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PREFACE 

 

Welcome to the 34
th

 annual Symposium of the Society for Astronomical Sciences!  This 

year’s 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 – 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 – 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. Introduction 

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 “recent” 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 Mars’ 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 “YORP effect.” 

 

2.1 As the YORP Turns 

The Yarkovsky-O’Keefe-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 – 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 asteroid’s 

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 “spin barrier” at 
about 2.2 hours are the 
“rubble pile” asteroids, 
those held together by 
mutual gravitation. Asteroids 
spinning faster than this are 
“strength-bound”, 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 “YORP cycles” is more complex. The paper 

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

of what’s 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 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, meaning the 

marginal results at 2– 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 “the majority of asteroids have large pole-

ecliptic latitudes” and that “some families have a 

statistically significant excess of members with 

latitudes either < 0° or > 0°.” 

Another finding was that if the pole latitude was 

 < 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  > 0° (likely prograde rotation).  

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

asteroids with smaller semi-major axes, thus – by 

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

would be that the Hungarias would show an excess of 

spin axes of  < 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 

asteroid’s 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  0.15 mag. 

3. LCDB rating of U  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 doesn’t 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 

 

  (0.028 * P
2
) / T 

 

where   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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 = 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 434 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 the 
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: ||  30°,   30° (prograde), and   –30° 

(retrograde), the uncertainty being which of two 

solutions was more likely correct. The first 

(“central”) zone of ±30° 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 

||  30° 11 21 

||  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. It’s 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 “normalize” 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! There’s 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. 

We’ve 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.  
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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 2000’s. 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, ηN(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 – 

preferably long-term – 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 –f/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 

filter.  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 ‘raw’ 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 – henceforth K94 – 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 doesn’t 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 
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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 

Neptune’s 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

]: 

 

ηN(CH4) = W/S            (1) 

 

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

and η 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 

planet’s 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, ηN(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, ηN(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; O’Brien, 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 – even 

more so for the plot of Neptune – 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 Jupiter’s 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 Earth’s 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 Earth’s atmosphere. During a lunar 

eclipse, sunlight refracted and scattered by Earth’s 

atmosphere reaches the surface of the Moon. The 

amount of light at different wavelengths can vary 

considerably, causing the Moon’s apparent color at 

different eclipses to range from pale orange to deep 

red. In addition, molecules in Earth’s 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 the 
Alpy 600. The spectra correspond to images named 
Moon-109 (α = 1.70), Moon-123 (α = 0.72), and Moon-127 
(α = 0.36). 

In addition to observing the spectrum, Yan also 

developed a computational model of the optical 

transmission of Earth’s 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] α [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 α = “umbra radius” = 0.7451º. 

 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 “keystoning” and “smile,” 

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 Earth’s 

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 “.dat” 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, α, 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 Earth’s 

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 Earth’s 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 Earth’s 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 Yan’s 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 (α ~ 0.9), the 

attenuation across the visible spectrum is 

approximately “gray.” 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 Earth’s 

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 ─ with high pixel values and therefore a 

high signal-to-noise ratio ─ 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 Yan’s 

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 (α = 0.83) with 
Rayleigh and aerosol scattering removed. Absorption 
features identified include the broad, deep ozone bands, 
the narrow features 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 Earth’s 

atmosphere. While measuring the transmission 

spectra of exoplanet atmospheres may belong in the 

realm of 10-meter telescopes, spectroscopic 

monitoring and characterizing Earth’s 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 Cassini’s VIMS spectrometer at a mid-

infrared wavelength during winter at Saturn’s 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 Microsoft™ 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 – 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

18

19

20

21

22

23

24

25

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.
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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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56

57

58

59

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 “a lot of 

oscillation patterns in high altitude clouds.  If [such 

patterns happen] in a rotating system, then only the 

‘in phase’ patterns will survive.” (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 Earth’s 

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 “listen-in” 

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 

“proving ground” 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 University’s (PVAMU) – 
Radiation Particle Pixel Detector (PPD) “A Purple and 
Gold Detector for Deep-Space Radiation Exploration”.  
Developed for Deep-Space Radiation Measurement on 
Shinen2 Spacecraft Launched as part of Hyabusa2 
(Asteroid Explorer) Mission 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 

NOAA’s 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 GDAL’s 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 110). 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 “balloon” 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 than 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, mixed 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 angles of about 60 – 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 – 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 “standard” 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 AAVSO’s CCD Photometry 

Guide: 

“… 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 –which are usually given 

using the standard colors—or compare your results 

with other observers.” 

With the release of AAVSO’s 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 “standard” 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 g’ pass band and the 

Sloan r’ pass band is almost completely encloses the 

Red filter.  The energy in the Green filter is split 

nearly evenly between the g’ and r’ bands.  Given 

this situation, transformations from Blue to Sloan g’, 

and Red to Sloan r’ 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 

camera’s 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 sensor’s 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 g’ pass 

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

the sensor’s response in the Blue, resulting in little 

violet energy actually being captured. Additionally, 

the Sloan g’ filter extends into the Green response of 

the Bayer filters. This suggested that transformation 

of both Blue to Sloan g’ and Blue+Green to Sloan g’ 

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 r’ and g’ 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. Digiphot’s 

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 “goodness of fit” 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 camera’s 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 camera’s 

Red filter transformed onto the Sloan r’ color 

standard better than the Sloan r’ 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 filters’ 

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 i’ 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. 2” 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 1/1.6” size). 

 

2. Cost constraints likely imply that D 

<=120mm 

 

Figure 1 – 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 – 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 
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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 – 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, Isberner’s 

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 – 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 – 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 – Image of the double cluster in Perseus, taken 
with the 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 instrument’s 

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 

“parallactic angle” (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 

author’s latitude (34° 16’) 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 than 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 dwarf’s 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 “real” 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 “no”.   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 “signals” 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 didn’t 

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 – 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 Moore’s 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 observer’s telescope, the 

separation between photons would be only .021 

nanoseconds or 240 photons for a 5 nanosecond 

burst. In the author’s 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 
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Figure 4.  SETI Device on the 16 inch Telescope 

 

 

 

 
 
   Figure 5.  Electronics onboard the SETI device 

 

 

 
 

    Figure 6.  Rotating Mirror and Beam Splitters 

 

4. Software 

Control Software for the SETI Device was 

written in Visual Basic 6 and operates with Windows 

XP or Windows 7/8. The main screen has three basic 

functions including accessing the database of target 

stars, calculating basic astronomical data and 

controlling the operation of the device. The software 

operates the various functions by communicating 

with the commercial I/O and counter module. This is 

done with an API furnished by the maker of the I/O 

hardware.  

 

Another amateur astronomer with a similar 

Optical SETI program furnished a database of 600 

potential target stars. He uses a two-detector 

instrument and is located in Panama. 

 

The astronomical data calculated include JD, 

HJD, UT and sidereal time. These are used primarily 

for tagging the recorded data. Data are written to disc 

after every coincident event and every minute if no 

events have been logged. 

The control functions include applying high 

voltage to the detectors, switching on the thermo 

cooling equipment and operating the test function. 

Testing can be initiated manually at any time or can 

be set in the automatic position with a selectable 

testing interval. 

 

 

 

 
 
        Figure 7.  Main Screen of Control Software 
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5. Operation at the Telescope 

The 16-inch telescope at the Owl Observatory is 

a F14.4 Classical Cassegrain.  Although built for 

single channel photoelectric photometry, it is well 

suited for Optical SETI due to the robust mount 

capable of carrying the 16-pound weight of the SETI 

device and ancillary hardware. The motorized 

secondary mirror is another valuable feature since it 

eliminated the need to move the instrument to 

achieve focus. A pre viewer and offset guider 

assembly is usually installed between the telescope 

and the SETI device. This allows a larger view of the 

sky and is useful for initializing the telescope. The 

offset guider was just constructed and has not been 

placed in service as of this writing. Recently the 

telescope was extensively refurbished with a new 

servo drive system and high precision encoders were 

added to both axis. This allows long unguided 

periods of observation with the SETI device without 

the necessity of frequently centering the target star in 

the aperture plate. The guide camera should allow for 

even longer periods of unattended operation.  

The instrument is large and relatively heavy so 

the setup on the telescope is not fast or easy. For this 

reason I prefer to work the entire night without a 

meridian swap. So the usual procedure is to pick a 

target star in the eastern sky that is about 30 degrees 

above the horizon at the beginning of total darkness. 

This star is tracked until it transits the meridian. Then 

another rising star is selected and tracked until transit. 

This represents a full night of observation. The same 

procedure can be used with two stars tracked 

westward toward the horizon. In both cases the 

apparatus can be left unattended for an hour and still 

keep the target star in the aperture plate. The 

software, as described above, automatically logs the 

data and tests the device for proper operation. 

Unattended operation is also made possible by 

software and hardware that can synchronize the dome 

rotation with the telescope position. All night 

unattended operation is not yet possible because of 

cable problems associated with the meridian swap 

and also the absence of weather sensing equipment. 

 

 

6. Summary 

An amateur Optical SETI search is possible with 

a combination of astronomer built equipment and 

commercial products. The possibility of a successful 

detection is admittedly small. But even the remote 

possibility of success makes this a worthwhile 

endeavor considering the impact of a verifiable 

detection.  

7. References 

“The Technical Case for Optical and Infrared 

SETI” Horowitz   September 1999 

 

 

 

 

 

 

 

  

 
       Figure 8.  Owl Observatory and Telescope 
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Abstract 

 VV Cephei is an eclipsing binary star system with the second longest known period (7430 days, or 20.4 
years). The longest known eclipsing binary star system is Epsilon Aurigae with a period of 9890 days, 27.1 
years. Both Epsilon Aurigae and VV Cephei are visually bright (3rd and 5th magnitude respectively) massive 
binary stars of great interest. The last eclipse of Epsilon Aurigae ended in 2011. VV Cephei is up next with its 
eclipse beginning in August of 2017. The eclipse lasts nearly two years (~650 days) from 1st to 4th contact. A 
campaign is planned for the next eclipse of VV Cephei. This paper will provide information on VV Cephei, explain 
the campaign goals and provide an invitation to observers to do photometry and/or spectroscopy. 

 

1. Introduction 

The binary star system VV Cephei is a cool red 

supergiant star (M2 Iab) with a smaller hot blue 

companion star (B0-2V). The primary star of VV 

Cephei is a massive red supergiant star, with an 

estimated mass of about 20 solar masses. The two 

stars in this binary are well-separated and significant 

mass transfer between the stars does not occur. 

However, the M supergiant has a massive wind 

which results in a wind-interaction (shell or 

accretion) region around the hot companion. The 

primary M star has a  radius of about 1000 times that 

of the Sun making it one of the largest stars in our 

galaxy. Placed in the location of our Sun, its surface 

would extend out to about the orbit of Jupiter.  

The VV Cephei  binary has the second known 

longest orbital period with a period of 20.35 years or 

7430.5 days. Primary eclipse occurs when the 

brighter M supergiant primary eclipses the fainter B 

star companion. VV Cep is a 5th visual magnitude 

system that varies from 4.9 to 5.4 in the visual band. 

The eclipse lasts nearly two years and is slightly 

shorter duration than that of Epsilon Aurigae (Epsilon 

Aurigae = 670 days, VV Cephei = 650 days).  

Due to its high declination (+64 degrees) VV 

Cephei is circumpolar and well suited for year-

around observations in the northern hemisphere. 

While the eclipse is two years away, out-of-eclipse 

observations are needed now. 

 

2. VV Cephei Star System 

 

mailto:phxjeff@hposoft.com
mailto:pbennett@ap.smu.ca
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Figure 1: VV Cephei System Schematic 

 

 

 

 

 

 
  
Fig. 2 VV Cephei Primary Eclipse 2017 

 

During the 2017 eclipse, the small and hotter B 

stars passes behind the large and cooler M star. 

 
 
Fig. 3: VV Cephei UV Observations 

 

 
 
Fig. 4 : VV Cephei STIS Observation Epochs 

 

3. VV Cephei Star System Parameters 

As can be seen below some of the system 

parameter data vary considerably.  

 

3.1 Primary Star 
Solar masses:  
18.3 Hutchings & Wright 1971  

19.7 Wright 1977 

2.5 Grascyk, Mikolajewsi, Janowski 1999 

20 Möllenhoff, Schaifers 1981 

Solar radius:  

1800 Möllenhoff, Schaifers 1981 

1600 Hack et al. 1992 

1600 Wright 1977 

1015 Bennett 2007 

 

3.2 Secondary Star 
Solar masses: 

19.8 Hutchings & Wright 1971 

20 Wright 1977 

8 Grascyk, Mikolajewsi, Janowski 1999 

Solar radius: 

25 Hack et al. 1992 

13 Wright 1977 

13 Möllenhoff, Schaifers 1981 

 

3.3 Shell (accretion region) 
Solar radius: 650 Wright 1977 

 

 

4. VV Cephei Stellar and Orbital 

Parameters 

The stellar and orbital parameters of VV Cephei 

are still rather uncertain because of the lack of a good 

orbit for the companion B star. Even the spectral type 

of the hot companion has been difficult to determine 

because the spectrum of the hot star is never seen 

directly. It is always obscured by a variable amount 

of circumstellar material that hampers spectral 

classification. The best of the orbital motion are the 

spectroscopic analyses (K1 and K2 -- orbital RV 

semi-amplitudes) of Wright (1970 -- M star) and 

Wright (1977 - B star). The latter was found from the 
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hydrogen alpha emission, assuming it follows the B 

star. This is approximate. The mass of the B star 

inferred from the hydrogen alpha solution is probably 

a bit overestimated by Wright (1977). 

Interferometry would solve this problem, but 

there have been no measurements (to our knowledge) 

that have resolved the two stars in VV Cephei. 

The eclipse duration depends on exactly what is 

being measured. We used the 650 day duration from 

the times of 1st and 4th contact in Leedjarv 

(1999).  This depends on exactly what you consider 

to be the times of 1st and 4th contact since the eclipse 

onset is gradual. 

Pollman’s eclipse duration (of 673 days) refers 

to hydrogen alpha data, which implies a longer 

duration eclipse because hydrogen alpha emission 

comes only from the extended volume of the B star. 

This means that hydrogen alpha 1st contact occurs 

earlier and 4th contact later than the B star’s contact 

points. 

 

 

5. VV Cephei orbital elements 

Our best estimates, so far unpublished, of the VV 

Cephei parameters are: 

From Wright (1977) 

P= 7430.5 d 

e= 0.346 +/- 0.01 

w= 59.2 +/- 2.8 

K1= 19.4 +/- 0.3  km/s 

K2=  19.1 +/- 0.7  km/s 

V0= -20.2 +/- 0.2  km/s 

Omega= 147 deg  Van de Kamp (1977) 

incl= 84.0 +/- 3.4 deg  Bennett (2007) preliminary 

 

Spectroscopic orbit solution using above values 

a1= 12.5 AU 

a2= 12.3 AU 

a= a1+a2 = 25.4 AU 

 

From Bennett (2007) photometric modeling of M 

star, assumes A_V= 1.24 

Teff= 3826 K      

Angd= 6.38 mas stellar angular diameter 

 

Eclipse timing constraints on orbit (using 

Leedjarv et al. T2 and T3 below) and Bennett (2007) 

angular diameter: 

alpha= 16.2 +/- 3.7 mas      orbit semi-major axis, 

angular size Bennett (2007) 

d= a/alpha = 1.5 kpc = 4900 light years distance 

R1= d*Angd/2 = 1015 R_solar M star radius 

 

6. Previous eclipse timing  

Epoch of 1977/78 mid-eclipse from Moellenhoff 

& Schaifers (1981) 

T0= JD 2443365.0 09  August 1977 

Epoch of 1997/98 mid-eclipse from Leedjarv et. al. 

(1999) 

T0= JD 2450858   13 February 1998 

mid-eclipse   ph0=  0.0000 (orbital phase, from mid-

eclipse) 

T1= JD 2450540   11 April 1997 

1st contact    ph1= -0.0428 

T2= JD 2450624   24 June 1997 

2nd contact   ph2= -0.0315 

T3= JD 2451091   04 October 1998 

3rd contact   ph3=  0.0314 

T4= JD 2451190   11 January 1999 

4th contact    ph4=  0.0447 

 

7. VV Cephei 1956 - 1958 Eclipse  

A lightcurve of the 1956-1958 eclipse is shown 

in Figure 4. 

 

 

8. VV Cephei Data 

Other Identifiers: 

HR 8383, HD 208816, HIP 108317 

Figure 4: VV Cephei 1956-1958 Eclipse Light Curve 
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R.A. (2000) 21h 56m 39.1s  

DEC. (2000) +63d 37' 32.01” 

Distance: 4900 light years 

Diameter (solar diameters):  
1000 – 1800  

1015 (Bennett) 

Epoch: JD 2,435,931.4 

Period: 7430.5 days/(20.34 years) 

Ingress/Egress:  

Based on 1998 eclipse 84 /99 days  

Totality:  
467 days (from 1998 eclipse) 

373 days (Pollmann) 

Duration:  
650 days (from 1998 data) 

673 days (Pollmann) 

Next eclipse timing: 

Data based on 1998 eclipse 

T1- 04 August 2017  

JD 2,457,970 (early evening) 

T2- 27 October 2017 

JD 2,458,054 (early evening) 

T0- Mid 01 June  2018  

JD 2,458,288 (early evening) 

T3- 06 February 2019 

JD 2,458,521 (early evening) 

T4- 16 May 2019    

JD 2,458,620 (late evening) 

 

9. The VV Cephei Campaign  

A campaign has been started to cover the 2017 

eclipse of VV Cephei. A Campaign web site has been 

created at 

http://www.ap.smu.ca/~pbennett/vvcep/campaign201

7.html. 

Anyone interested in the Campaign is 

encouraged to periodically visit the web site for the 

latest information on the Campaign. The following is 

a very brief summary of what would be useful for the 

campaign. 

Note: some if the items are not suited for 

amateur observers, but are noted for possible 

professional involvement.  

 

9.1 Photometry 

Photometric time series (UBVIJK) is requested, 

as much data as possible should be obtained, and 

starting as soon as possible. It is useful to have a long 

baseline of photometry outside of eclipse, as well as 

during the eclipse itself.  Any ultraviolet photometry 

would be extremely useful, including either Johnson 

U band, and/or Stromgren or SDSS u band 

observations. These ultraviolet observations provide 

a direct measure of accretion luminosity around the 

hot star. Since it is the hot B star that is being 

eclipsed the shorter wavelengths will show more 

pronounced brightness changes. For those who can 

do U and B band work, these bands will show a 

deeper eclipse than the V R I bands. 

 

 

9.1.1. VV Cephei Photometric Magnitudes 

(out-of-eclipse): 

U = 7.07,  

B= 6.68,  

V=4.91, 

Rj= 3.21, 

Ij= 1.86 

 

9.1.2. Recommended Comparison Star:  

20 Cep HR8426 

R.A. (2000): 22h 05m 00.4s 

DEC. (2000): +62d 47m 09s 

I = ?, R = ?, V = 5.27, B = 6.68, U = 8.46 

 

9.1.3. Check Star: 19 Cep HR8428  

R.A. (2000):  22h 05m 08.8s 

DEC. (2000):  +62d 16m 48s 

Rj - Ij = 0.03,  

V = 5.11,  

B = 5.17,  

U =4.33 

 

9.2 Spectroscopy  

A long baseline of observations outside of 

eclipse will be very useful, as well as detailed 

monitoring during the eclipse phase. Hydrogen alpha, 

at least out-of-eclipse, provides a measure of 

accretion luminosity around the hot star. The 

spectrum of the primary star is M2 Iab (or M2 Iabe) 

and the secondary star a B0-2 V. 

 

9.2.1. Low-Resolution Spectroscopy 

Low-resolution spectroscopy will not be able to 

provide sufficient resolution to measure EW, V/R or 

RV. However, it does have the advantages of 

showing a complete visible spectrum window and 

with a short exposure. This means it is also *very* 

useful for spectrophotometry: monitoring the overall 

behavior of the spectrum over time. The ALPY 600 

(R=600) is ideal for this as seen in the 180 second 

exposure using an ALPY 600 in Figure 5 and 6. Use 

of an ALPY for low-resolution observations is 

http://www.ap.smu.ca/~pbennett/vvcep/campaign2017.html
http://www.ap.smu.ca/~pbennett/vvcep/campaign2017.html
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encouraged -- just not so much for hydrogen alpha, 

but for other absorption lines (Na D, K I, etc). 

 

 
 
Figure 5: ALPY 600 VV Cephei RAW Spectrum 

 

Figure 6: ALPY 600 VV Cephei Spectrum Line Profile 

 

Important Line Wavelengths 

Hα – 6562.81 Å 

Hβ – 4861.35 Å 

Hγ – 4340.47 Å 

Hδ – 4101.73 Å 

Hε – 3970.08 Å 

Na D1 – 5889.95 Å 

Na D2 – 5895.93 Å 

K – 7664,90 Å 

I – 7698.96 Å 

Note: The K and I lines may not be seen in the 

ALPY 600 spectrum window. 

 

9.2.2. High-Resolution Hydrogen Alpha 

Spectroscopy 

A Lhires III or equivalent spectrograph with a 

2400 line/mm grating is suggested for the high-

resolution work. The star system’s optical spectrum 

is characterized by strong Balmer and Fe II emission 

lines. Out-of-eclipse VV Cephei displays dual large 

hydrogen alpha emission lines that disappear during 

the eclipse. 

To provide quantitative data from a spectrum’s 

line profile one characteristic that is measured is the 

so-called equivalent width (EW) of a line. This is the 

area of the line below the continuum and is a measure 

of the strength of the line. The VV Cephei Hydrogen 

alpha line,  usually appears double with two emission 

components present. See Figure 7. Further 

characteristics are defined by taking the ratio of the 

left (shorter wavelength or “Violet”) component’s 

EW and dividing it by the right (longer wavelength or 

“Red”) component’s EW. This is the so-called V/R 

ratio of the two components. The intensity variations 

of the V and R components provide important 

information about the peak strength as measure for 

the mass and/or density of the gas in the disk, 

expressed as equivalent width of the emission, and 

the direction of movement of the corresponding gas 

region within the disk. At the beginning of the eclipse 

the V line should decrease to the continuum as the 

left side of the gas cloud is eclipsed. The R line 

should continue with minor changes until the right 

side of the gas cloud is eclipsed. 

 

 
Figure 7: V/R of VV Cephei’s Hydrogen Alpha (Pollmann) 

 

  

 

The dimension of the fog-like accretion shell 

around the secondary Be star was determined by 

Peary (1965) to be less than 1/18 of the diameter of 

the primary M super giant’s photosphere and is 

according to investigations by Wright & Hutchings 

(1971) not spherically symmetrical but rather in the 

direction of the star’s equator more dense as in the 

case of a normal Be star. This seems to be quite 

logical in view of the remarkable stream of gas in this 

system. The Hα-emitting shell is believed to be fed 

by accretion from the massive wind of the M 

supergiant. The violet and the red components of the 

VV Cephei spectrum’s line profile can be linked to 

the radiation of the gas shell around the Be star. Due 

to its counter clockwise rotation around the central 

star, in relation to the line of sight of the observer, it 

results in a blue shift by moving towards the observer 

(V-component) and a red shift by moving away (R-

component) from the observer. 
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Figure 8: Dual Hα Doppler Shifted Lines 
 
 
 

 
Figure 9: Eclipse of B Star Gas Disk 

 

As the B star’s rotating cloud of hydrogen gas 

begins to pass behind the primary M star, the V 

(blue) hydrogen alpha line will first begin to 

decrease. When the left part of the cloud has been 

completely eclipse the V line will blend into the 

continuum. There will be a pause as the B star passes 

behind the M star, but the right side of the gas cloud 

is still uneclipsed. The R (red) line will remain steady 

until the right side of the cloud becomes eclipsed. 

When the cloud has been completely eclipsed the R 

line will blend into the continuum. The reverse will 

occur when the B star and gas cloud emerge at 4
th

 

contact. 

Spectroscopy in the ultraviolet and the blue-

violet part of the spectrum would be very useful, as 

the spectrum of the hot star dominates in this spectral 

region (below about 4000 A). It would be useful to 

get a spectral time-series of this region. This is more 

or less what was done from space using HST in 1997, 

but the spectrum at wavelengths longer than 3000 A 

is accessible from the ground, albeit with some 

difficulty. Nevertheless, the 3000-4000 A  region is 

perhaps the most useful of the entire spectrum. This 

would be a good program for automated 

spectroscopic telescopes which are starting to appear, 

or for dedicated observers able to devote sufficient 

time to the project. High-resolution spectroscopy of 

the red part of the spectrum (perhaps the 6100-7000 

Å region) would also be useful for improving the 

spectroscopic orbit of the M supergiant. Persons 

interested in contributing to ongoing spectroscopic 

time series should contact the authors for guidance. 

 

10. Star Map 

 
Figure 10: Star Map of VV Cephei, Courtesy of the 
AAVSO 
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Abstract 

The High Desert Astronomical Society hosts an annual double star workshop, where participants measure the 
position angles and separations of double stars. Following the New Generation Science Standards (NGSS), 
adopted by the California State Board of Education, participants are assigned to teams where they learn the 
process of telescope set-up and operation, the gathering of data, and the reduction of the data. Team results are 
compared to the latest epoch listed in the Washington Double Star Catalog (WDS) and papers are written for 
publication in the Journal of Double Star Observations (JDSO). Each team presents a PowerPoint presentation 
to their peers about actual hands-on astronomical research.  

 

1. Introduction 

The High Desert Astronomical Society (HiDAS) 

holds a multiple day event called the Apple Valley 

Double Star Workshop (AVDSW) in Apple Valley, 

CA. The first event was held on July 13–15, 2013, 

the second event was held on July 25–26, 2014, and 

the third event will be held on July 17–19, 2015 at 

the Thunderbird campus of the Lewis Center for 

Educational Research. The workshop is designed to 

teach students the process of actual hands-on 

astronomical research. Following the New 

Generation Science Standards (NGSS), adopted by 

the California State Board of Education, the attendees 

learn how to measure the position angles and 

separations of double stars. The participants learn the 

set-up process of an Alt-Az Dobsonian telescope and 

a Schmidt Cassegrain telescope. The attendees learn 

about various apparatus’ used to gather data. The 

participants learn to reduce the data and compare the 

results to the Washington Double Star Catalog 

(WDS). By the end of the event the participants also 

learn how structure a scientific paper for publication 

in the Journal of Double Star Observations (JDSO) 

and present a PowerPoint presentation to their peers.  

 

2. Workshops 

2.1 ADVSW 

The Apple Valley Double Star Workshop hosts 

approximately 22 participants. Figures 1 and 2 are 

group photos of those participants who attended. The 

participants consist of middle and high school 

students, undergraduate and graduate students, as 

well as astronomy club members. An optional 

informal lunch is suggested to the attendees a day 

before the event begins. The event includes a lunch 

and dinners, and an optional lunch is planned a day 

before the event so the participants get a chance to 

meet each other.  

A 22-inch Alt-Az Dobsonian telescope, a 14-

inch Celestron Schmidt Cassegrain telescope on a 

custom German equatorial mount, and several 8-inch 

Schmidt Cassegrain telescope are provided. Team 

observations include a Micro Guide astrometric 

eyepiece with or without modifications, a Charged 

Coupled Device (CCD) or a low-light surveillance 

CCD video camera. The astrometric eyepiece is the 

recommended apparatus for beginners. The 

participants learn the set-up of a 22-inch Alt-Az 

Dobsonian and an 8-inch Schmidt Cassegrain 

telescope on a German equatorial mount (Figure 3).  

The attendees learn the proper methods of 

calibrating the team’s equipment for precise position 

angle and separation measurements. The participants 

compare the results to the Washington Double Star 

Catalog and write a paper for publication in the 

Journal of Double Star Observations. Finally, the 

attendees present a PowerPoint presentation to their 

peers (Figures 5).  
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Figure 1: Group photo of the participants at the first 
Apple Valley Double Star Workshop. 

 

 
 
Figure 2: Group photo of the participants at the second 
Apple Valley Double Star Workshop. 

 
 
Figure 3: An image of the participants watching the set-
up a Celestron Schmidt Cassegrain telescope on a 
German equatorial mount.  

 
 
Figure 4: From left to right: Eric Weise and Russ Genet 
standing in the Luz Observatory. 

 
 
Figure 5: Team presentations on how they measured a 
double star with an astrometric eyepiece. 

 
 
Figure 6: From left to right: Sean Gillette, Reed Estrada, 
Nancy Nelson, and Vera Wallen, who is observing an 
object with the 22-inch Alt-Az Dobsonian telescope. 

