to that determined by K94. While the general 

agreement with K94 is very good, a number of 

artifacts are visible. These range from small scale 

noise to larger scale departures in the slope of the 

continuum. The spectral notable features of each 

body are now discussed. 

 

3.1 Jupiter  

Overall the match for Jupiter is very good from 

400 to 925nm.  However, the albedo shows 

substantially more small scale noise than would be 

expected from the high signal-to-noise in the raw 

spectra. In fact, the small scale noise can be attributed 

to three factors.  First, small offsets in wavelength 

between the observations and reference spectra lead 

to spikes at the edges of solar and telluric features.  

Second, differences in FWHM between the 

observations and reference spectra lead to either 

under- or over-corrected solar and telluric features.  

Finally, low signal-to-noise in references stars used 

to calibrate relative instrument sensitivity adds noise 

directly into the resulting top-of-atmosphere spectra, 

particularly at the longest and shortest wavelengths. 

Averaged more spectra doesnôt reduce the errors 

since they are caused by the reference stars. 

 

3.2 Saturn 

The Saturn albedo, spanning 400 to 750nm, 

suffers similar problems in terms of small-scale noise 

for the same reasons as the Jupiter albedo, but in 

addition consists of shorter exposures and thus has 

lower signal-to-noise. This is also the main reason for 

the lower long-wave cutoff.   

In addition, the Saturn spectrum in this work was 

taken with the rings open 21 degrees to Earth (22.4 

degrees to the Sun), whereas in the K94 data the rings 

were open to Earth ~10 degrees (~12 degrees to the 

Sun).  Thus, the Saturn albedo in current work 

includes a much larger contribution from the rings 

themselves, in addition to the rings occulting a larger 

fraction of the disk.  This results in two main effects. 

First, the depth of the methane band absorptions is 

significantly reduced by ring contamination. Second, 

the overall slope is slightly bluer than the K94 slope.  

Because of the ring contamination, the Saturn data 

are not analyzed further in this work. In the future, 

with a two-component spectral model, it may be 

possible to separate the planetary and ring 

components and better assess the methane absorption. 

 

3.3 Titan 

The Titan spectrum spans 400 to 800nm and 

with 1.6nm/pix dispersion.  The larger aperture and 

dispersion give the spectrum a smoother appearance 

compared to Jupiter and Saturn. (The reference 

spectra are similarly smoothed reducing that 

contribution to error.) This also makes the methane 

absorption features more broad and shallow than for 

the K94 data or the Jupiter and Saturn data for this 

work. Equivalent width of the absorption features 

should be conserved despite the different resolution, 

however the wavelengths for bounding the feature 

must change to reflect the feature broadening. 

3.4 Uranus 

For Uranus, spectra were taken with both 

instrument configurations. This resulted in a 

lower resolution spectrum from 400 to 



14 

 

850nm and a noisier, but higher resolution 

spectrum from 450 to 750nm. In general, 

both track the K94 data well. However, to 

achieve similar signal-to-noise, the higher 

resolution spectra would require 

significantly longer exposures. 

3.5 Neptune 

Similarly for Neptune, spectra were taken with 

both instrument configurations.  This resulted in a 

lower resolution spectrum from 425 to 875nm and a 

noisier, but higher resolution spectrum from 425 to 

650nm.  Again, there is good general agreement with 

the K94 spectra.  Note that in this to obtain adequate 

signal-to-noise further into the NIR, the higher 

resolution instrument configuration would dictate 

exposure times that are a significant fraction of 

Neptuneôs rotational period. 

 

 

 

 

  Figure 1: Albedos of Jupiter, Saturn, Titan, Uranus and Neptune. 
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4. Methane Abundances 

Methane absorption band encodes information 

about the abundance of CH4 in the target atmosphere. 

The state of the art today includes sophisticated 

spectral and atmospheric models. At each wavelength 

the albedo can be computed as a function of methane 

absorption (and other absorbers if present), scattering 

and absorption by aerosols, Raman/Rayleigh 

scattering by molecules.  The amount of absorption at 

a given wavelength is given by a function of 

absorption strength and absorber abundance. The 

absorption strength may be a simply linear factor or 

may be a more complex function. This depends on 

whether or not the combination of absorption strength 

and abundance remains in the linear region of the 

curve-of-growth.  

For this work, resources were inadequate to 

attempt anything other than using the simplest 

approximation.  Rather than computing absorption 

values at each wavelength, the integrated band 

absorption is computed for each of the CH4 bands. 

The integrated band absorptions are characterized by 

measured equivalent widths, W [nm].  

For non-saturated lines, the so-called curve of 

growth is linear and the density is proportional to the 

equivalent width, W [cm
-1
], divided by a known band 

or line strength, S [cm
-1
-(km-atm)

-1
]: 

 

ɖN(CH4) = W/S            (1) 

 

Where N is the column density [km-atm] of CH4 

and ɖ is the effective air mass seen by sunlight 

through the atmosphere of the target planet.  The 

airmass is minimally 2.0 since we are looking at 

reflected light. Integrating over a spherical 

atmosphere, up to another factor of two may need to 

be applied due to the longer path lengths along the 

planetôs limb. This additional factor is highly 

dependent on the scattering properties of the 

atmosphere and optical depth of reflecting cloud 

layers. For this work, we chose only to compute the 

effective number density, ɖN(CH4), for comparison to 

published values in order to validate the techniques 

used. 

 

 

Band W(Jupiter) [nm] W(Titan) [nm] W(Uranus) [nm] W(Neptune) [nm] 

(nm) 

This 

Work Kark. Lutz 

This 

Work Kark. Lutz 

This 

Work Kark. Lutz 

This 

Work Kark. Lutz 

441         0.01   0.26 0.23   1.29 0.31   

459   

 

    0.01   0.08 0.18   0.22 0.24   

486   

 

0.04   0.06 0.03 1.94 1.48 1.63 1.82 1.83 2.08 

509   

 

    0.02   1.57 1.13   1.68 1.41   

543 0.17 0.23 0.37   0.19 0.37 4.09 4.82 4.98 4.67 5.66 5.66 

576   

 

0.19   0.17 0.15 3.44 3.68 4.05 4.21 4.59 4.74 

597   

 

    0.07   0.84 1.66   1.53 2.16   

619 1.40 1.53 1.97 1.78 2.03 2.12 9.83 10.39 11.72 9.60 11.40 12.84 

668   

 

  1.20 1.71   5.19 8.03   5.93 9.65   

683   

 

0.17   0.29 0.47 0.61 1.60 2.38 0.43 2.08 3.69 

705 0.42 0.53 1.99 0.55 1.31 2.19 3.21 5.31 1.54 3.83 5.57 1.51 

725 7.27 7.46 8.83 7.18 7.12 8.25 14.70 18.37 28.65 16.12 16.57 28.10 

790 6.62 6.97    14.87   41.27 37.83   32.63 37.58   

842 1.08 1.32    2.41     

 

    

 

  

862 6.03 5.93    3.56     

 

    

 

  

889 20.20 20.34    10.79               

Table 2: Measured Equivalent Widths Compared to Published Values.  
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4.1 Band Equivalent Widths 

Equivalent widths measured for all bands 

detectable by visual inspection are presented in Table 

2. Jupiter, Titan, Uranus and Neptune are included in 

the table, but Saturn is not due to the difficulty of 

interpreting the equivalent widths with contamination 

from the rings.  

For each target, three columns of data are 

presented. First, the equivalent width is determined 

from the spectral observations in this work. The same 

values for continuum and band wavelengths are used 

across all Jupiter spectra.  The values of the band and 

continuum wavelengths were determined by visual 

inspection. Given the large number of Jupiter spectra 

available (see Section 5), it was possible to estimate 

the statistical uncertainty associated with the 

measurements of equivalent width. For Jupiter, the 

95% confidence interval ranges from 0.01 to 0.02nm. 

Of course, systematic errors from choice of the band 

edge wavelengths alone are likely larger than these 

statistical errors.  

The band and continuum wavelengths for Titan, 

Uranus and Neptune were each chosen independently 

by visual inspection to account for both differences in 

spectral resolution and the very different spectra with 

saturated bands. With two spectra each for Uranus 

and Neptune, a crude statistical error estimate can 

also be made. The uncertainties are 0.2-0.4 nm for 

Uranus and 0.1-1.5nm for Neptune. For Titan, only 

one spectrum was available so no error estimate is 

provided. 

Second, the same technique used to measure the 

equivalent width is applied to the K94 data. This 

provided a validation of the basic correctness of the 

choice of band and continuum regions. Note that the 

agreement is quite good for stronger bands, e.g., 619 

and 725 nm, but varies more substantially when the 

equivalent width is smaller.  The best match is for the 

889nm band for Jupiter which is only 0.7% different 

from that computed from the K94 data. An example 

of a consistent error is that the 705nm equivalent 

width is lower from this work compared to K94.  The 

comparison suggests that there are substantial 

systematic differences between the K94 data and this 

work. While certainly possible that some of the 

differences may be attributable to changes in the 

planetary atmospheres, it is likely that the bulk of the 

differences are attributable to the instrumentation and 

processing. 

Third, equivalent widths from Lutz (1976) and 

Lutz (1982) are presented for comparison. In the case 

where multiple measurements in the same band were 

made the average is presented. Again, the agreement 

between this work, K94 and Lutz is generally good, 

but has notable large errors.  These errors are almost 

certainly systematic rather than statistical.  Rather 

than tracing down systematic errors in data 

processing and analysis, e.g., effects of differences in 

spectral resolution and continuum/band wavelength 

selection, the better course of action would be to 

move into a whole-spectrum fitting approach in the 

future. 

 

4.2 Effective Number Density, ɖN(CH4) 

Many attempts have been made to accurately 

determine the absorption strengths of visible and NIR 

methane bands, both through laboratory and 

modeling work.  A good review is presented in 

Karkoschka (2010). 

We take linear absorption strengths for 

integrated bands from literature spanning the 1970s 

through the 2000s (Fink, 1977; Giver, 1978; 

Karkoschka, 1998; Karkoschka, 1992; Lutz, 1976; 

Lutz, 1982; Ramaprasad, 1978; OôBrien, 2002). The 

literature is quite consistent from one study to the 

next for some bands, e.g., 842nm, but for other bands 

shows much diversity, e.g., 683nm.  Rather than 

evaluate the relative merits of each strength 

determination, we take the simple average. Those 

average values are present in Table 3. 

 

Band 

[nm] 

Strength 

[cm
-1
-(km-atm)

-1
] 

441 1.7 

486 6.0 

543 29.8 

576 15.0 

619 131.8 

683 6.9 

705 51.0 

725 770.5 

790 363.3 

842 114.0 

862 823.0 

889 5753.3 

Table 3: Band Strengths used in This Work.  

The resulting effective column densities for 

Jupiter, Titan, Uranus and Neptune are plotted 

against band strength in Figure 2. Two trends are 

useful to note. First, the column density overall is 

lower for Jupiter and Titan than for Uranus and 

Neptune. This indicates that the reflecting or 

scattering layers are higher in the atmospheres of 

Jupiter and Titan than in the atmospheres of Uranus 

and Neptune. Second, in the plot for Uranus ï even 

more so for the plot of Neptune ï a distinct slope 
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downward towards higher band strength is seen. This 

is due to more extreme saturation of the bands with 

the higher band strengths, which effectively reduces 

the derived column density. 

  

  

 

 
Figure 2: Effective methane column densities.  

5. Rotational Band Modulation  

The detection of variations in absorption 

strengths with planetary rotation is a good indicator 

of longitudinal variation in atmospheric conditions, 

such as hazes or reflecting clouds. Narrow band 

imaging or even hyperspectral imaging is possible for 

Jupiter and Saturn and offers spatially resolved views 

of atmospheric phenomena. However, this is much 

more challenging for Titan, Uranus, and Neptune 

because of their small angular size. In this section 

seek to determine if it is possible with small, 

commercially available equipment to detect 

longitudinal variations in moderate dispersion spectra 

as a complement to professional, spatially resolved 

imaging these smaller targets.  Here we use 

frequently sampled, disk-integrated spectra of Jupiter 

as a high signal-to-noise proof of concept test with 

the goal of clearly detecting GRS transits.   

 

5.1 Observations 

Spectra were taken of Jupiter on a total of six 

nights at cadences ranging from 5 to 15 minutes. 

Details are provided in Table 4. These spectra 

provide repeated coverage of System II longitudes. 

Providing multiple observations of each longitude 

helps reduce random and systematic errors due to, 

e.g., differences in air mass and Galilean moon 

configuration. 

 

Date CMII 

(deg) 

Calibration 

Star 

Type 

2015012

3 

0-130 Pollux K0IIIb  

2015020

9 

230-

315 

Pollux K0IIIb  

2015021

0 

60-225 Pollux K0IIIb  

2015031

8 

20-155 Procyon F5IV 

2015032

2 

265-

115 

Pollux K0IIIb  

2015033

1 

150-

340 

Pollux K0IIIb  

Table 4: Jupiter observation details  

5.2 Analysis 

We focus on the 889nm band where contrast is at 

a maximum and telluric contamination is at a 

minimum. The magnitude of the equivalent width 

modulation due to the GRS transiting Jupiterôs disk 

was estimated empirically from narrow band 889nm 

images of Jupiter taken during the 2013, 2014 and 

2015 apparitions. The modulation expected was 

~0.8%. However, a similar analysis showed that 

signal contamination from a single Galilean moon 

could contribute up to ~0.7% variance in the 889nm 

equivalent width. 

Figure 3 shows the variation in the equivalent 

width as a function of System II longitude along with 

a (non-photometric) map of Jupiter in the 889nm 

band during the same general period as the spectra 

were taken. The average equivalent width is 

20.213nm with a standard deviation of ±0.168nm, or 

0.83%. With this level of noise, there was not any 

evidence of modulation as the GRS transited the disk. 

To reduce the errors, the measured equivalent 

widths were grouped into bins 45 degrees of 

longitude wide and averaged. While the uncertainty 

in each bin is quite low, there is still no evidence of 

modulation by the GRS.  We must conclude that 

under the current circumstances of observing 
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conditions and data reduction that the uncertainties 

are too larger than the signal sought. 

Note that the red vertical lines represent the GRS 

System II longitude and boundaries 60 degrees to the 

east and west. The bright spot in the map near 340 

degrees is a Galilean moon. 

 

 

 

 

            
Figure 3: Equivalent width of the 889nm methane band with System II longitude.       

 

6. Summary and Conclusion 

We have presented spectroscopic observations of 

solar system bodies with significant methane 

component in their atmospheres. Basic observations 

and extracted information on equivalent widths and 

effective number densities are consistent with 

published literature. All this was accomplished with 

modest equipment obtainable and operable by 

amateur astronomers. 

When pressed to the limit of accuracy, 

modulation of spectral data by the GRS rotating on 

and off the disk of Jupiter was not detected. 

Nevertheless, the accuracy achieved was impressive 

at 0.8% standard deviation. This is comparable to the 

best photometric accuracy achieved by amateurs.  

Numerous steps may be taken to improve 

accuracy of measurements and better understand their 

applicability: 

1) Better control and calibration over spectra: 

wavelength calibration; reference star SNR; solar 

reference FWHM 

2) More sophisticated spectral & atmospheric  

modeling to get abundances rather than trying to get 

more accurate/better band equivalent widths 

3) Providing specific recommendations for 

equipment, exposures and observing programs 

4) Better quantify expected rotational/seasonal 

signals from the outer planets and Titan. 

Finally, we would recommend study of a 

program that would allow amateur spectroscopists to 

contribute their observations for analysis, perhaps 

through the Astronomical Ring for Access to 

Spectroscopy (ARAS), which currently has active 

programs monitoring extra-solar targets.  
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Abstract  

This paper reports on broadband scattering and molecular absorption observed in the spectrum of light reflected 
from the Moon during the total lunar eclipse of October 8, 2014. During the eclipse, reflectance spectra and 
images showing the slit location against the lunar surface were obtained with an Alpy 600 spectrograph (R = 
550) mounted on a 65 mm f/6.5 astrographic refractor. Molecular species detected in the transmission spectrum 
of the Earthôs atmosphere include H2O, O2, O3, and the O2-O2 dimer. 

Introduction  

Total lunar eclipses provide an opportunity to 

obtain spectra of the light transmitted through a long 

path length of the Earthôs atmosphere. During a lunar 

eclipse, sunlight refracted and scattered by Earthôs 

atmosphere reaches the surface of the Moon. The 

amount of light at different wavelengths can vary 

considerably, causing the Moonôs apparent color at 

different eclipses to range from pale orange to deep 

red. In addition, molecules in Earthôs atmosphere 

produce characteristic absorption features that are 

seen in the light reflected from the surface of the 

eclipsed Moon. 

Early observations by Slipher (1914) and Moore 

(1927) appear to have attracted little notice at the 

time or in the decades following. However, the 

possibility that astronomers will soon observe 

atmospheric transmission spectra of small, rocky 

exoplanets during transits in front of their respective 

stars has revived interest in observing Earth as if it 

were an exoplanet. In 2008, Pallé et al. (2009) 

observed a partial eclipse simultaneously with the 4.2 

m William Herschel and 2.56 m Nordic Optical 

Telescopes in the optical and infrared, detecting O2, 

O3, H2O, O2-O2, Ca II, and Na I in the visible and 

CH4, CO2, and O2-N2 in the infrared. More recently, 

Yan (2014) observed the total lunar eclipse of 2011-

12-10 with the 2.16 m telescope at Xinglong Station, 

China, using a fiber-fed echelle spectrograph at high 

resolution (R ~ 46,000). They report measuring the 

column density of O2, O3, O2-O2, N2O, and H2O, 

as well as detecting isotopes of oxygen in 16O17O 

and 16O18O molecules. 

 
Figure 1. Spectrum images of the Moon captured by t he 
Alpy 600. The spectra correspond to images named 
Moon -109 (Ŭ = 1.70), Moon-123 (Ŭ = 0.72), and Moon-127 
(Ŭ = 0.36). 

In addition to observing the spectrum, Yan also 

developed a computational model of the optical 

transmission of Earthôs atmosphere from 400 nm to 

1000 nm wavelength for comparison with their 

observed spectrum. The Yan model breaks out the 

individual contributions of O2, O3, O2-O2, NO2, 

H2O, as well as Rayleigh scattering and aerosol 

scattering to the observed spectrum (adapted as 

Figure 4 in this paper) aiding the identification of 

molecular species in lunar eclipse spectra. 

 

Observations 

The October 8, 2014 lunar eclipse was well 

placed for observation from northwestern Oregon. 

The moon was high in the sky at the time of first 

umbra contact (airmass = 1.34) and still well placed 

by the time of greatest eclipse (airmass = 1.72). The 

sky remained clear until morning twilight began. 

Observations were made from Alpaca Meadows 

Observatory (-122.6096, +44.7909) using a 65 mm 

f/6.5 Astro-Tech AT65EDQ ED refractor astrograph 

with a focal length of 420 mm, producing a lunar 

image 4 mm in diameter. Spectra were obtained using 

a Shelyak Instruments Alpy 600 spectrograph with an 

ATIK Cameras ATK-314L CCD camera. The 
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spectrograph was equipped with a PF0036 Alpy 

guiding unit with an Imaging Source DMK 

41AU02.AS video camera to capture images of the 

telescopic image and spectrograph slit. Power for the 

Celestron AVX telescope mount and both cameras 

was supplied by a 13.2-volt 10 A supply run from 

120 VAC power. The Toshiba laptop computer used 

to capture images was powered from its 120 VAC 

adapter. The software used to operate both cameras 

was supplied by the camera manufacturers. 

The length of the slit in the Alpy 600 is 3 mm, 

subtending an angle of 0.403º on 

width subtends 11.3 arcseconds. The spectrograph 

was oriented so that the slit ran south to north, and 

the recorded spectra south-at-top. The direction of 

dispersion of the center of the spectrum produced by 

the Alpy 600 on the CCD chip was measured to be 

359.5º during data reduction. 

After sunset, the instruments were turned on and 

left unattended to acquire 98 images of the twilight 

and night sky. Acquiring these images kept the 

instruments and computer warm and dry. 

To provide reference spectra of the lunar surface 

outside the eclipse, shortly before local midnight, ten 

spectra were acquired. The exposure time for these 

spectra was 0.3 seconds. For each spectrum, I 

attempted to bisect the conspicuous lunar crater 

Tycho with the slit, and to place Tycho near the 

center of the slit height while also making sure that 

the northern limb of the Moon was also on the slit. 

The brightness profile across Tycho produced a 

distinct and recognizable pattern in the spectrum. I 

recorded slit-location images for three of these 

spectra. 

Of the ten, the three spectra with corresponding 

slit locations (Moon-099, Moon-101, and Moon 105) 

were later used as candidate reference spectra. 

Particulars for these three spectrum images are listed 

in Table 1. 

 

Filename Time [UTC] Exposure [sec] Ŭ [umbra] Airmass 

Moon-099.fits 06:29 0.3 >2 1.37 

Moon-101.fits 06:34 0.3 >2 1.36 

Moon-105.fits 06:43 0.3 >2 1.34 

Moon-109.fits 08:34 0.3 1.70 1.29 

Moon-112.fits 08:48 0.3 1.54 1.30 

Moon-118.fits 09:24 2.0 0.92 1.36 

Moon-120.fits 09:33 300 0.83 1.38 

Moon-121.fits 09:40 300 0.91 1.40 

Moon-122.fits 09:50 300 0.78 1.43 

Moon-123.fits 09:57 300 0.72 1.45 

Moon-124.fits 10:14 300 0.54 1.51 

Moon-125.fits 10:30 300 0.41 1.58 

Moon-126.fits 10:49 300 0.32 1.68 

Moon-127.fits 10:54 300 0.36 1.71 

Table 1: Circumstances for each of the eleven lunar spectra suitable for analysis.  First penumbra contact occurred at 
08:15:36 UT; first umbra contact at 09:14:48; second umbra contact at 10:25:09; greatest eclipse at 10:54:35. The 
distance of the slit from center of the umbra is given in units of Ŭ = ñumbra radiusò = 0.7451Ü. 

 Figure 2 Three representative slit -location images. 
Shown, left to right, are Moon -109, Moon -123, and Moon -
127. The slit was oriented north -south. Spectra were 
measured at the center of the slit.  

Shortly after the Moon entered the penumbra, I 

took another series of lunar surface reference images. 

However, because the telescope mounting was 

German equatorial, it was necessary to place the 

telescope on the other side of meridian, thereby 

reversing the orientation of the Moon and changing 

the spectra to north-at-top. Two more spectra with 

corresponding slit-location images (Moon-109 and 

Moon-112) were made, and are listed in Table 1. 

As the Moon moved into the umbra, I made a 

series of spectra to determine the exposure time for 

the eclipsed lunar surface; an exposure of 300 

seconds was used for all subsequent spectra. For the 

Moon-120 spectrum, I placed the slit just inside the 

shadow edge. For the Moon-121 through Moon-126 

spectra, the slit was placed so that it bisected the 

crater Tycho and its north end was opposite 

Copernicus. For the Moon-127 spectrum, the slit was 
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centered on the eclipsed lunar disk. At the end of 

exposure for each spectrum, I saved a slit-location 

image. 

Because the Moon was moving steadily 

northward in declination, the location of the slit 

during the spectrum exposure may be uncertain by as 

much as several arcminutes. Because of dew 

formation and the increasing airmass, observations 

were ended shortly after maximum eclipse; the 

telescope was then covered and the CCD camera was 

left unattended taking dark frames. 

 

Data Reduction 

The long-exposure spectrum images were dark 

subtracted using a master dark frame created from the 

dark frames taken after maximum eclipse. The short-

exposure spectrum images were corrected to remove 

the bias level of the CCD camera. Spectrum images 

were matched with corresponding slit-location 

images. The current dataset consists of spectra taken 

at known slit locations; for each image in this group, 

the radial distance from the center of the umbra was 

determined by mapping the slit-location image to an 

enlarged chart by Espinak (2014). Table 1 

summarizes the filename, time, exposure, umbra 

radius, and airmass for each spectrum. 

Because spectra taken with the Alpy 600 

spectrograph exhibit both ñkeystoningò and ñsmile,ò 

all spectrum data reported in this paper were 

extracted between lines 490 to 510 on the images 

using RSpec software (Field, 2015). During 

extraction of the spectra, the sky background was 

subtracted. Wavelength calibration was based on the 

Fraunhofer lines in the Moon-109 spectrum; this 

calibration was applied to all of the lunar spectra. 

The transmission spectrum of the Earthôs 

atmosphere is the ratio between the signal of the 

eclipsed lunar surface to that of the non-eclipsed 

lunar surface. Accordingly, each wavelength in the 

eclipsed spectra was divided by the corresponding 

wavelength in the non-eclipsed spectrum, Moon-109 

using the math functions in RSpec. The resulting 

transmission spectra were saved as RSpec ñ.datò files 

(a tab-delimited text format), and imported into 

Microsoft Excel. 

 
Figure 3. Spectra of the eclipsed Moon between 350 and 800 nm wavelength, at eight umbra radii. On the scale of this  
plot, the non -eclipsed lunar surface has a value of 10,000. Values in the top series have been divided by 2000. Umbra 
radii, Ŭ, from top to bottom, are: 1.54, 0.91, 0.78, 0.72, 0.54, 0.41, 0.32, and 0.36. 
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Discussion 

Figure 3 shows comparative transmission spectra 

at eight radial distances from the center of Earthôs 

umbral shadow. In this figure, direct sunlight on the 

lunar surface would have a value of 10,000. It is 

immediately clear that across the visible spectrum, 

the lunar surface appears less than 1:10,000 as bright 

as the Full Moon. Deep in the umbra, the brightness 

at short wavelengths drops by a further factor of ~100 

relative to longer wavelengths. 

Because the signal level of spectra deep in the 

umbra at short wavelengths was just a few ADUs 

above zero, the resulting plots are very noisy. 

Moore (1927) notes that violet and blue are more 

strongly attenuated by Earthôs atmosphere; this is due 

to Rayleigh and aerosol scattering (Yan 2014). 

Moore also notes that the telluric bands (due to H2O 

and O2) are strongly enhanced in the eclipsed 

spectrum. These absorptions are immediately evident 

in the spectra shown in Figure 1 and in Figure 3. 

Pallé (2010) notes that model calculations 

predict that the spectrum of reflected light from the 

Moon depends strongly on the phase of the eclipse, 

and suggests that measuring lunar reflectance spectra 

could serve to characterize the Earthôs atmospheric 

signature over time. The spectra discussed here 

confirm their prediction. 

The terrestrial atmosphere model by Yan (2014) 

is extremely helpful in identifying features seen in 

the spectra described in this paper. See Figure 4. 

Although Yanôs model was computed for a single 

umbral radius and the geometry of a different eclipse, 

the figure shows individual contributions and 

provides some indication of their relative attenuation. 

 
Figure 4. Contributions by different species in the 
atmospheric model by Yan (2014). Rayleigh scattering 
and aerosol scattering account for broadband 
attenuation, O3 for a deep feature in  the visible, O2 and 
O2-O2 for several narrow features, and NO2 for 
attenuation at short wavelengths. Figure adapted from 
Yan (2014). 

Near the outer edge of the umbra (Ŭ ~ 0.9), the 

attenuation across the visible spectrum is 

approximately ñgray.ò Although Rayleigh scattering 

would attenuate the short wavelengths more than the 

longer ones, ozone absorption apparently drops the 

longer wavelengths to produce a neutral overall color 

in the outer parts of the umbra. 

Deeper in the umbra, however, the blue and 

violet attenuation due to Rayleigh and aerosol 

scattering is greater than the ozone absorption, and 

the color of the umbra becomes deep red. The change 

in the relative strengths of the attenuators depends on 

the ray paths sunlight follows through Earthôs 

atmosphere toward a given location in the umbra. To 

reach the inner parts of the umbra, the light follows a 

deeper path than light that will reach the outer parts 

of the umbra. 

To aid in the qualitative identification of the 

species observed in these spectra, the Moon-120 

spectrum Ƅ with high pixel values and therefore a 

high signal-to-noise ratio Ƅ was divided by a 

polynomial function approximating Rayleigh and 

aerosol scattering. The residual spectrum, shown in 

Figure 5, displays absorption features at the locations 

and approximate depths expected from Yanôs 

atmosphere model. 

The presence of the broad H2O absorption band 

715 to 735 nm is visible in every spectrum in Figure 

3. In Figure 3 and Figure 5, the presence of O2 is 

clearly seen from the Fraunhofer B band at 687 nm 

and a weaker band at 628 nm. The deep O3 band 

between 530 and 650 nm dominates Figure 5. In 

Figure 5, the broad, fuzzy depression centered at 630 

nm suggests the detection of the O2-O2 molecule. A 

dip at 504 nm could possibly be due to NO2, but the 

resolution and signal-to-noise ratio do not permit 

unambiguous detection. 

 
Figure 5. The spectrum of Moon -120 (Ŭ = 0.83) with 
Rayleigh and aerosol scattering removed. Absorption 
features identified include the broad, deep ozone bands, 
the narrow fea tures of molecular oxygen, a broad band 
of the O2 -O2 dimer, and possibly a feature due to NO2.  
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In addition to modeling absorption lines, Yan 

(2015) has modeled the effects of solar disk center to 

limb variation on the profiles of the Fraunhofer lines. 

In the spectra described in the paper, the Fraunhofer 

F, H, and K lines appear in emission in those spectra 

that have adequately high signal-to-noise ratio at 

short wavelengths. This may be an artifact of 

scattered light in the low-resolution spectrograph, or 

a real effect caused by Raman-scattered photons 

filling in the absorption lines in the transmitted 

sunlight illuminating the lunar surface. 

 

Conclusion 

The work described in this paper suggests that a 

very small telescope equipped with a low-resolution 

spectrograph is capable of determining the gross 

features of the transmission spectrum of Earthôs 

atmosphere. While measuring the transmission 

spectra of exoplanet atmospheres may belong in the 

realm of 10-meter telescopes, spectroscopic 

monitoring and characterizing Earthôs atmospheric 

variations over time appears to be not only possible 

but may also be appropriate for monitoring with 

amateur-class instruments. 
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Abstract  

This paper presents a mathematical function that matches the shape of the hexagon with curved corners at the 
north pole of Saturn.  A hexagon was generated by a point on the perimeter of a small circle that rotates five 
times in the clockwise direction, while this circle, centered on the perimeter of a large circle, revolves once 
around the large circle in the counter-clockwise direction.  For a hexagon, the diameter of the small circle is one 
twenty-fifth the diameter of the large circle.  The resulting geometric plot approximately matches the hexagon on 
Saturn.  A narrow strip bordering the hexagon on Saturn has a width approximately one twenty-fifth the size of 
the hexagon, although no relation is derived.  Other polygons with approximately straight sides and curved 
corners can be generated when the diameters and rotational ratios of the circles are specifically related.  

 

1.  Introduction 

 
An atmospheric hexagon with curved corners 

was discovered at the north pole of Saturn.  One of 

the first images that caught the attention of the public 

was taken by Cassiniôs VIMS spectrometer at a mid-

infrared wavelength during winter at Saturnôs north 

pole (NASA/JPL/University of Arizona, 2006).   

 

 
Figure 1.  NASA Image of hexagon on Saturn. 
 

Figure 1 depicts a NASA image of the hexagon taken 

with the Cassini spacecraft's wide-angle camera on 

Nov. 27, 2012 using a spectral filter sensitive to 

wavelengths of near-infrared light centered at 750 

nanometers.  The view was acquired at a distance of 

approximately 403,000 miles (649,000 kilometers) 

from Saturn and at a Sun-Saturn-spacecraft, or phase, 

angle of 21 degrees.  (NASA/JPL-Caltech/Space 

Science Institute, 2012).  This image shows a narrow 

border band, which will be discussed below.   

 

 

2.  Models of the Hexagon 
 

Various studies have been conducted to duplicate 

this hexagon.  In an early paper, the hexagon can be 

interpreted as winds forming a pole-encircling 

planetary wave (Allison et al. 1990).  Later series of 

laboratory experiments were conducted by means of 

a cylindrical tank constructed to include multiple 

parts that were arranged in various geometries 

(Aguiar, 2010).  The tank was filled with fluid and 

rotated on a table.  Experiments resulted in wave 

patterns of hexagons and other polygons.  The study 

achieved stable wave mode numbers varying from 2 

to 8.  In another study, numerical simulations based 

on a circulation model generated various polygonal 

patterns, with achieved wavenumbers from 3 to 6 

(Morales-Juberías, 2011).   

 

3.  Table Formulas and Results  
 

3.1.  Input Data 

 

A marking point on the perimeter of a small 

circle traces a hexagon when the small circle rotates 

five times while revolving once in the opposite 

direction around a larger circle.  Trials were made of 

various ratios of small circle diameters to the large 

circle diameter.  A general function was derived to 

describe various polygons having curved corners and 

essentially flat sides without either convexity or 

concavity at the midpoint of the sides.  In the 

mailto:tombuchan@hughes.net
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successful derivation, the ratio of diameters for the 

large and small circles equals the square of the 

number of rotations of the small circle for each 

revolution of the large circle.  A greater ratio results 

in concave sides, while a lesser ratio results in 

convex sides.  The radius of the small circle is the 

reciprocal of this ratio.  Table 1 calculates the 

geometry of a hexagon with rounded corners.  

 

 

 
Table 1.  Spreadsheet for Hexagon 

 

  

 

3.2.  Definitions of Terms 

 

1. Position A:  azimuth of marking point on large 

circle 

2. Position a:  azimuth of marking point on small 

circle 

3. R:  radius of large circle  

4. r:   radius of small circle 

5. X:   horizontal position of small circle on large 

circle 

6. x:  horizontal position of marking point on small 

circle 

7. Y:   vertical position of small circle on large 

circle 

8. y:  vertical position of small circle on large circle 

 

3.3.  Formulas in Spreadsheet for Hexagon 

 

A MicrosoftÊ Excel spreadsheet was used for 

calculating the curves of polynomials having curved 

corners.  Here are the input formulas in Table 1: 

1. The desired number of sides of the polygon in 

Cell E1, which is 6 for a hexagon.   

2. To assure a sufficient number of plotted points, 

Cell E2 is set at 50.   

3. The radius of the large circle is set at a value of 

1.0 in Cell E3.   

4. The radius of the small circle is calculated in 

Cell E4.  

5. The degree interval for points around the large 

circle is calculated as 360/(Cell E2) in Cell E5. 

6. The degree interval for points around the small 

circle is calculated as (Cell E5)*((Cell E1)-1) in 

Cell E6.  

7. The contents of Row 9 are described in Rows 7 

and 8.  

8. Cell A10 = Cell A9 + Cell E5. 

9. Cell D10 = Cell D9 ï Cell E6. 

 

Cells from A9 to A59 input each azimuth of the 

large circle, where the azimuths increase in the 

sequence of rows, since this circle rotates clockwise 

for the purposes of calculation.  Cells from B9 to B59 

calculate the X positions.  Cells from C9 to C59 

calculate the Y positions.  Cells from D9 to D59 

input each azimuth of the small circle, where the 

azimuths decrease in the sequence of rows, since this 

circle rotates counter clockwise.  In order to place an 

essentially straight side of the polygon on its bottom, 

the marking point begins its circuit at A = 270, and a 

= 90.  Cells from E9 to E59 calculate the x positions.  

Cells from F9 to F59 calculate the y positions.  Cells 

from G9 to G59 sum the X + x values.  Cells from 

H9 to H59 sum the Y and y values.   

 

The calculated values in columns G and H are 

plotted in Figure 2.  