 
Figure 7: From left to right: Earl Wilson, Anthony 
Rogers, and Rick Wasson having a discussion about 
Wasson’s GoTo Alt-Az Dobsonian telescope.  
 

3. Team Results 

3.1    AVDSW 

In 2013 Rick Wasson’s Video Drift Analysis 

team observed, recorded, and reported the gathered 

data of a double star (Wasson et al. 2015). His team 

used a low-light surveillance CCD video camera 

attached to an Orion GoTo Alt-Az 12-inch 

Dobsonian telescope (Figure 7). Wasson’s team 

observed the double star Epsilon Lyrae. The double 

star is a multiple star system with components AB 
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and CD. The star’s system is also known in the 

Washington Double Star Catalog as STF2382AB and 

STF2383CD. 

The team determined the position angle and 

separation of the double stars by allowing the stars to 

drift through the field of view 14 separate times. 

Standard deviations and standard mean of the errors 

were determined (Table 1). They completed this 

process for each double star system. After the 

reductions were complete, they made comparisons to 

the WDS shown in Table 2. Wasson’s Video team’s 

observations of separations and position angles 

compared favorably to speckle, CCD, and 

Micrometer measurements listed in the 6
th

 Orbit 

Catalog (Figures 10 and 11).  

  

  

 
Figure 8: Eric Weise’s team presentation of their project 
on speckle observations gathered at Kitt Peak National 
Observatory. 
 

 
Figure 9: Russ Genet and his team underneath the 2.1 
meter telescope equipped with an EMCCD speckle 
interferometry camera at Kitt Peak National Observatory. 
Their observations contributed to Eric Weise’s team 
project.  
 

3.2 Second Annual AVDSW 

In 2014 Eric Weise’s speckle interferometry 

team used gathered data from previous observations 

made at Kitt Peak National Observatory for analysis 

and reporting (Figures 8 and 9). His team used 

observations that Russ Genet and his team of 

Concordia University Irvine students gathered on the 

2.1 meter telescope equipped with an EMCCD 

speckle interferometry camera. Eric’s team is still in 

the process of reducing the gathered data. 

 

3.3 Third Annual AVDSW 

The Third Annual AVDSW will be hosted by the 

High Desert Astronomical Society. The event will be 

held at the Thunderbird campus of the Lewis Center 

for Educational Research in Apple Valley. The dates 

are July 17–19, 2015. Figure 12 shows details of the 

event.  

 

4. Conclusion 

The Apple Valley Double Star Workshops have 

been successful. The participants got a chance to get 

acquainted with the New Generation Science 

Standards. The attendees learned the set-up and 

operations of Alt-Az Dobsonian and Schmidt 

Cassegrain telescopes. The participants learned how 

to gather data with different apparatus’, and how to 

reduce and compare the gathered data to the WDS for 

the determination of position angles and separations 

of double stars. The attendees also learned how to 

write a paper for publication in the Journal of Double 

Star Observations and present a PowerPoint 

presentation to their peers.  
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Name WDS Magnitude PA 

(deg) 

σ 

PA 

SEM 

PA 

Sep. 

(arc 

sec) 

σ 

Sep. 

SEM 

Sep. 

# 

Drifts 

# 

Meas. 

STF2382AB 18443+3940 5.15, 6.10 346.6 1.0 0.13 2.41 0.12 0.02 14 62 

STF2383CD 18443+3940 5.25, 5.38 77.4 0.8 0.08 2.42 0.09 0.01 14 108 

 

Table 1: Wasson’s Video team observations taken in 2013. 

 

 

 

Name WDS PA Obs 

(deg) 

PA WDS 

(deg) 

Delta  

(deg) 

Sep Obs 

(arc sec) 

Sep WDS  

(arc sec) 

Delta 

(arc sec) 

STF2382AB 18443+3940 346.6 346.4 0.2 2.41 2.29 0.12 

STF2383CD 18443+3940 77.4 76.7 0.7 2.42 2.38 0.04 

 

 

Table 2: Wasson’s Video team comparison to WDS taken in 2013. 

 
 

 

Figure 10: A plot of Wasson’s Video team observations of STF2382AB in 2013.  Compared to Speckle, CCD, 

and Micrometer measurements listed in the Washington Double Star Catalog and its 6
th

 Orbit Catalog. 
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Figure 11: A plot of Wasson’s Video team observations of STF2383CD in 2013.  Compared to Speckle, CCD, 

and Micrometer measurements listed in the Washington Double Star Catalog and its 6
th

 Orbit Catalog. 
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Figure 12: Flyer of the Third Annual Apple Valley Double Star Workshop. 
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ABSTRACT 

The relatively young field of speckle interferometry of close double stars has up to now been the domain of large 
telescopes and expensive scientific CCD cameras. With the advent of relatively inexpensive and high-performance 
CCD cameras, the domain of speckle interferometry has been extended into the serious amateur realm allowing 
amateurs with equipment as small as 8-inches aperture to do actual speckle analysis of binary star systems. 

This paper describes the work of one such team of amateur astronomers and students as part of their course 
work for an on-line scientific research experience course provided on-line by Cuesta College of San Luis Obispo, 
California.  
An explanation of speckle and how it works is followed by a discussion of how the camera was calibrated, then a 
discussion of the research methodology. Results of calibration and double star measurements are then given and 
implications of the process and results discussed. 

 

1. Introduction 

In the spring semester of 2015, Russ Genet,  

through Cuesta College (California), conducted an 

on-line seminar in astronomical research to teach 

young people how to systematically do scientific 

research and report on their findings using astronomy 

as the vehicle to engage the students. Author 

Harshaw was selected as a teaching assistant and 

technical counselor for this course and worked with a 

team of two students, (as well as one parent and two 

teachers from the Phoenix, Arizona area) in this 

course. This paper presents the team’s experience and 

learnings. 

Harshaw has a Celestron C-11 (11-inch SCT 

telescope) permanently mounted in a back-yard 

observatory that was the instrument for this project. 

The science camera consisted of a Celestron Skyris 

618C camera (color chip, Sony) mounted 

downstream of a flip mirror assembly whose other 

port was occupied by a wide field eyepiece to aid in 

target acquisition.  See Figure 1. 

 

 
Figure 1: The Speckle Interferometry optical train 
attached to the C-11.  Left to right: USB cable to 
computer (blue plug); Skyris Camera; 5x PowerMate; 
Flip Mirror; Celestron MicroGuide eyepiece for 
acquisition; JMI Crayford focuser, bottomed out and 
locked; digital focus counter at bottom of C-11 optical 
tube. 

Since an SCT achieves focus by moving the 

primary mirror, and this motion has a small impact 

on the system’s true focal length, the Crayford 

mailto:Rharshaw2@cox.net
mailto:ethan.wuthrich@gmail.com
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focuser was locked in its bottomed-out position and a 

digital focus control used to set the mirror in the 

same focal plane each time the system was used. 

Once the system was calibrated (see 

“Methodology”, next section), the two students came 

to Brilliant Sky Observatory on different nights to 

obtain image files for speckle reduction. 

 

2. Turbulence and Speckle 

Atmospheric turbulence means that a telescope 

can rarely discern down to its theoretical resolving 

limit (Rayleigh limit) as the distortions to the 

isoplanatic wavefront of starlight by the atmosphere 

induce thousands of images of the star in a spread-out 

pattern that usually equals or exceeds the Airy disk 

size.  Speckle interferometry uses the technique of 

taking a thousand (or more) frames at very high 

speed (usually 10 to 20 milliseconds) to “freeze” the 

turbulence, producing an image much like the one in 

Figure 2: 

 
Figure 2: Zeta Boo captured by Greg Jones at f/50 on the 
McMath-Pierce 0.8m East Auxiliary Telescope, April 
2014. 

Each small speck on the image is that of one of 

the stars in the binary system and shows how much 

noise can be present in live star images in even good 

seeing conditions. 

Use of special software, such as Plate Solve, by 

David Rowe of PlainWave Instruments, can take this 

information and, using a Fourier Transform, remove 

most of the damage to the wave front induced by the 

atmosphere and produce an image of the power 

spectrum called an autocorellogram.  Here is a typical 

autocorellogram from a Kitt Peak observing run in 

October, 2013: 

 
Figure 3: Autocorellogram for WDS 18443+3940, 
October, 2013. From the 2.1 meter telescope at Kitt Peak 
National Observatory. Image courtesy of Russ Genet. 

 

Note that an autocorellogram is not technically a 

picture of the binary star but rather a graphical 

representation of the power spectrum of the data in 

the image file.  The primary star is represented by the 

large white spot at the center; the companion star 

would be either of the flanking spots. 

 You will notice a small pink “ship’s wheel” 

surrounding the upper right secondary image. This is 

Plate Solve’s suggested location of the companion 

(based on data supplied it by the user). Once this 

point is determined, Plate Solve gives the readout of 

the star’s values of theta (position angle) and rho 

(separation) based on user inputs of the camera angle 

and pixel scale. 

 

3. Calibrating the System 

Of vital importance in speckle work is the 

careful calibration of the science camera’s pixel 

scale, the size of each pixel in terms of arc seconds 

(or fractions thereof). Normally, one can use the 

equation  

 
to determine the camera’s pixel scale. In this 

equation, E is the pixel scale (arc seconds per pixel), 

Pum is physical size of the camera’s pixels in 

microns, f is the telescope’s focal length in mm, and 

206.5 is a constant that converts radians to 

arcseconds. As you can see, you must know the 

telescope’s focal length (in mm) precisely in order to 

use this equation with any confidence, and that is just 

the problem when it comes to amateur speckle 

systems. Telescope f ratios are stated as f/10 or f/8 

etc., whereas in reality, this is the mean focal ratio 

that the manufacturer aims for, not the exact f ratio. 
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For custom-built telescopes, such as at professional 

observatories, the focal length will be known with 

great precision. But this is not the case for mass-

produced telescopes built on an assembly line from 

components that must meet certain tolerances and can 

result in a telescope with an f ratio close to but not 

exactly as stated by the manufacturer. 

Traditional calibration methods for rougher 

measurement systems such as filar micrometers, 

astrometric eyepieces, and even much CD work is 

satisfactory for such systems. These methods usually 

involve measuring a pair of known theta and rho and 

comparing the measured data to the “known” data so 

the instrument can be calibrated. 

But speckle is much more sensitive to measuring 

theta and rho than the more traditional methods, and 

such an approach is not advised. The reason is 

simple: an error in the actual versus predicted 

position of a companion star of only 0.1" of arc 

would not be noticeable in most micrometric, 

astrometric, or CCD measurements. But for 

speckle—which can discern down to 0.01" of arc 

(and less, given enough aperture), such errors can 

exceed the distance being measured. 

Therefore, we set about determining the camera 

pixel scale using a variety of methods to see how 

they converged (if at all) on a good mean value. 

The first test we conducted consisted of a drift 

test (Iverson and Nugent, 2015). A drift test occurs 

when the target star is placed just east of the camera’s 

field of view and the telescope drive motor turned 

off, letting the earth’s rotation carry the star from the 

east edge of the chip to the west edge. Since the 

camera software being used (FireCapture by Thorsten 

Edelmann) records the timing data in a text file, it is a 

simple thing to compute the time between the 

appearance and disappearance of the star knowing the 

number of frames between each event. Knowing the 

star’s declination, it is then an easy process to 

compute the field of view (FOV) using this formula: 

 
where Tt is transit time, Δ the declination of the star, 

and 1.0027379 is a constant that converts UT to solar 

time. The values obtained with this method showed a 

significant standard deviation and several measures 

were beyond 3 standard deviations from the norm 

and hence were given 0 weight in the final reduction 

of data. The data that was kept led to a value for E of 

0.162" per pixel at f/25 and 0.076" per pixel at f/50. 

The variance of the drift test results is probably due 

to determining exactly when the star actually enters 

the camera’s field of view, as anyone who has 

obtained a transit image at high f/ratios will notice 

how the star seems to hop around along the line of 

transit, sometimes jumping ahead a few pixels, then 

jumping back a few pixels, and so on. Misjudging the 

actual first appearance and disappearance of a transit 

is therefore prone to errors in the solution, as our 

results suggest (Napier-Munn and Jenkinson, 2014). 

Our next set of tests consisted of a set of 

transmission diffraction gratings that were placed just 

in front of the C-11’s corrector plate. See Figure 4. 

Two of the gratings were made of sheet aluminum 

0.032 inches thick and were cut by a water cutter. 

The slits and bars between one grating was both 

3mm, so slit center to slit center is 6mm. (This value 

was obtained by measuring 20 slits and bars with a 

machinist’s metric rule and dividing the result by 20.) 

This value is called the “pitch.” The second 

aluminum grating had a 12mm pitch, and the third 

was fabricated from two Bahtinov masks that were 

cut in half and glued together. Stars viewed through 

such gratings produce a bright central image flanked 

by “ghost” images of 1
st
, 2

nd
, 3

rd
 order (etc.) similar to 

how a double slit creates a pattern of bright and dark 

spots as discovered by Thomas Young in 1803. See 

Figure 5. 

 
Figure 4: The transmission diffraction gratings used to 
calibrate the C-11 and Skyris system. L to R: 6mm pitch, 
12mm pitch, and 18.8mm pitch. 

 

In Figure 5, you can clearly see Capella (the 

bright central image) flanked by the first order (and a 

hint of the second order) images beyond that. 

Between Capella and the first order images is a third 

fainter image. It was later discovered that this 

spurious image was caused by light reflecting off the 

back of the grating and being included in the 

recorded image.  Later, the grating was painted a flat 

black color and the spurious images went away. 
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Figure 5: Capella at f/10 as viewed through the 12mm 
diffraction grating. 

 

 Autocorellograms of the various f/ratio tests 

of Capella and Arcturus were generated and solved in 

Plate Solve. Once the space (in pixels) between the 

primary and first order images was known (a feat 

easily computed by Plate Solve), that value could be 

entered into an equation that derived the pixel scale: 

E = λ/d in radians 

where E is the pixel scale in arc seconds per pixel, λ 

is the wavelength of the incident light, and d is the 

distance in pixels between the main and first order 

images. Conversion from radians to arc seconds is a 

simple step to complete the process (multiply radians 

by 206,264.806). 

To obtain as tight a diffraction pattern as 

possible, it is best to use a monochromatic (or nearly 

so) light source.  No star, of course, emits purely 

monochromatic light. So it is necessary to pass the 

starlight from the subject star through a narrow-pass 

filter so the result is as monochromatic as possible. It 

is usually suggested that an H-Alpha filter, which is a 

very narrow band pass filter in the far red, be used for 

this test.  

Using an H-Alpha filter of narrow bandpass 

provided by  David Douglass, an assistant on the 

May 2014 Kitt Peak speckle experiments at the 

McMath-Pierce solar telescope, ran our data 

collection and reductions.  

As a backup test, we conducted an experiment in 

which a convex mirror, similar to those used on side 

mirrors of cars and trucks, was illuminated with a 

laser of known wavelength (532nm).  See Figure 6. 

This experiment was inspired by A. Tokovinin 

(2009). 

 

 
Figure 6: Convex mirror for laser tests mounted on a 
flat-black plywood. 

On a night of marginal astronomical value, the 

team placed the mirror on a post 0.72 miles from the 

telescope (the distance being determined by a GPS 

unit). Two team members illuminated the mirror with 

the laser from a point about 3 meters from the mirror, 

while three other team members recorded the images. 

The laser produced a bright “star” that was easy to 

record. A total of 10 files was generated at both f/25 

and f/50.  

The results of these tests showed pixel scales as 

summarized in Table 1. 

 

 

Table 1: Summary of Calibration Methods 

Method Value of E at f/25 Value of E at f/50 

H-Alpha with 6mm Grating 0.154" 0.069" 

H-Alpha with 12mm Grating 0.154" 0.069" 

H-Alpha with 18.8mm Grating 0.155" 0.068" 

Green Laser with 12mm Grating 0.156" 0.069" 

Gamma Leonis calibration star 0.141" n/a 

Drift tests 0.162" 0.076" 

 

 

It was decided to discard the drift tests and 

calibration stars, so we settled on the weighted means 

of the grating tests, arriving at 0.154" per pixel at f/25 

and 0.069" per pixel at f/50.  
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Finally, a test of several pairs using a Johnson-

Cousins R filter for dispersion was run to compare 

the C-11’s performance with and without the filter. It 

was found that the filter made no difference in the 

measurements, but it did reduce the telescope’s reach 

by about 0.75 magnitudes. Therefore, it was decided 

that for such a small aperture, the Johnson-Cousins R 

filter is of little value. (This is not the case, however, 

in larger telescopes, where such a filter can greatly 

enhance the solution of the speckle images.) 

It was then decided to measure 14 double stars—

seven at f/25 and seven at f/50—using wider pairs, 

and using the Skyris camera as a CCD and not a 

speckle instrument, but still using Plate Solve to 

solve the autocorellogram. This would allow a 

derivation of E over larger angular spans. The 14 

stars were chosen for their stability over centuries of 

observation, all being common proper motion stars 

(CPM stars). In most cases, a plot of the historical 

measurements gave a very tight grouping – see 

Figure 7. 

 

 

 
Figure 7:  Plot of Historical Measures of WDS 
11268+0301 AB (STF 1540 AB). Plot generated from data 
supplied by the U. S. Naval Observatory. 

 

By looking at the measurement log and seeing 

how the latest measurements were made (and by 

whom), we were able to project a reasonably estimate 

of what values of theta and rho we should see and set 

about analyzing the 14 image files. All fourteen files 

generated suggested values of E that were very 

tightly grouped.  The results are displayed in Table 2. 

These values are the ones we decided to use for the 

stars chosen by the students.  

 

 

 

 

Table 2: Summary of CPM Pairs Analysis 

Criterion Value of E at f/25 Value of E at f/50 

E (seconds per pixel), mean 0.154 0.069 

Standard Deviation 0.0009 0.0004 

Standard Error 0.0004 0.0002 

 

 

4. Methodology 

 Once the system was precisely calibrated 

(with calibration being based on the H-Alpha and 

green laser tests), it was time for the students to begin 

their research, data collection, and data reduction. 

 

5. Report on STF1670AB (Ethan 

Wuthrich) 

The star system analyzed by Ethan Wuthrich was 

STF1670AB (WDS 12417-0127). On the night of 

April 11, 2015, after gathering data on the green laser 

test for calibration, STF1670AB was observed with a 

focal setting of f/25 with a total of five exposures 

consisting of 1000 frames each. A dark frame was 

also taken with the f/25 setup to remove background 

noise during analysis. A drift exposure of 

STF1670AB was taken to determine the camera 

angle for the f/25 setup. Afterwards, the camera setup 

was changed to a focal length of f/50, and 

STF1670AB was observed with three exposures 

consisting of 1000 frames each. A dark frame was 

again taken with the f/50 setup. . Also, a drift 

exposure of Spica was taken with the f/50 setup to be 

used to determine the camera angle for the f/50 setup. 

An exposure of nearby Spica was taken for use as a 
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deconvolution star to be used for the f/25 and f/50 

exposures 

Both sets of exposures were converted to FITS 

cubes using REDUC (by Florent Losse), and 

analyzed using Plate Solve 3 to determine the values 

of Rho and Theta. Given the ambiguities in the 

determination of E, we decided to use the H-Alpha 

and green laser test values to determine Rho and 

Theta. Plate Solve analysis was also done on the f/25 

and f/50 data sets both with and without the dark 

exposures. 

In order to obtain a best estimate of the drift 

angle, for both the f/25 and f/50 setups, the drift files 

were analyzed in REDUC by making multiple drift 

analyses for each respective file, varying the 

beginning and ending frames used for each analysis. 

Forty different calculations were done on the f/25 

drift file and 36 calculations were done on the f/50 

Spica drift file in order to obtain a statistically sound 

camera angle, based on the mean value of each set of 

calculations. 

STF1670AB was again observed on April 13, 

2015 by Richard Harshaw at Brilliant Sky 

Observatory with five separate exposures, a dark 

exposure, a deconvolution star exposure, and a drift 

angle exposure. The PSD files generated by Richard 

on the 4/13 observation were sent to Ethan and 

analyzed in Plate Solve 3. 

Multiple STF1670AB estimates of Rho and 

Theta were calculated with both the f/25 and f/50 

data sets using the Speckle Reduction function in 

Plate Solve 3. Estimates for the camera plate scale 

(E) were based on the calibrations as shown in Table 

1 (green laser with grating with a f/25 E value of 

0.137"/pixel and a f/50 E value of 0.0605"/pixel) and 

Table 2 CPM pairs analysis with a f/25 E value of at 

0.1558"/pixel and a f/50 E value at 0.0686"/pixel. 

For the five f/25 observations made on 4/11/15, 

Rho and Theta values were estimated using the 

0.137"/pixel green laser calibration value, both with 

and without the dark exposure subtractions. Rho and 

Theta for the f/25 were again calculated using the 

CPM pairs calibrated values of E with the dark 

exposure subtractions.  

The f/50 observation set consisted of three 

exposures taken on 4/11/15 and five taken on 

4/13/15. Rho and Theta estimates were made using 

three different calibration values: the green laser 

calibration, an estimate calibration based on a delta 

between the f/25 green laser calibration and the f/25 

CPM pairs calibrations, and finally the f/50 CPM 

pairs calibrations. 

 

Table 3: Summary of Focal Lengths and Calibration Combinations Analyzed in Plate Solve 3 

 

The residuals for both the f/25 and f/50 Rho and 

Theta estimates done in Plate Solve 3 were then 

analyzed in JMP™ statistical software, and plotted 

with the historical WDS data to create an orbital plot 

(Figures 10 and 11) and an Orbital Period plot of Rho 

(Figures 12 and 13). The mean Rho and Theta values 

of the focal length calibration combinations are 

shown in Table 4. Using the orbital period plot of 

Rho and the WDS historical data from 2006 to 2015, 

a quadratic line was fit to the historical data and 

extrapolated through the data estimates for Rho. The 

RSquare value for the fitted line was 0.9887. Based 

on this plot, the CPM methodology of calibration was 

the most accurate. Specifically, the f/25 observation 

made on 4/11/15 combined with the f/25 CPM 

calibration e values, giving a mean Theta value of 

4.9605° and a mean Rho value of 2.19275".  

Camera Angle Estimate: Because of the distorted 

nature of the individual frames caused by upper 

atmospheric turbulence and its impact on 

astronomical seeing, multiple analyses were done to 

calculate an average drift angle. The drift AVI 

(Audio Video Interleave) files were split with 

REDUC into the individual frames, which were then 

saved as BMP (Bitmap) files. The BMP files were 

then loaded into REDUC to use the Drift Analysis 

function. As part of this, a beginning frame (Comp 

A) and an ending frame (Comp B) are selected and 

then the Drift Analysis function is executed. The 

Drift Analysis function will compute an angle based 

on the center of the star system in the Comp A frame 

and the Comp B frame. 

Drift angle calculated for the f/25 observation 

was 6.33375° based on 40 separate drift angle 

calculations. The results are displayed in Figure 8.  

Observation Date f

Field 

Observations Green Laser Green Laser (Dark) f/25 CPM Pairs

f/50 observations using 

'E' estimates from f/25 

CPM Pair Observations f/50 CPM Pairs

4/11/2015 f/25 5 x x

4/11/2015 f/50 3 x x x x

4/13/2015 f/50 5 x x x x x
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Figure 8: Plot of April 11, 2015 f/25 Observation camera angle estimates. 

  

Drift angle calculated for the f/50 observation 

was -21.048° based on 36 separate drift angle 

calculations. The results are displayed in Figure 9. 

 

Figure 9: Plot of April 11, 2015 f/50 Observation camera angle estimates. 

 

STF1670AB Plate Solve residuals: 
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Figure 10: Plot of STF1670AB 4/11/15 and 4/13/15 Observations by calibration method with historical WDS data. 

 

Figure 11: Plot of STF1670AB 4/11/15 and 4/13/15 Observations by calibration method with historical WDS data. 

 

4/11/15 Observations

4/13/15 Observations
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Figure 12: 169 Year Orbital Period Rho Plot of STF1670AB 4/11/15 and 4/13/15.  
Observations by calibration method with historical WDS data. 

 

 
Figure 13: Orbital Period Rho Plot of STF1670AB 4/11/15 and 4/13/15.  
Observations by calibration method with historical WDS data. Line of best fit added to WDS observations from 2006 to 
2015. 
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Table 4: Summary of STF1670AB Theta and Rho Calculations Based on Calibration Method 

 
 

 

6. Report on STF 1223 and STF 1523 

(Kyle Dolbear) 

The two systems observed and analyzed by Kyle 

Dolbear were STF 1223 (WDS Coordinates  

08268+2656) on 16 April 2015 and STF 1523 AB 

(WDS Coordinates 11182+3132) which was 

observed on 13 April 2015. STF 1223 was observed 

with a total of ten image files while the star pair STF 

1523 AB was observed with five files, and both stars 

were observed at a focal setting of f/50. Each 

observation consisted of 1000 short exposures. These 

sets of exposures were then converted into fits cubes 

via REDUC and then imported into Plate Solve v3.33 

to be analyzed in order to determine their rho and 

theta values. In order to get an accurate Theta value, 

on each night of observation a second drift star was 

observed and analyzed with REDUC, thus providing 

a value for the camera angle. Also on each night of 

observation a nearby bright star was chosen to be 

used as a deconvolution star, allowing for the 

correction and reduction of noise in the individual fits 

cubes. 

Once the theta and rho values of each of the fits 

cubes were analyzed using Plate Solve,  the results 

for each pair respectively were averaged together in 

order to mitigate the potential error that any one 

observation could suffer. STF 1223 was analyzed at a 

camera angle of 13.157° and  a pixel scale of .0605" 

per pixel. STF 1523 AB was analyzed at a camera 

angle of -3.31° and the same pixel scale of .0605" per 

pixel. Through these calibrations, the average data 

analysis returned the results shown in Table 5. 

These results show a continued trend with the 

previous results. For the case of the star pair STF 

1523, the results strengthen the projected orbit, and in 

the case of the star pair STF 1223, the result 

continues the trend of the previous observations, 

though no projected orbit could be established at this 

point. 

Graphical portrayals of the data are shown in 

Figures 14 and 15. 

 

 

 

 

Table 5: Summary of the Measurements of STF 1223 and STF 1523 

  Expected* Measured Residuals 

Star Date Theta Rho Rho e = 0.0605 Theta Rho 

STF 1223 2015.2902 218.0 5.14 218.58 4.61 +0.58 -0.53 

STF 1523 2015.2820 178.5 1.759 176.17 1.52 -2.33 -0.239 

* Expected values obtained as follows: for STF 1223, a mean of the measures from 2005 to present. For STF 

1523, a projection from a spreadsheet produced by Jack Drummond of Starfire Optical Range, titled “Orbit 

Prediction.XLSX”. 

 

 

 

 

Calibration Method Mean(Rho) Mean(Theta)

CPM pairs f/25 2.1928 4.9605

CPM pairs f/50 2.2941 6.9948

f/50 observations using 'E' estimates from f/25 CPM pair observation 2.5589 7.1084

Green Laser f/25 1.9187 5.0676

Green Laser f/50 2.0554 5.5212

Green Laser f/50 dark 2.0759 5.5030
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Figure 14: Plot of the 2015 measurement  
for STF 1223 with the historical data. 

 

 
Figure 15: Plot of the 2015 measurement  
for STF 1523 with the historical data. 

 

7. Discussion and Conclusions 

It is apparent that quality speckle work can be 

done by modest equipment and budgets. It is 

important to know the limits of the system being 

used, however. With a C-11, the Rayleigh Limit 

works out to approximately 0.55 arc seconds. Stars 

wider than this should be considered for an 11-inch 

class telescope. Also, it was found that the response 

of the camera did not permit accurate data acquisition 

in speckle mode for stars fainter than 7
th

 magnitude 

(although 10
th

 magnitude can be reached with the 

camera in CCD mode, using longer integration 

times). Obviously, an image intensifier or EMCCD 

camera could extend the magnitude grasp of an 11-

inch system by a few orders, but without these there 

is still a large domain of pairs within reach of an 11-

inch telescope doing speckle. 

Of great concern to the team is why the grating 

calibration method was so far off from other 

calibration methods. In principle, the grating method 

is based purely on the wavelength of light (well-

known in both the H-Alpha and laser tests), the slit 

spacing, and pixel spacing between the 0-order and 

1
st
- order images of the stars. We have considered 

several possible variables, none of which survived 

scrutiny: 

 Variations in the mirror position at different 

focal planes. 

o Refutation: a digital focus counter 

was used for all tests and the mirror 

set to that setting for all 

measurements in all test cases. 