 

 

 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17
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21

22

23

24
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26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

A B C D E F G H

Desired number of sides for polygon = 6

Desired number of plotted points = 50

Large circle radius, R = 1.0000

Small circle radius, r = (E1-1)^(-2) = 0.0400 R/r = E3/E4 = 25.0

Deg. interval large circle = 360/E2 = 7.20

Deg. Interval small circle = E5*(E1-1) = 36.00

Position A X= Y= Position a x=E$4* y=E$4* X + x = Y + y =

(Deg.) cos(A) sin(A) (Deg.) cos(D9) sin(D9) B9+E9 C9+F9

270.00 0.0000 -1.0000 90.00 0.0000 0.0400 0.0000 -0.9600

277.20 0.1253 -0.9921 54.00 0.0235 0.0324 0.1488 -0.9598

284.40 0.2487 -0.9686 18.00 0.0380 0.0124 0.2867 -0.9562

291.60 0.3681 -0.9298 342.00 0.0380 -0.0124 0.4062 -0.9421

298.80 0.4818 -0.8763 306.00 0.0235 -0.0324 0.5053 -0.9087

306.00 0.5878 -0.8090 270.00 0.0000 -0.0400 0.5878 -0.8490

313.20 0.6845 -0.7290 234.00 -0.0235 -0.0324 0.6610 -0.7613

320.40 0.7705 -0.6374 198.00 -0.0380 -0.0124 0.7325 -0.6498

327.60 0.8443 -0.5358 162.00 -0.0380 0.0124 0.8063 -0.5235

334.80 0.9048 -0.4258 126.00 -0.0235 0.0324 0.8813 -0.3934

342.00 0.9511 -0.3090 90.00 0.0000 0.0400 0.9511 -0.2690

349.20 0.9823 -0.1874 54.00 0.0235 0.0324 1.0058 -0.1550

356.40 0.9980 -0.0628 18.00 0.0380 0.0124 1.0361 -0.0504

3.60 0.9980 0.0628 342.00 0.0380 -0.0124 1.0361 0.0504

10.80 0.9823 0.1874 306.00 0.0235 -0.0324 1.0058 0.1550

18.00 0.9511 0.3090 270.00 0.0000 -0.0400 0.9511 0.2690

25.20 0.9048 0.4258 234.00 -0.0235 -0.0324 0.8813 0.3934

32.40 0.8443 0.5358 198.00 -0.0380 -0.0124 0.8063 0.5235

39.60 0.7705 0.6374 162.00 -0.0380 0.0124 0.7325 0.6498

46.80 0.6845 0.7290 126.00 -0.0235 0.0324 0.6610 0.7613

54.00 0.5878 0.8090 90.00 0.0000 0.0400 0.5878 0.8490

61.20 0.4818 0.8763 54.00 0.0235 0.0324 0.5053 0.9087

68.40 0.3681 0.9298 18.00 0.0380 0.0124 0.4062 0.9421

75.60 0.2487 0.9686 342.00 0.0380 -0.0124 0.2867 0.9562

82.80 0.1253 0.9921 306.00 0.0235 -0.0324 0.1488 0.9598

90.00 0.0000 1.0000 270.00 0.0000 -0.0400 0.0000 0.9600

97.20 -0.1253 0.9921 234.00 -0.0235 -0.0324 -0.1488 0.9598

104.40 -0.2487 0.9686 198.00 -0.0380 -0.0124 -0.2867 0.9562

111.60 -0.3681 0.9298 162.00 -0.0380 0.0124 -0.4062 0.9421

118.80 -0.4818 0.8763 126.00 -0.0235 0.0324 -0.5053 0.9087

126.00 -0.5878 0.8090 90.00 0.0000 0.0400 -0.5878 0.8490

133.20 -0.6845 0.7290 54.00 0.0235 0.0324 -0.6610 0.7613

140.40 -0.7705 0.6374 18.00 0.0380 0.0124 -0.7325 0.6498

147.60 -0.8443 0.5358 342.00 0.0380 -0.0124 -0.8063 0.5235

154.80 -0.9048 0.4258 306.00 0.0235 -0.0324 -0.8813 0.3934

162.00 -0.9511 0.3090 270.00 0.0000 -0.0400 -0.9511 0.2690

169.20 -0.9823 0.1874 234.00 -0.0235 -0.0324 -1.0058 0.1550

176.40 -0.9980 0.0628 198.00 -0.0380 -0.0124 -1.0361 0.0504

183.60 -0.9980 -0.0628 162.00 -0.0380 0.0124 -1.0361 -0.0504

190.80 -0.9823 -0.1874 126.00 -0.0235 0.0324 -1.0058 -0.1550

198.00 -0.9511 -0.3090 90.00 0.0000 0.0400 -0.9511 -0.2690

205.20 -0.9048 -0.4258 54.00 0.0235 0.0324 -0.8813 -0.3934

212.40 -0.8443 -0.5358 18.00 0.0380 0.0124 -0.8063 -0.5235

219.60 -0.7705 -0.6374 342.00 0.0380 -0.0124 -0.7325 -0.6498

226.80 -0.6845 -0.7290 306.00 0.0235 -0.0324 -0.6610 -0.7613

234.00 -0.5878 -0.8090 270.00 0.0000 -0.0400 -0.5878 -0.8490

241.20 -0.4818 -0.8763 234.00 -0.0235 -0.0324 -0.5053 -0.9087

248.40 -0.3681 -0.9298 198.00 -0.0380 -0.0124 -0.4062 -0.9421

255.60 -0.2487 -0.9686 162.00 -0.0380 0.0124 -0.2867 -0.9562

262.80 -0.1253 -0.9921 126.00 -0.0235 0.0324 -0.1488 -0.9598

270.00 0.0000 -1.0000 90.00 0.0000 0.0400 0.0000 -0.9600

Bold numbers represent small circles shown on Figures 2and 3.



 

29 

 

 

 

 

 

 
Figure 2.  Rotating Circles That Form a Hexagon 

 

 

The large circle is plotted, along with 50 

calculated points of the hexagon.  A small circle is 

1/25 the size of the large circle.  The first five small 

circles are plotted for illustrating the rotation of the 

small circle while it makes one circuit around the 

large circle.  A hexagon is a result of five rotations of 

the small circle, because of the appropriate algebraic 

equation. 

 

 
Equation 1.                (1) 

 

Figure 3 is a black and white version of an image 

taken from a NASA movie using color filters.   

 

A photograph was taken by NASA of the 

hexagon of Saturn (NASA/JPL-Caltech/SSI/Hampton 

University. December 4, 2013).  NASA reported that 

small vortices spin clockwise while the hexagon 

spins counterclockwise.  The calculated hexagon 

from Figure 2 was superimposed on this NASA 

image.  By inspection, the calculated hexagon 

essentially matches the hexagon on Saturn. 

 
Figure 3.  Derived White Hexagon Superimposed 

on a NASA Image of the North Pole of Saturn 

 

 

   

 

3.4.  Other Polygons 

 

The spreadsheet calculation of each polygon is 

done by changing only Cell E1, designating the 

desired number of sides for the polygon.  Table 2 

shows the calculation for a triangle with rounded 

corners.  
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Table 2.  Spreadsheet for Triangle 

 

Figure 4 shows the resulting triangle.   

 

 

 
Figure 4.  Rotating Circles that Form a Triangle 

 

 

 

Table 3 shows the calculation for a square with 

rounded corners.  
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A B C D E F G H

Desired number of sides for polygon = 3

Desired number of plotted points = 50

Large circle radius, R = 1.0000

Small circle radius, r = (E1-1)^(-2) = 0.2500 R/r = E3/E4 = 4.0

Deg. interval large circle = 360/E2 = 7.20

Deg. Interval small circle = E5*(E1-1) = 14.40

Position A X= Y= Position a x=E$4* y=E$4* X + x = Y + y =

(Deg.) cos(A) sin(A) (Deg.) cos(D9) sin(D9) B9+E9 C9+F9

270.00 0.0000 -1.0000 90.00 0.0000 0.2500 0.0000 -0.7500

277.20 0.1253 -0.9921 75.60 0.0622 0.2421 0.1875 -0.7500

284.40 0.2487 -0.9686 61.20 0.1204 0.2191 0.3691 -0.7495

291.60 0.3681 -0.9298 406.80 0.1711 0.1822 0.5393 -0.7475

298.80 0.4818 -0.8763 392.40 0.2111 0.1340 0.6928 -0.7423

306.00 0.5878 -0.8090 378.00 0.2378 0.0773 0.8255 -0.7318

313.20 0.6845 -0.7290 363.60 0.2495 0.0157 0.9341 -0.7133

320.40 0.7705 -0.6374 349.20 0.2456 -0.0468 1.0161 -0.6843

327.60 0.8443 -0.5358 334.80 0.2262 -0.1064 1.0705 -0.6423

334.80 0.9048 -0.4258 320.40 0.1926 -0.1594 1.0975 -0.5851

342.00 0.9511 -0.3090 306.00 0.1469 -0.2023 1.0980 -0.5113

349.20 0.9823 -0.1874 291.60 0.0920 -0.2324 1.0743 -0.4198

356.40 0.9980 -0.0628 277.20 0.0313 -0.2480 1.0294 -0.3108

3.60 0.9980 0.0628 622.80 -0.0313 -0.2480 0.9667 -0.1852

10.80 0.9823 0.1874 608.40 -0.0920 -0.2324 0.8903 -0.0451

18.00 0.9511 0.3090 594.00 -0.1469 -0.2023 0.8041 0.1068

25.20 0.9048 0.4258 579.60 -0.1926 -0.1594 0.7122 0.2664

32.40 0.8443 0.5358 565.20 -0.2262 -0.1064 0.6181 0.4294

39.60 0.7705 0.6374 550.80 -0.2456 -0.0468 0.5249 0.5906

46.80 0.6845 0.7290 536.40 -0.2495 0.0157 0.4350 0.7447

54.00 0.5878 0.8090 522.00 -0.2378 0.0773 0.3500 0.8863

61.20 0.4818 0.8763 507.60 -0.2111 0.1340 0.2707 1.0103

68.40 0.3681 0.9298 493.20 -0.1711 0.1822 0.1970 1.1120

75.60 0.2487 0.9686 838.80 -0.1204 0.2191 0.1283 1.1877

82.80 0.1253 0.9921 824.40 -0.0622 0.2421 0.0632 1.2343

90.00 0.0000 1.0000 810.00 0.0000 0.2500 0.0000 1.2500

97.20 -0.1253 0.9921 795.60 0.0622 0.2421 -0.0632 1.2343

104.40 -0.2487 0.9686 781.20 0.1204 0.2191 -0.1283 1.1877

111.60 -0.3681 0.9298 766.80 0.1711 0.1822 -0.1970 1.1120

118.80 -0.4818 0.8763 752.40 0.2111 0.1340 -0.2707 1.0103

126.00 -0.5878 0.8090 738.00 0.2378 0.0773 -0.3500 0.8863

133.20 -0.6845 0.7290 723.60 0.2495 0.0157 -0.4350 0.7447

140.40 -0.7705 0.6374 709.20 0.2456 -0.0468 -0.5249 0.5906

147.60 -0.8443 0.5358 1054.80 0.2262 -0.1064 -0.6181 0.4294

154.80 -0.9048 0.4258 1040.40 0.1926 -0.1594 -0.7122 0.2664

162.00 -0.9511 0.3090 1026.00 0.1469 -0.2023 -0.8041 0.1068

169.20 -0.9823 0.1874 1011.60 0.0920 -0.2324 -0.8903 -0.0451

176.40 -0.9980 0.0628 997.20 0.0313 -0.2480 -0.9667 -0.1852

183.60 -0.9980 -0.0628 982.80 -0.0313 -0.2480 -1.0294 -0.3108

190.80 -0.9823 -0.1874 968.40 -0.0920 -0.2324 -1.0743 -0.4198

198.00 -0.9511 -0.3090 954.00 -0.1469 -0.2023 -1.0980 -0.5113

205.20 -0.9048 -0.4258 939.60 -0.1926 -0.1594 -1.0975 -0.5851

212.40 -0.8443 -0.5358 925.20 -0.2262 -0.1064 -1.0705 -0.6423

219.60 -0.7705 -0.6374 1270.80 -0.2456 -0.0468 -1.0161 -0.6843

226.80 -0.6845 -0.7290 1256.40 -0.2495 0.0157 -0.9341 -0.7133

234.00 -0.5878 -0.8090 1242.00 -0.2378 0.0773 -0.8255 -0.7318

241.20 -0.4818 -0.8763 1227.60 -0.2111 0.1340 -0.6928 -0.7423

248.40 -0.3681 -0.9298 1213.20 -0.1711 0.1822 -0.5393 -0.7475

255.60 -0.2487 -0.9686 1198.80 -0.1204 0.2191 -0.3691 -0.7495

262.80 -0.1253 -0.9921 1184.40 -0.0622 0.2421 -0.1875 -0.7500

270.00 0.0000 -1.0000 1170.00 0.0000 0.2500 0.0000 -0.7500
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Table 3.  Spreadsheet for Square 

 

 

Figure 5 shows the resulting square.   

 

 

 

 
Figure 5.  Rotating Circles That Form a Square 

 

Table 4 shows the calculation for a pentagon 

with rounded corners.  
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A B C D E F G H

Desired number of sides for polygon = 4

Desired number of plotted points = 50

Large circle radius, R = 1.0000

Small circle radius, r = (E1-1)^(-2) = 0.1111 R/r = E3/E4 = 9.0

Deg. interval large circle = 360/E2 = 7.20

Deg. Interval small circle = E5*(E1-1) = 21.60

Position A X= Y= Position a x=E$4* y=E$4* X + x = Y + y =

(Deg.) cos(A) sin(A) (Deg.) cos(D9) sin(D9) B9+E9 C9+F9

270.00 0.0000 -1.0000 90.00 0.0000 0.1111 0.0000 -0.8889

277.20 0.1253 -0.9921 68.40 0.0409 0.1033 0.1662 -0.8888

284.40 0.2487 -0.9686 46.80 0.0761 0.0810 0.3248 -0.8876

291.60 0.3681 -0.9298 385.20 0.1005 0.0473 0.4687 -0.8825

298.80 0.4818 -0.8763 363.60 0.1109 0.0070 0.5926 -0.8693

306.00 0.5878 -0.8090 342.00 0.1057 -0.0343 0.6935 -0.8434

313.20 0.6845 -0.7290 320.40 0.0856 -0.0708 0.7702 -0.7998

320.40 0.7705 -0.6374 298.80 0.0535 -0.0974 0.8240 -0.7348

327.60 0.8443 -0.5358 277.20 0.0139 -0.1102 0.8583 -0.6461

334.80 0.9048 -0.4258 255.60 -0.0276 -0.1076 0.8772 -0.5334

342.00 0.9511 -0.3090 234.00 -0.0653 -0.0899 0.8857 -0.3989

349.20 0.9823 -0.1874 212.40 -0.0938 -0.0595 0.8885 -0.2469

356.40 0.9980 -0.0628 190.80 -0.1091 -0.0208 0.8889 -0.0836

3.60 0.9980 0.0628 529.20 -0.1091 0.0208 0.8889 0.0836

10.80 0.9823 0.1874 507.60 -0.0938 0.0595 0.8885 0.2469

18.00 0.9511 0.3090 486.00 -0.0653 0.0899 0.8857 0.3989

25.20 0.9048 0.4258 464.40 -0.0276 0.1076 0.8772 0.5334

32.40 0.8443 0.5358 442.80 0.0139 0.1102 0.8583 0.6461

39.60 0.7705 0.6374 421.20 0.0535 0.0974 0.8240 0.7348

46.80 0.6845 0.7290 399.60 0.0856 0.0708 0.7702 0.7998

54.00 0.5878 0.8090 378.00 0.1057 0.0343 0.6935 0.8434

61.20 0.4818 0.8763 356.40 0.1109 -0.0070 0.5926 0.8693

68.40 0.3681 0.9298 334.80 0.1005 -0.0473 0.4687 0.8825

75.60 0.2487 0.9686 673.20 0.0761 -0.0810 0.3248 0.8876

82.80 0.1253 0.9921 651.60 0.0409 -0.1033 0.1662 0.8888

90.00 0.0000 1.0000 630.00 0.0000 -0.1111 0.0000 0.8889

97.20 -0.1253 0.9921 608.40 -0.0409 -0.1033 -0.1662 0.8888

104.40 -0.2487 0.9686 586.80 -0.0761 -0.0810 -0.3248 0.8876

111.60 -0.3681 0.9298 565.20 -0.1005 -0.0473 -0.4687 0.8825

118.80 -0.4818 0.8763 543.60 -0.1109 -0.0070 -0.5926 0.8693

126.00 -0.5878 0.8090 522.00 -0.1057 0.0343 -0.6935 0.8434

133.20 -0.6845 0.7290 500.40 -0.0856 0.0708 -0.7702 0.7998

140.40 -0.7705 0.6374 478.80 -0.0535 0.0974 -0.8240 0.7348

147.60 -0.8443 0.5358 817.20 -0.0139 0.1102 -0.8583 0.6461

154.80 -0.9048 0.4258 795.60 0.0276 0.1076 -0.8772 0.5334

162.00 -0.9511 0.3090 774.00 0.0653 0.0899 -0.8857 0.3989

169.20 -0.9823 0.1874 752.40 0.0938 0.0595 -0.8885 0.2469

176.40 -0.9980 0.0628 730.80 0.1091 0.0208 -0.8889 0.0836

183.60 -0.9980 -0.0628 709.20 0.1091 -0.0208 -0.8889 -0.0836

190.80 -0.9823 -0.1874 687.60 0.0938 -0.0595 -0.8885 -0.2469

198.00 -0.9511 -0.3090 666.00 0.0653 -0.0899 -0.8857 -0.3989

205.20 -0.9048 -0.4258 644.40 0.0276 -0.1076 -0.8772 -0.5334

212.40 -0.8443 -0.5358 622.80 -0.0139 -0.1102 -0.8583 -0.6461

219.60 -0.7705 -0.6374 961.20 -0.0535 -0.0974 -0.8240 -0.7348

226.80 -0.6845 -0.7290 939.60 -0.0856 -0.0708 -0.7702 -0.7998

234.00 -0.5878 -0.8090 918.00 -0.1057 -0.0343 -0.6935 -0.8434

241.20 -0.4818 -0.8763 896.40 -0.1109 0.0070 -0.5926 -0.8693

248.40 -0.3681 -0.9298 874.80 -0.1005 0.0473 -0.4687 -0.8825

255.60 -0.2487 -0.9686 853.20 -0.0761 0.0810 -0.3248 -0.8876

262.80 -0.1253 -0.9921 831.60 -0.0409 0.1033 -0.1662 -0.8888

270.00 0.0000 -1.0000 810.00 0.0000 0.1111 0.0000 -0.8889
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Table 4.  Spreadsheet for Pentagon 

 

 

Figure 6 shows the resulting pentagon.   