 Variability of the slit spacing. 

o Careful rechecking of the grating 

shows consistent slit spacing at 

exactly 12 mm. 

 Variability in the wavelength of the light 

passed by the H-Alpha filter. 

o Possible, but given that it was a 

Baader Planetarium H-Alpha filter 

with a very tight transmission 

curve, this seems highly unlikely. 

Likewise, the green laser produces 

light of a well-known wavelength. 

 Variability of the focal plane across the 

grating surface 

o A possibility, being investigated by 

David Rowe. 

 Repeat of the tests with a new grating with 

different slit spacing. 

We expect to have a final resolution to the 

question soon, but that resolution was not ready in 

time for the submission of this paper. 

 

8. Acknowledgements 

The authors wish to thank David Douglass for 

the loan of his H-Alpha filter; David Rowe for his 

patient and insightful suggestions and comments on 

the calibration process; Vera Wallen for her editorial 

review; Jack Drummond for his Orbit Prediction 

spreadsheet; and Bob Buchheim for his assistance in 



 

108 

 

preparing an Excel spreadsheet for the analysis of the 

data generated by the transmission grating tests. 

This research has made use of the Washington 

Double Star Catalog maintained at the U.S. Naval 

Observatory. 

 

9. References 

Iverson, E. and Nugent, R. Reaching Magnitude +16 

with the Modified Video Drift Method. JDSO, 2015. 

Vol 11, No. 2, 128-134. 

 

Losse, Florent. REDUC data reduction software. 

Downloaded via http://www.astrosurf.com/ 

hfosaf/uk/tdownload.htm. (04/24/2015). 

 

Napier-Munn, Tim and Jenkinson, Graeme. Analysis 

of Errors in the Measurement of Double Stars Using 

Imaging and the Reduc Software. JDSO, 2014. Vol 

10, No. 3, 193-198. 

 

Rowe, David. Plate Solve 3.33 speckle analysis 

software. Downloaded from author. 

 

Tokovinin, A. Speckle Calibration With Laser. 

Private correspondence, April 2013. 

 



 

109 

 

 

Concerning the Video Drift Method to Measure Double 
Stars 

Richard L. Nugent 

International Occultation Timing Association 

Houston, Texas 

RNugent@wt.net 
 

Ernest W. Iverson 

International Occultation Timing Association 

Lufkin, Texas 

ewiverson@consolidated.net 

Abstract 

Classical methods to measure position angles and separations of double stars rely on just a few measurements 
either from visual observations or photographic means. Visual and photographic CCD observations are subject 
to errors from the following sources: misalignments from eyepiece/camera/barlow lens/micrometer/focal 
reducers, systematic errors from uncorrected optical distortions, aberrations from the telescope system, camera 
tilt, magnitude and color effects. Conventional video methods rely on calibration doubles and graphically 
calculating the east-west direction plus careful choice of select video frames stacked for measurement. 
Atmospheric motion is one of the larger sources of error in any exposure/measurement method which is on the 
order of 0.5″ – 1.5″. Ideally, if a data set from a short video can be used to derive position angle and separation, 
with each data set self-calibrating independent of any calibration doubles or star catalogues, this would provide 
measurements of high systematic accuracy. These aims are achieved by the video drift method first proposed by 
the authors in 2011. This self calibrating video method automatically analyzes 1,000's of measurements from a 
short video clip. 

1. Introduction 

The measurement of visual double/binary stars 

has an important place in astronomy. Knowledge of 

binary star orbits provides dynamical parallaxes 

which results in distances to these systems. With 

distances known, absolute magnitudes can be derived 

and an H-R diagram constructed. The H-R diagram 

can be used to calibrate distances to objects much 

further away. The entire distance scale of the 

Universe is based on calibrating distances to nearby 

stars from trigonometric parallaxes and double/binary 

star orbits.   

 

2. Visual Methods 

Classical methods to measure double stars in the 

1800’s and early 1900’s came from visual 

observations with filar micrometers. Micrometers 

have all but disappeared from the marketplace (some 

amateurs make their own) and have been replaced 

with the Celestron and Meade micro 

guide/astrometric eyepieces. These eyepieces have 

etched on one of the glass elements a protractor scale 

for measuring position angles and a ruler with tick 

marks for measuring separations (Figure 1). Several 

measurements over a few nights are the preferred 

method of deriving position angle and separation of 

double stars. Argyle (2004) reports from eight 

observers the range of position angles measured 

(from each other) with these eyepieces is ±1° and for 

separations ±1". Douglass et al. (1992) reports for 30 

experienced observers using refractor telescopes 

(<16-inch aperture) no appreciable systematic effect 

was noted for position angles, but an rms error of 

0.1" was noted for separations. This rms error does 

not refer to the actual position (RA, DEC) of a star, 

but the relative distance between the stars in the same 

field of view.   

Prior to speckle interferometry methods, visual 

observation of close double stars was the only way to 

measure separations < 2" as very close individual star 

images would merge on photographic plates/CCD 

camera exposures. 

 

mailto:RNugent@wt.net
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Figure 1. Meade astrometric eyepiece FOV. 

 

3.  Error Sources 

Several errors can be introduced with visual 

measurements. Along with accidental and personal 

errors, eyepieces, micrometers and star diagonals will 

not be always aligned with the optical axis of the 

telescope. Left uncorrected, visual measurements will 

have systematic errors. In fact any optical element in 

the telescope system whether it be an eyepiece, 

barlow lens, micrometer, star diagonal, 

primary/secondary mirror/lens can and will introduce 

errors into the final measurements as there is no 

“perfect” optical system.  

 

4. Photographic Methods      

Advances in photography in the late 1800’s and 

1900’s led to positions from photographic glass 

plates that were measured using measuring machines. 

Here a glass plate (usually 5 x 7-inch; POSS1 plates 

were 14-inch square) was placed on a rotating table 

and individual star images were measured with a 

microscope type eyepiece. 

 

  

 

 
Figure 2. Top: Mann Measuring Engine. Measurement 
screws are marked depicting x and y. Bottom: M38 on 
Kodak glass plate exposed with objective grating 
producing multiple star images on February 5, 1955. 

 

The table moves by turning marked vernier scale 

measuring screws (Figure 2) with divisions in 

increments of typically 1 micron (10
-6 

m). Measuring 

was done in direct and reverse directions (180° apart) 

to compensate for personal errors and screw errors. 

Astrometrists quickly learned that that telescope 

optical systems introduced all kinds of aberrations 

and distortions into the star positions as compared to 

independently derived meridian circle measurements, 

especially for larger field of views. Screw errors from 

the measuring machines were also noted. These 

aberrations, distortions and errors were modeled into 

the calculations by use of special terms in the final 

least squares adjustment. As a result, the typical rms 

error of a star position from a single glass plate was 

on the order of 0.3". For visual binaries we seek 

relative positions of the components. With 40 to 50 

exposures made on a single glass plate (by shifting 

the plate slightly after each exposure) of a binary 

from a long focal length telescope, van de Kamp 

(1967) notes that relative positions of the separations 

approached 0.01". 
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      CCD cameras replaced glass plates in the 

1990’s and eliminated the measuring machine errors 

and issues with glass plates (flaws, emulsion shifts 

due to temperature changes, etc.). CCD camera 

measurements of position angle and separation of 

double stars can still suffer from aberrations and 

distortions from the optical system. These can be 

accounted for and modeled, but the models are 

unique for each telescope system. One common error 

introduced by CCD cameras (or any camera) is 

effects of camera tilt – where the camera’s chip is not 

perpendicular to the telescope’s optical axis. Many 

CCD camera measurements of asteroid and double 

star positions claim precision of 0.05"– 0.2" for a 

single exposure but in reality this is not the true 

precision.  

CCD camera positions for astrometric 

measurements rely on the determining of the centroid 

of star images via a point spread function. 

Astrometric software packages output a star position 

to typically a fraction of a pixel with star images 

ranging anywhere from 5-15 pixels in diameter and 

larger.  If the image scale is 0.5"/pixel and the 

software derives a star centroid to 0.1 pixels, then the 

resultant precision quoted would be on the order of 

0.05".  How happy a CCD observer would be seeing 

that his/her positions are accurate to 0.05"! The 

reasoning for this incorrect expectation of precision is 

described below.                      

During the CCD exposure atmospheric 

turbulence will shift the star in a random manner 

causing a blur to be recorded on the CCD camera’s 

chip. Shorter exposures have smaller star images. 

Longer exposures have larger star images as the 

random atmospheric motions accumulate on the chip. 

Longer exposures tend to average out the random 

motions into a smooth circular blur. A 15-pixel wide 

star image from a 10 second exposure doesn’t mean 

its position is accurate to 0.1 pixels (0.05" in this 

example). Figure 3 demonstrates the atmospheric 

motion alone is much larger on the order of 0.5"–1.5" 

and this is verified from video cameras recording at 

30 frames/second (fps). Atmospheric motion is also 

partially wavelength dependent. Video recordings of 

a star field have the unique ability to freeze the 

atmospheric motion based on the output frame rate of 

the camera. At 30 fps one can easily see the stars 

jumping around and/or boiling. With a dozen CCD 

exposures with star images reduced to a precision of 

1.0 pixel, a combined standard deviation of 0.2" is 

possible. The σ = 0.2" is simply an indicator of the 

average difference of the dozen measures between 

themselves which shows a good systematic accuracy. 

However one cannot get around the fact that 

atmospheric motion and seeing effects are larger. 

Despite atmospheric motion, multiple CCD 

exposures used in a solution can give excellent 

relative positions of double stars. 

 

5. Video Methods 

Video methods to measure double stars were 

introduced recently by several double star observers. 

These video methods involve stacking of the frames 

to brighten the target stars. Stacking of video frames 

also accumulates the star image motions from the 

atmosphere since stars will move slightly from one 

frame to another. A recording is made of at least one 

calibration double star with known (or calculated) 

position angle and separation. Then a video recording 

is made of the target double star. The calibration 

double would provide the scale factor ("/pixel) and 

the orientation angle with respect to the true east-

west directions. By comparing video frames of the 

target star with the calibration doubles, a position 

angle and separation can be derived. One issue here 

is the number of frames stacked. Fewer frames 

stacked will show a position that may be skewed to 

one direction from atmospheric motion.    

Double star investigators that use CCD or video 

methods to acquire their images assume that 

whatever the analysis software quotes them as the 

precision of the centroid of a pixel, then that 

translates to the accuracy of position angle and 

separation measurements. This is an incorrect 

assumption. The fact is whether images are acquired 

by exposures of several seconds (CCD cameras) or 

by stacking video frames, the resultant star images 

are the accumulation of many motions that form a 

blur on the final image. The position derived from the 

center of this blur is the average position of the sum 

total of all image motions during the 

exposure/stacking. To verify this, all one has to do is 

advance a video of a star at these high scale factors 

one frame at a time. The star image will be constantly 

moving, hopping and jumping in a random manner 

due to atmospheric motion. The images seen on video 

advancing one frame at a time will also show the 

constantly changing non-circular appearance of the 

stars (boiling effect). The constant motion and 

boiling of the star images occurs even under the best 

seeing conditions when examined at the sub arc-

second level.        

A stationary non-drifting video of a random star 

field was analyzed to demonstrate this. Figure 3 

shows the total motion of the star from a video clip.  

Over the duration of the clip, the stars moved an 

average of 1-3 pixels from one frame to the next or 

0.5" – 1.5" (scale factor was 0.54"/pixel).  

The star’s 0.5" – 1.5" average range of motion 

seen on individual video frames clearly indicates that 

regardless of the camera system used (film, CCD, 
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video) the true positional errors in this instance 

cannot be lower than 0.5" for a single exposure. 

Statistically speaking, a large number of exposures 

combined can reduce the likely rms errors by a 

certain extent but there is no getting around the 

atmospheric motion which blurs images in random 

directions. Thus the true standard deviation of a 

single CCD exposure will not be what the reduction 

software quotes unless it takes atmospheric motion 

into account. 

 

 
Figure 3. Atmospheric motion of star in arc-seconds. 
Each dot plotted is one video frame - 0.033 sec interval 
between frames. Scale factor 1 pixel = 0.54". The mean 
shift was 0.84".   

 

Anton (2014) used a CCD video camera, a 50-

cm (20-inch) telescope and a 2x barlow lens. He used 

a non-drifting video frame stacking method. He 

usually made exposures of 0.5 msec to 100 msec and 

up to 2-sec exposures under optimal seeing 

conditions. Anton obtained scale factors of 0.121" 

and 0.234"/pixel with and without a barlow lens. He 

quoted separation accuracy in his published 

measurements to ±0.02" to ±0.05" and used several 

calibration doubles for comparison. The issue here is 

that stacking the video frames also stacks the image 

motions creating a blur to some extent. The 0.02"– 

0.05" could not possibly be considered a real error of 

any given measurement, rather it is the numerical 

result of a high scale factor from a longer focal length 

telescope system. With a realistic 0.5" atmospheric 

motion Anton’s quoted standard deviations should be 

higher. 

Hitchcock (2007) described a video drift method 

that used two methods to determine the centroid of 

the primary and secondary. Monochrome brightness 

values of components were iterated a small number 

of times to zoom in on the true weighted mean point, 

which was recorded to a precision of 0.01 pixels. The 

weighted mean would be the centroid of the star. The 

second method listed brightness values of  pixels in a 

box containing both components. The brightest pixel 

value going down the list is determined to be the 

peak from the primary. Adjacent (dimmer) pixels to 

this brightest one are also assumed to be part of the 

primary star. Continuing, the first non-adjacent pixel 

is then assumed to be part of the secondary star. Pixel 

positions of the primary and secondary peaks are then 

used with the original image data to locate the 

centroid by identifying the mean from within one 

sigma of the peak. 

Hitchcock’s video method required calibration 

pairs measured at the beginning and at the end of an 

observing session. Thus any camera movement 

during the session will affect the results. For usable 

frames across the field of view, the position data for 

both the primary and secondary are analyzed using a 

least squares linear regression, and the average of the 

values is taken as the east west line. The position 

angle is then calculated relative to this east–west line. 

As with other video investigators, atmospheric 

motion has been ignored in the computation of 

standard errors of measurement. 

 

6. Video Drift Method 

The video drift method introduced by Nugent et 

al. (2011) uses a totally different approach toward 

measuring double stars. As the double star 

components drift across the field of view (FOV) 

during the video, this method will analyze thousands 

of (x,y) positions of the double star components and 

provide an accurate separation and position angle.   

The principle of this method is as follows: The 

double star components will drift in the east-west 

direction from one side of the FOV to the other side 

with the telescope’s motor drive turned off. No other 

stars need to be visible on the video except for the 

double star components.  

       Standard (x,y) coordinates for each 

component for each video frame are output from the 

freeware program, Limovie (Miyashita 2006). 

Limovie was written primarily to measure the 

changes in light levels for occultation videos. This 

(x,y) position output feature from Limovie was 

overlooked by its author Miyashita and the 

occultation community yet recognized by one of us 

(author RLN) as a potential new method to measure 

double stars. At the video recording rate of 30 fps of 

most digital video recorders (DVR’s), a 30-second 

video drift will produce 900 (x,y) positions for 

determining the position angle and separation, and a 

70-second video drift will produce nearly 2,100 (x,y) 

positions.       

On reducing the video using Limovie, the user 

will place circular apertures over the primary and 

secondary star at the start of the drift. As the pair 

http://www005.upp.so-net.ne.jp/k_miyash/occ02/limovie_en.html


 

113 

 

drifts, these apertures will follow the stars and 

generate (x,y) coordinates plus brightness information 

on the star and background for each video frame (see 

Figure 4). This data is then output automatically to a 

CSV (comma separated value) Excel file. This CSV 

file is then input into an Excel program VidPro 

(written by author RLN) for immediate PA, 

separation plus statistical results. Limovie will 

analyze frames at any frame rate fed into it. For most 

video cameras this will be 0.033 sec incremental rate 

for 29.97 fps National Television System Committee 

(NTSC) videos and 0.04 sec increments for 25 fps 

Phase Alternating Line (PAL) format videos. 

The scale factor is computed automatically from 

the frame rate and the drift’s duration. For DVRs 

with unknown frame recording rates, scale factors are 

derived using the GPS times from the endpoints of 

the drift. All scale factor calculations take into 

account the component’s declination. 

                        

Figure 4. Screen shot of Limovie program.  “1” marks the current (x,y) coordinates in pixels of the blue circular 
aperture of the primary star. “Data to be sent to CSV file” is the data for export to a comma seperated value file which 
contains brightness information and the (x,y) coordinates for each video frame for later analysis. The double star 
components drift from left (east) to right (west). 

The Excel program, VidPro, computes position 

angle, separation, scale factor and other statistical 

quantities automatically with just a few mouse clicks. 

The user only need input the date, Washington 

Double Star Catalog data (a single line copy) and the 

CSV file output from Limovie. 

This video drift technique is much simpler to 

utilize than previous video stacking methods and 

CCD camera methods and has the following 

advantages: 

 Only the components of the double star need to 

be measured for (x,y) position (which is done 

automatically by Limovie as the stars drift). No 

other stars need to be measured.  

 Each video frame is analyzed and a position 

angle and separation derived which is later 

averaged. Thus this is not a video stacking 

method where the user must spend large amounts 

of time choosing good/bad frames.  

 The reduction program, VidPro, automatically 

computes the scale factor to ±0.03". Also 

computed is the drift angle (angle offset of the 

camera’s chip from true east-west) from the 

dataset to an accuracy of ±0.02° using the method 

of least squares from all (x,y) coordinates.   

 This method is not a CCD astrometry method, 

since no RA and DEC positions are calculated for 
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the components from a star catalogue hence no 

reference frame bias.   

 There is no classical least squares CCD image 

(plate) adjustment performed, thus no star 

catalogue is required either, as no reference star 

positions are needed. 

 No dark, flat field frames are needed as in a CCD 

camera exposure. 

 No calibration doubles are needed as used in 

other video methods. Each drift is completely 

self-calibrating (for a one time equipment 

calibration, see Nugent et al. 2014). 

 Determining primary and secondary components 

is done by the software automatically based on 

brightness values averaged from all video frames. 

 Anytime during an observing session, the video 

camera can be moved or have a barlow 

lens/extension tubes added/removed, since each 

video is self-calibrating. 

 Drifting videos allow the user to see the effect of 

atmospheric motion and seeing effects on the star 

images. 
 

The minimum separation we have resolved is 3.6 

arc seconds. The minimum separation that can be 

resolved is highly dependent on the focal length of the 

telescope, use of barlow lens, seeing conditions and 

video system. If the telescope/video camera can 

discern closer separations, then they should be able to 

be resolved with the program Limovie as long as the 

star images are distinct and not merged. The authors 

have developed ways to use Limovie to measure 

components that are partially merged. Background 

noise and atmospheric turbulence becomes an issue 

when resolving close doubles.  Experience shows that 

the method can handle double star systems that have a 

3-4 magnitude difference. Larger magnitude 

differences (6-8 mag) have been measured provided 

there is ample separation of the components >20". 

The basic rule of thumb in choosing systems to 

analyze, is that if you can’t resolve the components on 

the video monitor, then they cannot be resolved by the 

software.   

Limovie determines the centroid of the star image 

for each video frame. Saturation of star images 

doesn’t affect Limovie’s calculation of centroids. 

Wasson (2014) incorrectly stated that Limovie used 

the brightest pixel to determine the star image 

centroid. Limovie examines the value of each pixel in 

the circular aperture, before doing photometry. Any 

pixel with a value of at least 50% of the maximum 

value is assumed to be part of the star image, and the 

center of gravity of the pixels is recorded as a center 

of the star. Limovie outputs (x,y) values to the nearest 

pixel.   

The video drift method and reduction technique 

cannot eliminate the atmospheric motion of the star 

images, rather it reveals it. Every video frame (0.033 

second for our cameras) the drift method computes a 

new PA and separation based on incremental changes 

of the (x,y) positions due to atmospheric fluctuations 

and the drift. The standard deviations for position 

angle/separation thus derived reflect the realistic 

errors in position of the components. With a CCD 

exposure, the true standard deviations are hidden in 

the resultant blur that forms the image of the star.    

 

7. Equipment Used 

      The author’s primary instrument for 

measuring double stars is the Meade 14-inch LX-200 

f/10 SCT classic and 14-inch LX-200 ACF. Author 

Iverson uses a StellaCam 3 video camera with limited 

integration (exposures < 0.132 sec) for stars m = +12 

and brighter. A modified integration method is used 

with the StellaCam 3 to reach doubles to m = +16 

(Iverson et al. 2015). Author Nugent uses a Collins I
3 

image intensifier and routinely reaches m = +14, +15 

from his dark sky observatory in west Texas. Scale 

factors averaged 0.6"/pixel on the celestial equator 

and change slightly with declination.    

Table 1 lists 24 double star systems measured 

from the video drift method. 
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    Object Designation 

     

PA° 

 std. 

dev. Sep" 

  std. 

dev. Date 

 (x,y) 

pairs 

                

Mag    

Pri 

 Mag 

Sec Drifts Nights 

05381-0011 S   493AE     262.8 0.05 138.3 0.12 2015.052 3793     7.96  8.67 8 1 

05381-0011 STF 758AC     87.3 0.13 51.3 0.11 2015.052 5210 7.96 8.69 8 1 

05381-0011 STF 758AD     79.4 0.16 41.9 0.11 2015.050 5163 7.96 8.52 8 1 

05381-0011 STF 758CD     297.9 0.54 11.4 0.10 2015.050 5678 8.69 8.52 8 1 

05386-0233 STF 761AB     202.8 0.11 67.7 0.16 2015.121 5775  7.86  8.39 8 1 

05386-0233 STF 761AC     209.0 0.11 71.7 0.17 2015.120 5688 7.86 8.55 8 1 

05386-0233 STF 761AD     307.8 0.26 32.4 0.16 2015.121 5739  7.86 11.85 8 3 

05386-0233 STF 761BC     268.9 0.47 8.6 0.12 2015.121 6083  8.39  8.55 8 1 

05387-0236 STF 762AB,D   85.8 0.49 12.9 0.12 2015.121 5990  3.76  6.56 8 1 

05387-0236 STF 762AB,E   62.4 0.17 41.2 0.14 2015.121 5634  3.76  6.34 8 1 

06233+0353 BAL2165       61.1 0.39 14.4 0.11 2015.052 5884 10.49 11.1  8 1 

06313+0450 BAL2666AB     336.5 0.66 10.2 0.10 2015.052 6025  8.26 10.8  8 1 

07065+0833 XMI  40AB     257.2 0.42 20.0 0.15 2015.121 5899  9.51 11.26 8 2 

07065+0833 XMI  40BC     171.4 0.45 18.0 0.14 2015.121 6137 11.26  9.55 8 2 

07221-0402 HJ  419       40.4 0.76 7.9 0.11 2015.181 6134  9.26 10.51 8 3 

07240-0359 STF1084       284.4 0.42 14.8 0.11 2015.181 5860  7.20 10.00 8 3 

07274+0845 STF1095       77.7 0.59 10.3 0.11 2015.121 6134  8.61  9.35 8 2 

07416+0912 SCJ   7       347.6 0.32 28.2 0.16 2015.121 2414  8.50 10.46 8 3 

08054-0350 HJ   79       63.1 0.49 12.6 0.12 2015.118 5507  9.6   9.7  8 3 

08508-0510 J  1534       119.8 1.32 8.5 0.22 2015.134 2956 12.35 12.45 4 3 

09182-0036 HJ  126       32.9 0.23 30.0 0.13 2015.181 5866  8.49 10.03 8 2 

10361+1137 BIG   1       330.5 0.12 59.8 0.14 2015.118 5814  7.40  9.67 8 2 

10470+1302 STF1472       37.3 0.20 43.1 0.15 2015.118 2946  8.50  9.51 4 2 

10496+1256 STF1477       274.9 0.53 17.5 0.16 2015.118 3031  9.44  9.69 4 2 

 

Table 1. Results of 24 double stars measured using the video drift method. 

 

8. Discussion and Summary 

The Earth’s constantly fluctuating atmosphere is 

a significant contribution to the observed standard 

deviations (σ’s) using the video drift method. Every 

0.033 second the video drift method computes a new 

PA and separation based on incremental changes of 

(x,y) positions due to atmospheric fluctuations and 

the drift. Thus our σ’s are largely a measure of the 

steadiness of the atmosphere. The video drift method 

accumulates 30 (x,y) measurements each second for 

each star. The final PA and separation are averages of 

all values for all frames during the drift. An unsteady 

atmosphere will cause more fluctuations, while a 

steady atmosphere will have less fluctuations and 

hence smaller σ’s. 

With a CCD exposure, the star images are the 

accumulated total of all seeing disk motion caused by 

atmospheric fluctuations. The σ’s would vary 

dependent on the algorithm used for determining the 

centroid of the central pixel of a single star image. 

For multiple CCD images that are averaged, the σ’s 

for PA and SEP would be proportional to (1/N)
½
, N 

being the number of CCD images exposed and 

measured. On the surface, the CCD method might 

appear to be more accurate with its lower standard 

deviations. In reality, CCD images have concealed 

the atmospheric motion that the video drift method 

has identified and measured. 

The standard deviations (σ’s) of the PA and 

separations from the video drift method are larger 

than those obtained by video stacking and CCD 

methods. As previously mentioned the σ’s from the 

video drift method are largely a measure of the 

steadiness of the atmosphere. CCD measuring 

methods determine the centroid of the central pixel of 

a single star image and do not take into account 

atmospheric motion. With the large unprecedented 

number of data points generated by the video drift 
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method, it provides consistently good results and we 

believe high systematic accuracy. 

The video drift technique has been shown to be a 

useful independent method for measuring double 

stars. 
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Abstract 

The usefulness of a common CCTV video camera for measuring the position angle and separation of a double 
star is limited by the camera sensitivity and telescope aperture.  The video drift method is enhanced by using an 
integrating camera but frame integrations longer than 0.132 seconds (4 frames) are impractical.  This is due to 
the target stars elongating (streaking) and moving in incremental steps.  A simple modification to the Video Drift 
Method and corresponding VidPro analysis program significantly increases the magnitude at which double stars 
can be measured.   Double stars down to magnitude +16 have been measured with a 14-inch (35.6-cm) 
telescope using this method compared to magnitude +12 using the original video drift method under comparable 
seeing conditions.    

1. Introduction 

     A variety of methods have been developed 

since the late 1700’s  to measure the position angle 

and separation of optical and gravitationally bound 

double star systems. With the advent of the CCD 

imaging camera the measurement of double stars has 

become significantly easier and less time consuming.  

Early attempts to use video cameras (including web 

cams) incorporated the techniques used with more 

conventional CCD cameras.  Typically a series of 

video frames were captured and then treated as 

individual images.  They were stacked and combined 

into a single image for measurement with one of the 

available astrometry software programs.  Stacking 

multiple images decreased the background noise and 

intensifies the target star image.  Stacking also 

broadens the image as the star position is averaged 

with the addition of successive frames.  This results 

in dim stars becoming more easily seen and therefore 

readably measurable. This classical approach works 

but was time consuming. 

     In 2011 we introduced a new video drift 

method (Nugent et al., 2011) for measuring double 

stars with a common CCTV video camera.  This 

method is fast and works well for brighter double star 

systems but suffers when the primary and secondary 

stars are too close together (< 5 arc seconds without 

using a Barlow lens).  A more important limitation is 

the sensitivity of the video camera.  Local sky 

conditions also play a major role in determining how 

deep the optical system can reach.  Author EI at his 

east Texas observatory frequently experiences night 

time skies with high humidity and poor to average 

seeing conditions.  His 14-inch (35.6-cm) Schmidt-

Cassegrain telescope (SCT) can reach magnitude +11 

on an average night and magnitude +12 on a good 

night.  Author RN’s 14-inch SCT is located in west 

Texas under dryer, darker, and more stable seeing 

conditions.  He can see to magnitude +15 using an 

image intensifier and a non integrating camera. Due 

to this limitation many double star systems have been 

beyond the reach of our telescopes. 

     One of the major advantages in using the 

video drift method is that it is self calibrating and 

does not rely on calibration doubles.  The plate scale, 

or linear distance calibration, is determined based on, 

for all practical purposes, on the constant rotation of 

the earth at 15.041068 arc-seconds per second.  It is 

not necessary to have any other reference stars in the 

field-of-view (FOV).  The drift angle or the angular 

offset of the camera’s pixel array from the true east-

west direction is automatically corrected.  Another 

advantage is that all calculations are preformed with 

a minimum of human intervention further reducing 

the chance for errors. 

mailto:ewiverson@consolidated.net
mailto:RNugent@wt.net
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      While investigating the properties of the 

Reduc double star analysis program (Losse, 2011) 

and the combined Reduc/VidPro methodology used 

by Wasson (2014), it was realized that a simple 

change to the video drift method and corresponding 

changes to the associated VidPro double star analysis 

program (Nugent, 2010) would significantly increase 

the magnitude at which double stars could be 

measured with an integrating CCTV video camera 

(Iverson et al., 2015).  This meant that in addition to 

collecting the normal drift data, with the telescope 

motor off, a segment of video should be recorded 

with the telescope motor tracking the night sky.  