 

 

 
Figure 6.  Rotating Circles That Form a Pentagon 

 

 

Table 5 shows the calculation for a heptagon 

with rounded corners.  
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A B C D E F G H

Desired number of sides for polygon = 7

Desired number of plotted points = 50

Large circle radius, R = 1.0000

Small circle radius, r = (E1-1)^(-2) = 0.0278 R/r = E3/E4 = 36.0

Deg. interval large circle = 360/E2 = 7.20

Deg. Interval small circle = E5*(E1-1) = 43.20

Position A X= Y= Position a x=E$4* y=E$4* X + x = Y + y =

(Deg.) cos(A) sin(A) (Deg.) cos(D9) sin(D9) B9+E9 C9+F9

270.00 0.0000 -1.0000 90.00 0.0000 0.0278 0.0000 -0.9722

277.20 0.1253 -0.9921 46.80 0.0190 0.0202 0.1443 -0.9719

284.40 0.2487 -0.9686 3.60 0.0277 0.0017 0.2764 -0.9668

291.60 0.3681 -0.9298 320.40 0.0214 -0.0177 0.3895 -0.9475

298.80 0.4818 -0.8763 277.20 0.0035 -0.0276 0.4852 -0.9039

306.00 0.5878 -0.8090 234.00 -0.0163 -0.0225 0.5715 -0.8315

313.20 0.6845 -0.7290 190.80 -0.0273 -0.0052 0.6573 -0.7342

320.40 0.7705 -0.6374 147.60 -0.0235 0.0149 0.7471 -0.6225

327.60 0.8443 -0.5358 104.40 -0.0069 0.0269 0.8374 -0.5089

334.80 0.9048 -0.4258 61.20 0.0134 0.0243 0.9182 -0.4014

342.00 0.9511 -0.3090 18.00 0.0264 0.0086 0.9775 -0.3004

349.20 0.9823 -0.1874 -25.20 0.0251 -0.0118 1.0074 -0.1992

356.40 0.9980 -0.0628 -68.40 0.0102 -0.0258 1.0083 -0.0886

3.60 0.9980 0.0628 248.40 -0.0102 -0.0258 0.9878 0.0370

10.80 0.9823 0.1874 205.20 -0.0251 -0.0118 0.9572 0.1756

18.00 0.9511 0.3090 162.00 -0.0264 0.0086 0.9246 0.3176

25.20 0.9048 0.4258 118.80 -0.0134 0.0243 0.8914 0.4501

32.40 0.8443 0.5358 75.60 0.0069 0.0269 0.8512 0.5627

39.60 0.7705 0.6374 32.40 0.0235 0.0149 0.7940 0.6523

46.80 0.6845 0.7290 -10.80 0.0273 -0.0052 0.7118 0.7238

54.00 0.5878 0.8090 -54.00 0.0163 -0.0225 0.6041 0.7865

61.20 0.4818 0.8763 -97.20 -0.0035 -0.0276 0.4783 0.8487

68.40 0.3681 0.9298 -140.40 -0.0214 -0.0177 0.3467 0.9121

75.60 0.2487 0.9686 176.40 -0.0277 0.0017 0.2210 0.9703

82.80 0.1253 0.9921 133.20 -0.0190 0.0202 0.1063 1.0124

90.00 0.0000 1.0000 90.00 0.0000 0.0278 0.0000 1.0278

97.20 -0.1253 0.9921 46.80 0.0190 0.0202 -0.1063 1.0124

104.40 -0.2487 0.9686 3.60 0.0277 0.0017 -0.2210 0.9703

111.60 -0.3681 0.9298 -39.60 0.0214 -0.0177 -0.3467 0.9121

118.80 -0.4818 0.8763 -82.80 0.0035 -0.0276 -0.4783 0.8487

126.00 -0.5878 0.8090 -126.00 -0.0163 -0.0225 -0.6041 0.7865

133.20 -0.6845 0.7290 -169.20 -0.0273 -0.0052 -0.7118 0.7238

140.40 -0.7705 0.6374 -212.40 -0.0235 0.0149 -0.7940 0.6523

147.60 -0.8443 0.5358 104.40 -0.0069 0.0269 -0.8512 0.5627

154.80 -0.9048 0.4258 61.20 0.0134 0.0243 -0.8914 0.4501

162.00 -0.9511 0.3090 18.00 0.0264 0.0086 -0.9246 0.3176

169.20 -0.9823 0.1874 -25.20 0.0251 -0.0118 -0.9572 0.1756

176.40 -0.9980 0.0628 -68.40 0.0102 -0.0258 -0.9878 0.0370

183.60 -0.9980 -0.0628 -111.60 -0.0102 -0.0258 -1.0083 -0.0886

190.80 -0.9823 -0.1874 -154.80 -0.0251 -0.0118 -1.0074 -0.1992

198.00 -0.9511 -0.3090 -198.00 -0.0264 0.0086 -0.9775 -0.3004

205.20 -0.9048 -0.4258 -241.20 -0.0134 0.0243 -0.9182 -0.4014

212.40 -0.8443 -0.5358 -284.40 0.0069 0.0269 -0.8374 -0.5089

219.60 -0.7705 -0.6374 32.40 0.0235 0.0149 -0.7471 -0.6225

226.80 -0.6845 -0.7290 -10.80 0.0273 -0.0052 -0.6573 -0.7342

234.00 -0.5878 -0.8090 -54.00 0.0163 -0.0225 -0.5715 -0.8315

241.20 -0.4818 -0.8763 -97.20 -0.0035 -0.0276 -0.4852 -0.9039

248.40 -0.3681 -0.9298 -140.40 -0.0214 -0.0177 -0.3895 -0.9475

255.60 -0.2487 -0.9686 -183.60 -0.0277 0.0017 -0.2764 -0.9668

262.80 -0.1253 -0.9921 -226.80 -0.0190 0.0202 -0.1443 -0.9719

270.00 0.0000 -1.0000 -270.00 0.0000 0.0278 0.0000 -0.9722
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Table 5.  Spreadsheet for Round-Cornered 

Heptagon 

 

Figure 7 shows the resulting heptagon.   

 

 
Figure 7.  Rotating Cirdles That Form a Heptagon 

 

 

4.  Width of Hexagon Border  
 

 
Figure 8.  NASA Image of Hexagon Taken 

through a Near-Infrared Filter, Showing the 

Narrow Bordering Strip   

 

Figure 8 is an oblique image taken by NASA in 

natural color.  (NASA/JPL-Caltech/Space Science 

Institute, December 23, 2013).  The hexagon is 

bordered by a relatively narrow strip that has an 

appearance distinctly different from the materials 

both inside and outside of this strip.  The strip 

bordering the hexagon is brown, between green-gray 

color outside of the hexagon and the yellow-green 

colors inside the hexagon.  This narrow strip also 

appears in Figure 1.  The width of this strip in both 

figures was measured to be approximately 1/25 the 

width of the hexagon.  This ratio approximates the 

ratio of the diameter of the small circle to that of the 

large circle in Equation 1.   

 

5.  Discussion and Conclusions 
 

The hexagon on the north pole of Saturn has 

been matched geometrically by a mathematically 
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A B C D E F G H

Desired number of sides for polygon = 7

Desired number of plotted points = 50

Large circle radius, R = 1.0000

Small circle radius, r = (E1-1)^(-2) = 0.0278 R/r = E3/E4 = 36.0

Deg. interval large circle = 360/E2 = 7.20

Deg. Interval small circle = E5*(E1-1) = 43.20

Position A X= Y= Position a x=E$4* y=E$4* X + x = Y + y =

(Deg.) cos(A) sin(A) (Deg.) cos(D9) sin(D9) B9+E9 C9+F9

270.00 0.0000 -1.0000 90.00 0.0000 0.0278 0.0000 -0.9722

277.20 0.1253 -0.9921 46.80 0.0190 0.0202 0.1443 -0.9719

284.40 0.2487 -0.9686 3.60 0.0277 0.0017 0.2764 -0.9668

291.60 0.3681 -0.9298 320.40 0.0214 -0.0177 0.3895 -0.9475

298.80 0.4818 -0.8763 277.20 0.0035 -0.0276 0.4852 -0.9039

306.00 0.5878 -0.8090 234.00 -0.0163 -0.0225 0.5715 -0.8315

313.20 0.6845 -0.7290 190.80 -0.0273 -0.0052 0.6573 -0.7342

320.40 0.7705 -0.6374 147.60 -0.0235 0.0149 0.7471 -0.6225

327.60 0.8443 -0.5358 104.40 -0.0069 0.0269 0.8374 -0.5089

334.80 0.9048 -0.4258 61.20 0.0134 0.0243 0.9182 -0.4014

342.00 0.9511 -0.3090 18.00 0.0264 0.0086 0.9775 -0.3004

349.20 0.9823 -0.1874 -25.20 0.0251 -0.0118 1.0074 -0.1992

356.40 0.9980 -0.0628 -68.40 0.0102 -0.0258 1.0083 -0.0886

3.60 0.9980 0.0628 248.40 -0.0102 -0.0258 0.9878 0.0370

10.80 0.9823 0.1874 205.20 -0.0251 -0.0118 0.9572 0.1756

18.00 0.9511 0.3090 162.00 -0.0264 0.0086 0.9246 0.3176

25.20 0.9048 0.4258 118.80 -0.0134 0.0243 0.8914 0.4501

32.40 0.8443 0.5358 75.60 0.0069 0.0269 0.8512 0.5627

39.60 0.7705 0.6374 32.40 0.0235 0.0149 0.7940 0.6523

46.80 0.6845 0.7290 -10.80 0.0273 -0.0052 0.7118 0.7238

54.00 0.5878 0.8090 -54.00 0.0163 -0.0225 0.6041 0.7865

61.20 0.4818 0.8763 -97.20 -0.0035 -0.0276 0.4783 0.8487

68.40 0.3681 0.9298 -140.40 -0.0214 -0.0177 0.3467 0.9121

75.60 0.2487 0.9686 176.40 -0.0277 0.0017 0.2210 0.9703

82.80 0.1253 0.9921 133.20 -0.0190 0.0202 0.1063 1.0124

90.00 0.0000 1.0000 90.00 0.0000 0.0278 0.0000 1.0278

97.20 -0.1253 0.9921 46.80 0.0190 0.0202 -0.1063 1.0124

104.40 -0.2487 0.9686 3.60 0.0277 0.0017 -0.2210 0.9703

111.60 -0.3681 0.9298 -39.60 0.0214 -0.0177 -0.3467 0.9121

118.80 -0.4818 0.8763 -82.80 0.0035 -0.0276 -0.4783 0.8487

126.00 -0.5878 0.8090 -126.00 -0.0163 -0.0225 -0.6041 0.7865

133.20 -0.6845 0.7290 -169.20 -0.0273 -0.0052 -0.7118 0.7238

140.40 -0.7705 0.6374 -212.40 -0.0235 0.0149 -0.7940 0.6523

147.60 -0.8443 0.5358 104.40 -0.0069 0.0269 -0.8512 0.5627

154.80 -0.9048 0.4258 61.20 0.0134 0.0243 -0.8914 0.4501

162.00 -0.9511 0.3090 18.00 0.0264 0.0086 -0.9246 0.3176

169.20 -0.9823 0.1874 -25.20 0.0251 -0.0118 -0.9572 0.1756

176.40 -0.9980 0.0628 -68.40 0.0102 -0.0258 -0.9878 0.0370

183.60 -0.9980 -0.0628 -111.60 -0.0102 -0.0258 -1.0083 -0.0886

190.80 -0.9823 -0.1874 -154.80 -0.0251 -0.0118 -1.0074 -0.1992

198.00 -0.9511 -0.3090 -198.00 -0.0264 0.0086 -0.9775 -0.3004

205.20 -0.9048 -0.4258 -241.20 -0.0134 0.0243 -0.9182 -0.4014

212.40 -0.8443 -0.5358 -284.40 0.0069 0.0269 -0.8374 -0.5089

219.60 -0.7705 -0.6374 32.40 0.0235 0.0149 -0.7471 -0.6225

226.80 -0.6845 -0.7290 -10.80 0.0273 -0.0052 -0.6573 -0.7342

234.00 -0.5878 -0.8090 -54.00 0.0163 -0.0225 -0.5715 -0.8315

241.20 -0.4818 -0.8763 -97.20 -0.0035 -0.0276 -0.4852 -0.9039

248.40 -0.3681 -0.9298 -140.40 -0.0214 -0.0177 -0.3895 -0.9475

255.60 -0.2487 -0.9686 -183.60 -0.0277 0.0017 -0.2764 -0.9668

262.80 -0.1253 -0.9921 -226.80 -0.0190 0.0202 -0.1443 -0.9719

270.00 0.0000 -1.0000 -270.00 0.0000 0.0278 0.0000 -0.9722
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derived polygon formed by a combination of 

rotations that form a resonance.  The circles in the 

derivation might be a clue to the pattern of wind 

circulation on the planet.  There are ña lot of 

oscillation patterns in high altitude clouds.  If [such 

patterns happen] in a rotating system, then only the 

óin phaseô patterns will survive.ò (private 

communication, David Fields, Roane State 

Community College, Harriman TN,  March 23, 

2012).  However, the author makes no claim that the 

circulation pattern derived by spreadsheet has any 

relation to the actual patterns of circulating fluids.  

Direct observational data may prove or disprove a 

relationship.   

 

Besides the hexagon, other polygons with curved 

corners potentially can match other patterns on 

astronomical bodies that have surface fluids.  Perhaps 

similar round-cornered polygons will be discovered 

by astronomers and meteorologists.  These polygons 

might have concave or convex sides.  The 

mathematics of the ratio of the border band to the 

diameter of the hexagon was not derived in this 

paper.   
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Abstract  

Prairie View A&M University through the collaboration with NASA-Johnson Space Center has partnered with the 
Kyushu Institute of Technology (KIT), Japan and developed a payload for the Shinen-2 spacecraft that was 
launched from Japan on December 3, 2014 as part of the Hayabusa2 mission. The main purpose of the Shinen-
2 spacecraft is deep space communication experiment to test the feasibility of deep-space radio communications 
from the spacecraft to Earth without the need of the Deep Space Network (DSN) of NASA. This presents an 
opportunity to the wider community of amateur astronomers, ham radio operators, and other research personnel 
in that they will have the opportunity to work with deep space communication such as Shinen-2 spacecraft. It 
should be possible to detect a signal as an increased strength from Shinen-2 spacecraft at a rest frequency of 
437.385 MHz, using commercially available equipment procured at low-cost, when the spacecraft approaches to 
within 3,000,000 km of the Earth during December 2015. 

1. Introduction  

 A team of members in the Physics Program and 

Electrical Engineering at Prairie View A&M 

University have partnered with NASA-Johnson 

Space Center (NASA-JSC, Houston, Texas) and 

Kyushu Institute of Technology (KIT) in Japan to 

design and develop on a deep space communications 

radiation detector for Shinen-2 spacecraft launched 

along with the Hayabusa2 mission from Japan on 3 

December 2014.  

The purpose of this paper is to share the 

opportunity that amateur astronomers and interested 

amateur radio operators have to communicate via a 

low-cost technology by listening for 

telecommunications from the deep space probe 

Shinen-2 as it currently orbits around the Sun, it will 

also pass closest to the Earth in December 2015. 

Since universities generally do not have access to 

the deep space communication networks that NASA 

and JAXA (Japanese Space Agency) have, the main 

goal of this experiment is to establish the feasibility 

of technology for deep space communication with 

ultra-small spacecraft like Shinen-2. This could 

potentially open up a new field of professional-

amateur collaboration between the developers and 

investigators of ultra-small spacecraft missions and 

amateur astronomers equipped with simple radio 

equipment, Okuyama (2014). This could also provide 

a low-cost alternative to the Deep Space Network 

(DSN) for spacecraft communications in near-Earth 

space as well. 

2. Development and L The purpose of  

Hayabusa2 (Figure 1) is to explore the asteroid 

1999 JU3 and return a sample from this body. The 

mission was launched on December 3 aboard an H-

IIA lunch vehicle (Figure 2) and is currently on its 

way to the above-mentioned asteroid, with the arrival 

expected to occur in July 2018.aunch of Shinen-2 

 

  
Figure 1.  Hayabusa2 is expected to arrive at its target 
Asteroid (1999 JU3) in 2018 and return to earth with a 
sample by 2020.  

 

This mission is the successor to Hayabusa which 

visited the asteroid Itokawa in an effort to gain 

insight into the origin and evolution of the solar 

system. Itokawa is an S-type asteroid which offers 

clues into the early history of the solar system but in 

order to learn more it is necessary to visit all types of 

asteroids. Hayabusa was most successful mission 

with a sample from an asteroid body ever brought to 

earth.  Now, Hayabusa2 will stay with the primitive 

C-type asteroid 1999 JU3 for a year and a half before 

leaving the asteroid (with a sample if all goes  

mailto:bmcudnik@pvamu.edu
mailto:pbsaganti@pvamu.edu
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according to plan) near the end of 2019 and 

returning to Earth with its precious cargo around the 

end of 2020, JAXA (2015). 

Along with the Hayabusa2 spacecraft, the 

Shinen-2 (Figure 3) was launched on an Earth-escape 

trajectory, placing it into heliocentric orbit after 

separation from the main spacecraft at an altitude of 

6,000 km. The Shinen-2 was designed and built at 

Kagoshima University Graduate School of 

Engineering in Japan. The heliocentric orbit of this 

deep space satellite ranges from a perihelion distance 

of 0.7 AU (near Venus) to an aphelion distance of 1.3 

AU (near Mars). The inclination of the orbit is near 

zero, so the probe will remain very close to Earthôs 

orbital plane, the ecliptic. 

 
Figure 2. The Launch of Hayabusa2 with Shinen -2 
spacecraft on December  3, 2014 from Japan.  

 

One of the novel features of the body structure of 

Shinen-2 is the lightweight thermoplastic design that 

lacks bolts and extra edges or irregularities. This 

involves the use of a material called carbon fiber 

thermoplastic resin (CFTR). The spacecraft is 

powered by solar cells on a polyhedral surface. It 

measures 490 x 490 x 475 mm and has a mass of 15 

kg.  The Kyushu Institute of Technology used their 

space environment technique laboratory to test and 

assemble the Shinen-2 spacecraft body, with work on 

testing and review running from February to October 

2014.  

 
Figure 3. The Shinen -2 spacecraft being prepared for 
integration with the launch vehicle for deep space 
journey 2014 -2020. 

 

 

3. Communications with Shinen-2 

3.1 The next opportunities to ñlisten-inò 

Shinen-2 was within range of small ground-

based receivers in December 2014 for a few weeks 

after launch. This marked the initial phase of the deep 

space communications experiment.. The primary 

purpose of this experiment is to demonstrate the 

ability to receive telemetry from the spacecraft when 

it is within 300,000 km of Earth, but the desired 

outcome is to extend this to 3,000,000 km distance. 

As of this writing (April 2015) the Shinen-2 is well 

beyond the range of amateur radio operators but it 

will be making another swing-by of the Earth in mid- 

December, 2015. 

According to current calculations, the Shinen-2 

Spacecraft is predicted to make its closest approach 

to Earth on December 14, with the spacecraft being 

favorably placed at least one week prior and up to 

one week after this date. The date of closest approach 

favors Brazil, but much of the planet should be able 

to access and downlink any data from its payload, 

even from as far north as Alaska and Norway.  

 

3.2 Technical Details  for Receivers 

If you plan to make an attempt to receive 

communication from the spacecraft, here are some 

particulars to help with this: Designation- Fuji 

OSCAR-82 (FO-82) which identifies as JG6YIG. 

Shinen2 carries a 0.1 W CW beacon on 437.505 MHz 

(0.4W) and a telemetry on 437.385 MHz (0.8W) 

using a mode similar to WSJT (AMSAT (2015) has 

more information about this). The spacecraft also 

carries a store-and-forward transponder with an 
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uplink of 145.95 MHz and a downlink at 435.27 

MHz (0.4W). 

For communications the downlink takes on the 

forms of AX.25 and WSJT. The former was used 

while the spacecraft was closer than lunar orbit 

(about 384,000 km). For beyond lunar orbit, the 

WSJT or similarly will be used at a downlink rate of 

1 bps (which works out to be approximately 12 

characters per minute). Little in the way of significant 

information is being sent; rather this is an 

experiment, a test to determine the feasibility of 

receiving a downlink with modest equipment. 

 

4. Conclusion 

The Shinen-2 mission opens yet another 

opportunity to involved amateur astronomers in 

cutting edge science. This mission will provide a 

ñproving groundò to develop and test deep space 

communication technology for ultra-small spacecraft, 

which frees up the Deep Space Network for larger 

missions operating in deepest accessible space; it also 

allows for the establishment of many smaller, ground 

based receivers to provide ample coverage for the 

rapidly increasing numbers of ultra-small, ultra-light 

CubeSat (and otherwise) style missions. 

Prairie View A&M University has the unique 

opportunity to design and built a low cast high 

efficient payload with a unique capability of 

collecting Galactic Cosmic Ray (GCR) data in deep-

space.  This payload, radiation particle pixel detector 

(PPD) provided preliminary data from the initial 

launch and trajectory through a low bit rate 

transmission via amateur radio communications.  In 

the same manner, it is anticipated to communicate 

with Shinen2 spacecraft in December 2015 and 

collect the data from the radiation payload, PPD.  

Once the data is received it will be decoded for time 

stamp of the radiation events collected and will be 

analyzed of the deep-space radiation measurements. 

Such data will be first of its kind by an instrument 

built with electronics for radiation measurements in 

deep-space.   
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Figure -4:  Prairie View A&M Universityôs (PVAMU) ï 
Radiation Particle Pixel Detector (PPD) ñA Purple and 
Gold Detector for Deep -Space Radiation Explorationò.  
Developed for Deep -Space Radiation Measurement on 
Shinen2 Spacecraft Launched as part of Hyabusa2 
(Asteroid Explorer) Mis sion from Japan by JAXA on 
December 3, 2014.  
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Abstract  

Light emitting diode (LED) light fixtures are rapidly becoming industry standards for outdoor lighting.  They are 
promoted on the strength of long lifetimes (hence economic efficiencies), low power requirements, directability, 
active brightness controls, and energy efficiency.  They also tend to produce spectral shifts that are undesirable 
in astronomical settings, but which can be moderated by filters.  LED lighting for continuous roadway and parking 
lot lighting is particularly popular, and many communities are in the process of retrofitting Low Pressure Sodium 
(LPS) and other lights by tens of thousands of new LED fixtures at a time.  What is the impact of this process on 
astronomical observatories and on dark skies upon which amateur astronomers rely?  We bypass modeling and 
predictions to make actual measurements of these lights in the field.  We report on original ground, airborne, and 
satellite observations of LED lights and discuss their light budgets, zenith angle functions, and impacts on 
observatory environs. 

1. Introduction  

The responsible use of artificial light at night 

(LAN) has emerged as an environmental issue of 

interest and importance.  Particularly bright, 

unshielded, or indiscriminately directed light can 

aggravate objections from multiple quarters [Mizon 

2012]. Consequently, it is sensible for developers of 

new projects to pay careful attention to the 

environmental sensitivity and efficiency with which 

they light their activities. 

This approach is best executed in conjunction 

with a good understanding of the nature of the lights 

to be used, the environment in which they are to be 

placed, the modes of installation, and relative 

contributions from other sources of light in the 

vicinity of the project.  This requires a 

comprehensive effort to measure and monitor in 

situ light output from installations of interest. 

The rapid ascendancy of light emitting diode 

(LED) outdoor fixtures has been particularly 

remarkable.  Much has been written about the 

properties, benefits, and disadvantages of these lights, 

but there has been relatively little measurement of 

LED installations.  A property of interest is that LED 

fixtures have a tendency to spectral shift to the blue 

relative to more conventional outdoor lighting. This 

is worrisome for the astronomical community which 

is potentially impacted by the increased scattering of 

short wavelengths.  A mitigating benefit of LED 

lights is their long replacement lifetimes, and hence 

increased energy efficiency, a factor of great appeal 

to community governments that must pay for public 

lighting in an era of weak economies. Further 

benefits include the ability to power the lights on and 

off with ease, to regulate the brightness of the lights, 

and to direct the lights for maximum efficiency. The 

principal disadvantage is the aforementioned spectral 

shift to the blue, which has been mitigated in many 

cases by introduction of optical filters. 

 

2. The Rosemont Project 

The Rosemont Copper Project in southeastern 

Arizona has recently embarked on a several months 

long exploratory drilling project that employs a 

variety of portable work lights, including LED 

fixtures.  This project offered an interesting 

experimental environment in which to measure 

ambient LAN with and without the light fixtures, as 

well as comparing properties of LED and other more 

conventional light sources. This project is of added 

interest due to its proximity to nearby observatories. 
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The goal of this paper is to report measurements 

that:  1) characterize the light output from the 

portable lights (both LED and other) at the drill sites, 

2) compare the relative impact of this phase of the 

mine operation to other sources of light within the 

vicinity of the mine, 3) identify possible mitigation 

strategies, and 4) develop and refine techniques for 

analysis, monitoring, and documentation of 

associated LAN.  This paper is a condensation of a 

technical report by Craine and Craine (2015). 

The exploratory drilling program reported here 

was active from 9/4/2014 through 12/18/2014.  

During this time anywhere from 1 to 7 distinct drill 

pads were illuminated each night, with 7 per night 

being the most frequent occurrence.  Lighting types, 

configurations, and locations changed frequently 

throughout the period.  The program of LAN 

measurement was initiated at the immediate start of 

the drilling project.   

 

3. Data Collection 

A comprehensive survey of all of the lights with 

all of the possible modes of measurement was not 

possible for this modest project; hence the best 

strategy was to sample the site under a range of 

representative conditions.   

Three complementary survey modes were 

applied to the task: 1) satellite data surveys, 2) 

ground-based photometric measurements, and 3) 

airborne surveys.  The satellite data survey has utility     

around and including the mine site and is available 

with a cadence of once per night for cloudless nights.  

The ground-based photometry was used to monitor 

sky brightness (as opposed to ground brightness from 

satellite observations).  The airborne survey allows 

resolution and measurement of specific individual 

light sources from a range of perspectives.  Used 

together, these methods provided a good picture of 

the impact of the drill pad lights. 

Satellite data were obtained from the Suomi NPP 

platform carrying the Visible Infrared Imaging 

Radiometer Suite (VIIRS), as a tool for 

characterizing and monitoring light at night (LAN) 

associated with mining and drilling activities that are 

conducted 24 hours per day (Changyong Cao 2013).  

The Suomi NPP VIIRS Day Night Band SDR, 

VIIRS Day Night Band SDR Ellipsoid Geo-location 

and the VIIRS Cloud Mask Intermediate product 

hdf5 formatted data files were obtained from 

NOAAôs Comprehensive Large Array-Data 

Stewardship System (CLASS) archives 

(http://www.class.ncdc.noaa.gov/saa/products/welco

me). Files (during the epoch Sept-December 2014) 

with granules that captured Southern Arizona were 

selected. 

Ground Static Surveys and Ground Mobile 

Surveys used various configurations of the STEM 

Laboratory Sky Brightness Meter (SBM) to collect 

data on zenith sky brightness, both as baseline data 

when the drill pads were not operating and as test 

data when the drill pad lights were active. These data 

not only serve to provide a measure of sky 

brightness, but they give us an independent 

evaluation of site weather and cloud cover. 

During the program period we operated two 

SBMs in fixed locations, one in Tucson and one in 

the Sonoita-Elgin area.  The unit in Tucson was used 

only to help verify weather and cloud conditions.  A 

third unit was operated in a periodic ground mobile 

mode, during which it was driven along SR-83, 

directly adjacent to the mine site, especially near the 

Rosemont Overlook.   

Measurements of the Rosemont drill pad sites 

were made using High Dynamic Range imaging 

(HDRI) digital photography.  Because the drill pads 

were tucked into the foothills of a mountain range, 

and flight time was constrained by budget, we 

confined our observations to a limited azimuth range 

and large zenith angles. The latter are of particular 

interest to nearby astronomical observatory facilities.   

Limiting the azimuth range minimized risk to survey 

aircraft and crew. 

Two aircraft, a C-180STOL and C-182Q, were 

used to fly mission profiles in the locale of the 

Rosemont drill pads.  During these flights Canon 

digital cameras were used to make a series of RAW 

format, short exposure images of the drill pad lights.  

Exposure times were empirically determined to 

ensure that the lights would not be saturated in the 

imagery.   A STEM Laboratory logging GPS unit 

was carried on each flight to record aircraft locations 

and altitudes during the times of survey photography.    

 Airborne survey data and digital imagery were 

supplemented by complementary HDRI photography 

of the drill sites as obtained from ground level (ZA ~ 

90
o
) at the Rosemont Overlook site on SR 83. 

 

4. Data Reduction Protocols 

Cloudy nights, which yield useless data, were 

identified by referring to the STEM laboratory 

archive of nightly sky brightness measurements 

(obtained using an SBM or iSBM meter (Craine, 

E.M. et al.2013) sampling at a frequency of about 

0.03 Hz). Cloudy nights are easily identified by the 

pattern of variability in the measurements. In 

addition, cloudy nights over the target can be 

identified by using the cloud analysis data found in 

the VIIRS cloud Mask Intermediate product. 

The hdf5 data files were processed using the 

proprietary SuomiUtils software package that is 
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currently under development (Western Research 

Company, Inc, Tucson Az). SuomiUtils opens the 

hdf5 data file and Environmental Systems Research 

Institute (ESRI) shapefiles from which it can extract 

sum radiance, average radiance, satellite zenith angle, 

satellite azimuth angle, lunar zenith angle, and 

satellite range data for geo-locations specified by the 

shapefile. 

The shapefiles for this study were produced by 

outlining the desired target using Google Earth. The 

geo-position can then be saved as a KML file directly 

from Google Earth. The KML files can then be 

converted to a shapefile using GDALôs ogr utility 

[Gdal 2015]. 

Evaluation of artificial light at night using 

satellite imagery has two major problems that 

include: 1) interference due to clouds, and 2) 

dynamic changes in lighting due to lunar reflectance 

of sunlight.  

The problem presented by clouds is so profound 

that the solution is primarily one of identifying 

cloudy nights and eliminating those nights from 

further consideration. Cloudy nights are easily 

identified using high frequency sky brightness 

monitoring with an iSBM unit. 

Cloudy nights may also be identified using 

remote satellite sensing. The VIIRS Cloud 

Intermediate Product encapsulates the output from 

those algorithms to match the geo-location of the 

earth radiance data. The algorithm places each geo-

location into one of four categories (Co=0, highly 

probable clear; C1=1 most probably clear; C2=2 most 

probably cloudy; and C3=3, highly probably cloudy). 

For regions that include multiple pixels we calculate 

a cloud index which is the one minus the sum of 

category 0 pixels divided by the total number of 

pixels. Therefore a region (as defined by a shapefile) 

with an index of 0 is highly probably clear. Allowing 

for occasional misclassifications of pixels we use an 

index cutoff of <0.18 to indicate a cloudless data 

acquisition.  

The problem of lunar light contamination is 

often solved by simply evaluating artificial light only 

on nights when the moon is down (i.e. a lunar zenith 

angle of greater than 110̄). However, for a short term 

monitoring of a site this would considerably limit the 

number of nights of observation. An alternative 

solution is to subtract the natural radiance due to the 

reflection of lunar light.  For sites that are relatively 

isolated from other confounding artificial light 

sources this can be accomplished by subtracting the 

lunar component. This is identified by natural 

radiance from areas immediately surrounding the site 

of interest, which are most likely to match the albedo 

of the target area (Craine and Craine 2015). 

The HDRI images made from aircraft were 

archived in the STEM Laboratory Light at Night 

Data Archive, and converted to Flexible Image 

Transport System (FITS) format to enable their study 

in a variety of image analysis software utilities.  

Each image was visually examined to ensure 

quality of focus and absence of trailing.  Drill pad 

lights were identified by reference to daytime aerial 

photography.  Relative angular orientations of drill 

pad lights were measured in each image to be used, 

and these parameters were used to determine the 

azimuth angle from the imaged drill pads to the 

camera.  These angles were transferred to an aerial 

photograph upon which the aircraft flight path had 

been plotted, thus enabling determination of the 

location of the camera relative to the target area for 

each image made. 

These data, coupled with the GPS log of aircraft 

altitudes, allowed determination of the distance from 

the camera to each drill pad as well as the zenith 

angle (ZA) of the viewing direction. 

In preparation for photometric measurement, 

each image was pre-processed by subtracting a set of 

median-combined dark frames to remove unwanted 

electronic noise.  The integrated intensity of each 

drill pad light was measured using aperture 

photometry techniques as implemented in the 

software utility AstroImageJ.  The protocol involved 

using a fixed circular aperture to capture the light 

from the drill pad, and simultaneously measuring the 

image background levels in a surrounding annulus.  

The final relative integrated intensity, I, was 

determined by subtracting the background 

determined in the annulus from the total aperture 

value.  The parameter, I, is recorded in units of dn, 

i.e. data numbers, the quantized values of intensity in 

digital images. 

These integrated intensities were corrected to 

normalize values to an arbitrary drill pad-to-camera 

range of 12,000 ft.  This was done by determining the 

square of the actual to corrected camera distance and 

multiplying that factor times the measured intensity, 

thus correcting for the inverse-square fall-off of light 

intensity with distance. 

 

5. Results 

During the course of the drilling period (Sept-

December) there were 81 nights that were cloudless 

allowing for assessment of drill associated radiance. 

Figure 1 shows the nightly monitoring results during 

this period for the Rosemont mine area and the 

nearby Border Patrol Station 1 (BP1). The observed 

radiance from the BP1 site was relatively constant at 

an average of 13.7 Wsr
-1
 with several nights during 

which the lights were apparently turned off. There 
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was no apparent relationship between the BP1 site 

radiance and the cyclic fluctuation in brightness due 

to lunar light, demonstrating the effectiveness of the 

background subtraction algorithm. 

The lighting at the Rosemont site is more 

dynamic, utilizing a variety of light fixtures and 

numerous changes in the lighting configurations. The 

radiance is seen to have a particularly large 

magnitude late in September. Following the 

mitigation of lighting, primarily shielding of balloon 

lighting with metal halide bulbs, the radiance was 

significantly reduced.  The ñballoonò lights were 

unshielded, mostly isotropic radiators, apparently 

commonly used in the drilling industry.  The 

shielding that took place at the behest of Rosemont 

Copper was a mitigation effort to diminish the 

amount of horizontally emitted light that intersected 

the nearby highway, SR-83. 

During most of October through November the 

radiance levels were below 30 Wsr
-1
, probably 

reflecting the predominance of LED lighting during 

this period. There were several nights at the end of 

November where the radiance increased above 30 

Wsr-1. The increase in radiance coincided with the 

utilization of Layne 9 lighting configuration at pad 9 

which included balloon lighting. 

 

 
Figure 1.  Radiance from the Rosemont Mine area during 
the epoch from September 1 -December 27, 2014. There 
were 81 days of drilling activity measured, 4 nights 
recording greater tha n 70 Wsr

-1
 and 4 nights 50 -70 Wsr

-1
.  

Solid circles are drill lights and open circles are Border 
Patrol Station 1 lights.  

We can examine these data in the context of 

specific types of lights that are operated on the drill 

pads.  We located several nights in the October 

through November time frame when only LED lights 

were in use.  For those nights we plotted radiance as 

a function of zenith angle, as shown in Figure 2.  We 

show a similar plot in Figure 3 in which mixed 

lighting was in operation, including metal halide and 

compact fluorescent lighting as well as LED lights. 

 

 
Figure 2.  Radiance recorded at the Rosemont drill site 
as a function of satellite zenith viewing angle (Oct -Nov 
2014) for nights when rig illumination was provided only 
by LED lighting . 

 

 
Figure 3.  Radiance recorded at the Rosemont drill site 
as a function of satellite zenith viewing angle (Sept -Nov 
2014) while rig illumination was provided by mixed 
lighting including metal halide, CFL and LED.  

 

Comparison of linear least square fits to the data 

of Figures 2 and 3 indicate that the use of the LED 

lights significantly reduced the zenith angle 

dependence of radiance, suggesting a useful 

mitigation strategy for future mine operations. 

The advantage of using LED lighting is further 

supported by comparing the observed radiance at the 

Rosemont site as a function of the number of active 

drill pads on nights that were exclusively illuminated 

by LED lights to nights that used mixed lighting. The 

results, shown in Figure 4, reveal that with only LED 

lighting there was a contribution of about 3.6 Wsr
-1
 

per drill rig. When mixed lighting was utilized the 

contribution was about 7.9 Wsr
-1
 per drill rig. The 

inclusion of unshielded balloon lighting resulted in 

considerably higher radiance of about 25 Wsr
-1
 per 

rig.   That was unnecessarily high and subsequently 
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mitigated to the lower rates without impairing drilling 

performance.  

 

 

 
Figure 4.  Satellite observed radiance as a function of 
active drill rigs/pads using predominately LED 
illumination, mixe d lighting (including shielded metal 
halide), and unshielded metal halide lighting.  

 

 

These data can be used to establish reasonable 

limiting goals based upon observed usage levels for 

future drilling operations. We propose a target goal of 

7 Wsr
-1
 per rig, which would allow for a flexible mix 

of LED and alternative lighting.  A maximum level 

of 10 Wsr
-1
 per rig would limit LAN pollution and be 

expected to allow for the safe conduct of required 

drilling activities. We note that the lower target goal 

should be rather easily obtained through the near 

exclusive use of the LED lighting. The radiance 

observed at the Rosemont site during the work period 

of September through December was within the 

proposed limits (i.e. <10 Wsr
-1
 per rig) about 95% of 

the time (77 out of 81 days) and within the more 

stringent proposed goal 90.1% of the time (73 out of 

81 days, see Figure 1).  

The airborne data allow analysis of  light 

intensity of each drill pad as a function of azimuthal 

viewing angle and zenith angle, as well as ratios of 

brightness between different drill pads.  Zenith angle 

dependence of intensity is shown in Figure 5 for one 

night during which six rigs were in operation.  

 

 
Figure 5.   Mean drill pad light intensity as a function of 
zenith angle for zenith angl es of about 60 ï 90 deg.  
These representative data are for a single night and are 
confined to azimuth between about 100 to 130deg.  

 

The six drill pads (DP) of Figure 5 are 

characterized in Table 1.  

 

 
 

The data of Figure 5 complement those of 

Figures 2 and 3, showing a general increase in 

brightness at higher zenith angles.  This would be 

interpreted as an area of concern by the astronomical 

community, since this light can preferentially scatter 

into the line of sight of mountaintop observatories.  