During this “tracking” phase the integration level and 

gain of the camera is adjusted so that faint secondary 

stars are clearly visible.  Several conventional drifts 

are still needed by the VidPro program to calculate 

plate scale and drift angle.  The VidPro program also 

needed a change allowing the plate scale and drift 

angle values to be manually added to the spread 

sheet. 

 

2. Methods 

In this study we used our respective equatorial 

mounted 14-inch (35-cm) Schmidt-Cassegrain 

telescopes and respective video recording equipment 

as described in our previous papers (Nugent et al., 

2011 – 2015). Both of the 14-inch (35.6-cm) 

Schmidt-Cassegrain optical tubes are fitted with a 

cooled version of the Stella Cam III video camera 

(equivalent to the Watec 120N+).  With integration 

turned off, this camera outputs a new frame 30 times 

per second.  With integration turned on, and as the 

camera is stepped through successively higher 

integration levels, each step results in doubling the 

exposure time. Selectable integration levels range 

from 0.066 seconds (2 frames) to 8.54 seconds (256 

frames).  The camera is also capable of user timed 

exposure periods that can exceed the preset 8.54 

second limit.  This feature was not used.   

At the beginning of an observing session, the 

video camera’s chip is adjusted parallel to the 

approximate true east west direction by trial and error 

rotation of the camera while watching stars drift 

across the top of the monitor.  Once aligned the 

camera alignment was not changed.  Setting the 

camera to a drift angle greater than 5 degrees is not 

recommended. 

 

2.1 Data Collection 

The modified video drift method requires 

recording short video clips when the telescope is both 

tracking the double star (motor drive on) and when 

the double star is allowed to drift (motor drive off) 

across the FOV.  The procedure for recording the 

necessary video is as follows: 

 

1. Locate the target double star and center it in 

the video camera’s FOV.  The telescope is tracking 

the night sky. 

 

2. Choose a camera integration level and gain 

setting so that the secondary star is visible but not 

saturated if possible.  Saturating the primary star is 

often unavoidable, but this does not seem to be a 

problem as long as the secondary star doesn’t merge 

with the primary. 

 

3. With the telescope motor drive on, record up 

to 2.75 minutes of video.  Longer video recordings 

will need to be broken up during the data reduction 

phase into multiple CSV files using the free ware 

program Limovie (Miyashita, 2006).  VidPro, the 

video data reduction program, has a 5000 frame limit.   

 

4. Next adjust the integration time to less than 

0.132 seconds (4 frames).  If possible, do not use any 

integration.  Slew the telescope over to the nearest 

bright star that closely matches the target stars 

declination (see below).  If the primary star is visible 

then use it. 

5. Resume recording and position this star at 

the eastern edge of the FOV.  Turn the telescope 

motor drive off and allow this star to drift across the 

entire FOV.  Repeat this east to west drift at least 3 to 

4 times. 

 

By recording a bright star drifting across the 

FOV, the video drift method and modified video drift 

method avoids using calibration doubles (also known 

as reference or standard doubles) that some 

investigators rely on.  Calibration double’s are 

believed to have stable position angles and 

separations over long periods thus they provide a 

reference coordinate system frame for making new 

position angle and separation measurements for new 

targets.  Faster moving calibration doubles are used 

by applying orbital elements to calculate the position 

angle and separation at the date of the observation.  If 

the calibration double position angle and separation 

have not been updated or have errors, then these 

errors will propagate into the new measurements.  

The modified video drift method is completely self 

calibrating so calibration/ reference doubles are not 

needed. 
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2.2 Data Reduction 

The captured video is analyzed in two stages.  In 

the first stage the drift angle and plate scale are 

determined using Limovie and the original VidPro 

program.  The procedure is the same as described in 

our previous papers (Nugent et al., 2011 – 2015) with 

one exception.  In this case both aperture rings 

(primary star and secondary star) are placed over the 

drifting star.  Since only a single star is being 

measured, the position angle and separation results 

reported by VidPro are meaningless and can be 

ignored.  The plate scale measurement and drift angle 

measurement are valid and should be averaged with 

several additional drifts.  The averaged results are 

manually entered into a second copy of VidPro.  On 

the second sheet of the VidPro Excel program enter 

the previously obtained drift angle into cell C9 (see 

Figure 1).   The plate scale is inserted into cells C13 

and E13 and save the changes. 

The second step begins with Limovie creating 

one or more CVS files from the video clip where the 

telescope is tracking the target star.  In this case, 

since there is a primary and a secondary star, an 

aperture ring is placed over each star.   Recall that the 

target double star was not drifting so the aperture 

rings will remain more or less stationary.  The stars 

may move slightly depending on the telescope 

balance, the telescope mounts ability to track the 

night sky, and/or accuracy of the polar alignment.  

This slight movement does not affect the results since 

both stars are moving in the same direction with the 

same displacement. 

The CSV file created contains the (x,y) 

coordinates for the centroid of each star covered by 

an aperture ring in each video frame.  Remember the 

CSV file size should be limited to less than 5000 

frames or about 2.75 minutes of raw video.  This file 

is manually copied into the second copy of VidPro 

containing the saved plate scale and drift angle 

information.  The file is easily moved using the 

Windows copy/paste feature.   The current 

Washington Double Star Catalog (WDS) star position 

angle and separation values also need to be copied 

from the WDS on line catalogue into VidPro.  This is 

a one line copy/paste procedure. Once VidPro has all 

4 inputs (scale factor, drift angle, WDS parameters, 

and the CSV file, it automatically calculates the 

position angle, separation, and standard deviations. 

 

 
 
Figure 1.  The VidPro Excel spread sheet, screen shot of 
the second page upper left hand corner.  See the text for 
details. 

 

This method takes a bit longer than the original 

drift method due to the extra time needed to make 

and analyze the tracking video.  Note that the level of 

integration used will significantly influence the 

amount of tracking data that needs to be recorded and 

analyzed.  As integration time increases, fewer new 

images are available in a given time interval.  A 

camera integrating at sixteen frames outputs a new 

image approximately every 0.5 seconds at the NTSC 

video frame rate.  At 128 frames, a new image will be 

output approximately every 4.2 seconds.  Duplicate 

images are output by the camera until the next new 

image is created.  These duplicate images 

unfortunately create a larger file but they do not 

affect the final result. 

 Ordinary drifts scans are essential for VidPro to 

determine the plate scale (or scale factor) and the 

drift angle.  If the primary star is too dim to be 

measured by Limovie, a replacement star should be 

selected that has a declination close to the primary 

star’s declination.  From equation 1, we see that the 

cosine of the declination is used in determining the 

scale factor  (Nugent et al., 2011). 

 

   (1) 

 

xB,  yB,  xE,  and yE are the beginning and endpoint of 

the drift and “dec” is the declination of the primary 

star or it’s substitute.  “drifttime”, in seconds, is 

defined by the number of frames (x,y pairs) divided 

by the camera frame rate.  The National Television 

Standards Committee (NTSC) frame rate is 29.97 
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frames per second which we round to 30 for 

convenience. 

In cases where several tracking video clips were 

measured, the respective position angle and 

separation values were merged using weighted 

averaging (Nugent et al., 2013).   In general we tried 

to measure two tracking video clips for each double 

but in some cases it was necessary to cut video into 

multiple, shorter segments to avoid sections of 

unusable data.  A simple mathematical average is 

used to combine the respective plate scale and drift 

angle measurements from multiple drifts.  All 

references to stellar magnitudes have been copied 

from the online Washington Double Star summary 

catalogue. 

 

 

2.3 AviSynth Script 

If the primary and secondary stars are bright 

enough, no further enhancement is needed for 

Limovie to measure the coordinate positions.  This is 

usually not the case when the secondary star is dim.  

Additional control over the apparent brightness can 

be achieved by incorporating the AviSynth “Level” 

filter (see http://avisynth.nl/index.php/Levels for a 

complete description) in the script file used by 

Limovie to open the data.  An example script file is 

given in Figure 2.  This filter can be used to 

effectively adjust the brightness, contrast, and gamma 

of the video clip.   

 

 
 
Figure 2.  The AviSynth script used to define the aspect 
ratio and set the image brightness.  See Nugent et al., 
2015 for an explanation why the aspect ratio needs a 
onetime adjustment to fit the observed night sky for 
each hardware system. 

 

The syntax is:    

 

                Levels(IL,G, IH, OL, OH, coring)  

 

IL is the input pixel value that will be set to black and 

IH is input pixel value that will be set to white.  

Gamma (G) controls the degree of nonlinearity in the 

conversion and should be set to 1 for black and white 

cameras.  Making gamma less than 1 will brighten 

dim stars but it also has the negative effect of 

increasing the background noise.  OL is the output 

pixel value that will be set to black and OH is the 

output pixel value that will be set to white.  

Increasing the input-low parameter (IL) effectively 

raises the noise floor and increases contrast.  This 

reduces the amount of noise seen in the Limovie 3D 

window.  Settings up to 30 were common in our 

analysis.  The input-high parameter (IH) essentially 

acts as an inverse gain control. As the value 

decreases from 255, fainter star images become 

brighter and therefore easier for Limovie to follow.  

Setting as low as 50 were used.  Changing the output 

pixel settings reduces the dynamic gray scale range 

of the image and should be avoided.  “Coring” should 

not be changed. 

 

2.4 Measurement Accuracy  

Determining the accuracy of a new position 

angle or separation measurement is a difficult task 

best accomplished by comparing the measurement to 

previous published results and measurement 

techniques.  We find simple, linear plots of the 

position angle and separation measurements from the 

WDS historical data base vs. the epoch of 

observation useful in assessing measurement 

accuracy.  These plots show the direction of 

movement and the degree of variance between 

previous measurements.   Measurements, both past 

and present, with a significant error component are 

easily identified. Unfortunately, this is not an exact 

method with clear decision points but it is a quick 

evaluation tool. 

Occasionally, very high Least Squares 

Correlation Coefficients are observed (Figures 3 and 

4).  If both the position angle and separation have 

high correlation coefficients, the double star is likely 

an optical pair represented by the chance alignment 

of unrelated stars.  It is also possible that a double 

star can have an alignment that is suggestive of linear 

motion.  In other cases the plotted data just seems to 

be a random scattering of data points without a clear 

trend.  This can be caused by improperly scaling the 

plot but more likely it is the result of orbital motion.  

In these cases this method is not very useful for error 

checking.  It follows that a well studied system with 

many data points creates a higher level of confidence 

than a system with just a few previous measurements.   

 

http://avisynth.nl/index.php/Levels
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3. Results 

Table 1 lists new position angle and separation 

measurements for 25 double stars measured with the 

modified video drift method.  Four of these double 

stars have secondary components brighter than 

magnitude +12. They are included simply for 

completeness.  They represent part of a multiple star 

system containing a dimmer double star that was 

measured and included in Table 1.  It is useful to note 

that for one of these doubles (WDS 08246+1341 STF 

1221AB) the separation was measured at 4.9 arc 

seconds.  This is representative of the minimum 

separation measurable with the modified video drift 

method without using a Barlow lens.  

The remaining 21 double stars have a companion 

star with a magnitude of +12 or dimmer.  The 

dimmest double star measured was WDS 

08069+1320 GWP 974 with a primary/secondary 

magnitude of +13.2/+16.4.  Inspection of the WDS 

historical data base revealed that a majority of the 

double stars in Table 1 were measured about 15 years 

ago.  In almost every case, the last two measurements 

were derived from the 2MASS and then the UCAC4 

catalogues.  Exceptions included 2 doubles measured 

by the Wide-field Infrared Survey Explorer (WISE) 

satellite, and 1 double measured using a CCD 

camera.  It was also noted the most frequently 

measured double has only 12 previous measurements.  

The average number of historical measurements is 

just 4.2.  Clearly additional measurements are 

needed. 

The position angle and separation standard 

deviations calculated by VidPro for the 25 binary 

stars fall within the expected range (Figure 5) based 

on our previous work (Iverson et al., 2015).  Five 

double stars appear to have a high position angle 

standard deviation (σ > 1).  This is an expected 

mathematical result related to their close separations 

(see Nugent et al., 2012 for an explanation).  The 

equivalent separation standard deviations are less 

than 0.36 arc seconds. 

 

 
Figure 3.  Magnitude  +14.0 double WDS08246 +1341  
STF 1221AC, blue diamonds represent plotted position 
angle measurements from the Washington Double Star 
catalogue historical data base  and the orange square is 
the current measurement.  Least Squares Correlation 
Coefficient is 0.99. 

 

 
Figure 4.  Magnitude +14.0 double WDS08246+1341 STF 
1221AC.  Blue diamond’s represent plotted separation 
measurements from the Washington Double Star 
catalogue historical data base and the orange square is 
the current measurement.  Least Squares Correlation 
Coefficient is 0.97. 
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Figure 5.  The position angle and separation standard 
deviations from Table 1 (square) are compared to Table 
2 (diamond) from Iverson et al., 2015. 

 

In general the derived position angle and 

separation measurements agreed well with the 

catalogue measurements.  The average position angle 

variance from the last measurement (generally 

UCAC4 catalogue) was 0.7 degrees.  This included 6 

measurements with more than a one degree variance.  

Trend analysis suggested that in all but one case this 

variance could be explained by the movement of the 

star.  The binary system WDS 06320+3432 GIC 

63AB has a larger than expected position angle 

deviation (Figure 6).  The current measurement is 

located well   below the trend line and the cluster of 

recent historical measurements suggesting that it has 

an error component.  The measured separation for 

GIC 63AB is close to the average variance. 

     The average separation for the 25 double stars in 

Table 1 varied from the last historical measurement 

by 0.45 arc seconds.  Three double stars had more 

than a one arc second variance.  In 2 cases the trend 

line analysis suggested this variance could be 

explained by the stars motion.   

     The current separation measurement for WDS 

07375-0202 HO 244AC plotted with a noticeable 

separation from the linear trend line and the cluster of 

recent historical measurements (Figure 7). As before 

this is suggestive of a possible error component.  The 

trend line analysis for the position angle 

measurement is very close to the previous 

measurement and appears related to stellar 

movement.  

 
 

 
Figure 6. WDS 06320+3432 GIC 63AB position angle 
measurements.  Blue diamonds represent historical 
measurements and the orange square is the current 
measurement.  The green triangles are historical 
measurements obviously in error that were excluded 
from the trend line.   
 
 
 
 

Figure 7.  WDS 07375-0202 HO 244AC separation 
measurements.  Blue diamonds represent historical 
measurements and the orange square represent the 
current measurement. 
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Figure 8.  WDS 08069+1320 GWP 974 separation 
measurement. Blue diamonds represent historical 
measurements and the orange square represent the 
current measurement.   

 

     The variance for WDS 08069 +1320 GWP 974 

from the UCAC 4 catalogue measurement is 0.9 arc 

seconds.  The separation measurement (Figure 8) is 

also noticeably below the trend line.  Even though 

this measurement is reasonably close to the historical 

measurement its placement on the graph seems out of 

place and therefore it is called into question.  The 

position angle measurement for GWP 974 is within 

reasonable limits. 

 

4. Conclusions 

The video drift method is an easy, efficient 

method to measure the position angle and separation 

of a double star with a common integrating CCTV 

video camera. Camera sensitivity has been a serious 

limitation governing how deep the camera can see 

into the night sky.  Using an integrating camera 

helped the original video drift method some, but there 

are physical limits on the amount of integration that 

can be used.  As a result, author EI was unable to 

reach double stars beyond about magnitude +12. 

Table 1 clearly demonstrates that the modified video 

drift method solves this problem, allowing double 

stars to be measured down to at least magnitude +16.  

This represents a 4 magnitude increase in depth that 

author EI can reach with his telescope. This means 

that many neglected double stars systems, previously 

unreachable, can now be measured.   
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Table 1.  Twenty five double stars measured with the 

modified video drift method. 
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Abstract 

In this paper, the motivation, history, mechanism of operation, and practical usage of shaped aperture masks are 
discussed in the context of binary star observation and discovery. 

1. Introduction 

Binary star systems are important subjects for 

astronomical study. Records of star separations and 

position angles, taken over a number of years, allow 

us to establish orbits and calculate the dynamical 

mass of binary systems via Kepler’s Third Law. The 

dynamical mass, when coupled with other 

information, yields the mass of each constituent star, 

the single most sensitive parameter affecting stellar 

evolution. In close pairs with a large brightness 

difference, the light from the brighter star often 

overwhelms the light from the dimmer star. The faint 

stars are thus difficult to isolate, and so they are 

relatively under-observed. 

Many of these overlooked stars are late-M stars, 

which are cool, faint, and red (see Figure 1). The 

charge-coupled device (CCD) cameras used to 

observe these stars have low sensitivities at red 

wavelengths where late-M stars radiate the most 

energy, further exacerbating the problem (see Figure 

2). Recent adaptive optics (AO) observations of late-

M stars showed that some mass estimates were off by 

a whopping factor of two or more (Dupuy et al. 

2010). With accurate speckle observations and orbital 

analyses of a larger number of short-period binaries 

with late-M secondaries, we can refine our stellar 

evolutionary models and strengthen the conclusions 

we draw from them. First, however, we must 

discover these stars! 

Shaped aperture masks and shaped pupil masks 

are innovative solutions to the double-star, large-

delta-magnitude problem, and have been used 

successfully in practice (Debes et al. 2002, Debes and 

Ge 2004, Daley 2014). The masks’ strategically-

shaped contours diffract light in such a way that the 

light destructively interferes with itself in prescribed 

image regions. These regions, known as discovery 

zones, provide exceptional contrast. Astronomers can 

use this contrast to their advantage: if a telescope is 

centered on the primary star of a double-star system, 

the light from the bright primary will disperse about 

the image, leaving the discovery zones largely 

unaffected and facilitating the detection of any faint 

companion stars therein. 
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Figure 1. The Hertzsprung–Russell diagram 
(Encyclopædia Brittanica). We are most interested in the 
late-M secondary stars that appear in the lower-right of 
the diagram. 

 
Figure 2.  A typical spectrum of an M0 star (top) 
compared to a typical CCD sensitivity profile (bottom) 
(“Andor Luca-S 658M Specifications”; Richmond 2011). 
This star has significant energy output at wavelengths 
longer than 800 nm. The camera’s sensitivity is low in 
this range, though the camera can still detect infrared 
light. 

Modern pupil masks are proposed for use in 

exoplanet discovery and observation because of the 

extremely high contrast requirements of this area of 

research. Host stars can outshine hot Jupiters by 

factors exceeding 106 and Neptunes by factors 

around 109 (Kasdin 2014). Consequently, aperture 

masks must be designed with great care and 

machined precisely to allow such observations to take 

place. The inherently high contrast ratio requirements 

surrounding exoplanet study are an expensive barrier 

to entry. Luckily for smaller observatories, there is a 

considerable amount of science that can be performed 

on binary stars at more modest contrast ratios closer 

to 103—ratios that may be possible to attain without 

specialty equipment. Further, small, ground-based 

telescopes have easily accessible apertures near 

which a mask can be placed, as opposed to larger 

telescopes with available pupils further down the 

optical path. The terms shaped aperture mask and 

shaped pupil mask imply different placements, but 

the masks’ functions are identical. 

Speckle interferometry can be used with shaped 

masks to resolve regions within the atmospheric 

seeing limit; thus, these masks are theoretically 

capable of distinguishing stars that simultaneously 

have large delta magnitudes and small angular 

separations. There is much to learn from binary stars 

with magnitude differences between 3.0 and 8.0 and 

angular separations near the seeing limit (less than a 

few arc seconds). Shaped masks may enable small 

observatories to study stars meeting these criteria. 

For the same distance from Earth, more closely 

spaced binaries have shorter-period orbits, meaning 

star motion can be tracked over a shorter timeframe 

to arrive at meaningful orbits and mass estimates. 

Adaptive optics systems can be used in large 

observatories to replace the speckle process, but the 

system’s higher cost is not a realistic investment for 

some astronomers. 

The shaped masks that can be readily 

manufactured have azimuthally-limited discovery 

zones. This is not an issue during observation where 

the approximate position of the secondary star is 

known, but when it is not—as in the case of binary 

star discovery—one must repeatedly rotate the mask 

to survey the primary star’s surroundings. For 

example, if a symmetric mask has 20 degrees of 

visibility on each side, it has a 40-degree discovery 

window and must be positioned in at least nine 

different orientations to completely scan the 360-

degree neighborhood of a primary star. In practice, 

each new discovery zone should slightly overlap the 

previous to avoid problems when the secondary 

happens to fall on a discovery zone border. Manual 

realignments would be slow and tedious, making the 
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rotation of shaped masks an ideal target for 

automation. 

 

2. Other approaches 

While we concentrate in this paper on the use of 

shaped aperture masks to disperse the light from the 

bright primary star away from a discovery zone for 

secondary stars, there are other approaches that have 

been or could be taken to observe close binary stars 

with large delta magnitudes.  Below we discuss 

occulting bars, photometric systems, and Lyot stops. 

 

2.1 Occulting Bars 

One simple method of shielding dimmer stars 

from brighter companions is to use an occulting bar 

(or “dot”). Occulting bars are strips of highly-

attenuating or opaque material placed at the focal 

plane. When this strip is aligned with the brighter star 

in the image, that star’s light is diminished or blocked 

entirely within the region covered by the strip. See 

Figure 3 for an example. 

 

 
Figure 3. Aluminum foil occulting bar applied to an 
eyepiece (Sinnott and Ashford 2005). 

The construction of occulting bars needs not be 

precision science: hobbyists on online forums have 

used aluminum foil, toothpicks, wire, and other 

readily-available materials to good effect. The goal is 

to produce a crisp edge in the image, but this can be 

difficult to obtain when the occulting material has 

rough edges or is placed away from the plane of 

focus (Sinnot and Ashford 2005). Securing these 

materials without damage to the telescope optics can 

be a daunting task (Daley 2014). 

The simple construction and operational 

principle of occulting bars are attractive, but the 

occulting method becomes ineffective when applied 

to close binaries. Because the strip attenuates only the 

most direct light but does nothing about halos from 

bright stars, light from dim secondaries can still be 

overwhelmed, even when the telescope is perfectly 

aligned. Worse, the jitter of atmospheric seeing 

prevents continuous perfect alignment: depending on 

the arrangement of the visual cell artifacts at any 

moment, primary light may escape the occulted 

region or secondary light may enter it. 

Shaped masks do not have this problem because 

they have the power of spatial convolution on their 

side. As explained further in the “Shaped aperture 

masks” section, the diffraction patterns caused by 

telescope apertures will appear locally at each point 

of light. Effectively, shaped masks perform their 

function without regard to light position. Occulting 

bars, on the other hand, are highly sensitive to light 

position. 

 

2.2 Photometric systems 

Photometric systems employ filters that transmit 

light over only a particular range of wavelengths. For 

example, a filter designed to exclusively transmit 

infrared light would attenuate or remove shorter-

wavelength visible light. The transmission profile of 

this filter would resemble that of Figure 4. This filter 

would allow better visibility for secondary stars 

emitting light at longer wavelengths if they are 

coupled with primary stars emitting light at shorter 

wavelengths. 

Infrared-pass filters remove a significant portion 

of the light at the wavelengths that CCD cameras are 

most sensitive (see Figure 5); thus, while the filters 

are effective at emphasizing red stars over blue stars, 

the amount of usable light is reduced dramatically. 

The combined effect of the infrared filter of Figure 4 

and CCD sensitivity profile of Figure 5 is shown in 

Figure 6 for two stars: a 10,000-kelvin A-type star 

and a 3,000-kelvin M-type star. 

 

 
Figure 4. Example transmission profile of a filter 
designed to transmit infrared light. 
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Figure 5. Approximate sensitivity profile of a CCD 
camera, modeled as a Gaussian distribution. Compare 
with Figure 2. 

 
Figure 6. The effects of an infrared filter and CCD 
transmission profile on a 10,000-kelvin black body (top) 
and a 3,000-kelvin black body (bottom). Note how the 
combination of the IR-pass filter and poor CCD 
sensitivity removes nearly all of the original energy from 
the 10,000-kelvin star but not the 3,000-kelvin star. 

When applied to binary systems with 

significantly dissimilar spectral classes, photometric 

systems can be effective and relatively inexpensive. 

They also benefit from the ability to be combined in 

series with other equipment such as occulting bars 

and shaped masks. Of course, the usefulness of 

photometric systems is limited when stars have 

nearly the same color. 

 

2.3 Lyot stops 

Lyot stops are masks that are shaped to block 

unwanted diffracted light caused by some obstruction 

in the optical train. In the context of coronography, 

this obstruction is typically a central occulting dot 

that is intended to block primary light at the center of 

the field of view. The dot causes a diffraction pattern 

whereby the central light is effectively relegated to a 

circular fringe. The Lyot stop then blocks a large 

portion of this fringe. The net result is highly 

attenuated primary light and high contrast for off-axis 

elements such as stars and exoplanets. This process is 

diagrammed in Figure 7. 

 

 
Figure 7. An overview of Lyot stops' mechanism of 
operation (Oppenheimer 2003, adapted from 
Sivaramakrishnan et al. 2001). 

Lyot stops fall victim to the same problems that 

occulting bars have: they cannot guard against 

atmospheric seeing effects themselves. Instead, an 

expensive adaptive optics system is required to 

reverse the atmospheric distortion and keep light in 

the same location in the image plane. 

 

3. Shaped aperture masks 

Shaped aperture masks are obstructions placed at 

telescope apertures that are machined into shapes that 

strategically diffract light away from discovery zones 

in the image. Standard circular apertures will produce 

interference patterns in the shape of Airy rings 

(Figure 8), but shaped apertures—whose forms are 

often generated using numerical methods—can yield 

complicated diffraction patterns that defy concise 

mathematical representation. Because the discovery 

zones are spared the vast majority of the light 

produced by the primary star, secondary stars should 

be easier to spot in these regions than they would be 

without a mask. 

Figure 9 shows an aperture mask in the shape of a 

Gaussian curve reflected about the horizontal axis. 

This shape was derived by Kasdin et al. (2003) based 

on prior work by Slepian (1965). 
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Figure 8. A simple circular aperture (left) and the Airy 
disc diffraction pattern it creates (right), plotted on a 
nonlinear brightness scale. 

 

 
Figure 9. Left: A reproduction of a mask developed by 
Kasdin et al. (2003) based on the generalized prolate 
spheroidal wave function proposed as an apodization 
function by Slepian (1965). Right: The characteristic 
diffraction pattern, plotted on a nonlinear scale. The 
discovery zones are marked. 

The power spectrum is the diffraction pattern we 

would expect for a single, infinitesimally small point 

of concentrated light. When multiple points of light 

are imaged, a superposition of these diffraction 

patterns is visible in spatial agreement with the points 

of light themselves (see Figure 10). It is important to 

note that this superposition is not linear with respect 

to intensity because of the imaginary components of 

the original Fourier transform. 

In realistic usage conditions, the incoming light 

is not arranged into neat points but rather into 

distributed regions caused by atmospheric diffusion 

and other distortion effects. In this case, the 

convolution of the distributed regions with the 

nominal PSF will smear the output pattern. Thus, we 

cannot expect our mask-aided astronomical images to 

match the theoretical results perfectly. Only the more 

prominent features of the nominal pattern, such as the 

aforementioned discovery zones, will still be visible. 

 

 

 
Figure 10. When imaging two points of light, the 
diffraction patterns superimpose themselves in the 
complex domain. This is a simulated Airy pattern formed 
by two nearby points of light at different brightnesses, 
shown on a nonlinear intensity scale. 

Telescope obstructions will cast their own 

diffraction patterns, so special care must be taken to 

avoid compromising a mask’s beneficial effects. 

Consider a Gaussian mask applied to a telescope with 

a secondary mirror (Figure 11). The intended 

diffraction pattern of Figure 9 is present, but so too is 

the Airy pattern of Figure 8. The obstruction 

eliminates our discovery zones! 

 

 
Figure 11. The combination of a Gaussian mask with an 
unaltered central obstruction (left) leads to an 
undesirable diffraction pattern (right), plotted on a 
nonlinear brightness scale. 

There are at least two ways to address this problem. 

One might design a mask with multiple small 

apertures placed such that they do not overlap the 

central obstruction. Alternatively, one might reshape 

the obstruction by covering it with a shaped occulter 

that casts a similar diffraction pattern as the aperture 

itself (Figure 12). The throughput will be reduced, 

but more importantly, the diffraction pattern will 

retain its discovery zones. 
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Figure 12. Covering the obstruction with a secondary 
Gaussian shape (left) restores a usable diffraction 
pattern (right), plotted on a nonlinear brightness scale. 

As mentioned in “History” below, Carlotti et al. 

(2011) present an optimal, though perhaps less 

intuitive, method of handling central obstructions. 

 

3.1 History 

The first aperture masks had simple geometries. 

In the 1830s, John Herschel used an equilateral 

triangular opening (Figure 13) to observe double stars 

while surveying the southern sky at the Cape of Good 

Hope (Herschel 1847). This shape tends to distribute 

points of light along six flanges of an image (Smith 

and Marsh 1974) and allows better visibility of faint 

companion stars. Edward Emerson Barnard built 

upon Herschel’s work by developing a hexagonal 

mask (Figure 14) in the early 20
th

 century that yields 

a similar six-flanged pattern (Sheehan 1995; Smith 

and Marsh 1974). 

 

  
Figure 13. An equilateral triangle aperture (left) and its 
characteristic diffraction pattern (right), plotted on a 
nonlinear brightness scale. 

Mask designs advanced as the mathematics to 

describe wave interference advanced. David Slepian 

proposed a prolate spheroidal wave function as an 

apodization function in the 1960s (Slepian 1965). 

Unlike a shaped mask that uses a binary transmission 

profile, Slepian’s apodizer had a transparency 

gradient, with some regions more opaque and others 

more transparent. Indeed, he never discussed a 

shaped pupil mask (Kasdin 2014). Only in the early 

2000s did David Spergel and Jeremy Kasdin adapt 

Slepian’s work into mask shapes such as the one in 

Figure 9. 

 

 
 

Figure 14. A regular hexagon aperture (left) and its 
characteristic diffraction pattern (right), plotted on a 
nonlinear brightness scale. 

Robert Vanderbei, Jeremy Kasdin, and David 

Spergel made further mask design advances in the 

early 2000s by using complex numerical techniques. 

Their masks, formed at the hands of mathematical 

theory, take on rather unusual shapes such as those 

seen in Figure 15 (Kasdin et al. 2003). Other 

proposed masks comprise concentric ring 

obstructions (Figure 16) (Vanderbei et al. 2003a) and 

intricate checkerboard patterns (Figure 17) 

(Vanderbei et al. 2004). Many of these complex 

masks would not be possible to manufacture with 

conventional construction methods due to their lack 

of full structural connectivity. Vanderbei, Kasdin, 

and Spergel recognized the construction difficulties 

(Kasdin et al. 2003) and developed a subset of masks 

following additional mathematical constraints to 

ensure their manufacturability (Vanderbei et al. 

2003b). 

 

 
Figure 15. Left: One mask proposed by Kasdin et al. 
(2003). Some walls are thin, but the mask does have 
complete structural connectivity. Right: The mask's 
characteristic diffraction pattern (Kasdin et al. 2003), 
plotted on a nonlinear brightness scale. Note how the 
discovery zones are limited both by azimuth angle and 
radius. 
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Figure 16. Left: A mask comprised of concentric annular 
openings (Vanderbei et al. 2003a). Right: The mask's 
characteristic diffraction pattern (Vanderbei et al. 
2003a), plotted on a nonlinear brightness scale. Note 
how the pattern is not azimuthally limited. 

 
Figure 17. Left: A checkerboard mask (Vanderbei et al. 
2004). Right: The mask's characteristic diffraction 
pattern (Vanderbei et al. 2004), plotted with a nonlinear 
brightness scale. The bright "struts" of the PSF 
intersect to form especially bright points, insulating the 
remaining square regions from light’s influence. 

Alexis Carlotti later joined Vanderbei and 

Kasdin to develop optimal apodization functions for 

masks to be used in the presence of arbitrary 

telescope obstructions and aperture shapes (Carlotti 

et al. 2011). Thus, even if some incoming light is 

blocked by a secondary mirror or a spider support 

structure, an optimal mask shape can still be 

calculated numerically. For example, Carlotti et al. 

(2011) derived an optimal mask for the unique mirror 

and support structure of the James Webb Space 

Telescope (Figure 18). The mask and its diffraction 

pattern are shown in Figure 19. 

 

 
Figure 18. The James Webb Space Telescope 
(NASA.gov). 

 
Figure 19. Left: A mask Carlotti et al. (2011) optimized 
for the James Webb Space Telescope of Figure 18. Note 
how the mask accounts for the hexagonal shapes in the 
primary mirror, the central obstruction caused by the 
secondary mirror, and the structure supporting the 
secondary. Right: The mask’s characteristic diffraction 
pattern, plotted on a nonlinear intensity scale (Carlotti et 
al. 2011). 

The aforementioned masks operate entirely on 

the amplitudes of the frequency components. Other 

scientists, including Rouan et al. (2000) and 

Haguenauer et al. (2006), have proposed phase masks 

that shift the phase of the incoming light to achieve a 

similar effect as the amplitude masks. While these 

phase-shift masks work very well in simulations, 

their physical realization presents fabrication 

challenges, typically involving the formation of a 

glass plate with a precise thickness profile. These 

challenges lead to a high cost. 

Today, shaped masks are proposed for use in 

exoplanet discovery and observation, a field 

concerning delta magnitudes even more extreme than 

those of large-delta-magnitude close binary systems. 

The masks described above are designed for high 

contrast ratios ranging from 105 to 1010 and are 

“baselined for an upcoming mission” (Kasdin 2014). 

 

3.2 Practical usage 

Masks influenced by Slepian (1965) and the 

subsequent developments by Vanderbei, Kasdin, and 

Spergel have already been used by a number of 

astronomers. Daley (2014) constructed a Gaussian 

mask (Figure 9) out of a manila folder affixed to 

plywood and combined it with a highly-attenuating 

occulting strip. His results for Sirius and its faint 

double—stars differing by 9.96 stellar magnitudes 

and separated by 9.66 arcseconds – are seen in Figure 

20. Note how the secondary star is clearly seen in the 

discovery zone (rotated approximately 90 degrees 

from Figure 9) and how the occulting strip further 

reduces interference from the bright primary. The 

angular separation between the stars is larger than the 

seeing limit. Speckle interferometry techniques 

would have allowed even closer stars to be identified. 
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Figure 20. CCD image of AGC 1AB (Sirius) acquired by 
Daley (2014) using a shaped aperture mask of the 
design shown in Figure 9, coupled with a thin foil 
occulting strip. The image is black–white inverted and a 
portion has been copied and enlarged for clarity. The 
dot of light contained within the light rectangular region 
is the attenuated primary star (Sirius); the dot 
immediately above is the secondary (Sirius B). 

Debes et al. (2002) used a mask with multiple 

Gaussian apertures (Figure 21) to study binary stars, 

including μ Her A (Figure 22), with Mt. Wilson’s 

100-inch telescope. Debes et al. (2002) estimated the 

star separation of μ Her A as 1.3 ± 0.2 arcseconds. In 

prior observations, Turner et al. (2001) found the 

magnitude difference to be 9.29 in R-band and 7.26 

in I-band. 

 

 
Figure 21. The mask used by Debes et al. (2002) on 
Mount Wilson's 100-inch telescope. 

 
Figure 22. The result obtained by Debes et al. (2002) for 
μ Her A using the mask of Figure 21 at Mount Wilson’s 
100-inch telescope. A faint companion is visible at the 
small arrowhead toward the image’s center. 

These observations at Mt. Wilson were “the first 

attempt at high-contrast imaging with a [Gaussian 

aperture pupil mask]” (Debes et al. 2002). The group 

commented on the “relative ease and speed with 

which these first masks [were] produced” and 

described the technology as “promising,” but they did 

acknowledge some difficulties, largely those caused 

by “imperfect atmospheric correction, scattered light 

in the telescope, and a diffuse thermal background” 

(Debes et al. 2002). Their mask’s imperfect 

diffraction pattern is compared with the theoretical 

diffraction pattern in Figure 23. 

 

 
Figure 23. Obtained diffraction pattern (left) compared to 
theoretical diffraction pattern (right) for the observations 
performed by Debes et al. (2002) on ε Eridani. Intensity 
is plotted on a nonlinear scale. 

The Mt. Wilson telescope has a secondary mirror 

and a structure to support it that both obstruct the 

optical path. Debes et al. (2002) used multiple 

Gaussian openings placed about the center of the 

telescope to avoid these obstructions. Debes and Ge 

demonstrated the merits of this Gaussian array 

approach over other possible configurations in a 

subsequent paper (Debes and Ge 2004). 
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4. Aperture masks for a Schmidt–

Cassegrain telescope 

Secondary mirrors are not unique to large 

telescopes. Consider the more modestly sized 

Celestron C11 Schmidt–Cassegrain telescope of 

Figure 24 which the authors will use to evaluate mask 

performance on smaller apertures. The circular 

obstruction caused by the secondary mirror accounts 

for over one third of the diameter of the primary 

mirror. 

 
Figure 24. The aperture of the Clestron C11 Schmidt–
Cassegrain telescope. Note how the secondary mirror 
embedded in the corrector plate obstructs the aperture. 

Figure 25 shows the aperture shape and its 

default diffraction pattern. The PSF somewhat 

resembles an Airy disc because of the aperture’s 

azimuthal symmetry. 

 

 
Figure 25. The unaltered C11 aperture (left) and its 
characteristic diffraction pattern (right), plotted on a 
nonlinear scale. Black regions have theoretical contrast 
ratios better than 10

–4
, equivalent to 10 stellar 

magnitudes. 

4.1 Double Gaussian mask 

One simple mask design comprises a Gaussian 

outline with a Gaussian obstruction in the center akin 

to Figure 12. The central shape is just large enough to 

cover the secondary mirror cap. The mask’s 

diffraction pattern, scaled to a small angular window, 

is seen in Figure 26. 

 
Figure 26. A Gaussian mask with a Gaussian 
obstruction large enough to cover the secondary mirror 
cap (left), and the mask's theoretical diffraction pattern 
(right), plotted on a nonlinear scale. Note the excellent 
contrast toward the left and right of the pattern. 

This design achieves very deep contrast, but it 

does so at a relatively large angular distance from the 

center of the diffraction pattern. We would willingly 

sacrifice some contrast for a smaller inner working 

angle (IWA). For this, we resort to numerical 

optimization. 

 

4.2 Optimization overview 

Based on the measurements by Foley, we start 

with an 11-inch circular telescope pupil with a 36% 

circular obstruction in the center. To be conservative 

with the alignment tolerance, we slightly oversize 

this obstruction. (The actual diameter ratio measured 

by Foley is 
3.811 in

11 in
= 0.346.) 

The project is aiming for contrast ratios between 

7 and 6 astronomical magnitudes (equivalently, in 

base 10 logarithms the range is –2.8 to –2.4, and in 

terms of linear ratios, 630 to 250), and as small an 

inner working angle (IWA) as possible. For 

reference, observing at a wavelength of 550 nm with 

an 11-inch aperture, the 𝜆/𝐷 diffraction width is 
𝜆

𝐷

= (
550 × 10−9 m

11 in
) (

1 in

2.54 cm
) (

100 cm

1 m
) (

360°

2𝜋 rad
) (

3600 as

1°
) 

→
𝜆

𝐷
= 0.406 as  

Also note, from here on out we describe contrast 

in base-10 logarithms, including the plots. 

There are two classes of shaped pupil solutions 

we explored. First, circular solutions that create full 

annular (360-degree) dark zones around the star 

(Vanderbei et al. 2003). Second, shaped pupils that 

create dark zones confined to symmetric bowtie-

shaped wedges on opposite sides of the star PSF. The 

telescope pupil has two-fold symmetry (𝑥 and 𝑦). 

Therefore, for efficiency, the shaped pupil can be 

optimized on one quadrant of the image plane and 

retain the desired symmetry in the pupil (after 

Carlotti et al. 2013). 
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4.3 Circular (concentric ring) solutions 

Even for the modest contrast we aim for, we hit a 

wall trying to reach any circular solution with inner 

working angle below 2.4 𝜆/𝐷. When we fix the inner 

working angle (IWA) to 2.4 𝜆/𝐷 and the contrast 

constraint to 10−3 (deeper than the survey spec), we 

get the shaped pupil mask, PSF, and radial contrast 

cut shown in Figure 27. Note that in the mask 

diagram, the bright (yellow) pixels represent the 

transparent parts, while dark pixels are opaque. 

We also plotted the radial contrast curve of the open 

C-11 aperture (open circle with 36% central 

obstruction) as a reference. It is evident that at 

angular separations above about 2.2 𝜆/𝐷, the ideal 

telescope PSF is already meeting and exceeding the 

contrast spec of the binary star survey. The circular 

mask optimization program has no trouble creating 

deep contrast above angular separation 2.4 𝜆/𝐷. 

However, it remains to be seen whether seeing-

limited speckle interferometry observations can take 

advantage of such large “ideal” wavefront contrast 

gains. This, combined with difficulty of fabricating 

two free-standing obstructing rings, make this type of 

mask difficult to recommend for the project. 

 

 
Figure 27. A concentric ring mask (top-left), its PSF (top-
right), and a radial contrast cut (bottom). 

4.4 Solutions with bowtie-shaped search 

zones 

When the optimization program constrains the 

contrast only below some fixed polar angle in the 

image quadrant, the result is a mask with a bowtie-

shaped search zone. With 90-degree wedges, by trial 

and error we found that the inner working angle has 

an absolute lower limit of 1.2 𝜆/𝐷 (0.5 as at 550 nm). 

For a contrast goal of10−2.7, the solution is simply 

two large obstructions. Each obstruction is connected 

to either the interior or exterior edges of the aperture. 

At larger contrasts, for example 10−3.0, the mask 

geometry becomes more complicated, with more 

free-standing islands, and the fraction of open area 

drops. In Figure 28, we show the shaped pupil 

solution, PSF, and horizontal contrast cut for the 

1.2 𝜆/𝐷 IWA, 10−2.7 contrast design. 

As the contrast curve (measured in the horizontal 

cut extending from the center of the image) shows, 

this shaped pupil pushes down the first sidelobe of 

the ideal telescope PSF by over an order of 

magnitude. Therefore, it may offer a significant boost 

in the binary star target sample available to the 

telescope. The relatively simple mask layout is 

another compelling feature. 

 

 

 
Figure 28. A bowtie mask (top-left), its PSF (top-right), 
and a horizontal contrast cut (bottom). 

Considering its simple shape alongside its strong 

performance, the bowtie mask is a good choice to 

pursue alongside the double Gaussian mask. The 

double Gaussian mask has deep contrast but a large 

inner working angle; the bowtie mask has somewhat 

less contrast but a very small inner working angle. 

The two complement one another well and should 

elucidate whether contrast or inner working angle is 

easier to maintain in practice. 
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4.5 Testing 

With two qualified mask designs, the next step is 

to construct the masks and perform basic tests to 

ensure the shaped-aperture approach is viable. The 

bowtie mask shows great promise in simulations, but 

we choose to begin with the double Gaussian mask 

because of its particularly distinctive hourglass-

shaped diffraction pattern. The double Gaussian 

mask, cut out of 1/8-inch-thickness newsboard 

material with the aid of a laser cutter, is seen attached 

to the C11 in Figure 29. A beam had to be added 

across the center of the mask for structural contiguity. 

This beam contributes a vertical spike to the 

diffraction pattern. 

 

 
Figure 29. The double Gaussian mask applied to the 
Celestron C11 telescope. The mask’s outer gear teeth 
are designed to interface with an automatic rotation 
mechanism (not pictured). 

Rowe simulated the results from this 

configuration with his Atmospheric Seeing Distortion 

program (ASD), which takes into account 

atmospheric phase distortion and camera sensitivity 

as it performs speckle interferometry on simulated 

images. Figure 30 shows the simulated 

autocorrelation result of a binary star system before 

and after the application of the double Gaussian 

mask.  

Speckle interferometry contains an 

autocorrelation step that appears to form direct 

images of the stellar system, but this similarity is an 

illusion. The process duplicates the stars’ combined 

diffraction pattern, producing bright points of light 

that outnumber the actual stars in view. Still, the 

angle and separation of stars can be determined—in 

this case, measured from the center of the image to 

one of the two bright points of light on the horizontal 

axis. These bright points are more distinct with the 

simulated mask than without it, making the 

measurement more robust and suggesting that the 

physical mask may improve practical measurements 

in a similar fashion. 

 

  
Figure 30. Rowe's simulated speckle interferometry 
results for a synthetic binary system viewed without a 
mask (left) and with a double Gaussian mask (right). 

Jimmy Ray performed the double Gaussian 

mask’s first test, in which he observed Rigel and its 

companion, Rigel B (Figure 31). The expected 

hourglass shape is quite visible, with notably dark 

discovery zones toward the image’s left and right 

sides. The test confirms the mask’s basic 

functionality. 

 
Figure 31. Rigel as captured by Ray using a double 
Gaussian mask. Rigel B, in Rigel's discovery zone, is 
visible just to the left of center. This image does not use 
speckle interferometry. 

Rigel and Rigel B were an easy target because 

they were separated by 9 arcseconds. Future tests will 

explore the resolving capacity of the double Gaussian 

mask as well as the bowtie mask. We will use a CCD 

camera with speckle interferometry as we work 

toward progressively more challenging targets. It is 

our hope that these masks will prove to enhance the 

ability of small, ground-based telescopes to observe 

binary stars. 
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Abstract 

Traditional science lectures and labs are often enhanced through project- and team-based learning. Some 
students go beyond these classroom studies by conducting research, often under the guidance of university 
professors. A one-semester astronomy research seminar was initiated in 2006 in collaboration with the 
community of professional and amateur double star astronomers. The result was dozens of jointly-authored 
papers published in the Journal of Double Star Observations and the Annual Proceedings of the Society of 
Astronomical Sciences. This seminar, and its affiliated community, launched a series of conferences and books, 

providing students with additional forums to share their double star research. The original seminar, and its 
derivatives, enhanced educational careers through college admissions and scholarships. To expand the 
seminar's reach, it was restructured from a few teams at one school, to many teams, each from a different 
school. A volunteer from each school became an assistant instructor. Most of them were seminar veterans, 
experienced astronomers, or science teachers. The assistant instructors, in turn, recruited enthusiastic students 
for their teams. To avoid student and instructor overload, the seminar focused on its three deliverables: a formal 
proposal, published paper, and public PowerPoint presentation. Future seminars may offer other astronomical 
research options such as exoplanet transit or eclipsing binary photometry. 

1. Models of Science Instruction 

Science instruction has traditionally consisted of 

classroom lectures, discussions, and laboratory 

exercises. An instructor provides lectures on 

fundamental topics, allows the class to move through 

many subjects within a single discipline, and explores 

all of the essential knowledge of the field. The 

students listen and apply concepts in laboratory 

exercises, often under the supervision of teaching 

assistants. Recent developments in standard science 

teaching have increased the amount of student 

participation in their own learning. Laboratory 

activities, for example, develop student skills in 

measurement, analysis, and report writing while 

supporting student thinking (Windschitl 2014). 

Other approaches to science instruction have 

been found, under appropriate circumstances, to 

enhance student learning and, ultimately, their 

educational careers. Project-based learning replaces 
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much of the lecture material with questions that the 

students explore through projects (Capraro et al. 

2013). Project-based learning has found wide 

application in elementary through high school 

classes. At the college level, team-based learning 

usually splits large classes into small groups that 

work on projects reflecting material learned in 

lectures and reading (Frey et al. 2009, Levin 2005, 

Michaelsen et al. 2004, Sibley and Ostafichuk 2014, 

and Smith 2004). Finally, experiential learning places 

students into real-world situations where their 

learning primarily comes through a “work” 

experience (Beard and Wilson 2013). Experiential 

learning courses often feature social work in specific 

communities. Typically the students are given 

training prior to their “field” experience and some 

guidance by a mentor during the experience. 

One form of experiential learning is “learning 

science by doing science.” A common form of 

student scientific research is joining a professor's 

research project in a lab where the student does a 

small part of a larger project. The National Science 

Foundation, for instance, sponsors many excellent 8-

10 week “Research Experiences for Undergraduates” 

programs which partners teams of about half a dozen 

undergraduate students with research institutions—

often research universities—for both instruction and 

hands-on research. 

A surprising amount of undergraduate research is 

now taking place and being published. The Council 

on Undergraduate Research (CUR) has tirelessly 

promoted undergraduate research, sponsors both 

national and regional meetings, and publishes a 

quarterly journal devoted to supporting and 

enhancing undergraduate research (Schuh 2013, and 

Temple et al. 2010). 

Publication is the hallmark of “true science,” and 

is the capstone of any research project. Published 

undergraduate research paves the way for graduate 

studies, and a lifelong interest in science, technology, 

engineering, and mathematics. For high school 

students, being a published scientist is still rather 

rare, thus publication increases their chances of 

acceptance to a university of their choice, often with 

a scholarship. For undergraduate students, 

publications increase the likelihood of being accepted 

into graduate school. After all, most research 

universities are on the lookout for student help with 

their research programs, and research publications 

suggest competence. 

 

2. Research Communities 

Although not entirely unique within science, 

astronomy is noted for having several research areas 

that are well-suited to scientific research using 

smaller telescopes equipped with affordable 

instrumentation. Small-telescope science areas 

include double star astrometry, and the photometry of 

exoplanet transits, tumbling asteroids, eclipsing 

binaries, and pulsating stars.  

Small telescope science is noted for the large 

number of professional and amateur astronomers who 

work together on research projects that result in 

published papers that significantly advance scientific 

knowledge. Besides professional-amateur (and 

student) cooperation in double star astrometry 

described in this paper, other examples of such “pro-

am” cooperative research areas in astronomy include 

variable star photometry (American Association of 

Variable Star Observers), cataclysmic variables 

(Backyard Astrophysics), asteroid and lunar 

occultations (International Occultation Timing 

Association). The Society for Astronomical Sciences 

sponsors a well-attended annual symposium with 

published proceedings that brings together 

professional, amateur, and student astronomers in 

many of these research areas each year. 

 

3. Cuesta College Astronomy Research 

Seminar 

In 2006, a one-semester astronomy research 

seminar was established at Cuesta College in San 

Luis Obispo, California. The primary requirement for 

passing the seminar was the submission of a research 

paper by a team of students to a journal for 

publication. This was, quite literally, a “publish or 

perish” seminar. The earliest versions of the seminar 

involved a combination of local high school, 

undergraduate, and continuing education students 

meeting twice a week for eight weeks to plan, 

execute, and publish observations making mostly 

photometric measurements of variable stars and 

astrometric measurements of double stars. 

 

It was soon discovered that some projects are more 

suited to the one-semester time frame than others. 

Some projects were too ambitious, as the 

observations and analysis took so much time that 

little was left for writing and refining a paper. That 

left the instructor and teaching assistants, after the 

end of the semester, to see the research project 

through to publication by taking care of the 

incorporation of suggestions by external reviews 

from experts in the field, as well as proper English 

editing. 
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Figure 1. The President of Cuesta College cuts the 
ribbon to launch the first Astronomy Research Seminar 
at Arroyo Grande High School in 2008. 

It was also discovered that the seminar was 

especially appealing to high school juniors and 

seniors. Not only did many of them have sufficient 

time to devote to research, but they realized that 

being a coauthor of a published paper could result in 

a college scholarship. Cuesta College had an 

established evening campus at nearby Arroyo Grande 

High School (AGHS). Holding the Astronomy 

Research Seminar at AGHS right after regular high 

school classes were finished made student attendance 

convenient.  

The measurement of visual double stars was 

found to fit the high school niche well, as the 

concepts and equipment involved were accessible to 

most high school and undergraduate students. A low 

cost ($200) eyepiece gave students a visual 

connection to the stars they observed. Additionally, 

the Journal of Double Star Observations offered a 

relatively quick turnaround for publication. The 

seminar’s leaders quickly learned that the majority of 

the course needed to be spent writing (and rewriting) 

the papers. 

Both professional and amateur astronomers 

began to step in to help guide the student research 

projects, assist with the observations, and review 

papers prior to publication. Their contributions added 

yet another dynamic to the seminar, and reinforced 

the team-based strategy. It also led directly to a series 

of conferences and books that had a synergistic mix 

of professional, amateur, and student papers. Some 

students even co-chaired conferences in California 

and Hawaii specific to student-professional-amateur 

collaboration. Other students gave presentations at 

the annual meetings of the Astronomical Society of 

the Pacific, the Society for Astronomical Sciences, 

and the American Astronomical Society. 

 

 
 

Figure 2. Research seminar students pose with the 22-
inch Estrada Dobsonian telescope they used to observe 
double stars with an astrometric eyepiece. 

With a published paper and public presentation, 

high school students gained academic stature with 

their peers, much akin to stars on the football team. 

Their publications enhanced their college 

applications, not only giving them a boost with 

respect to college admissions and scholarships, but 

launching them on a track that could lead them to a 

Master's theses, doctoral dissertation, and a career as 

a professional researcher. 

 

4. The Seminar Expands 

A vital aspect of the Cuesta College seminar was 

that a significant number of seminar graduates took 

the course for a second time. These repeat students 

were natural team leaders, and aided in the 

recruitment of new students. These “senior” student 

researchers acted in many ways as assistant 

instructors. It is well known that students often learn 

best from other students, and that employing senior 

students in the instructional process can lighten the 

teacher’s workload (Miller et al. 2001). Some 

students made different observations each time by 

varying their methods or observing other stars. 

After taking the seminar one or two times, a 

significant number of students continued their 

research as full-fledged members of the double star 

research community. A few students even founded 

their own informal seminars following the Cuesta 

College model. One student, Jolyon Johnson, held a 

seminar at the Gateway Science Museum in Chico, 

California. Another, Mark Brewer, founded an annual 

program at Apple Valley Community College. 

Expansions also occurred in shorter versions 

over long weekends at the University of Oregon's 

Pine Mountain Observatory. There, teams from high 

schools and colleges from Washington, Oregon, and 

California met to plan, observe, and write papers for 

publication. Other informal seminars were held at the 
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Oregon Star Party and at Leeward Community 

College in Oahu, Hawaii. In all, hundreds of students 

became involved as co-authors of at least one 

published paper. 

 

 
 

Figure 3. Team members of the 2009 Pine Mountain 
Observatory Summer Research Seminar. 

 

5. The Seminar Reborn 

In 2013, a no-course-repeat policy was instituted 

across California Community Colleges. This action 

took the proverbial wind out of the sails of the 

astronomy research seminar as it became extremely 

difficult to recruit new students for the seminar 

without experienced seminar students galvanizing 

others students to join. Thirty in-person visits to 

Arroyo Grande High School classrooms yielded only 

six students, too few participants to hold a seminar on 

a regular basis. Fortuitously the no-course-repeat 

policy opened up the possibility for a whole new 

approach to the research seminar. 

Instead of recruiting a number of teams from one 

high school, the seminar was restructured to recruit 

one team each from a number of different high 

schools. The basic idea was to recruit a local 

volunteer teaching assistant (TA) at each high school 

to not only assist with instruction and team 

management, but to rely on them to recruit top 

students to form the school’s research team. Thus 

rather than continuing a bottom-up recruitment 

strategy (find the students and then form the teams), 

we switched a top-down recruitment strategy (find 

volunteer TAs and ask them to recruit the students).  

To bring the various high school teams together 

for instruction, guidance, and student presentations, 

the new version of the research seminar was 

structured as a hybrid distance-education (DE) 

course. The research seminar was launched as a full-

semester, 18-week DE course in January of 2015. 

This current paper is an interim report on this seminar 

which is now nearing the end of its first offering. 

Throughout the semester, individual student 

teams have been frequently meeting with their 

volunteer TAs in person. The teams have also been 

meeting online with the seminar’s instructor. Some of 

these online sessions have involved the seminar 

instructor and all of the teams, while others have just 

involved the instructor and a single team. A relatively 

simple and robust online conferencing system, 

GoToMeeting, was found to work well for the online 

sessions. These sessions were recorded and made 

available to students who could not attend sessions in 

real time.  

As is the case for most scientific research, email 

was used to consult with experts and obtain 

assistance on projects. The emails were, for the most 

part, saved in an invitation-only Yahoo discussion 

group, AstroResearchSeminar. 