Mitigation of this situation can be addressed by more 

careful pointing of the light fixtures, and by more 

efficient shielding. 

Figure 5 also illustrates the very large range of 

brightness of the drill pad installations.  Assuming 

that all of the drill pads were adequately illuminated 

for work and safety requirements, then one could 

conclude from Figure 5 that some pads were at least a 

factor of 2 ï 2.5 times brighter than necessary.  For 

example, drill pads 33 and 48 were brightest on the 

night of observation reported here.  Pad 33 was 

operating two balloon lights on the date of these 

observations.  These data suggest further mitigation 

might, in some cases, take the form of reducing the 

overall intensity of the lights. 

 

Drill Pad #   Type of Lights 

1 4 x Pontilux LED 

15 4 x Pontilux LED 

19 4 x Pontilux LED 

33 2x balloon (1x CFL; 1x LED) 

44 2 x Pontilux LED 

48 Atlas Copco 3200K LED 

Table 1.  Summary of drill pad lights shown in Figure 
5 
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6. Conclusions 

Our main conclusions from this study include: 

¶ VIIRS imaging has sufficient night-time 

sensitivity and resolution in conjunction with our 

analysis software for extraction of relevant data 

to be a highly useful complimentary tool for 

characterizing and monitoring artificial light 

produced by even small isolated sites (e.g. as 

small as 1 industrial mobile lighting tower). 

¶ The primary limitations of the technology are 

inability to monitor on cloudy nights, and 

restriction of the viewing azimuth to effectively 

two angles.  

¶ Early mitigation of lighting levels during 

operations in September, particularly balloon 

lighting (1000W metal halide bulbs), was 

effective at reducing overall lighting levels. 

¶ LED based lighting was clearly superior in 

reducing LAN levels compared to use of fixtures 

with metal halide or CFL bulbs. 

¶ Quantitative target goals for best lighting 

practices can now be addressed with a 

recommended goal of 7 Wsr
-1 

(as measured by 

the VIIRS radiometer suite, day night band) per 

drill pad and not exceeding 10 Wsr
-1
. The current 

project met the goal of not exceeding 10 Wsr
-1

 

about 95.1% of the time. The project was able to 

meet the more stringent criteria of 7 Wsr
-1
 about 

90.2% of the time. 

¶ Increased shielding and/or substitution of LED 

lighting would be expected to result in 100% 

compliance with the recommended goals. 

¶ Monitoring light by satellite provides a means to 

specifically attribute light contribution to an 

individual site, allowing for an assessment in the 

setting of an area of generally increasing LAN 

environment. 

¶ VIIRS imaging provides an excellent means for 

documenting LAN produced at the work site and 

its relation to other lighting produced in the area. 

 

Our proprietary SuomiUtils software package 

was enhanced during this study to be specifically 

suited for the measurement and monitoring of light 

output from small isolated ground sites using the 

most advanced satellite imagery currently available 

for civilian use. These advances allow for the 

practical analysis of the night lighting typically 

within 12 hours (primary delay being availability of 

the satellite data). These enhancements included: 

¶ Geolocation correction function to correct for 

small errors in geo-positioning that frequently 

occur with the satellite data. 

¶ A local dynamic background correction routine 

allowing for the collection of data in the 

presence of moonlight. 

¶ A site by site evaluation of the presence of 

clouds has been included in the data stream. 

¶ Ability to determine light output from regions 

identified using ESRI shapefiles. 

 

From an astronomical perspective LED lighting 

has three major issues:  1) brightness, 2) color, and 3) 

zenith angle dependence.  Brightness is easily 

controlled in LED lights and should be readily 

mitigated.  Color is a legitimate concern that can be 

effectively mitigated through LED design and 

filtering considerations.  Zenith angle dependence 

should be effectively addressed through shielding and 

fixture direction. 

A lingering problem is that assumptions are 

frequently made about the suitability of an LED 

lighting installation prior to installation.  This is often 

done based on LED specifications and assertions 

associated with the installation itself.  Actual post-

installation measurements may reveal that the 

asserted goals have not been met, a situation that 

otherwise persists unremarked or without mitigation. 

This supports need for a comprehensive effort 

to measure and monitor in situ light output from 

installations of interest.   
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Abstract  

The AAVSO, professional collaborators, and research consortiums are increasingly requesting that photometric 
observations be submitted after they have been transformed onto ñstandardò photometric systems. This greatly 
reduces the burden on the principal investigators in managing and merging data from many disparate 
contributors, but discourages many potential contributors who are unaware that their present equipment can 
make a valuable contribution. Many potential observers, amateurs, students and instructors are confused over 
what filters are required and what standards are best.  This paper focuses on the best standards and observation 
methods for observers with one shot color cameras and those possessing monochrome CCD cameras with 
LRGB filter sets, the two most common configurations used in amateur and educational observatories. 

This paper examines which current standards best match common equipment and present effective ways for 
amateurs and students to reduce data to standard systems with common tools and a minimum of mathematical 
rigor. 

1. Introduction  

Any amateur astronomer who has the equipment 

to make moderately long exposure color astro-images 

with a CCD or DLSR camera has the ability to do 

photometric research, but the majority are unaware 

they are so equipped.  With the AAVSO requesting 

that observations be submitted after being 

transformed onto a standard photometric system and 

other professional collaborators making similar 

requests, many potential observers are being 

discouraged from exploring research opportunities.   

I have discussed this topic with several amateur 

groups, and a common misconception is that 

amateurs need to purchase a set of photometric filters 

in order to contribute. This notion is re-enforced by 

statements in many instructional guides such as this 

quote found in the AAVSOôs CCD Photometry 

Guide: 

ñé The problem with these is that they are non-

standard and it is difficult (if not impossible) to 

convert your results to the standard system. You will 

not be able to use the published magnitudes of the 

comparison or check stars ïwhich are usually given 

using the standard colorsðor compare your results 

with other observers.ò 

With the release of AAVSOôs APASS 

photometric catalog and modern PC and Web based 

photometric transformation programs, transforming 

different color systems is much easier for observers. 

This paper asserts that the LRGB color filter sets 

employed by color astro imagers, and the integrated 

R,G,B Bayer patterns on one-shot color cameras are 

defacto color systems. As such, it demonstrates how 

well photometric observations made with: 

a) CCD equipped with L,R,G,B filter sets 

b) One-Shot Color CCD Cameras, and 

c) DSLR cameras  

transform onto ñstandardò photometric systems. It 

seeks to find the standard system that works best with 

each class of device and evaluates the quality of the 

observations such equipment will produce. 

 

 
Figure 1: LRGB vs Sloan  
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Examination of the two color standards used by 

APASS photometric catalog and pass bands of 

common filter sets suggested which transforms 

merited investigation. Figure 1 shows how typical 

LRGB filter sets compare with the Sloan color 

standards. It shows that the Blue filter is almost 

completely enclosed by the gô pass band and the 

Sloan rô pass band is almost completely encloses the 

Red filter.  The energy in the Green filter is split 

nearly evenly between the gô and rô bands.  Given 

this situation, transformations from Blue to Sloan gô, 

and Red to Sloan rô were selected for examination.  

 

 
Figure2: LRGB vs Johnson -Cousins  

Figure 2 shows how the LRGB filter pass bands 

compare with the Bessell formulation of the Johnson-

Cousins color standard. In this case, there is close 

positional alignment between the Blue and B pass 

band, the Green and V pass band and the Red and R 

pass band. APASS does not include Johnson-Cousins 

R, so this combination could not be evaluated with 

the APASS catalog. 

 

 
Figure 3: Typical CCD Respnose  

 

Although the Johnson-Cousins bands align 

reasonably well, the pass band shapes vary 

considerably. This situation is somewhat mitigated by 

remembering that the total instrumental response is 

the convolution of the filter response with the 

cameraôs response. Figure 3 shows the LRGB 

response overlaid with the response of a common 

micro-lens CCD detector. 

One-shot color cameras have their filters 

deposited directly on the sensorôs surface. They do 

not feature the sharp roll off of LRGB interference 

filters, but being exposed simultaneously offers some 

advantages that can be exploited photometrically. 

 

 
Figure 4: Bayer Color vs Sloan  

The one-shot color Blue respone goes slightly 

further into the blue-violet and the Sloan gô pass 

band, but this fact is mitigated by the rapid decline of 

the sensorôs response in the Blue, resulting in little 

violet energy actually being captured. Additionally, 

the Sloan gô filter extends into the Green response of 

the Bayer filters. This suggested that transformation 

of both Blue to Sloan gô and Blue+Green to Sloan gô 

be analyzed to see which offers the best 

transformation. Since both Green and Blue are 

exposed simulateously, no issues with regard to 

extinction, exposure duration or temperature arise. 

Figure 5 contrasts Bayer color filters with the 

Johnson-Cousins color standard. A quick glance 

suggests that mapping Blue to B and Green to V was 

the most likely to succeed. Both the Blue and Green 

filters have response tails out into the infrared. They 

require that an IR blocking filter be employed unless 

one is intrinsic to your camera or setup. Again, since 

the Johonson-Cousins R filter was not included in the 

APASS catalog, its relation to the the Bayer Red 

filter could not be investigated. 
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Figure 5: Bayer Color vs Johnson -Cousins  

2. The Analysis Process 

To accurately measure the effectiveness of 

photometry with standard imaging filters, color 

images were made of a variety of open clusters 

including NGC2438/M46, NGC4755/C94 

NGC2682/M67 and  NGC6188/C82. Both a one shot 

color imager and a CCD camera equipped with both 

L,R,G,B filters and Sloan rô and gô filters were used.  

The instruments fields of view were <1 degree 

across, so differential extinction between stars in the 

field was ignored. 

Images were calibrated and flat fielded using an 

IRAF script. For one shot color images, the images 

were de-Bayered and stored as separate Red, Green 

and Blue images. For each target, the APASS catalog 

for the target field was downloaded as a CSV file 

from the AAVSO website.  

A PYRAF script was developed that plate solved 

and aligned all images of a given field. Digiphotôs 

DAOFIND task was used to locate all of the stars in 

the field. That target list was passed to the Apphot 

task that measured all the stars found in each color 

image and to create a database of photometric 

measurements.  

Another PYRAF script matched the measured 

stars to the APASS catalog entries and produced a 

Table containing the APASS values  and Digiphot 

instrumental magnitude of all the matched stars. 

The resulting tables were then loaded into a 

spreadsheet template that generated ensemble 

differential photometry and fully transformed 

photometry for all matched stars in the field. A least 

square fit method solved for the zero point and color 

correction coefficients to generate fully transformed 

results. Further statistics on the mean magnitude 

errors, standard of deviation and the color index 

correction coefficients were also calculated. 

 

3. Results of the Analysis 

The graphs at the end of this paper plot the 

relationship between the catalog magnitudes and 

measured magnitudes of each filter analyzed for open 

cluster M46. Similar results were obtained for M67 

and the other clusters. Each graph is annotated with 

several ñgoodness of fitò measures. In addition to 

measuring the LRGB color filters, the CCD camera 

happened to be equipped with Sloan filters, so 

instrumental and catalog values for them were also 

compared as validation of the method. Table 1 below 

shows the goodness of fit measures for all of the M46 

filter transformation mappings tested. 

 
Table 1: Transform Quality Results  

From a quick review of table 1, it might appear 

that you should scrape your CCD and go buy a DSLR 

camera, as the results show the best fit for every color 

standard in the APASS catalog. This is misleading. 

Examination of the graphs at the end of this paper 

show that typically, the DSLR images produced 

photometric results over a range of three to four 

magnitudes, while the CCD camera produced 

photometric results over a range of five and a half 

magnitudes.  As a result of the CCD cameraôs greater 

dynamic range, its samples always included 

measurements of stars a couple of magnitude fainter 

than the DSLR. This sampling effect caused stars 

whose catalog magnitude precision was lower to be 

systematically included in the CCD samples.  

Table 2 below shows the systematic errors in the 

APASS catalog as a function of magnitude. 

 

 
Table 2: APASS Error vs Magnitude  
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The primary conclusion of the study is that both 

CCD cameras with LRGB filters and one-shot color 

cameras all transform nearly perfectly onto the color 

standards in APASS. All images transformed with 

mean errors in 0.03 to 0.04 magnitude range. Given 

sample sets of 200+ stars with DSLR images and 

600+ stars with the CCD camera, the differences in 

performance between  transformed magnitudes and 

color catalog standards are within the precision of the 

APASS catalog and population uncertainties. 

One startling result was that the CCD cameraôs 

Red filter transformed onto the Sloan rô color 

standard better than the Sloan rô filter itself! The 

difference is very small, but it implies both filters 

transform equally well.  Given theses results, it seems 

hard to justify $900 to $1500 for photometric filters if 

you are going to transform your measurements onto 

either of the standard color systems. For self funded 

astronomers, those dollars might be more effectively 

spent on aperture or camera improvements. 

It should be noted the first order color correction 

term T, in Table 1, serves as a good measure for how 

closely the color filter corresponds to the standard 

pass band.  The actual Sloan filters have T terms near 

zero.  That indicates that they will produce excellent 

results using simple ensemble differential 

photometry. This expedient may merit the cost of 

photometric filters. Examination of the Sloan filtersô 

differential ensemble result graphs show that full 

transformation yields no statistically significant 

improvement over ensemble differential photometry. 

Another take away from this experiment is that 

APASS has the potential to revolutionize the way we 

do photometry. It is now possible to automatically 

transform multicolor photometry on small fields 

using an ensemble of hundreds of stars and 

accurately transform targets onto the standard system 

without measuring extinction. Using instrumental 

magnitude in two or more colors for APASS stars in 

the field, the first order color-index correction, at that 

airmass, can be solved using least squares methods 

and then be applied to all targets in the field. 

The results of this study also suggests that it 

should also be possible to subtract CCD Luminance 

images from unfiltered or Clear CCD images to 

generate a synthetic IR image. It is expected this will 

transform well to Sloan iô catalog magnitudes.  

Tools and scripts developed during this effort are 

being refined. The objective is to provide a tool 

where the user identifies the targets and an automated 

system will accept a time series of color images and 

plate solve, retrieve the APASS data, generate the 

ensemble transform and format the observations for 

upload. 
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Abstract  

An off-the-shelf small refracting telescope and digital imaging system was purchased and tested for application 
to a citizen science experiment to be run during the 2017 total solar eclipse.  Ease of set-up, imaging ability, and 
sensitivity tests were done, and then the telescope was shipped to take data at the 2015 total solar eclipse from 
the Faroe Islands.  Details of the equipment, results from the tests, and plans for future eclipses are discussed. 

1. Introduction  

The path of the total solar eclipse of 21 August 

2017 passes over about 10 million homes in the USA.  

Tens of millions more people will travel to the path 

of totality to view the eclipse first-hand.  Using TV 

and the internet broadcasts, hundreds of millions of 

people will watch the eclipse, making the event the 

most viewed astronomical event in the history of 

mankind.  

A number of citizen science projects for the 

eclipse have been proposed, including combining 

images from smartphones taken by people across the 

continent into a movie sequence (Hudson et al., 

2012).  The Citizen Continental-America Telescopic 

Eclipse (CATE) Experiment for 2017 is being 

developed at the National Solar Observatory in 

partnership with universities, amateur astronomy 

clubs, and corporations.  If the 2017 total eclipse is 

viewed at one location along the path of totality, for 

instance at the town park in Rosebud, Missouri, 

people will see the solar corona during totality for 

only two and one-half minutes.    But, from the time 

the shadow of the moon touches the coast of Oregon 

until it leaves the coast of South Carolina, 90 minutes 

of time will have elapsed.  The Citizen CATE 

experiment will use more than 60 identical telescopes 

equipped with digital cameras positioned from 

Oregon to South Carolina to image the solar corona.  

The project will then splice these images together to 

show the corona during a 90 minute period, revealing 

for the first time the plasma dynamics of the inner 

solar corona.   

The goals for the highly leveraged CATE 

experiment are diverse and range from providing an 

authentic STEM research experience for students and 

lifelong learners, to making state-of-the-art solar 

coronal observations of the plasma dynamics of 

coronal polar plumes, to increasing the US scientific 

literacy.  The data collected for the 2017 eclipse will 

be freely available to the scientific, education and 

amateur astronomy communities.  Moreover, the 

eclipse ends at about 3pm on the South Carolina 

coast, about 3 hours before the start of the evening 

news; as the total eclipse progresses across the 

country the CATE team will begin assembling a first-

cut movie sequence, and will aim to deliver it to TV 

media to show on the evening news that night.  A live 

webcast from the path of totality is also planned.  

One aim of the Citizen CATE experiment is to 

boost the Citizen Science participation in astronomy 

in the United States, and an effective way to do that 

is to ensure that after the total eclipse, the eclipse 

instrument goes home with the volunteer citizen 

scientists.  These volunteers will be taking time off 

from work on Monday (or more days), they will be 

traveling to a location along the eclipse path at their 

own expense, and they will be taking part in training 

programs before the event.  It is exactly these people 

who are motivated the most to continue to engage in 

citizen science with this equipment after the eclipse, 

and so it is imperative that the equipment becomes 

their personal property.  Because of this, no public 

funding for the Citizen CATE equipment is being 

requested.  Private and corporate support is being 

developed for all of the equipment expenses for the 
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project.  Currently the CATE project has a letter of 

agreement with DayStar Filters, LLC, to donate 60-

100 telescopes for the 2017 eclipse.   We expect to 

develop several more corporate partnerships, making 

the Citizen CATE project highly leveraged. 

 

 

2. The CATE Instrument  

The ideal eclipse imaging equipment will track 

the Sun throughout the event, will have a field-of-

view of about 1 degree square, will use a B&W CCD 

camera with about 2000x2000 pixels, the camera will 

be sensitive enough to allow for short exposures and 

the data storage rate for the camera will allow for 

several frames per second (exposure time limited). 

The start time for each exposure should be recorded 

and saved in each image. Developing more detailed 

requirements can be done as follows (see Figure 1 for 

a graphical representation of these constraints): 

 

1. CATE camera will be at prime focus: 

Having the CATE camera at prime focus 

means fewer optics required (i.e. just 

primary lens) and so this reduces the overall 

cost.  It also means that the telescope is 

easier to use for follow-up observations by 

the volunteers, and will remain flexible. 

 

2. 2ò resolution at 600nm or better: 
D>=60mm: Using lambda/D at 600nm 

wavelength gives us a diameter of the 

primary lens greater than or equal to 60mm 

for 2 arcsecond resolution. 

 

3. large FOV of 4000x4000 arcseconds, in 

focus: f/ >=5: Having a FOV larger than 1 

degree across with a flat focal plane 

becomes much more difficult as the f/ of the 

primary lens decreases.  This is an estimate, 

but a good guess is that the f/ of the primary 

should be f/5 or greater to make this lens 

easy to manufacture with a flat focal plane 

and minimal chromatic aberration. 