The Institute for Student Astronomical Research 

(InStAR) was established as a non-profit subsidiary 

to the Collins Educational Foundation to provide 

support for this and future seminars across various 

schools. An InStAR website has been established by 

Rachel Freed as a centralized source for seminar 

resources including training videos, reading 

materials, and recorded online meetings. 

A critical question faced by the new version of 

the astronomy research seminar was whether or not 

we could find a sufficient number of volunteer TAs 

willing to recruit and lead student teams to reach 

critical mass. Ten potential volunteer TAs were asked 

if they were interested. When all ten of them said 

“yes,” this critical question was answered in the 

affirmative. While no one was turned away, care was 

taken not to send out any more invitations! 

 

6. Learning Outcomes 

The research seminar has been divided into five, 

fairly distinct learning units. Self-paced, online, video 

learning units have been developed for most of the 

units. The seminar’s learning outcomes are given 

below. Much of what the students learn in this 

seminar will not only be useful to them in future 

science courses, Master’s theses, doctoral 

dissertations, etc., but also to more general scholarly 

or work-related tasks such as project planning, 

writing and presenting proposals, managing projects, 

writing concise, high quality papers, and giving 

public PowerPoint presentations. 

 

6.1 Unit 1: Introduction to Double Star 

Research 

Articulate the nature of scientific and 

astronomical research. 
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Understand ethical considerations in research. 

Describe the scientific value of double star 

research. 

Explain the basic techniques used to observe and 

quantitatively measure the changing positions and 

separations of double stars. 

 

6.2 Unit 2: Planning Your Research Project 

Describe several potential double star research 

projects and explain why your team selected their 

specific research project. 

Plan a double star research project that can be 

completed by a student team within a single semester 

with the support of the seminar’s staff and volunteer 

expert consultants. 

Write a detailed team research proposal, 

including a description of the scientific merit of the 

research, the research methods, tasks, individual 

assignments, and project schedule. 

Present the team’s research proposal in a 

concise, formal, PowerPoint talk. 

 

6.3 Unit 3: Managing Your Research Project 

Be a productive member of a research team, 

professionally interacting with and supporting the 

other team members in the overall research effort. 

Effectively manage a research project, keeping it 

on schedule and accommodating the difficulties that 

always arise in scientific research. 

Obtain observational data as appropriate for your 

research project. 

Utilize established routines to reduce research 

observations. 

Apply basic statistical analysis to establish both 

the precision and accuracy of the observations. 

Analyze reduced and calibrated data to draw 

conclusions about specific double stars. 

 

6.4 Unit 4: Writing Your Research Paper 

Outline, write, and extensively revise a carefully-

worded, concise, scientific paper. 

Improve the paper by incorporating the 

suggestions made by an external expert peer 

reviewer. 

 

6.5 Unit 5: Presenting Your Research 

Findings/Reflections 

Prepare and present a concise, formal, 

PowerPoint scientific talk at a public online 

symposium at the conclusion of the research project. 

Reflect on what it meant to be a member of a 

team in conducting original scientific research. 

 

7. Spring 2015 Astronomy Research 

Seminar 

Although this paper had to be submitted in April 

(2015), and the new version of the Cuesta College 

Astronomy Research Seminar would not be 

completed for another month, an overview of the 

current seminar seemed appropriate. It should be kept 

in mind, however, that some of the projects may 

change as they reach their conclusion, as is often the 

case in research. 

The spring 2015 seminar was led by Cuesta 

College instructor Russ Genet. The seminar’s 

Counselors were Bob Buchheim, Jolyon Johnson, 

John Kenney, and Vera Wallen. The seminar’s Editor 

was Vera Wallen. 

Team papers will be published in a special issue 

of the Journal of Double Star Observations and the 

Proceedings of the Society for Astronomical 

Sciences. The team papers will be reprinted, along 

with other related papers, as a hardcover book by the 

Collins Foundation Press. 

Ten teams are participating in this research 

seminar. Six teams are located in California, two in 

Hawaii (Oahu and Maui), one in Arizona, and one in 

Pennsylvania. Each team is briefly described below. 

 

7.1 Army and Navy Academy 

Located in Carlsbad, California (on the beach 

just north of San Diego), two high school cadet 

student teams are being led by Grady Boyce, a Delta 

Airlines pilot and Adjunct Instructor of Astronomy at 

the Academy. Grady is assisted by Pat Boyce, a 

retired engineer, and Michael Fene, an engineer and 

university instructor. Both Grady and Pat are 

experienced amateur astronomers. The Army and 

Navy Academy is unusual in three respects: there are 

two student teams instead of one, the teams are all 

male, and nearly half of the team members are from 

China. 

The two teams initially planned to make CCD 

astrometric measurements of double stars with a 

recently acquired telescope, but equipment 

difficulties and poor coastal weather intervened and 

they wisely switched to “Plan B,” obtaining the 

needed observations via a remote, robotic telescope. 
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Figure 4. Army and Navy Academy cadets and their 
leader, Grady Boyce (far right). 

 

7.2 Atascadero High School 

Located in Atascadero, California (on 

California’s Central Coast, about halfway between 

Los Angeles and San Francisco), the team is being 

led by Tom Hollis, an instructor of both astronomy 

and geology (alternate years) at Atascadero High 

School. Tom is also a geology instructor at Cuesta 

College. While the Atascadero team consists 

primarily of Atascadero High School students, 

several team members are students at nearby Cuesta 

College. Joseph Carro, a very experienced amateur 

double star researcher, former seminar graduate, and 

language and computer instructor at Cuesta College, 

is also a team member. 

The Atascadero team used Joseph’s Celestron C-

11 telescope and an astrometric eyepiece for their 

observations. Seminar Counselor Jolyon Johnson 

made two astrometric eyepiece training videos that 

were helpful to the team in preparing for their 

observational session.  

 

7.3 Crean Lutheran High School 

Located in Irvine, California (just north of San 

Juan Capistrano and south of Santa Anna), two small 

Crean Lutheran High School student teams are being 

led by Christine McNabb, a mathematics instructor at 

Crean Lutheran High School. The team members are 

Crean Lutheran high school students.  

The two teams are making CCD observations of 

double stars and obtaining astrometric “plate” 

solutions. Bob Buchheim, President of the Society for 

Astronomical Sciences, is assisting both teams by 

guiding them through CCD observations and 

reduction of double stars at his nearby Altimira 

Observatory.  

 

7.4 Harker School 

Located in San Jose, California (the heart of 

Silicon Valley), the Harker School team is being led 

by Rachel Freed, an astronomy and science instructor 

at the Harker School. The team members are all high 

school students at the Harker School. 

The team is using a remote, robotic telescope at 

Sonoma State University to make CCD observations 

of double stars. A “splinter” team is also exploring 

orbital simulations. 

 

7.5 High Desert Research Initiative 

(Vanguard Academy) 

The High Desert Research Initiative is located in 

the Lancaster/Apple Valley area in the Mojave Desert 

north of Los Angeles, California. The team is led by 

Reed Estrada. Reed is Northrop Aviation’s Chief 

Test Pilot for the Global Hawk and a highly 

experienced double star observer. Reed is being 

assisted by Chris Estrada and Mark Brewer, two early 

graduates of the research seminar and now highly 

experienced double star observers. Reed is also being 

assisted by Sean Gillette, an eighth grade science 

instructor at the Vanguard Academy in Apple Valley. 

Their project is, perhaps, the most unusual of all 

the projects. Their team has organized, administered, 

and evaluated astrometric eyepiece double star 

observations by three eighth-grade teams from the 

Vanguard Academy. The three eighth-grade student 

teams have been “adopted” by the research seminar, 

and their papers will be published along with the 

seminar’s other papers in the special issue of the 

Journal of Double Star Observations and the reprints 

in the hardcover book published by the Collins 

Foundation Press. 

 

7.6 Leeward Community College 

Located in Pearl City, Oahu, Hawaii (looking out 

over Pearl Harbor), the Leeward Community College 

team is being led by Kakkala Mohanan, the 

astronomy and geology instructor at Leeward 

Community College. The team consists of one 

student from Leeward Community College, three 

students from a nearby high school, Russ Genet who 

was spending the winter in nearby Makaha, Oahu, 

and Joseph Carro who participated remotely by way 

of GoToMeeting conferencing. 

The team used the 0.5-meter telescope at the 

Leeward Community College Observatory for CCD 
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observations of a multiple star system. Multiple 

observations were made with different integration 

times and the many plate solutions which were 

compared to evaluate observational precision and 

accuracy. 

 

 
 

Figure 5. Leeward team and the 0.5-meter telescope at 
Leeward Community College in Oahu, Hawaii. 

7.7 Lincoln High School 

Located in Stockton, California (in California’s 

Central Valley), the Lincoln High School team is 

being led by Babs Sepulveda, an astronomy and 

science instructor at Lincoln. Babs developed and 

teaches one of the few astrophysics (astronomy with 

calculus) courses in the nation at the high school 

level. The team consists of Lincoln students. 

The team is reducing and analyzing speckle 

interferometry observations of close binary stars 

made last year by students and others on the 2.1-

meter telescope at Kitt Peak National Observatory. 

Two papers are in the mill, one on a plotting program 

to add a new observation to orbital plots from the US 

Naval Observatory, and the other on a few close 

binaries observed at Kitt Peak. 

 

 
 

Figure 6. The  Lincoln High School research team. From 
left: Chris Foster, Nick Smith (team leader), former 
member Marc Setness, and Blake Myers.  

7.8 Phoenix Area 

Located in the Phoenix area of Arizona, the 

Phoenix team is being led by Richard Harshaw, a 

very advanced amateur astronomer and veteran 

double star observer with several decades of 

experience. The Phoenix team includes both high 

school and community college instructors and 

students. 

The team’s project is making speckle 

interferometry observations with a $500 camera on a 

Celestron C-11 telescope at Brilliant Sky 

Observatory, located in Richard’s back yard in Cave 

Creek, a suburb of Phoenix. Several methods of 

calibration have been explored, including drifts, 

known binaries or other pairs, and course grating 

masks (similar to the Young’s famous double slit 

experiment). This team will present its preliminary 

results at the annual Society for Astronomical 

Sciences symposium. 

 

 
 

Figure 7. Ethan Wuthrich, a high school student, won 
first prize at a science fair for the Phoenix team’s 
project. 

 

7.9 Quakertown High School 

Located in Quakertown, Pennsylvania, the 

Quakertown High School team is being led by Dan 

Wallace, a science teacher at Quakertown High 

School. Dan is also a graduate student in Space 

Sciences at the University of North Dakota. His 

Master’s thesis is based on speckle inteferometric 

observations he made, along with others, on the 2.1-

meter telescope at Kitt Peak National Observatory. 
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Somewhat similar to the Army and Navy 

Academy team, the Quakertown team set out to make 

their own observations with an old SBIG CCD 

camera they discovered in a dusty physics equipment 

cabinet. Equipment problems resulted in a switch to 

Plan B: remote observations with a robotic telescope. 

The remote observations were supplied by J. D. 

Armstrong, the Maui team leader, on a 1-meter 

telescope which is part of the Las Cumbres 

Observatory Global Telescope (LCOGT) network. 

 

7.10 University of Hawaii, Institute for 

Astronomy, Maui 

The Maui team meets at the University of 

Hawaii’s Institute for Astronomy which is located on 

the eastern flank of Haleakala, a 10,000 foot 

elevation extinct volcano on Maui. The Maui team is 

being led by J. D. Armstrong, a University of Hawaii 

astronomer at the Institute for Astronomy, Maui. JD 

is being ably assisted by Steve McGaughey, an 

advanced amateur astronomer and highly experienced 

double star observer who frequently makes double 

star observations with his telescope at the summit of 

Haleakala, one of the best observing sites on the 

planet.  

The Maui team is analyzing double star 

observations made with the 2-meter Faulkes 

Telescope North (FTN). This telescope is another in 

the Las Cumbres Observatory Global Telescope 

(LCOGT) network. 

 

8. Future Directions 

The new “hybrid distance education” version of 

the astronomy research seminar has allowed the 

exploration of many new possibilities. Other sections 

of the seminar could be opened for advanced projects 

such as photometry of exoplanet transits, eclipsing 

binaries, or tumbling asteroids. Such photometry 

projects require a series of observations that could 

benefit from access to robotic telescopes. 

The impact of the seminar on student learning 

and careers will need to be more thoroughly 

evaluated. Action-based research may be a useful 

approach to such evaluation (Efron and Ravid, 2013, 

and Mils, 2007). 

Continuing the process of experimenting with 

new seminar formats, an entirely in-person version of 

the seminar will be held this summer at California 

Polytechnic State University, San Luis Obispo. This 

seminar will consist of a handful physics and 

education majors meeting in person with the 

instructor. On the other end of the spectrum, starting 

this coming fall, students at Concordia University 

Irvine will engage in a distance learning version of 

the seminar somewhat similar to the Cuesta College 

version, but in a more concentrated five-week 

seminar. Finally, the National Science Foundation 

has expressed an interest in seeing the research 

seminar extended to areas beyond astronomy that 

may be amenable to one-semester research seminars 

for high school and undergraduate students. 
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Abstract 

Internet enabled sky brightness meters (iSBM), designed and manufactured by STEM Laboratory, Inc., have 
been operated and tested at several locations for the last few years.  The iSBM units are zenith looking, single 
channel, broadband photometers that record sky brightness continuously at a cadence of about 40-sec.  They 
operate every night regardless of weather, thus providing a record of sky brightness useful not only for 
astronomers (clear nights), but also wildlife biologists who are concerned with the real range of local sky 
brightness.  Data logged include time, date, geographic location, elevation, sky brightness, twilight times, 
moonrise/set times, lunar phase, cloud cover, temperature, humidity, barometric pressure, and dew-point.  We 
have examined recent archives of iSBM data for two different types of locations: Fort Collins, CO and Tucson, 
AZ.  From the archives we have calculated statistics of sky brightness and compare the results to provide a 
qualitative and quantitative description of natural ranges of sky brightness trends. 

1. Introduction 

Long term temporal measurement of local sky 

brightness is of interest to groups as diverse as 

astronomers, tourists, and wildlife ecologists. Such 

measurements can form a useful database for 

community planners who are obligated by ethics, if 

not law, to consider the former groups.  These data 

can be used to assess nightly impacts of artificial 

lighting on sky brightness, and can enable the 

tracking of long term trends in sky brightness. 

There are many techniques for such 

measurement (Craine, E.R. et al. 2011; Craine , P.R. 

et al. 2011); this discussion will focus on the internet-

enabled sky brightness meter (iSBM) which 

populates the SkyGlowNet (Craine, E.M. et al. 2013, 

Craine, B.L. et al. 2013; 2014).  The iSBM unit is an 

automated, weather-proofed, single channel, solid 

state photometer that typically observes the zenith 

from a Ground Static Survey (GSS) location, or node.  

Observing cadence is about one measure every 40-

sec, and these data are continuously uploaded to a 

user controlled web site.   

The iSBM is equipped with a Global Positioning 

System (GPS) receiver, and simultaneously logs time 

and weather data, which are also transmitted to the 

web site.  

The goal of this paper is to compare a full year of 

data from two disparate SkyGlowNet nodes to 

illustrate how iSBM observations can be used to 

analyze various trends and interesting differences 

between locations.   

  

2. Data Collection 

The iSBM unit at the Colorado State University, 

which is identical to the iSBM unit at the Cerritos 

Station in Tucson, AZ, was initially placed into 

service late in the summer of 2013.  Due to initial 

difficulties in establishing an internet connection 

(Culver, et al, 2014), the CSU unit did not become 

fully operational until late October 2013.  Since then, 

the unit has performed admirably on top of the 

mailto:renae.wall@rams.colostate.edu
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astronomy laboratory equipment shed located on the 

roof of the Natural and Environmental Sciences 

Building on the CSU campus.  The site is situated 

about two miles to the southwest of downtown Fort 

Collins at geographic coordinates: latitude 40.5853
o
 

and longitude -105.084
o
.  

Over the calendar year 2014 sky brightness data 

have been obtained for 289 out of 365 possible nights 

(79 percent).  The nights during which observations 

were not made were skipped for both deliberate and 

unplanned reasons.  Deliberate shutdowns were due 

to combinations of severe weather, in particular 

heavy snowfall, and instrument maintenance.  

Unplanned internet service provider failure made up 

the remainder of the missed nights.  The CSU unit 

performed in temperature conditions ranging from 

102
o
 F down to -15

o
 F.  Data formats and recorded 

parameters are identical to those of the Cerritos unit 

(Culver, et al, 2014).   

The Tucson, AZ iSBM unit is located at 

geographic coordinates: latitude 32.2926
o
 and 

longitude -111.063
o
. 

A summary of the 2014 data collection at both 

the Fort Collins, CO and Tucson AZ sites appears in 

Table 1. 

 

 
 

3. Data Reduction 

Reduction of the SkyGlowNet data is rather 

simple since most of the work is already completed 

within the network itself.  The primary task is to 

transfer the .xml files to a spreadsheet (typically MS 

Excel) for ease of manipulation, and to convert the 

Unix time formats to 24-hr clock time.  This is a 

simple calculation in a new time column in Excel. 

The first challenge is to determine how one 

wants to use the data and then to group the nightly 

observations for the appropriate analysis.  This first 

involves determining which nights one wants to use 

in the analysis.  For example, one may choose to look 

at all of the observed nights, regardless of conditions, 

as an overview.  Alternatively, one may choose to 

examine only moonless nights, or only clear nights, 

or any combination of nights.  This can be 

significantly aided by visual examination of the 

nightly web report pages which provide a graphical 

representation of temporal sky brightness during the 

night, as well as a data block with information on 

times, mean brightness, maximum and minimum 

intensities, lunar phase and rise and set times. 

Using the downloaded Excel spreadsheet data 

several subsets were parsed for evaluation.  This 

included looking at: 1) the entire data set, and 2) clear 

moonless nights, further subdivided into time 

segments of 10pm-2am, 10pm-12m, and 12m-2am.  

In each case the mean sky brightness measures and 

standard deviations were calculated for the group by 

month.  The resulting data could be represented in 

table and/or graphical form. 

Finally, it is often convenient to use null-

hypothesis testing to determine if similar groups of 

data are statistically the same. 

 

4. Results 

The resulting sky brightness data can be useful in 

different ways for analysts with a range of interests.  

We discuss the most comprehensive data sets first, 

and then move on to more specific subsets. 

Wildlife ecologists who use sky brightness data 

are not primarily concerned with stellar visibility, but 

rather with the nightly conditions to which biota of 

interest are exposed.  This means monitoring actual 

observed sky brightness without requiring that the 

sky be clear or dark.  Because ecologists must deal 

with cloudy as well as clear conditions they 

encounter a wide range of sky brightness, including 

bright skies that may be a consequence of reflection 

or scattering of light by cloud. 

To satisfy this interest it is useful to plot mean 

sky brightness for each night of observation.  To 

ensure some continuity in the data, the nightly mean 

is calculated for observations made between times of 

astronomical twilight.  This ensures that scattered 

sunlight is not a significant contributor to the 

measured values, but natural light, such as moon 

light, is integrated along with artificial light sources. 

Figure 1 shows the mean nightly sky brightness 

at the Fort Collins, CO site during calendar year 

2014.  The range of mean brightness is between 

about 15 and 20 mag-arcsec
-2

, a factor of about 100 

in brightness.  The gap in data points during June is 

due to system downtime for network maintenance.  

Careful examination of the data during the second 

half of the year is suggestive of periodicity, due to the 

lunar cycle, but it is apparent that the data are heavily 

scattered due to intermittent cloud conditions. 

 

 

 Tucson, AZ Fort Collins, 

CO 

First Service 11/18/2012 10/30/2013 

# nights 2014 313 289 

# clear nights 167 58 

# clr/no moon 45 10 

Table 1.  Summary of iSBM Observations During 
2014 
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Figure 1. Nightly means of sky brightness during 2014 
as seen from Fort Collins, CO. 

 

Figure 2 shows the mean nightly sky brightness 

at the Tucson, AZ site during calendar year 2014.  

The range of mean brightness is between about 16.5 

and 20.5 mag-arcsec
-2

, a factor of about 40 in 

brightness.  The periodic variation in brightness due 

to the lunar cycle is much more apparent in these data 

than those shown in Figure 1.  This is due to the 

generally more cloud-free skies of the Southwest. 

 

 
Figure 2. Nightly means of sky brightness during 2014 
as seen from Tucson, AZ. 

 

While these data allow ecologists the opportunity 

to correlate sky brightness with specific animal 

behaviors, they also allow astronomers a tool in 

evaluation of potential or existing observing sites.  

The latter application can be further explored by 

looking at the mean monthly sky brightness. 

Figure 3 shows the mean monthly sky brightness 

at the Fort Collins, CO site during calendar year 

2014.  The range of mean brightness is between 

about 17.5 and 19 mag-arcsec
-2

, a factor of about 4 in 

brightness.  A second order polynomial fit to the data 

suggests a distinct seasonal variation, though it must 

be noted that the standard deviations of the monthly 

means are large. 

 

 
Figure 3.  Monthly means of sky brightness, and 
standard deviations, during 2014 as seen from Fort 
Collins, CO. 

 

Figure 4 shows the mean monthly sky brightness 

at the Tucson, AZ site during calendar year 2014.  

The range of mean brightness is between about 18.6 

and 19.6 mag-arcsec
-2

, a factor of about 2.5 in 

brightness.  A linear fit to the data is not suggestive 

of significant seasonal variation, though it must be 

noted that the standard deviations of the monthly 

means are large. 

 

 

 
Figure 4. Monthly means of sky brightness, and 
standard deviations, during 2014 as seen from Fort 
Tucson, AZ. 

 

Astronomical implications can be delved into 

further by looking at the mean monthly sky 

brightness for only those nights that are both clear 

and moonless, i.e. the darkest possible nights.  In this 

case one can look at only those nights for which the 

lunar disk illumination is less than 20%, and for 
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which the nightly sky brightness plots show no 

indications of cloud. 

Figure 5 shows the mean monthly sky brightness 

of clear, moonless nights at the Fort Collins, CO site 

during calendar year 2014.  The mean brightness is 

between about 19.5 and 20 mag-arcsec
-2

, a factor of 

about 1.6 in brightness.  These data represent a small 

number of total nights (10), and it is notable that such 

nights only occurred in the second half of the year.  A 

combination of cloud and moon rendered the entire 

first half of the year free of astronomically dark 

nights. 

The data in Figure 5 have been parsed by time of 

night into two bins:  10pm – 12m; and 12m – 2am.  

Data means in the former bin are consistently 

brighter than those in the latter by about 0.1 to 0.3 

mag-arcsec
-2

.   This can be interpreted as a 

consequence of the turning off of artificial lights in 

the vicinity of the SkyGlowNet node site.  It is 

observed that the 12m – 2am period is generally the 

darkest part of the night. 

 

 

 
Figure 5.  Monthly means of sky brightness during clear 
moonless nights during 2014 as seen from Fort Collins, 
CO. 

 

Figure 6 shows the mean monthly sky brightness 

of clear, moonless nights at the Tucson, AZ site 

during calendar year 2014.  The range of mean 

brightness is between about 20.3 and 20.6 mag-

arcsec
-2

, a factor of about 1.3 in brightness.  These 

data represent a total of 45 nights.  Note that at both 

observing sites there were additional clear and dark 

night segments, but they did not fall within the 

stringent time parameters defined for Figures 5 and 6. 

The data in Figure 6 have been parsed by time of 

night as in Figure 5.  Data means in the two time bins 

behave in the same way observed in Fort Collins.  

The earlier data are consistently brighter than those in 

the later time bin by about 0.05 to 0.25 mag-arcsec
-2

, 

slightly less than the range seen in Fort Collins.   As 

in Fort Collins, it is observed that the 12m – 2am 

period is the darkest part of the night. 

There does appear to be a suggestion of seasonal 

variation in the darkest skies in the Tucson data, 

though it would be necessary to compare several 

years of data to confirm a systematic pattern.  The 

differences in the time bins also seem to vary.  Both 

of these latter effects could be a consequence of 

patterns of sports field lighting, which is a 

predominant source of artificial night time lighting in 

the Tucson SkyGlowNet node area. 

  

 

 
Figure 6.  Monthly means of sky brightness during clear 
moonless nights during 2014 as seen from Fort Tucson, 
AZ. 

 

 

5. Conclusions 

The daily plots of mean brightness for Tucson 

(Figure 2) clearly exhibit the effects of the lunar 

cycle on the mean sky brightness.  The effect is also 

present in the Fort Collins data (Figure 1), but the 

cycles are much less resolved, particularly during the 

winter months in which a higher percentage of nights 

are cloud covered, causing the effect to be less 

pronounced compared to the Tucson data.   

The ability of the iSBM units to quantitatively 

measure the effect of the lunar cycle on sky 

brightness, even on cloudy nights, offers the 

possibility that such sky brightness measurements 

can be employed in detecting possible correlations 

with animal behavior patterns.  In one such example 

preliminary investigations are underway regarding 

possible correlations between the behavior of West 

Nile mosquitoes in Larimer County and lunar sky 

brightness during the months of June, July and 

August. 

 Comparison of the mean monthly dark sky 

brightness averages indicate a slight seasonal effect 
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of approximately one magnitude for the Fort Collins 

data (Figure 3) which does not seem to be present in 

the Tucson data (Figure 4).  Presumably this result is 

due to the different weather patterns of the two 

locations. 

     Although Fort Collins is at a higher altitude 

than Tucson (4982 feet versus 2643 feet) the monthly 

sky brightness means for Tucson are typically about 

0.8
m
 fainter than those for Fort Collins, even though 

both sites are also relatively close to large 

metropolitan areas. 

     Over the past decade the Fort Collins area has 

been one of the more rapidly expanding population 

centers in the United States.  Preliminary data from 

the Fort Collins site indicate a possible increase in the 

sky brightness over the corresponding time periods 

November 2013 to March 2014 and November 2014 

to March 2015.  At the time of this writing, only five 

months of overlap data have been obtained, thus 

those results are very preliminary in nature.   

Nonetheless, our sky brightness measures 

promise to allow the quantification of trends in the 

brightness levels at a given site.  The use of 

additional iSBM units at the CSU SkyGlowNet nodes 

allows characterization of possible dark sky locations 

such as the Red Feather Lakes region to the 

northwest of Fort Collins, a possible location for a 

future Colorado State University observatory. 
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Abstract 

While our understanding of the Universe seems to be expanding much like the Big Bang, there seem to be fewer 
and fewer new people dedicated to gathering, interpreting, and disseminating scientific astronomical data. In this 
paper I present a plan to create “Certified Citizen Astronomers”, i.e., the development of a curriculum where 
people of all ages and backgrounds can develop robust photometric, astrometric, and spectroscopic techniques 
so that they can participate more fully in the astronomical adventure.  

1. Introduction 

While it is relatively easy to categorize a 

“professional astronomer”, it is becoming more 

important to separate the amateur astronomer who 

enjoys, and wishes to preserve the esthetic beauty of 

the night sky with colorful astro images, from the 

amateur astronomer who, while he or she may have 

no formal astronomical training and receives no 

compensations, wishes to contribute to the body of 

astronomical knowledge.  

I will describe how I was able to identify some 

potential “Certified Citizen Astronomers” from a 

popular spectroscopic lab course at the University of 

North Texas in which non-science participants 

recreated the key experiments of Newton, 

Bunsen/Kirchoff, and the “Harvard Computers”.  

Finally, with input from professional 

astronomers and educators, I will propose a plan to 

create a Citizen Science Institute as a clearing house 

for a series of online training courses, to “certify” 

Citizen Astronomers in the latest data gathering 

techniques, who can then provide their time and 

talents to add to our body of astronomical knowledge, 

using some of the remote telescope systems at the 

Dark Sky Collaborative Observatory that is soon to 

be constructed in Fort Davis, Texas. 

 

2. Yesterday 

Scientific history is filled with stories of amateur 

scientists making many of the discoveries that are 

included in today’s textbooks.  
About the time Columbus was visiting the 

Americas, Leonardo da Vinci had become the 

ultimate “Renaissance Man”, excelling in a wide 

range of activities from artwork to math and 

geological studies. In a notebook that he always 

carried with him, da Vinci noted, ‘In rivers, the water 

that you touch is the last of what has passed and the 

first of that which comes: so it is with time present.’ 

Da Vinci could not have imagined how his river 

would broaden and deepen as Scientific Discovery 

began to become an important facet of sociological 

and political history.  

Captain James Cook, with only a rudimentary 

education, set out to make his mark on the world. 

After apprenticing as a seaman, studying 

mathematics and navigation, he became a well-

respected ships’ Captain. As it happened, the 

scientific community was eagerly wishing to know 

the distance between the earth and the sun. Edmund 

Halley had mathematically proposed a distance. An 

English scientific group, The Transit Committee 

turned to Captain Cook, who at 40 years of age, 

seemed both competent and eager to lead a team of 

scientists to collect data, and a team of artists to 

document the team’s discoveries. 

Probably the most well-known amateur 

astronomer was the young farm boy, Clyde 

Tombaugh, who was hired by Percival Lowell after 

he submitted some stunning drawings of Jupiter and 

Mars. His patient astrometric work at the Lowell 

Observatory resulted in the discovery of the dwarf 

planet, Pluto. An interesting side note comes from the 

fact that while an 11-year old schoolgirl’s suggestion 

of the name was instrumental in its selection, the fact 

that “PL” were also Percival Lowell’s initials 

cemented the decision to call this new planet, Pluto. 

The body of astronomical knowledge continues 

to grow, building upon the contributions from past 

citizen astronomers such as: Seth Chandler, Russell 

Porter, Will Hay, Walter Scott Houston, Sir Patrick 

Moore, David Levy, Tim Puckett, Grote Reber and 

Don Parker; to future citizen astronomers  yet to join 

this venerated list. 

mailto:starman@unt.edu
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3. Today 

The astronomy laboratory program at the 

University of North Texas provides hands-on 

astronomy laboratory experiences for more than 

2,500 students per year. These laboratories are unique 

because they are offered to undergraduate, non-

science majors. Over the past decade since the 

program’s inception, an impressive list of successful 

participants has moved on to become museum 

department heads, planetarium directors, and 

astronomy educators. They have all reported that 

their astronomy laboratories had been a valuable 

experience, contributing to their success. Because of 

this, we decided to carefully monitor our new fall 

2015 spectroscopic laboratory that we had created 

with the assistance of Tom Field, of Field Tested 

Systems. I created the lab utilizing an 

interdisciplinary approach that included historical 

anecdotes, along with hands-on telescope operation.  

First, the students were shown a video 

production detailing the early development of 

astronomical spectroscopy. Then the students 

recreated the early Bunsen and Kirchhoff 

experiments by recording hydrogen and helium 

spectra using Tom Field’s RSpec program. These 

spectra were then saved on their personal flash drives 

as reference spectra to be used during later stages of 

their lab.  

 

 
Two students recording hydrogen and helium 
calibration spectra 

Then, the students convened outside the 

laboratory, where five identical telescope setups were 

pointed to different stellar targets, including stars, 

nebulae, and even a WR star. The students were not 

given information as to what each scope was 

targeting. They were then instructed to select two 

targets from the group of five telescopes and record 

the spectra from the two targets. Then they saved 

their two target spectra on their flash drives, and 

returned to the spectra lab room.  

After returning to the lab room, the students then 

loaded their target spectra and calibration spectra into 

RSpec. Then, using RSpec, they combined their 

reference spectra with their target spectra, to try and 

identify the presence of hydrogen and helium 

absorption lines in their target spectra; and, in some 

cases, were surprised to find emission lines from WR 

stars, planetary nebulae, in addition to the expected 

absorption lines from the majority of spectral targets. 

 

 
A student’s Target spectrum showing emission lines 
characterizing a WR type star 

  

4. Tomorrow 

While the spectroscopic lab example described 

in Segment #2 of this paper illustrates how students 

can be trained to collect usable spectra during a three 

hour laboratory, the prime reason for composing this 

paper is to propose a way to differentiate an 

interested amateur astronomer from a prepared 

amateur astronomer. The next few paragraphs should 

provide a catalyst for consideration from this 

organization to consider the prospects of preparing 

“Certified Citizen Astronomers”  to become assets 

for professional scientific research.  

I would like to propose that the Society of 

Astronomical Sciences consider supporting the 

organization of a “Citizen Astronomer’s Institute”, 

which could become an educational center for the 

training and certification of amateur astronomers for 

scientific collaborations. The institute would provide 

online course training in Astrometry, Photometry, 

and Spectroscopy. The courses would be developed 

to teach interested amateur astronomers the practical 

techniques necessary to provide valid data to 

professional astronomers.  

The Society of Astronomical Sciences includes 

some of the most talented and experienced amateur 

astronomers that I have met; and I believe that with 

the assistance of these members,  curricula could be 

developed that would satisfy the needs of 

professional astronomers, much like paralegals 
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support attorneys, and dental assistants provide basic 

dental services.  

While amateurs who enroll in the courses could 

use their own telescope setups, The University of 

North Texas currently operates The Monroe Robotic 

Observatory, a remote, roll-off roof, robotic 

observatory in North Central Texas. The facility 

currently houses four 16” f/8 RC’s with QSI 

(KAF3200ME) cooled CCD cameras mounted on 

Paramount ME’s, as well as a full complement or 

photometric and narrowband filters, as well as an 

LHIRESIII spectrograph, modified for remote 

operation. These systems could be made available to 

deserving amateurs through a competitive proposal 

process, similar to a professional proposal for 

telescope time. The “Citizen Astronomer’s Institute” 

could become a clearing house, providing certified 

amateur resources to professional astronomers. 

Additionally, the Monroe Robotic Observatory offers 

high-quality telescope systems with which to pursue 

scientific data collection. 

 

 

 
The Monroe Robotic Observatory 

 
During last year’s SAS gathering, The Lowell 

Observatory and its Lowell Amateur Research 

Initiative announced its interest in including amateurs 

in some of its selected projects. The Citizen 

Astronomer’s Institute could be a valuable resource, 

providing qualified amateurs, already prepared to 

collect data for ongoing professional projects such as 

those being conducted through LARI. 

Members of our astronomy program at The 

University of North Texas have also identified 

funding sources to build and operate the Darksky 

Observatory Collaborative, a 7-pier remote 

observatory on property located near the McDonald 

Observatory. We hope to have this facility online 

sometime in the spring of 2016. This site would 

provide the Institute with skies as dark as those in 

Chile. 

The site for the future Darksky Observatory 

Collaborative registers “1” on the Bortle scale (one of 

the darkest skies on earth). Midland and Odessa, 

Texas are to the upper right, and El Paso is to the 

upper left. Each are over 200 miles from the new site 

(marked by the circle surrounding the site location). 

 

5. Conclusion 

Obviously, there are many questions left 

unanswered by this paper.  However, it is hoped that 

I have provided enough information to spark some 

interest from members of the Society for 

Astronomical Sciences to participate by volunteering 

their talents towards developing curricula, or even 

suggesting ways that the Institute might assist in 

improving data-gathering skills in support of 

professional astronomers who find themselves 
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limited by the available telescope time at many of the 

established observatories to gather long-term data in 

support of their research.  

After all, there are still many discoveries that can 

be made by amateur astronomers – especially 

Certified Citizen Astronomers.  
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Abstract 

The 1.8-meter ASTRO-1 space telescope is designed to provide UV-visible imaging and spectroscopy that will 
be lost when the Hubble Space Telescope is finally decommissioned, probably early next decade. This privately 
funded facility will impact a broad range of astronomical research topics, from exoplanets to cosmology. We 
describe the proposed facility and our plans to involve the amateur astronomy community in the observatory 
planning and on-orbit observing program.  

1. Introduction 

The BoldlyGo Institute is dedicated to advancing 

the frontiers of space science and exploration (see 

www.boldlygo.org). It was incorporated in the state 

of New York in 2013 by ex-NASA senior managers 

and others to augment the nation's space science 

portfolio through philanthropically funded robotic 

space missions, similar to how some medical 

institutes and ground-based telescopes are funded. 

BoldlyGo's two current projects include the SCIM 

mission to Mars (see www.scim-mars.org) and the 

ASTRO-1 space telescope (see www.astro-1.org).  

Being exceedingly aware of the limited federal 

resources for space science, we formed the nonprofit 

BoldlyGo Institute to augment the government-

supported portfolio by “expanding the pie” of 

available funding. The community faces the 

conundrum of how to rejuvenate its suite of space 

science missions in a continuously tight fiscal 

environment. In particular, with funding demands 

anticipated for new space astronomical facilities that 

span the electromagnetic spectrum, particle 

astrophysics, and gravitational waves, it may not be 

financially possible to construct a true replacement 

for Hubble’s ultraviolet and visible light capabilities 

while simultaneously developing new observatories. 

We believe that a privately funded ASTRO-1 

space observatory is the answer to retain and enhance 

many of Hubble's capabilities. This strategy restores 

a vital scientific window on the universe without 

diverting NASA funds away from developing other 

ambitious facilities, such as a future large (>8-meter) 

space telescope, which only the government can do. 

Privately funding ASTRO-1 is daunting but not 

impossible. It simultaneously wields great scientific 

power while being technically viable and affordable. 

And it needs grass-roots support of this community to 

start its path to formal development.  

 

2. ASTRO-1 Space Telescope 

2.1 Observatory Parameters 

ASTRO-1 is a 1.8-meter off-axis (unobscured) 

ultraviolet-visible space observatory to be located in 

a Lagrange point or heliocentric orbit with a wide-

field panchromatic camera, medium- and high-

resolution spectrograph, and high-contrast imaging 

coronagraph. A rendition of the deployed observatory 

is shown in Figure 1. ASTRO-1 is intended for the 

post-Hubble Space Telescope era in the 2020s, 

enabling unique measurements of a broad range of 

celestial targets, while providing vital complementary 

 
Figure 1: Rendering of the ASTRO-1 space telescope 
as deployed on orbit. 

http://www.boldlygo.org/
http://www.scim-mars.org/
http://www.astro-1.org/
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capabilities to other ground- and space-based 

facilities such as the James Webb Space Telescope 

(JWST), Atacama Large Millimeter/submillimeter 

Array (ALMA), Wide-Field Infrared Survey 

Telescope-Astrophysics Focused Telescope Assets 

(WFIRST-AFTA), Large Synoptic Survey Telescope 

(LSST), Euclid, and the Transiting Exoplanet Survey 

Satellite (TESS). A wide variety of scientific 

programs can be accomplished, addressing topics 

across space astronomy, astrophysics, fundamental 

physics, and Solar System science, as well as being 

technologically informative to future large-aperture 

programs.  

The key parameters of the observatory are 

summarized below: 

• 1.8-meter unobscured telescope for well-

behaved point source images and added 

collecting area, as depicted in Figure 2; 

• 2020’s launch aboard an EELV-class launch 

vehicle (Falcon 9, Atlas V; see Figure 3) to a 

Lagrange point or heliocentric orbit,  for 

maximizing observing efficiency and 

stability; 

• Hubble-like data management, with all data 

going into a publicly accessible archive after 

any relevant and reasonable proprietary 

periods. 

Baseline wide-field imaging capabilities include: 

• Wide-field camera with beam splitter at 552 

nm for simultaneous high-resolution 

UV/blue/green and yellow/red/near-IR 

imaging; 

 
 

Figure 4: ASTRO-1 wide-field camera baseline filter set. The broadband filters are similar to ones flown 
previously on Hubble cameras and include a number of bands to be used on LSST. The narrowband set includes 
the most important emission lines for observing nebular objects. The first five filters from each set (ten in all) will 
be included in the blue channel of the wide-field camera and the remaining ten filters would be used in the red 
channel. 

 
 

Figure 3: ASTRO-1 shown in its stowed 
configuration within a representative EELV launch 
shroud. 

 
 

Figure 2: ASTRO-1 rendered with transparent outer 
layers. The secondary mirror at top is mounted off to 
the side, leaving the primary mirror unobscured. 
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• Camera covers 10 times larger field of view 

than any of Hubble’s cameras with an image 

scale of 33 milli-arcseconds per pixel, 

matching the image scale of the main JWST 

near-IR camera; 

• Even though JWST is 3.5 times larger in 

diameter, ASTRO-1 will observe at much 

shorter wavelengths. For example, ASTRO-

1’s resolution in blue light will be the same 

as JWST’s in the near-infrared; 

• Broadband and narrowband filters for 

stellar/galaxy and nebular imaging and 

photometry (see Figure 4). 

Baseline spectroscopic capabilities include: 

• Low-to-high resolution spectroscopy with a 

high-throughput UV channel and long-slit 

UV-visible mode; 

• L2 or heliocentric orbit will avoid UV 

geocoronal emission, making ASTRO-1 the 

first large-aperture observatory to fully 

exploit deep space conditions; 

• Spectral resolution of λ/Δλ = R ~ 30,000 to 

50,000 far-UV spectroscopy over ~102 to 

200nm; 

• Multi-mode long-slit imaging spectroscopy 

covering 200 to 1070nm with ~1 arcminute 

cross-dispersion field and 0.1 to 0.5 

arcsecond slit widths used in conjunction 

with advanced large-format, low-noise 

detectors. 

Baseline high-contrast imaging capabilities include: 

• High orbit will provide excellent stability 

(thermal, vibrational) for making high 

contrast observations using a coronagraphic 

instrument and/or pairing with an external 

starshade (occulter) spacecraft; 

• Achieve 1.e-9 or better contrast ratio for 

bright stars in the ~0.1 to 0.6 arcsecond 

radial range to search for exoplanets or 

structure around other bright central sources; 

• PIAACMC, OMC, or other internal 

coronagraph technique with 

adaptive/deformable optics for exquisite 

wavefront control used in conjunction with 

ultra-low noise detectors. 

 

The footprint of each of the instruments in the 

telescope focal plane is depicted in Figure 5, where 

we have projected the familiar Eagle Nebula field on 

top of the wide-field camera location to show the 

extraordinary gain in areal coverage of ASTRO-1’s 

high-resolution UV-visible imaging. 

 

 
 

Figure 5: The footprint of the scientific instruments in the focal plane of the ASTRO-1 telescope. The wide-field 
camera has a well-corrected field of view that is 10 times larger than any of the Hubble Space Telescope cameras 
and with similar spatial resolution. The coronagraph has a modest field of view for searching the area around 
bright nearby stars for exoplanets or gaseous disks around proto-stars or supermassive black holes at the 
centers of galaxies. 
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2.2 Observing Time, Partnerships and 

Amateur Community Access 

Because of its low Earth orbit, Hubble’s 

observing efficiency (time on target) is only about 

50% for a typical celestial source. Placing ASTRO-1 

in a high orbit will almost double this efficiency. We 

can therefore retain the entire Hubble observing 

program of individual, Large, and Treasury 

investigations and still have significant available time 

to accommodate partnerships and other new 

initiatives. One of the new initiatives we’re planning 

is to make 100 spacecraft hours of observing time 

available to the amateur astronomy community each 

year. We intend to involve members of the amateur 

community in our planning and observing phases of 

the ASTRO-1 mission, particularly to coordinate how 

the 100 hours of annual access should be used (e.g., 

one large 100-hour project, 100 one-hour projects, 

something in between, etc.). 

Traditional institutional partnerships and 

consortia, such as are common with private ground-

based observatories, may play a role in the support 

and governance of ASTRO-1; however, using solely 

this model can wind up providing access only for a 

few wealthy institutions instead of the broad 

community that we’re accustomed to with Hubble 

and other space observatories. Therefore, in addition 

to our planned open guest observer program, we 

intend to provide mechanisms whereby individual 

scientists and amateurs can buy in to a fraction of the 

observing time. 

The financial bar for professional astronomers to 

buy in to individual “guaranteed time” partnerships 

will be commensurate with a typical research grant. 

Participants can raise the funds any way they like, 

such as possibly through research grants, indirect cost 

return, alumni gifts, crowdfunding, or even personal 

financial assets. There will be a similar buy-in 

mechanism for amateurs who prefer to guarantee 

their observing time outside of the 100 planned hours 

of annual amateur access. Funds will be collected in 

stages as the observatory is developed, ramping up as 

the observatory gets closer to launch and 

commissioning. 

 

2.3 ASTRO-1 Development and Schedule 

Our next step in ASTRO-1 development is to 

form the ASTRO-1 Requirements Team (ART), 

which will be tasked with optimizing the science case 

and observatory design and constructing a ‘design 

reference mission.’ We plan to include one or more 

representatives of the amateur astronomy community 

on the ART. ART members will organize community 

workshops where those interested in observing with 

ASTRO-1 can learn about the facility and provide 

feedback on the observatory planning. We will 

shortly circulate a call for Letters of Interest from 

those interested in serving on the ART during the 

latter half of 2015 and 2016. 

Beyond the ART activities, we aim to initiate 

formal Phase A development in the 2017-2018 time 

frame. ASTRO-1 could be constructed in 5-7 years 

with adequate funding, depending on the instrument 

suite, observatory performance, etc. Our industry 

partners have extensive experience building and 

launching modest and large imaging satellites for the 

government and commercial customers. We plan to 

leverage this experience to control costs and manage 

risk. Observatory design and construction will be 

managed by Exelis, Inc., of Rochester, NY, along 

with Ball Aerospace & Technologies Corporation of 

Boulder, CO, and Corning Inc., of Canton, NY. 

 

3. Conclusion 

The BoldlyGo Institute’s proposed ASTRO-1 

space telescope will explore the modern universe of 

galactic, stellar and planetary systems, time variable 

phenomena, and large-scale structure and cosmology 

through diffraction-limited wide-field imaging, high 

contrast imaging and high-resolution spectroscopy at 

visible and ultraviolet wavelengths. Launching after 

the demise of the Hubble Space Telescope in the next 

decade, ASTRO-1 will be positioned well beyond 

Hubble’s low Earth orbit to maximize observing 

efficiency and observatory stability. The baseline 

architecture is to use an off-axis (unobscured) 1.8-

meter telescope design along with instrumentation 

that will focus on high-impact science returns, 

leveraging data from other ground and space-based 

observatories. ASTRO-1 will be used to study topics 

such as galaxy and stellar populations, exoplanetary 

systems, time variable phenomena such as 

supernovae and black holes, large-scale structure, 

dark matter and dark energy. The instrumentation 

will include a wide-field UV-visible imager, 

coronagraph and spectrograph, and the observatory 

can be paired with an external occulter spacecraft for 

demonstrating direct imaging of exoplanets.  

We believe that ASTRO-1 will be a terrific 

facility for engaging the large community of amateur 

astronomers and space enthusiasts through citizen 

science and direct-access programs. Please visit the 

BoldlyGo and ASTRO-1 websites to find out more. 

Send us a note using the Contact Us form to express 

your interest in and ideas for ASTRO-1. Also, follow 

us on Twitter and Facebook. Your interest, 

experience, and involvement are key to ASTRO-1’s 

success!
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Abstract 

Originally started in 2012 as the Betelgeuse Project, interest in the other bright stars of Orion soon expanded the 
Project stars to include a total of six of the brightest stars in Orion. The name was then changed to the Orion 
Project. Orion is one of the most famous constellations. Its declination along the celestial equator is such that it is 
visible from most of northern and southern hemispheres. In addition, the stars of Orion are very bright and 
interesting. The Orion Project now includes the stars Betelgeuse, Rigel, Saiph and the three stars of Orion's belt, 
Mintaka, Alnilam and Alnitak. The projects objectives are both to help the observer produce quality photometric 
and spectroscopic data and to produce archival quality photometric (BVRIJH bands) and spectroscopy (low, mid 
and high-resolution) data. This paper is a summary of the Orion Project status. 

1. Introduction 

Professional observatories have a difficult time 

observing bright stars and particularly on a regular 

basis. It is up to the smaller observatories to fill the 

gap. Most small observatories have wide discretion in 

what they observe and how often. The bright stars of 

Orion are some of the most interesting stars that lack 

continuous observing. The Orion Project has been 

setup to fill this gap and give the small observatory 

observers needed information for the observations 

and a place to submit the observational data. 

Observation using both photometry and spectroscopy 

are welcome. 

  

2. Project Goals 

2.1 Development and Mentoring 

To help beginners do photometry and 

spectroscopy and get to the point where good data is 

submitted that can be scientifically useful. The means 

transformed and extinction corrected photometric 

data that is consistent and close to what others are 

producing for the same time. For spectroscopy 

beginners will be mentored to the point of being able 

to submit high-quality wavelength calibrated line 

profiles.  

 

2.2 Archived Data 

Data will be archived and available to anyone. 

For spectroscopy. A showcase of wavelength 

calibrated spectral line profiles in .Jpg format will be 

shown. Corresponding line profile .Dat files will be 

archived. Photometric data will be archived and 

periodically submitted to the AAVSO.  

 

3. Project Stars 

3.1 Alpha Orionis 

Betelgeuse (pronounced beetle juice) is a red 

supergiant star near the end of its life. If it were in 

place of our Sun, Mercury, Venus, Earth and Mars 

would all be well beneath the star's surface. It is the 

upper left star in Orion. Betelgeuse has shrunk 

around 15% in size over the past 15 years yet has not 

significantly changed its brightness. It warrants 

continual observations. Something is happening 

fairly quickly. Betelgeuse is a variable star and 

because of this the listed magnitudes are just ballpark 

values. For example the V band magnitude varies 
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from 0.3 to 1.2 with a period of 150 to 300 days. The 

star is brighter in the longer wavelengths. The U band 

magnitude is 4.38 while the H band magnitude is - 

4.0 or over eight magnitudes brighter. The brightness 

posses a problem for photon counting and CCD 

photometry, but makes life much easier for single 

channel SSP-3 and SSP-4 photometry as well as 

spectroscopy. 

 

 
Figure 1:  Constellation Orion 

 

3.2 Beta Orionis  

Rigel is the large bluish-white star in the lower 

right of the constellation Orion. Depending on the 

reference it ranks as 6th or seventh brightest star in 

the sky. Part of the ranking problem is because it 

varies slightly as do other stars of close brightness. 

The period of Rigel's variation is from 1.2 to 74 days. 

This is an intrinsic variation as the star pulsates. 

Several years ago Dr. Edward Guinan asked Jeff 

Hopkins to do UBV photometry on it for a project he 

was involved with. Jeff had an 8” C8 SCT with his 

UBV photon counter. Try as he might he could not 

get good data. The star would saturate his photon 

counter. He even tried an aperture mask, but it still 

saturated. As it turns out, because Rigel is so bright, 

it is ideal for the PIN diode SSP-3 or SSP-4 

photometers. This is a very interesting star and 

worthy of observations, but few people observe it. 

Like Betelgeuse, Rigel is a variable star and because 

of this the listed magnitudes are just ballpark values. 

For example the V band magnitude varies from 0.05 

to 0.18 with a period of 1.2 to 74 days. The star is 

just the opposite of Betelgeuse with magnitudes 

brighter in the shorter wavelengths. The U band 

magnitude is -0.81 while the H band magnitude is 

0.22 or about one magnitude brighter. As with 

Betelgeuse the brightness of Rigel posses a problem 

for photon counting and CCD photometry, but makes 

life much easier for single channel SSP-3 and SSP-4 

photometry as well as spectroscopy. 

 

3.3 Kappa Orionis 

Saiph is the lower left star of Orion's feet. It is a 

blue supergiant star and the 6th brightest in Orion 

with a V magnitude of 2.07. Added this year, Saiph 

becomes the sixth star in the Orion Project. 

 

3.4 Delta Orionis 

Mintaka is the right most star in Orion's belt and 

is a multiple star system.  

The 2.23 magnitude main bluish white 

component is a close double star comprised of a giant 

Class B and a smaller Class O that orbits each other 

every 5.73 days. The stars eclipse each other slightly, 

dipping about 0.2 magnitudes each orbit. A pale blue 

star of 7th magnitude orbits the main components by 

approximately 52” away. There is also a close 14 

magnitude companion star that makes photometry 

with the SSP-3 and SS-4 a challenge. For 

spectroscopy it is not a problem 

 

3.5 Epsilon Orionis 

Alnilam is a large blue supergiant star. It is the 

30th brightest star in the sky and 4th brightest in 

Orion with a V magnitude of 1.70. Alnilam is the 

middle star in Orion's belt. While its simple spectrum 

has been used to study the interstellar medium, high-

resolution spectra of the hydrogen alpha region show 

that the spectrum is anything but simple in that area. 

The hydrogen alpha line does a complete flip from a 

large absorption line to a large emission line over just 

a few days. Alnilam's magnitude is brighter in the 

shorter wavelength with a magnitude in the U band of 

0.47 and 2.41 in the H band. 

 

3.6 Zeta Orionis 

Alnitak is a multiple star system. The main star 

is a large blue supergiant star at a V magnitude of 

2.05. Alnitak is the left most star in Orion's belt. Like 

Alnilam it has been reported to have a similar 
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hydrogen alpha line flip from emission to absorption 

and back over a few days. This has yet to be 

confirmed from Project spectroscopic observations. It 

is suggested that continued observations be made to 

help investigate this interesting behavior. Also like 

Alnilam, Alnitak is brighter in the shorter 

wavelengths with a magnitude of 0.77 in the U band 

and 2.28 in the H band. Alnitak appears to be steady 

and non-variable. As such it has been used as a 

comparison star for photometry. 

 

4. Photometric Observation Status 

Several Observers have provided photometric 

data. Because of the brightness of the stars, the Otpec 

PIN diode SSP-3 (BVRjRj) and SSP-4 (JH) 

photometers are ideal. Photon counting (UBV) and 

CCD photometry (BVRcIc) are at a disadvantage 

because of the sensitivity of the systems. Techniques 

have been worked out to help the situation, however. 

 

4.1 SSP-4 JH Band Photometry 

An Optec SSP-4 photometer was used by Carl 

Knight (New Zealand) to obtain JH band photometric 

data. Carl began working with an SSP-4 in mid-2014. 

The vast majority of his work to date has been in 

calibrating the instrument. He is indebted to Stan 

Walker (current Variable Stars South Director) for 

his advice and time. Carl determined that choosing 

brighter J and H standards were instrumental in 

deriving coefficients that made sense of his early 

Betelgeuse data. Changing from Bellatrix to Rigel for 

the comparison star has reduced the scatter in his J & 

H photometry. The H band results were negatively 

impacted by poor SNR. More recent results yield 

average s and errors of J= -3.156 +/- 0.006 and H = -

4.101 +/- 0.022. 

Carl took several hundred individual counts 

attempting to get good extinction and color 

transformation coefficients and as such is keen to 

ensure other observers develop those essential 

coefficients with much less effort by not emulating 

his mistakes. Carl is currently working with another 

SSP-4 J and H observer to improve his J and H 

observations. Carl published the article ”Observing 

Betelgeuse in the near IR” (VSS April 2015) 

The author tried his hand at J and H band 

photometry last year with a borrowed SSP-4but was 

unable to achieve acceptable standard deviations. 

Mentored by Jeff Hopkins, we ran a series of test to 

evaluate and improve my techniques. While I did 

improve my techniques to provide consistent and 

repeatable results there was little improvement in 

standard deviations. Ultimately, we determined that 

the light pollution from my location was just too 

severe and the sky readings were too high to achieve 

a satisfactory SNR. I am deeply indebted to Jeff and 

Carl Knight for their support and encouragement 

during those discouraging days. Without their 

encouragement I would have retreated to taking 

pretty pictures. Instead Jeff lent me an SA 100 and 

encouraged me to try my hand at spectroscopy. 

 

Comparison Stars: 

1 Rigel, beta Orionis   J=0.22            H=0.23 

2 Bellatrix, gamma Orionis  J=2.17   H=1.88 

3 Alnitak,zeta Orionis   J=2.21          H=2.28  

 

4.1.1. SSP-4 JH Band Photometry Betelgeuse 

 

RJD J SD H SD CS 

7086 -3.151 0.008 -4.118 0.017 1 

7081 -3.156 0.006 -4.105 0.005 1 

7069 -3.163 0.010 -4.214 0.007 2 

7064 -3.183 0.023 -4.086 0.052 2 

7050 -3.047 0.013 -4.209 0.042 2 

7044 -3.090 0.082 -4.177 0.037 2 

7039 -3.148 0.102 -4.052 0.107 2 

7031 -3.097 0.008 -4.170 0.016 2 

7023 -3.084 0.050 -4.076 0.050 2 

7018 -3.199 0.027 -4.236 0.041 2 

6996 -3.093 0.040 -4.099 0.055 2 

6786 -3.138  -4.279  3 

6703 -3.179 0.065 -4.021 0.076 3 

6969 -3.152 0.008 -4.170 0.013 2 

6965 -3.166 0.005 -4.134 0.015 2 

6750 -3.158 0.017 -4.164 0.149 2 

6739 -3.124  -3.950  2 

6965 -3.166 0.005 -4.134 0.015 2 

 

 
 

4.1.2. SSP-4 JH Band.Photometry Mintaka 

Mintaka has been active in the J and H bands. Of 

interest are RJD 7025 7081where the H band 

magnitudes actually were higher than the J band. 
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RJD J SD H SD CS 

7081 2.920 0.188 2.911 0.186 1 

7031 2.804 0.040 2.753 0.064 2 

7025 2.708 0.021 2.856 0.132 2 

7018 2.603 0.139 2.705 0.055 2 

6996 2.921 0.068 3.073 0.052 2 

6969 2.793 0.047 2.854 0.031 2 

6969 2.782 0.058 3.002 0.093 2 

 

 
 

 

4.2 SSP-3 BVRjIcBand Photometry 

An Optec SSP-3 photometer was used by Ken 

Sikes, (Arizona) to obtain BVRjIj photometric data. 