 

4. FOV is 4000 arcsec on a side on the camera  

177 <= focal length <= 770mm: The largest 

CCD detector today is the Canon APS-C 

sensor, which has a width of 14.9mm, and 

the smallest common detector is an iPhone5 

with a width of 3.42mm.  The fact that the 

4000 arcsecond FOV must fit on this 

detector then constrains the focal length of 

the system to be less than 770mm and 

greater than 177mm.  Note that at D=60mm, 

and f/5 or greater, the iPhone5 detector will 

not show 4000 arcseconds. 

 

5. Telescope is portable: focal length <= 

1000mm: These telescopes must be shipped 

and then transported to remote locations in 

order to view the eclipse.  Having a focal 

length of less than 1m will help make these 

more portable.  Note that the largest CCD 

detector size already constrains the focal 

length to be 770mm or shorter. 

 

We can also develop derived requirements as 

follows:  

 

1. Since we f/5 or greater at 60mm implies 

that the detector must be larger than 

5.81mm width (larger than 1/1.6ò size). 

 

2. Cost constraints likely imply that D 

<=120mm 

 

Figure 1 ï The parameter space of telescope diameter 
vs. telescope focal length, and the constraints for the 
optimal CATE telescope, as discussed in the text.   The 
prototype telescope is shown by the asterisk.  

The proto-type for the Citizen CATE Experiment 

has been defined.  The test instrument will be an 

80mm f/7 refractor and a 2048x2048 CMOS detector 

with 5.5 micron pixels.  The pixel scale will thus be 

2.03 arcseconds per pixel, and the FOV on the array 

will be 4157 x 4157 arcseconds.  The telescope will 

be mounted on a German Equatorial mount with a 

RA drive powered by two "D" batteries.  The data 

collection computer will be a Windows laptop and 

the detector will communicate with the laptop over a 

USB3 cable.  Extra power for the camera will be 

provided by a rechargeable battery pack.  Finally, a 

full aperture neutral density filter will allow drift 

calibration data to be taken during the partial phases 

of the eclipse. The control laptop will be a 1.7GHz, 

4Gbyte DDR3, 1TByte disk, USB3, 15-inch display 
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running Windows.  The system as of January 2015 is 

shown in Figure 2. 

 

 

Figure 2 ï The prototype instrument for the Citizen 
CATE experiment.  

 

3. CATE Science Goals 

As 2017 will be near the expected minimum 

between sunspot cycles 24 and 25, there may not be a 

CME event occurring during the 90 minutes of the 

eclipse.  However, we are certain that during this 

eclipse, the solar corona will have a bi-polar structure 

associated with sunspot minimum, and the solar poles 

will be very pronounced.  For this reason, the science 

target for the CATE experiment will be a study of the 

dynamics of polar plume events.  

The polar plumes, which are dramatically visible 

in the corona seen at solar minimum, show very 

dynamic changes.  DeForest and Gurman (1998) 

found upwardly moving density enhancements of 5-

10%, traveling at 75-150 km/s velocity and 

displaying periodicity at 10-15 minute periods using 

the SOHO EIT 171A observations.  Cranmer (2004) 

estimated 3-15% variations in the electron density in 

these events.  Using UVCS observations at two 

alternating heights in the corona (R=1.9 and 2.1 

Rsun), Ofman et al (2000) found quasi-periodic 

variations of 5-10% in polarized brightness traveling 

radially at 210 km/s with periods between 6.5 -10.5 

minutes.  Morgan et al (2004) used Lyman alpha data 

to find oscillations with 7-8 minute periods persisting 

out to 2.2 Rsun.  Gupta et al (2012) used Sumer 

observations of Ne VIII emission on the solar disk to 

find 5-10% intensity oscillations traveling at 60 km/s 

with a period of 14.5 minutes.  While changes in the 

corona above the southern solar pole are visible in the 

two images taken 19 minutes apart during a solar 

eclipse by Pasachoff (2009), it is difficult to find 

systematic radial motion using the two images.  The 

CATE data will profoundly impact the study of these 

events.  With 540 images taken at 10 second cadence 

across 90 minutes, the motions of these density 

enhancements will be measured.  Periodicities at the 

15 minute time scale will be fully sampled, and the 

velocities and accelerations of these events will be 

measured from R=1.05 Rsun out to at least 

2Rsun.  The CATE data will be sensitive to 

transverse velocities of roughly 0.8 to 145 km/sec 

(3pix/90 min to 1 pix/10 sec) and will easily measure 

these events. 

It is likely that during the eclipse there will be 

prominences visible at the solar limb. Using data 

from the Hinode SOT instrument, Berger et al (2007) 

show upwardly moving hot gas parcels, presumed to 

be Rayleigh-Taylor instabilities, rising in 

prominences.  Typical sizes were 2250 km, with 

upward speeds of roughly 20 km/s.  Lower resolution 

white-light eclipse images from Druckmuller et al 

(2014) point to a new type of static structure 

observed near a prominence called a "smoke ring", 

and the authors speculate that these structures may be 

related to the RT instabilities seen in 

prominences.  The CATE data will show the motions 

of these new coronal structures during the 90 minutes 

of the eclipse, with a transverse velocity sensitivity 

which easily covers the expected 20km/s motion.  For 

the first time, these observations will reveal how the 

instabilities seen in prominences interact with the 

corona and produce density enhancements or 

depletions as shown by white-light observations. 

 

 

4. Prototype Sensitivity Tests 

Intensities in the outer corona at Rsun=2.0 may 

be 300 to 1000 times fainter than the inner corona; 

however the coronal intensity in this region is 

brighter than the Earthshine seen on the moon during 

the eclipse.  In turn, the Earthshine intensity during 

an eclipse is brighter than the Earthshine during the 

crescent phase of the moon (Rodriguez, Palle & 

Goode, 2007).  Figure 3 shows a single 538 msec 

exposure with the prototype telescope with the 

Earthshine from the crescent moon clearly visible; 

stars are also visible near the dark limb of the moon.  

From this image and subsequent images of planets, 

we conclude that we will measure the coronal 



 

66 

 

intensity features at Rsun=2.0 with a signal to noise 

level of about 100 by coadding about 16 frames with 

this exposure value. 

 
Figure 3 ï Earthshine image of the crescent moon as 
seen with the CATE prototype instrument.  

5. CATE at the 2015 Eclipse: Results 

During August 2014, the AAS held an eclipse 

planning meeting, organized by Shadia Habbal and 

Penn, at the University of Missouri, Columbia.  

There, Penn spoke about the CATE experiment and 

developed ties with Baer and Isberner.  After NSO 

purchased a proto-type telescope, Penn tested the 

telescope in Tucson.  In discussions with Baer and 

Isberner, a plan to ship the telescope to join Isberner 

during the 20 March 2015 solar eclipse in Torshavn, 

Faroe Islands.  First, the prototype was shipped to 

SIU Carbondale, and during only two clear days, 

Isberner was trained by Baer about the telescope and 

camera use.  The prototype used a Pt. Grey 

Grasshopper 3 CMOS camera, and at that point only 

the test software (FlyCapture) was working on the 

instrument laptop.  A set of two exposure times was 

planned for totality, but Isberner would have to make 

this adjustment with the non-user-friendly FlyCapture 

package. 

 

The telescope was then shipped by NSO from 

SIU-Carbondale to Torshavn, and Isberner met the 

packages at his hotel.  Weather during the day of the 

eclipse in the Faroe islands was not good, but 

Isberner set up the telescope mount in the hotel 

parking lot in the rain.  A few minutes before totality, 

the sky became partly-cloudy, and Isberner 

successfully captured images of the partial phase, and 

ran the drift-test calibration procedure planned for the 

CATE experiment.  The weather stayed partly 

cloudy, and Isberner then captured about 30 seconds 

of data at one exposure value during the total solar 

eclipse (see Figure 4).  This was the shortest 

exposure value, and captured the intensity only in the 

inner solar corona.  While Isberner was switching to 

the other exposure value, the clouds returned, and no 

more images of the solar corona were captured. 

 

The solar corona image in Figure 4 is a 

successful test of the idea for the CATE experiment.  

A citizen scientist who had never captured a digital 

image through any type of telescope was successfully 

trained, set-up the telescope at the site, took 

calibration data and took data during the totality 

phase of the solar eclipse.   In many ways, Isbernerôs 

task was much more complicated than the task 

imagined for the CATE volunteers: he was trained 

for only two days, he traveled half-way around the 

world, he used only proto-type software, and he 

encountered very poor weather.  His work provides 

an excellent validation of the process (and the 

training skill from Baer) and provides the model for 

which the undergraduate students in this program will 

be trained. 

 

 
 

Figure 4 ï Image of the inner corona, taken by Fred  
Isberner from the Faroe Islands using the CATE 
prototype instrument.  Only one exposure value was 
used in the test since clouds covered the corona after 
about 40 seconds of time.  

6. Application to other Citizen Science 

The telescope and imaging camera in the CATE 

prototype telescope are fully functional for wide FOV 

night time studies as well.  Some sample images 

taken during the testing period of the Orion Nebula 

and the Double Cluster in Perseus are shown in 

Figure 5 and 6. Several follow-up citizen science 

campagins will be developed, for the volunteers, and 

in particular, they will be encouraged to participate in 

comet observing programs as coordinated by Padma 

Yanamandra-Fisher for the ISON, Sliding Springs 

and Churyumov-Gerasimenko comets.  The FOV and 
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the sensitivity of the CATE instruments will allow 

observations of cometary structures and evolution, 

and (with additional equipment) could facilitate the 

collection of low-resolution cometary spectra..  

 

Another popular citizen science project that will 

benefit from participation by the Citizen CATE 

volunteers is the AAVSO Citizen Sky program.  Penn 

has an ongoing conversation with the ex-President of 

the AAVSO Arne Henden concerning the CATE 

instrumentation, and how it can be used for variable 

star observations.  While no formal collaboration has 

been established at this point, we hope to have the 

eclipse volunteers participate in the Citizen Sky 

program. This will provide another avenue for 

sustaining the interest of the Citizen CATE 

volunteers, and providing an exceptional opportunity 

for leveraging even more scientific output from these 

motivated participants. 

 

 
 

Figure 5 ï Image of the Orion nebula taken with the 
CATE prototype telescope, constructed from 1500 
images and representing 1050 seconds of exposure 
time.  
 
 

7. Conclusion 

The CATE project is seeking collaborations with 

interested individuals or organizations in order to 

implement this advanced citizen science project for 

the 2017 total solar eclipse, and to instigate follow-up 

citizen science projects after the 2017 eclipse. 

The project has a Google site page which 

describes many more details here: 

https://sites.google.com/site/citizencateexperiment/ho

me 

People interested in participating in the project, 

or companies or private parties interested in 

sponsoring the CATE equipment costs, are 

encouraged to contact one of the authors at the emails 

provided above. 

 

 
 

Figure 6 ï Image of the double cluster in Perseus, taken 
with th e CATE prototype instrument.  
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Abstract  

A photometer is described that uses three detectors to make simultaneous measurements of target 
objects in two-colors, Blue and Yellow, plus a broadband measurement of background light.  Very fast 
events can be captured using photon-counting technology for each channel.  Observations of flare 
stars, cataclysmic variables and an asteroid occultation are presented.  The most surprising event 

seen was an apparent 66ms optical resonance in Cygnus X-1. 

1. Introduction  

The author has pursued photoelectric photometry 

for over 40 years, primarily using photon counting 

technology (Stanton 1981).    This approach enables 

accurate measurement of star brightness over a wide 

magnitude range thanks to its inherent accuracy and 

linearity.  In the early days, these characteristics were 

important for checking comparison star sequences for 

AAVSO stars. Such checks often revealed substantial 

systematic errors for the fainter stars in the sequences 

(Stanton 1978).   Today photon counting is still a 

very effective tool for measuring rapid light changes 

in variable stars.  There are many interesting stars 

that can be reached with equipment available to the  

amateur (Warner, 1988) (Cherepashchuk, 1996), and 

the list keeps growing.  

The drawbacks of photon counting that have 

long been known:  

(1) The telescope must be able to track 

accurately in order to keep the desired target centered 

in as small a diaphragm as possible, 

(2) The photometer usually measures  only one 

point and one color at a time,  making it vulnerable 

atmospheric changes or rapid color changes in the 

target,     

(3) If a light flash or other unexpected behavior 

is seen in the data, distinguishing real events from 

terrestrial sources can be challenging, and 

(4) There are few (if any) commercially 

available photon counting systems suitable for 

amateur applications.  

The first of these drawbacks is no longer a great 

problem since many amateurs now possess telescopes 

with precision mounts and closed-loop tracking 

capability. Drawbacks (2) and (3) are addressed in 

the design presented here.    Drawback (4) is 

significant, but almost all of the individual pieces of 

the design presented are commercially available, 

including beamsplitter assemblies, optics, counter 

boards and  photomultiplier assemblies. 

 

2.  Design 

Figure 1 shows a schematic of the triple 

photometer design, using three integrated 

photomultiplier tube (PMT) detector modules 

described previously (Stanton, 2012). This instrument 

is currently in use at the prime focus of a 30-inch 

Dobson Newtonian (Stanton, 2013).  The f/4.5 input 

immediately encounters a beamsplitter that diverts 

25% of the light into a CCD camera used for 

acquisition and guiding.   Light passing through this 

initial beamsplitter comes to a focus at a 400µm 

diameter (24arcsec) diaphragm and thence to a 

dichroic beamsplitter.   This element reflects blue 

light (cutoff 510 nm) and transmits light not 

reflected.   The reflected blue-light (B) is measured 

by PMT-1, while the transmitted light (Y) is recorded 

by PMT-2.   Light reflected back toward the 

telescope by the metal diaphragm is focused onto 

PMT-3 giving a measure of the sky immediately 

surrounding the target star.   These three detectors 

provide continuous monitoring of target B and Y 

intensity and background light, synchronized to better 

than one microsecond. 

Note that there the only moving parts in this 

design are the CCD camera shutter and a shutter that 

can be used to stop light from passing through the 

diaphragm.   But there are no moving optical parts 

such as movable filters or variable aperture 

diaphragms.  While this limits the instrumentôs 

flexibility, it offers the geometric and photometric 

stability needed for reliable operation. Once the 

location of the diaphragm is accurately mapped with 

respect to the CCD field, this calibration does not 

change.  
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 Figure 1 -  Photometer Schematic  

 

Figure 2 shows the completed instrument, with 

all of the cables needed  for control and to collect 

output data (CCD output and individual photon 

pulses). The guide camera (SBIG ST2000XM) 

incorporates a low noise, fairly large CCD.  This was 

chosen in place of the more commonly used un-

cooled or CMOS-based guider in order to provide  

maximum tracking sensitivity and a field large 

enough to give a good probability of finding  a bright 

star for offset tracking. 

  

 
Figure 2   Operational Photometer  

3.  Four Challenges 

A number of problems have been encountered 

and addressed over the first few months  operating 

this equipment: 

 

3.1  Offset guiding in a rotating field 

Field rotation is inherent in an ALT-AZ 

telescope mounting.  This is not a concern if one is 

able to guide using the CCD image of the target 

itself, but many of the most interesting targets for 

study are quite faint, making them difficult or 

impossible to track directly.  As soon as one moves to 

a guide star some distance from the target,  field 

rotation will cause this star to move in a circle around 

the target as the observation progresses.     

Rather than attempt to de-rotate this field 

mechanically, I chose to calculate a predicted circular 

path for the selected guide star at the start of an 

observation,  and use this path to continuously move 

the guide star track coordinates (CCD pixel-line) in 

the rotating field.   The calculation is not difficult, 

requiring the measured image positions and times in 

an initial CCD frame, and using a formula for 

ñparallactic angleò (Meeus, 1998).  This approach has 

been found to work very well, much better than 

trying to track a faint target image directly! 

 

3.2  Handling large amounts of data 

Each of the PMTs generates a continuous stream 

of TTL-level pulses that are counted in discrete 

sample intervals and stored in files of raw data.   

Depending on the sample time (typically 64µs) and 

the observation duration (up to 2 hours),  as many as 

10
8
 time samples are generated for each of the three 

channels.  Such large data quantities are not a 

challenge for modern PCs. Custom software, written 

by the author in C/C++, searches all three files 

automatically for pulses and other variability that 

could never be found by examining the raw count 

data directly.  Once this search is complete, typically 

requiring around 5 minutes of computer time, a few 

plots of the data are generated to see if any 

interesting activity has occurred.    

 

3.3 Light reflected from the CCD camera 

The photometer design did not anticipate that the 

background light channel would often be dominated 

by light reflected back from the tracking CCD, rather 

than by light reflected by the diaphragm.   Driving 

this point home, background light signatures are 

usually strongly modulated by the CCD camera 

shutter, which closes once per track cycle.   While 

this reflected signal still generally provides a good 

measure of the background light level, it can be 

degraded by unrelated  sources such as bright stars in 

the tracking field. 

This problem will be addressed by inserting a 

circular polarizer between the first beamsplitter and 

the CCD.  Light reflected by the CCD or shutter will 

experience a 90° polarization rotation, effectively 

squelching this reflection.  The price paid for this 
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refinement is a loss of half of the guide star signal,  

generally requiring longer guide exposures. 

 

3.4   Drive reversals  

In contrast to an equatorial mount, both axes for 

an AZ-ALT mount must be continuously driven to 

follow a celestial target.   There are specific regions 

of the sky where the direction of these drives must 

reverse.  When this happens, backlash can be a 

problem.  For the ALT axis this reversal occurs on 

the meridian. Before reaching the meridian, the target 

is rising and the ALT axis is driven upward.   

Afterward it must be driven downward. 

The situation is less obvious in Azimuth.   For 

targets passing south of the zenith (for northern 

observers) the AZ axis is always driven in the same 

direction.   But for targets north of the zenith, AZ 

drive direction must reverse as the target passes 

through a locus that varies with latitude.  That locus, 

in terms of hour-angle for a given declination at the 

authorôs latitude (34Á 16ô) is shown in Figure 3.  

Efforts are continuing to lessen the effect of backlash, 

but for now both reversal regions are usually avoided 

when planning observations.  

 

 
Figure 3   Locus of Azimuth Drive reversal  

 

4.  Initial observations 

The triple photometer has been in operation only 

a few months.   This has been sufficient time for 

initial checkout, calibration and observing a few 

interesting targets.  

 

4.1 Flare stars 

Flare stars are easy targets for this equipment.   It 

seems that UV Cet is ready to put on a show every 

night. Figure 4 shows a group of typical flares, two 

small, slow flares and a bright, fast flare in their 

midst.  This spike doubled the star brightness in the 

blue channel, rising and falling in about 10s.   Several 

other flares, slow and fast, have been seen during 

only three hours of observation.   

 

 
  Figure 4   UV Cet --Typical fast and slow flares (B -
channel)  

 

Flare stars are red dwarfs, typically generating a 

photon flux in the Y-channel that is several times 

larger than in the B-channel.  Figure 5 illustrates this 

difference by comparing the flare in Fig 4 with the 

same event seen in the Y-channel (note that 3700 

counts/sample have been subtracted from Y to bring 

both curves on the same scale).    Although the pulse 

is present in Y,  the contrast in B is much greater,  

attributed to the flare being much hotter (bluer) than 

the surrounding red dwarf. 

  

 
Figure 5    Simultaneous Y and B measurements of a  
UV Cet flare.  Noise is greater in Y since count rate is 
more t han five times larger (16 Jan. 2015)  
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4.2  Other color variations    

Color differences and changes are also evident in 

many other variable star types.  An example is seen 

in a 30-minute observation of AM Her (Figure 6).   

This polar cataclysmic variable exhibits continuous 

brightness and color changes as material pours from 

the secondary star onto the surface of the white dwarf 

primary, guided by the dwarfôs powerful magnetic 

field.   The flickering and color variations seen in 

these two traces are real (except for the short data 

drop-out around 1530s).   If they were caused by 

passing clouds the background light monitor (lower 

trace) would be affected.  Note that the star 

apparently becomes bluer as it fades toward the end 

of this observation. 

 

 
Figure 6    Two -color (+ background) measurement of 
AM Her flickering    (27 Oct. 2014)    

 

4.3 Fast optical pulses 

One of the important strengths of photon 

counting is the ability to detect fast optical pulses that 

would be missed by slower photometers (e.g. CCD 

cameras).  Since intensity is measured in terms of 

counts per sample, statistical methods can be easily 

applied to determine if a detected pulse is ñrealò or 

simply a statistical fluctuation in the count rate.   For 

example,  if one observes a pulse of 10 photons when 

the average count rate is one per sample, Poisson 

statistics give us a probability,  P(10, 1) = 1.01x10
-7
  

that any sample will be a 10.   But if the observation 

includes 10
8
 samples, one should expect several 

pulses of 10 counts or larger.   This probability 

decreases dramatically as pulses get larger.   If a 

pulse of 15 photons is observed, the statistical 

probability of it being noise is reduced to 2.8x10
-13

, 

or only a 0.00003 chance in 10
8
 samples!   

  

4.3.1 Radiation pulses   

Based on this analysis, pulses like that shown in 

Figure 7 (P(18,0.4)<<10
-20

 ) have no chance of being 

statistical fluctuations.   But does this mean that they 

are real light pulses from the observed target?   The 

answer is almost certainly ñnoò.   Pulses like this are 

detected in the data for every few hours of 

observation. They have two identifying 

characteristics: 

(1)  They occur in any of the three channels, but 

never in more than one channel at a time  

(2) They are always shorter than the shortest 

sample time. 

It seems clear that these ñsignalsò are simply 

pulses due to background ionizing radiation that 

sends a quick burst of pulses through the PMT.    For 

this reason, all pulses that occupy only a single 

sample at the highest time resolution are ignored. 

 

 
Figure 7  Radiation Pulse  

 

4.3.2  Airplanes and Satellites  

Other types of  pulses are sometimes detected 

that can also be easily ignored, thanks to the 

background light channel.   Figure 8 shows a case of 

two such pulses, separated by about a tenth of a 

second.    Since they are both detected strongly in the 

background channel, they are certainly due to a 

terrestrial source. In this case the probable 

explanation is that two lights of a passing airplane 

were detected, the first probably red (no B signal), 

while the second is brighter and probably white. 
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Figure 8   Airplane Lights  

    

4.3.3  AM Her Pulse(?)   

Not all pulses can be dismissed by their 

instantaneous duration or presence in the background 

channel.  Figure 9 shows such a pulse that occurred 

during an AM Her observation.  This Y-channel 

event was seen in 15 consecutive samples of 100µs 

each and thus is almost certainly not a radiation 

event.    And, as can be seen in the figure, there is no 

background light (or blue light for that matter) 

coincident with this pulse.   This evidence suggests 

that this is a short pulse of red light emanating from 

AM Her itself.   More observations of similar events 

need to be accumulated before one can really be 

convinced of this conclusion. 

 

 
Figure 9   Possible light pulse (AM Her --1 Oct. 2014)  

 

 

 

 

4.4  Asteroid Occultation 

An occultation of an 11th magnitude star by the 

50km asteroid Eugenisis was captured on November 

11, 2014 (Figure 10).   Video cameras are generally 

very effective at capturing and timing such events.   

But high-speed photometry also does a good job of 

showing the diffraction pattern that appears when the 

star disappears (and reappears) behind the asteroid.  

A blowup of the disappearance (Figure 11) clearly 

shows that the diffraction pattern in the Y-channel 

starts earlier, and peaks further from the asteroid 

edge, than the same pattern in the B-channel.   

Apparently yellow light has a longer wavelength than 

blue light!   

 

Figure 10  Occultation of 11
th

 magnitude star by asteroid 
Eugenisis 11 Nov. 2014  

 

 
Figure 11  Close -up of star disappearance in Fig.10 
showing the tighter diffraction pattern in blue light  
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5.  Cygnus X-1 Optical Resonance  

5.1  Surprise Observation 

The most enigmatic signal found to date is 

shown in Figure 12. This figure plots amplitude vs 

frequency, in contrast to previous plots of light 

intensity vs time.  Continuously varying signals of 

constant frequency are much easier to detect in 

frequency-space than in a time-series.  The five 

curves in this figure are the same data plotted with 

increasing resolution.  The five spectra are derived 

from B-channel data taken during a 16-minute 

observation on September 29, 2014.  Each curve is 

calculated using a Fast Fourier Transform (FFT) of 

successive 4x re-binning of the original time series.   

The x-axis is divided into 1024 frequency bins  

covering the range 0 to 5000Hz in the lowest curve.  

The next higher curve has four times the resolution 

over a quarter of the range (0 to 1250Hz), etc.    The 

top curve covers frequencies between 0 and 19.53Hz.  

 

 
Figure 12  Frequency spectrum of optical  variation of 
Cyg X-1 on 29 Sep. 2014, Blue channel  

    

These spectra show a clear resonance at 15.1Hz.  

This was initially thought to be some kind of 

instrumental effect since it is clearly not noise.   An 

almost identical signature appears in the Y-channel, 

but is totally missing in the background signal 

(Figure 13).  Note that Fig. 13 shows two resonances 

unrelated to the signal in Fig 12:  First, there is a 

small 120Hz resonance in the three lowest curves due 

to a leak of some nearby light.  Second, the wild 

patterns at the lowest frequencies in Fig. 13 are the 

frequency spectrum of the CCD camera shutter 

operation.   Neither of these signals has in any way 

affected the Y- or B-channels of the Cyg X-1 

observation.    

Could the signature in Fig. 12 be due to the some 

resonance in both the B and Y PMTs or their 

counting circuits?  This seemed unlikely for several 

reasons: 

 
Figure 13 Frequency spectrum of the Backgound 
channel taken simultaneously with the observation of 
Cyg X-1 in Fig.12  

 (1) The Y and B channels are separate 

instruments until they enter the computer counter 

board (e.g. separate power supplies, PMTs, cables) 

(2)  Photon pulses are counted in separate circuit 

elements and accumulated in separate computer files 

 (3) To provide simultaneity, a single clock 

drives all three counters.   But if clock irregularities 

can explain the resonances in Y and B, why is there 

no corresponding signal in the Background channel?  

When Cyg X-1 was observed two days later 

(Figure 14), the resonance had completely 

disappeared!  Based on all this evidence, it seemed 

clear that resonance found must be a real property of 

the Cyg X-1 system.   But things are not always what 

they seem!  

 
Figure 14  Frequency spectrum of Cyg X -1 on 1 Oct. 
2014, Blue channel  
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5.2  Cygnus X-1 History     

Cyg X-1 is supergiant binary, first detected by its 

powerful x-ray emissions by sounding rockets in 

1964, but not identified with a visible star until 1971.  

It is probably one of the most studied stars in the sky.  

Shining at a visual magnitude of 8.9, it is easily seen 

in small telescopes.  The visible component is an OB 

supergiant, roughly 300,000 times brighter than the 

sun, which orbits a massive unseen companion in a 

period of 5.6 days. There is a substantial consensus 

(White, 2001) that the unseen companion is a black 

hole with a mass more than ten times that of the sun.   

Others have pointed out models that might not 

require  the companion to be a black hole (Kindt and 

Fisher, 1989). 

The x-ray variability of Cyg X-1 has been 

studied extensively at high time resolution by Wen 

(1997) and many others.  Although the characteristics 

of this variability are similar to cases where the 

invisible component is known to be a neutron star 

(pulsar), a key difference for Cyg X-1 is the absence 

of any stable x-ray pulsation (Stella, 1985).   

Given the lack of x-ray periodicity, the discovery 

of stable optical pulsations by Auriemma et al (1976) 

was unexpected.  Their data showed pulsations with a 

period of 83ms on two separate occasions (June 11 

and July 18, 1975).  Several careful searches for 

similar optical oscillations, were conducted both 

before (Frohlich, 1975) and after (Robinson, et al 

1978) the Auriemma paper, but found nothing. 

Apparently, if stable optical pulsations were real, 

they must occur only rarely.  

 

5.3  Search for the Waveform       

Given this historical background, the appearance 

of the apparent optical oscillation in Figure 12 

inspired further analysis.  Extracting the waveform of 

this oscillation from the data might help clarify what 

was being seen. But this would be challenging since a 

low-level continuous oscillation is much easier to see 

in frequency-space than in time-series data.  The way 

around this difficulty was to re-bin the signal by 

adding up a large number of time samples, each 

separated by the exact period of oscillation, into a 

small number of summation bins.  Since data from 

thousands of cycles must be added to get a reasonable 

signal-to-noise ratio, even a small error in the period 

(10 to 20µs) could wash out the desired waveform.   

The data in Fig. 12 suggest a period of 66.29ms. The 

three time-series (Y, B and Background) were 

searched with a variety of periods close to that value. 

To allow for the possibility that the oscillation period 

was drifting, and to make the process less sensitive to 

period error, the complete data set (10
7
 points each in 

Y, B and background) was divided into four parts.  

Each part (2.5x10
6
 time samples) was then re-

sampled separately into 33 points for each color.     

 

 
Figure 15 Time series data re -sampled with a period of 
66.32ms.  

Figure 15 shows the results of this re-sampling 

process using a period of 66.32ms for both the Y and 

B channels.   Although there is some sign of a wave 

in the first of the four quarters, the general flatness of 

the other three suggests that we have used the wrong 

frequency.   (A count of 400,000 was added to the B 

data in order to bring both curves closer together on 

the same graph.  Note also that the varying DC level 

of the four traces reflects the fact that the star 

occasionally drifted partly out of the diaphragm 

during the observation.  However such slow drifts 

cannot have significantly affected the observed 15Hz 

signal.) 

Switching to sampling at 66.31ms made a huge 

improvement (Figure 16).  Clear sinusoidal 

signatures emerged in all four traces of each color, 

and the signals of both colors are in phase!  This must 

be regarded as clear evidence that the same signal 

was detected in both the B- and Y-channels.   When 

the data were sampled with a frequency of 66.30ms, 

similar sine waves were seen, but with different 

phase.  All other periods gave essentially flat signals 

(as did the background channel at all periods). 
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 Figure 16    Data re -sampled with a 66.31ms period    

 

5.4 One Final Cygnus X-1 Surprise 

Up to this point, all the results pointed to a real 

oscillation in the brightness of Cyg X-1. But the final 

surprise came when the frequency spectra from other 

stars were more closely examined.  In most cases no 

resonance was found, even for Cyg X-1 itself (Fig. 

14).  In no instance was anything like the spectacular 

resonance in Fig 12 seen.   But on a few occasions, 

small peaks were detected, each less than ~1dB 

above the shot noise background.  In each of these 

cases the frequency of the peak turned out to be 

15.1Hz!   Unless some strange atmospheric effect is 

at work, one must conclude that something in the 

instrument itself is causing this signal.   

At this point the system clock is the prime 

suspect.  This clock generates the sample timing for 

all three channels.  Any irregularity in its output will 

influence all three channels in phase.  But why didnôt 

this resonance show up in the Background light 

channel (Fig. 13)?   Most likely the Background 

channel count level was so low that the resulting peak 

did not rise above the shot noise level in its frequency 

plot.   

Clearly more work is required. The author is 

currently implementing an approach that will 

continuously monitor of the clock frequency during 

observations using GPS PPS signals.  

  

6.   Conclusion   

Two-color, high speed photometry opens new 

avenues for astronomical observation.   Having a 

third channel to measure background light has proven 

essential for understanding some of the transient 

signals detected in the color channels.   But even with 

all of this information, great care must be taken in 

interpreting the data.  As seen in the case of Cyg X-1, 

unexpected instrumental effects can lead to spurious 

conclusions.   

The power of photon counting in achieving near 

quantum-limited measurements on very fast 

timescales should  contribute to the study of many of 

the objects currently within the reach of amateur 

telescopes.  Amateurs, with time to observe that 

professionals lack, may have the inside track at 

finding new secrets now hidden in the stars. 
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Abstract  

The author discusses the theory of Optical SETI and the equipment and procedures to perform an effective 
search at the amateur level. 

1. Brief History of SETI  

Frank Drake undertook the first scientific SETI 

program in the USA in 1960 using a radio telescope 

at the Green Bank Observatory in West Virginia. 

This was a single channel search targeted at two 

nearby Sun like stars. The wavelength selected was 

the 21 cm Hydrogen spin flip transition since this 

portion of the radio spectrum is relatively free of 

noise and may be attractive to an ETI seeking to 

establish contact. This type of search continues to this 

day with vastly superior equipment now searching 

billions of channels simultaneously and with 

receiving equipment orders of magnitude more 

sensitive. Unfortunately these new searches share the 

same negative results as their predecessor ï at least as 

of this date. 

About the same time as the above search, 

Charles Townes, inventor of the Maser, proposed the 

use of lasers as a potentially superior means of 

communicating over interstellar distances. This was 

primarily due to the collimated nature of the laser 

beam and the absence of any natural noise at the 

nanosecond pulse level. At the time lasers were of 

low power only and it was not known if it would 

become possible to scale them up to the necessary 

power level to be useful in this application. So this 

idea was not acted on for many years.  

Today, after many years of Mooreôs law 

improvements, lasers and detection equipment are 

sufficiently advanced to make Optical SETI a 

practical and potentially effective ETI search 

technique. 

 

2. Basic Concepts of Optical SETI 

The most basic concept is that an ETI may use a 

laser of sufficient power to briefly outshine their host 

star and thus be visible at significant distance. At first 

this idea may seem counterintuitive when considering 

the almost inconceivable energy output of a star. 

However the laser only needs to outshine the host star 

for a few nanoseconds and flash at a modest 

repetition rate. Lasers exist today that can perform 

this function. They are used for research in nuclear 

fusion and also defense purposes. 

Detection is based on the simultaneous reception 

in several detectors of a packet of photons of 

nanosecond duration received from the ETI laser 

during the brief time it is in an active state. Outside 

of a laser transmission the possibility of a coincident 

reception is vanishing small. Multiple detectors 

greatly reduce the incidences of false positives 

caused by energetic events such as cosmic rays and 

radioactive decay of elements in the PMT glass 

envelope. 

Consider the light output of a 12
th
 magnitude 

G2V star located 1000 LY from earth. According to 

calculations performed by Professor Horowitz of 

Harvard University, the reception rate to a 1-meter 

mirror is approximately 300,000 photons per second 

in the visual spectrum. For a more modest amateur 

telescope of 16 inches, this is about 48,000 photons 

per second or an average of 21 microseconds 

between photons. This represents the background 

signal the multiple detectors would receive during 

periods of laser silence. 

Assuming an ETI could manufacture a laser 

capable of providing 6 orders of magnitude greater 

light intensity at the observerôs telescope, the 

separation between photons would be only .021 

nanoseconds or 240 photons for a 5 nanosecond 

burst. In the authorôs device about 50 photons 

received in a 5-nanosecond window would have a 

high probability of triggering the coincident event 

detection circuitry. 
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             Figure 1.  Star without Laser Emission  

 

 

 

 
 
    Figure 2.  Star with ETI Laser Transmission  

 

 

 

 

 

3. The CATNIP SETI Device in use at 

the Owl Observatory 

This device features three independent detectors 

with each one receiving approximately 1/3 of the 

incoming light cone from the 16-inch telescope. Each 

detector assembly consists of a miniature PMT, 

thermo cooled chamber and field lens. Hamamatsu 

R6358 PMTs are used as detectors. These 

subminiature tubes have high sensitivity and low dark 

count. They have useful response from 185 through 

830 nanometers and reasonable quantum efficiency 

through most of this range. The response of the 

device is limited from 300 to 800 nanometers due to 

the transmission curve of the beam splitters. Even 

with this limitation the device has the capacity of 

detecting many of the lasers in use today. The PMTs 

operate at -950 VDC in this device and normally at -

10 degrees C. 

Two beam splitters mounted in integral housings 

carry out the division of the incoming light beam. 

The beam first strikes a 70-30 splitter and then the 70 

percent is broken in two by a 50-50 splitter. 

Additionally the device is equipped with an 

automatically rotating mirror that alternately directs 

the beam into the detectors or up into an eyepiece 

turret. The eyepieces are use to select and center the 

target star in an aperture plate of 20 arc seconds. A 

second larger opening in the aperture plate allows a 7 

arc minutes of sky to be inspected for rough 

centering. Another function of the rotating mirror is 

to direct the output of the test flasher down the 

optical centerline of the detection train. An additional 

small mirror fastened to the backside of the rotating 

mirror assembly accomplishes this. An 8-nanosecond 

test flash repeating at 1 Hz can be introduced by 

operator command or automatically at scheduled 

intervals during unattended operation. 

All three detectors are connected to an 

amplifier/discriminator circuit board located in a 

plastic cabinet attached to the lower portion of the 

device. This board contains the circuitry to process 

the PMT pulses. They are first amplified and then 

sent to a discriminator to exclude pulses not 

originating at the photo cathode. The output pulses of 

all three detectors are compared in the coincidence 

detection logic to determine if they arrived in a 5-

nanosecond window. The output pulses of the 

coincidence detector, as well as the individual 

channels, are shaped and amplified to TTL levels and 

sent to a commercial DAQ unit located in a remote 

cabinet. A control computer, using dedicated 

software, can access the DAQ unit and both records 

the data and displays the important parameters for 

operator action. 

 

 

 

        
           Figure 3.  Block Diagram of CATNIP  