The brightness of the Orion Project stars make them 

an ideal candidates for the SSP-3, even with modest 

telescopes. 

Comparison Star: Bellatrix HR 1790. 

JD = RDJ + 2,450,000 

 

4.2.1. SSP-3 BVRjIc Band Photometry 

Alnilam 

 OBS  RJD    B    V   Rj   Ic 

SKED 6984 1.528 1.699 1.750 1.863 

SKED 6988 1.533 1.688 1.722 1.840 

 

 
 

 

4.2.2. SSP-3 BVRjIc Band Photometry 

Alnitak 

OBS RJD     B   V   Rj   Ic 

SKED 6984 1.562 1.750 1.823 1.949 

SKED 6988 1.584 1.769 1.821 1.948 

 

 
 

4.2.3. SSP-3 BVRjIc Band Photometry 

Betelgeuse 

 OBS RJD   B   V   Rj    Ic 

SKED 6988 2.525 0.598 -1.053 -1.659 

SKED 6989 2.565 0.604 -1.044 -1.644 

SKED 6990 2.555 0.616 -1.027 -1.627 

 

 
 

4.2.4. SSP-3 BVRjIc Band Photometry 

Mintaka 

 

OBS RJD   B   V   Rj    Ic 

SKED 6984 1.984 2.201 2.285 2.430 

SKED 6988 2068 2.278 2.357 2.488 
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4.2.5. SSP-3 BVRjIc Band Photometry Rigel 

 

OBS RJD   B   V   Rj    Ic 

SKED 6988 0.228 0.598 -1.053 -1.659 

SKED 6989 0.248 0.604 -1.044 -1.644 

SKED 6990 0.231 0.616 -1.027 -1.627 

 

 
 

4.2.6. SSP-3 BVRjIc Band Photometry Saiph 

 

OBS RJD   B   V   Rj    Ic 

SKED 6988 1.982 2.095 2.119 2.222 

SKED 6989 2.015 2.132 2.146 2.259 

SKED 6990 2.021 2.127 2.158 2.261 

 

 
 

4.3 CCD BV Band Photometry 

 

CCD BV photometric observations were 

provided by Laurent Corp of Rodez, France. 

 

4.3.1. CCD BV Band Photometry Alnilam 

 

RJD B V 

6948 1.771 1.986 

6962 1.923 2.072 

7014 1.559 1.903 

7063 1.780 1.981 

7072 1.721 1.887 

 

 
 

4.3.2. CCD BV Band Photometry Mintaka 

 

RJD B V 

6948 2.372 2.559 

6962 2.413 2.606 

7014 2.223 2.439 

7063 2.430 2.610 

7072 2.299 2.431 

 

 
 

5. Spectroscopic Observation Status 

5.1 Low-Resolution Spectroscopy 

Disheartened by my experience with the SSP-4, 

Jeff pointed me in the direction of spectroscopy by 

lending me an SA 100 and demonstrating the appeal 

at a school star party. Armed with  my DSLR camera, 

a C-8 and a trial version of RSpec I was out shooting 

Vega. I soon dug out my old parallel port ST-8. It 

wasn’t long before I upgraded to a used ALPY 600 
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with a guiding module and was off shooting the 

Orion Project stars on a regular basis. 

Low-resolution spectra were taken by Robert 

Buchheim using an ALPY 600 and an 11” SCT @ 

f6.3,  processed using ISIS and Al Stiewing using an 

ALPY 600 on a C-14 telescope with an Orion 

Starshoot G-3 monochrome CCD camera and 

processed with RSpec. JD=RJD+2,450,000 

 

5.1.1. Alnilam (epsilon Orionis) Spectroscopy 

Alnilam continues to show an active weak 

hydrogen alpha emission line 

 

 
 

 
 

5.1.2. Alnitak (zeta Orionis) Spectroscopy 

 

 
 

 
 

5.1.3. Betelgeuse (alpha Orionis) Spectroscopy 

 As expected, Betelgeuse shows a lot of activity 

across its full spectrum. Of particular note is the 

activity within the region stretching between 

hydrogen alpha (6562.8 ) and 6962, peaking around 

6834.8  
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5.1.4  Mintaka (delta Orionis) Spectroscopy 

 

 
 

 
 

5.1.5  Rigel (beta Orionis) Spectroscopy 

 

 
 

 
 

5.1.6  Saiph (kappa Orionis) Spectroscopy 

 

 
 

5.2 Mid-Resolution Spectroscopy 

Manfred Schwarz of Austria submitted the first 

Spectrographic of the latest Orion Project Star, Saiph, 

using a 14” SCT @ f 8 with a Lhires III operating at 

300l/mm with an SBIG ST-10Xe. 

 

 
  

6. Conclusions 

All the stars is the Orion Project are worthy of 

our attention. As bright stars they are better suited for 

amateur equipment and time than for professional 

observatories Three of the stars, Alnilam, Rigel, and 

Betelgeuse are all at the end of their life. 

The project represents a great opportunity for 

mentoring new members as the targets are easily 

identified and data can be captured quickly. 

The O and B stars of Orion are well suited for 

UBV photometry and spectroscopy work. Betelgeuse 

represents a unique opportunity, especially in the 

near IR. Knight (2015) points out, the near IR is the 

peak emission of an SRC and some key phenomena 

are only visible in the near IR yet near IR data are 

largely absent from the AAVSO databases. 

The second observing season for the Orion 

Project suffered from poor weather and illness, which 

limited the data collected. It is hoped that more 

observers will be inspired to do photometry, and 

spectroscopy on one or more of the project stars, but 

especially in the R, I, J, and H, bands on Betelgeuse.  
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Abstract 

The Lowell Observatory has had a long and rich history of professional-amateur (Pro-Am) collaborations 
beginning with the observatory’s founder, Percival Lowell. The Lowell Amateur Research Initiative (LARI) was 
launched in 2012 to formally involve amateur astronomers in scientific research by bringing them to the attention 
of and helping professional astronomers with their research endeavours. One of the LARI projects is the BVRI 
photometric monitoring of Young Stellar Objects (YSOs), wherein amateurs obtain observations to search for 
new outburst events and characterize the colour evolution of previously identified outbursters. We summarize the 
scientific and organizational aspects of this LARI program, including its goals and science motivation, the 
process for getting involved with the project, the current team members and their equipment, our unique methods 
of collaboration, programme stars, preliminary findings, and lessons learned. 

1. Introduction 

 At the 2012 SAS Symposium, Dr. Deidre 

Hunter from Lowell Observatory presented a paper 

about the Lowell Amateur Research Initiative 

(LARI). The objective of LARI is to engage amateur 

astronomers in specific research projects with Lowell 

astronomers in a professional-amateur (Pro-Am) 

collaboration. Lowell observatory has a long and rich 

history of Pro-Am collaborations. Indeed, Percival 

Lowell, the observatory's founder, was an amateur 

astronomer and collaborated with professional 

astronomers. Over the years, there have been many 

Pro-Am collaborations at Lowell, but LARI was 

initiated as a more formalized approach for such 

relationships (Hunter et. al. 2012). 

This paper will provide an overview of a 

particular LARI project and its campaign, describe 

the types of stars being monitored, outline the science 

motivation and goals of the project, introduce the 

team members and their equipment, describe the 

team's method of collaboration, provide information 

about the sample programme stars, and conclude with 

preliminary findings. 

 

2. Getting Involved with LARI 

There are an increasing number of Pro-Am 

collaborations developing, due largely to the Internet, 

which has made such collaborations easier than ever. 

An amateur wishing to get involved with a LARI 

project begins the process by visiting the LARI web 

page at the Lowell Observatory web site 

(http://www.lowell.edu). From there, the amateur can 

browse the line-up of active LARI projects, which 

span a range of scientific goals and methodologies: 

current projects include observing campaigns to 

collect CCD photometry or spectroscopy of small 
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solar system bodies, stars, and distant dwarf galaxies; 

LARI also includes non-observational projects, such 

as efforts to analyze existing scientific data, or to 

identify and assist in the curation of Lowell’s 

historical scientific instruments. Once an amateur has 

identified a project that is a good match for their 

interests and equipment, they can register online for 

the LARI program. Besides providing basic contact 

information, the prospective registrant describes their 

interests, lists their equipment, and selects which of 

the existing LARI projects that they find of interest. 

With registration information in hand, the Lowell 

astronomers match the amateur to the researcher and 

project. In due course, the researcher, or principle 

investigator, will contact the amateur to begin the 

collaboration process. 

 

3. Young Stellar Lightcurves 

One of the available LARI projects is called 

“Young Stellar Lightcurves”. The project calls for the 

monitoring of seasonal samples of Young Stellar 

Objects (YSOs) in BVRI passbands to search for 

outburst events and characterize the colour evolution 

of previously identified outbursters. 

The project team is comprised of amateur 

astronomers to distribute the workload and provide 

colour information (BVRI photometry) for each 

programme star, and the principal investigator, who 

complemented the LARI observers' visual 

observations with near-infrared (NIR) observations 

from the Lowell Observatory 1.8m (72") Perkins 

telescope. In this section, we summarize the broader 

scientific background for the LARI Young Stellar 

Lightcurves project before presenting the scientific 

goals and strategy specific to the LARI Young Stellar 

Lightcurves project. 

 

4. Young Stellar Objects 

YSOs are also known as Pre-Main Sequence 

protostars and, like all stars, are born out of nebulae. 

They  are <10 Million years old, typically have 

masses of ~0.2-8 solar masses, and can have 

significant residual amounts of dust in circumstellar 

orbit which was left over from the initial star 

formation process. At the youngest ages, YSOs are 

still gravitationally  contracting and accreting 

material from the nebular clouds within which they 

are embedded.  As the YSO contracts, its rotation rate 

will increase (much like a figure skater spins faster as 

they draw in their arms), and the dust and gas with 

the most angular momentum will form an accretion 

disk orbiting the central protostar. At the inner edge 

of the disk, gravitational and magnetic interactions 

can drive material to accrete from the disk onto the 

surface of the protostar. YSOs typically exhibit some 

level of photometric variability; indeed, photometric 

variability was one of the original characteristics used 

to define the observational class of T Tauri stars (Joy 

1945), which were only later identified as young/pre-

main sequence stars. The T Tauri class was later 

refined to distinguish between Weak T Tauri stars 

(WTTSs), which lack substantial circumstellar disks 

and exhibit regular photometric variability due to the 

presence of large star spots moving in and out of 

view as they rotate across the face of the star, and 

Classical T Tauri Stars (CTTSs), which actively 

accrete material from circumstellar disks and exhibit 

irregular photometric variability due in part to 

changes in the star’s accretion rate. CTTSs and 

WTTS both exhibit optical variability on timescales 

of hours to weeks, with typical amplitudes of ~0.1-

0.2 magnitude, though amplitudes as large as ~>0.5 

magnitude are observed (see e.g., Xiao et al. 2012; 

Percy et al. 2010; Grankin et al. 2007, 2008). 

A subset of YSOs have been seen to exhibit  

photometric "outbursts" with significantly larger 

amplitudes (~1-5 mag.) than those of typical T Tauri 

stars. These large amplitude variations, during which 

a source can brighten by 10-100x, take place over 

timescales as short as a few weeks or as long as many 

decades. These brightening events are typically 

attributed to a substantial increase in the rate at which 

the YSO accretes material from its circumstellar disk: 

this accreting material heats up and emits light as it 

falls toward the YSO, such that at the highest 

accretion rates this material will actually outshine the 

star it is falling onto. Substantial changes in the 

amount of circumstellar material along the line of 

sight to the YSO can also produce large amplitude 

"dimming", however, that could be misinterpreted as 

brightening outbursts depending on when the source 

was observed. Understanding the frequency and 

nature of these large amplitude variations is 

important for developing a complete understanding 

of the star and planet formation process; the star-disk 

interactions at the heart of these variations govern the 

rate at which a star grows by accreting material from 

its circumstellar disk, and will influence the structure 

of the disks in which young planetary systems must 

also be coalescing. 

Prior observational work has enabled the 

development of several classes of highly variable 

YSOs that share broad similarities in their 

observational properties. FUORs, named after their  

prototype FU Orionis, exhibit large amplitude (>3 

magnitude) long-timescale (>10 years) brightening 

above an initially stable flux baseline. Spectroscopic 

studies of FUORs reveal several signatures – the 

width and shape of absorption lines; giant-like 
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gravity signatures; and changes in spectral type as a 

function of wavelength – that suggest that FUORs are 

disk-dominated systems, where extremely high levels 

of material flow through the circumstellar disk and 

generate so much heat and light that the disk 

outshines the star (see, e.g. Hartmann & Kenyon 

1996). EXORs, named (confusingly!) after their 

prototype EX Lupi, exhibit photometric variations 

with smaller amplitudes (~1-3 magnitude), shorter 

timescales (weeks to months) and spectra that more 

closely resemble those of "normal" CTTSs.  EXOR 

outbursts are thus typically interpreted as the result of 

enhancements in a YSO’s accretion rate, but where 

that enhancement does not disrupt the underlying 

character of the accretion process or its observable 

consequences, as FUOR outbursts seemingly do. 

Circumstellar material is thought to play a similarly 

central role for a final class of YSO variables, the 

UXORs, though primarily by obscuring the central 

star, rather than via an enhanced accretion rate. This 

model, in which the UXOR is irregularly obscured by 

large clumps of material in a circumstellar disk that is 

well aligned with our line of sight, explains several 

properties of UXORs photometric variability, namely 

the structure and colour behaviour of their light 

curves, which show downward excursions from a 

stable baseline flux level during which their colours 

typically redden, as expected for obscuration by 

circumstellar dust (see e.g., Herbst & Shevchenko 

1999). 

Note that these types (FUOR, EXOR, and 

UXOR) are assigned in the AAVSO Variable Star 

Index (VSX) and are not used in the General Catalog 

of Variable Stars (GCVS), but are mixed among ISA, 

INA, INT, IT, or INSA, INSB, types in the GCVS 

(Samus et. al. 2013). 

 

5. The LARI Young Stellar Lightcurves 

Campaign 

The FUOR/EXOR/UXOR classification scheme 

has been extremely useful for organizing and 

understanding the types of variability observed from 

YSOs, but several “outbursting” protostars have 

recently been identified that do not (yet?) fit cleanly 

into this system. In addition to the classification 

challenge that these sources present, this difficulty  

suggests that the physical interpretations that have 

been attached to this phenomenologically-based 

classification scheme may be incomplete, and/or 

missing important physical processes. 

      The first of the protostars to challenge this 

classification system was McNeil’s Nebula, an 

outbursting protostar originally identified by Jay 

McNeil, an amateur astronomer observing from his 

home in Paducah, Kentucky. McNeil’s Nebula AKA 

V1647 Ori, has exhibited two multi-year outbursts in 

the past two decades; studies of these events have 

typically attributed this source’s photometric 

variations to major enhancements in the source’s 

accretion rate (e.g., Aspin 2011), but have 

documented spectral changes that do not provide a 

simple classification into either the FUOR or EXOR 

category. 

       The subsequent detection of large amplitude 

variability from V2492 Cyg, a protostar located in the 

North American Nebula, provided an additional 

complication for this classification scheme. V2492 

Cyg underwent an impressive photometric 

brightening in early 2010, increasing 6 magnitudes 

from r~19.5 in late 2009 to a peak brightness of 

r~13.5 in August 2010. Optical and near-infrared 

spectroscopy revealed a rich emission line spectrum, 

including the "typical" accretion sensitive lines such 

as H I and Ca II seen from many T Tauri stars (e.g., 

Beck 2007), as well as more rare emission features 

(i.e., CO, Na, and TiO molecular bands) typically 

seen only from heavily accreting YSOs embedded in 

nebulous regions. Critically, V2492 Cyg’s NIR 

spectrum closely resembles those obtained from 

V1647 Ori object in the early 2000s. 

Subsequent photometric and spectroscopic 

monitoring of V2492 Cyg, however, indicates that 

much of its optical and IR variability is actually 

indicative of extinction variations, with accretion 

variability likely playing only a secondary role 

(Hillenbrand, Miller, Covey et al. 2013; Kospal et al. 

2013). In this sense, the recurrent extinction events 

exhibited by UXOR pre-main sequence stars may be 

better templates for the stellar and circumstellar 

dynamics of heavily embedded protostars like V1647 

Ori and V2492 Cyg, rather than the FUOR/EXOR-

like mass accretion enhancements that are typically 

invoked to explain their variability. 

To help identify the true nature of the outbursts 

exhibited by sources like V2492 Cyg and V1647 Ori, 

the LARI Young Stellar Light curves team was 

organized to undertake a joint optical/NIR 

monitoring effort of these two protostars, as well as a 

representative sample of CTTS/UXOR/EXOR 

"standards".  The optical light curves collected by the 

LARI amateur participants would provide a critical 

characterization of the sources' photometric 

evolution, tracking the source’s colour and magnitude 

variations over the course of the campaign.  In 

parallel with the BVRI optical monitoring carried out 

by the distributed LARI participants, the Lowell 

participant conducted monthly observing runs to 

collect NIR observations of the sample targets.  

These observations, in addition to extending the 

wavelength coverage of the source’s photometric 
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light curves, also included polarimetric observations 

of each of the target stars.  Light scattered from 

circumstellar particles becomes polarized, such that 

measurements of the amount and direction of 

polarization can provide insights into the amount and 

spatial structure of a YSO’s circumstellar material 

(see e.g., Pereyra et al. 2009). Correlated changes in a 

YSO’s optical and NIR polarization properties would 

therefore suggest that the variability is due primarily 

to changes in the amount and orientation of 

circumstellar material along the line of sight; the 

absence of such correlated changes would similarly 

suggest that the YSO’s photometric variability is not 

a product of changes in the amount or alignment of 

the YSO’s circumstellar material. 

 

6. Amateur Team and Principal 

Investigator 

Besides distributing the workload and providing 

colour information for each programme star, the 

amateurs are dispersed geographically which helps to 

guard against poor weather. Four amateurs are 

involved with this LARI project. All have observer 

codes from the American Association of Variable 

Star Observers (AAVSO). Geographic locations and 

generalized equipment are shown in Table 1. 

 
Name 

AAVSO 

Code 

Lo La Scope Detector Filters 

 

Cook 
CMJA 

 

-79 44 
0.4m 
SCT 

QSI 516 
1603ME 

BVRI 

 
Heiland 

HLJA 

 

-111 33 
0.32m 

CDK 
QSI 640 VR 

 
Roe 

ROE 

 

-91 38 
0.35 

SCT 
SBIG ST-7 BVI 

 

Steffens 

SGWA 
 

-119 32 
0.35m 

SCT 
Atik 383L+ BVRI 

 

Covey 
CKEA 

 

-112 35 
1.8m 
Cass. 

Mimir 

ALADDIN 

III 

H K 

 Table 1. LARI project participants. 

 

6.1 Michael Cook  - Newcastle Observatory 

The site experiences seeing in the 2.0 to 4.0 arc-

sec range, with average wind speeds in the range of 

15 - 25 km/h. About 50% of the nights are clear and 

are rated as 4.5 on the Bortle scale, i.e the sky 

brightness at zenith is 20.91 to 20.49 mags/sq. arc-sec 

in V-band. 

The observatory is equipped with a 0.4m ACF 

Schmidt-Cassegrain (Meade Instruments Corp., 

Irvine , CA) housed in a 10 foot Home Dome 

(Technical Innovations, Orlando, FL). The telescope 

is operated at f/7 using a NextGEN 0.7x 

telecompressor (Optec, Lowell, MI) giving a focal 

length of 2.9m. The imaging train consists of a 3-inch 

OmegaToad Crayford focuser, 3-inch Zero-rotator, 

and 3-inch Sidewinder optical manifold with multiple 

ports for various instruments (VanSlyke Instruments, 

Colorado Springs, CO). The primary mirror is locked 

in place and focusing is achieved using RoboFocus 

(Technical Innovations, Orlando, FL) and FocusMax 

(CCDWARE, Tucson, AZ). The telescope is 

mounted on a Mathis MI-500/750 fork (Mathis 

Instruments, Danville, CA). 

The absolute RMS pointing error is <1 arc-min, 

facilitated by “on-the-fly” plate-solving of pointing 

exposures using Astronomer's Control Panel (ACP) 

observatory control software (DC-3 Dreams, Mesa, 

AZ). ACP plates-solves a pointing exposure (using 

the USNO-A2.0 astrometric catalog) and re-centres 

the telescope FOV to the programme star. The 

periodic error is <5 arc-sec peak-to-peak. 

The CCD science camera is a QSI 516ws 

(Quantum Scientific Imaging, Poplar, MS) with a  

Kodak KAF-1603ME (microlens, blue enhanced) 

chip and built-in, 5-position filter wheel for 1.25” 

filters.  The chip is thermoelectrically cooled and 

operates in the -14
o
C to -24

o
C range, depending on 

ambient temperature. For science frames, the camera 

is operated in 2x2 binned mode giving an image scale 

of 0.64 arc-sec/pixel. 

The field of view is 16x11 arc-min. Guiding is 

performed using a separate, 80mm f/6 ED APO 

guidescope and DSI Pro II guide camera which 

employs the Sony  ICX429ALL CMOS sensor 

(Meade Instruments Corp., Irvine, CA). 
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Figure 1 . Michael Cook's Newcastle Observatory. 

 

For this project, the Astrodon photometric 

Johnson-Cousins BVRcIc filter set is used (Astrodon, 

Orangevale, CA). 

The camera is controlled by MaxImDL 

(Diffraction Limited, Ottawa, ON, Canada). The 

camera/filter wheel, telescope, focuser, dome, and 

plate-solving are controlled by ACP and ACP 

Scheduler. All observations are completed 

unattended under ACP control. One hour before 

sunset, ACP Scheduler opens the dome to bring the 

equipment to ambient temperature, sets the cooling 

point temperature on the science CCD camera and 

waits until just after sunset to begin taking twilight 

flat frames. Near the beginning of astronomical 

evening twilight, ACP slews the telescope and dome 

to the first programme star. Autofocus is performed 

after slewing to each subsequent programme star to 

ensure good focus. Science frames are plate solved 

“on-the-fly” using the capabilities of ACP (described 

above), as well as calibrated  with flat, dark, and bias 

frames using ACP's ability to use MaxImDL's 

automatic calibration capabilities. In doing so, copies 

of the raw files are saved prior to the actual 

calibration to guard against undesired calibration 

effects. All calibration frames are average combined. 

After science frames are obtained throughout the 

night, the telescope is parked, the dome is closed, and 

the observatory is placed in a “safe mode” at the 

onset of morning astronomical twilight. 

 

6.2 Leo Heiland 

The Heiland Observatory (Figure 2) is a 

converted golf cart garage with a flat roll off roof.  It 

has relatively dark skies to the south but there is light 

pollution from Phoenix and Mesa to the north. 

 

 
Figure 2 . Leo Heiland's observatory. 

 

The observatory houses a Planewave 12.5 

corrected Dall-Kirkham astrograph mounted on a 

Paramount MX GEM. The imaging train consists of 

an off-axis guider with a Lodestar CCD guide 

camera, 2.7” Hedrick focuser, Optec 2-inch rotator, 

and a QSI 640WSG CCD camera with Johnson-

Cousins V and Rc filters. The telescope and CCD 

camera yields a FOV of 20x20 arc-min. 

Observations are conducted using ACP,                  

Maxim DL, Planewave Focuser software, and                 

The SkyX Professional. 

While no observations were submitted for this 

particular LARI project, the user (Heiland) joined in 

as a learning experience. This involved identifying 

observatory and equipment capabilities, and meeting 

(via Google video Hangouts) and corresponding with 

team members to learn all about this specific LARI 

project. This is a valid and worthwhile dimension to 

the LARI experience - involving the novice observer/ 

researcher so that they may continue in their 

scientific endeavours, and encourage other amateur 

astronomers to joining similar Pro-Am efforts. 
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6.3 James Roe 

The Roe observatory is protected by a roll-away 

structure (Figure 3). A Celestron 14-inch telescope is 

mounted on a GEM. An SBIG ST-1001 CCD camera 

obtains images through BVI filters. Observations are 

conducted using ACP and MaxIm DL. 

 

Figure 3 . James Roe's observatory. 

 

6.4 Gary Steffens - Morning Star 

Observatory 

Morning Star Observatory (Figure 4) was built in 

2004 and is located in Tucson, AZ. The site has 

seeing ranging from 1.8 to 2.5 arc-sec, with the 

average being around 2.0. 

The observatory consists of a 0.35m (14”) 

Meade LX200ACF telescope in a 12’x12’ roll-off 

building. The telescope is operated at about f/6.9 with 

an Optec f/6.2 focal reducer yielding an effective 

focal length of 2.4m. 

The camera is an Atik 383L+monochrome CCD 

with a resolution of 3362x2604 pixels.  With 5.4 

micron pixels, and operated in 2x2 bin mode, the 

field of view is 25.8x19.2 arc-min with 0.92 arc-

sec/pixel. 

A JMI Crayford focuser is used with FocusMax 

for automated focusing. Maxim/DL is used to control 

the camera, filter wheel, and basic image calibration. 

 

 

 
Figure 4 . Gary Steffens' Morningstar Observatory. 

 

 A custom lightbox is used to acquire flat frames. 

Custom software is used to set up the observing runs.   

Photometry is performed using a Starlight 

Express filter wheel with the Astrodon BVRcIc filter 

set. Images are unguided with typical exposure times 

of 90 seconds through a V filter and 30 seconds 

through Rc and Ic filters. The final image for 

photometric analysis is created from stacking 20 

images from each filter. 

AAVSO's VPHOT photometry tool is used for 

all processing. 

 

7. Lowell Telescope 

Complimentary observations were made using 

the Lowell Observatory 1.8m (72”)  Perkins 

telescope located at Anderson Mesa, 16 kms south-

east of Flagstaff, AZ (Figure 5). 

 

Figure 5. The Perkins telescope. 

At the Cassegrain focus of the Perkins telescope 

sits the Mimir instrument package (Figure 6). Mimir, 

is a near-infrared (NIR) imager and spectrograph 

built for the Perkins telescope by Boston University 

(a partner of Lowell Observatory) and commissioned 

in 2004. 
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Figure 6 . The Mimir instrument package. 

 

Mimir is a multifunction instrument capable of 

providing wide-field (F/5) and narrow-field (F/17) 

imaging, long-slit spectroscopy, and polarimetry. The 

F/5 mode images at 0.59″ per pixel onto a 1024×1024 

pixel ALADDIN III InSb array detector, giving a 

10×10 arc-min field of view. In the F/17 mode, the 

plate scale is 0.18″ per pixel. The instrument contains 

three filter wheels, and a polarization wheel 

containing half-wave plates designed for use in the 

H- (1.5-1.8 microns) and K-bands (2-2.3 microns). 

The broadband H and K filters, associated half-wave 

plates, and wire grid utilized for polarimetric 

measurements were used for this campaign. Cooling 

is provided by helium refrigeration, which keeps the 

inner workings of Mimir between 65 and 75 K and 

the detector at 33.5 K. At the Perkins telescope, 

Mimir regularly provides broadband photometry for 

sources 2-4 magnitudes fainter than the 2MASS 

catalogue, and provides NIR imaging polarimetry 

over one of the widest fields of view available at this 

depth (Clemens et. al. 2007). 

 

8. Leveraging Google Services 

From the beginning of the collaboration, the 

project used Google services to share information and 

have virtual meetings. Google Hangouts (group video 

conferencing) proved to be of great value in helping 

the principal investigator and the amateur 

astronomers to get to know one-another and launch 

the project in the right direction (Figure 7). 

 

Figure 7. A Google video Hangout session. At bottom 
from left to right are Gary Steffens, James Roe, Dr. 
Kevin Covey, Leo Heiland, and Michael Cook. 

 

Programme star information, Hangout notes, and 

forum discussions were further facilitated using 

Google docs and Google Groups services. 

An overview and status of the campaign was 

presented (Covey) via a Google video Hangout  to 

members of the Durham Region Astronomical 

Association in December 2014 of which one of the 

team members (Cook) has been the Association's  

President since its founding in 2001. 

 

9. Programme Stars 

9.1 Overview 

The programme stars were selected by the 

principal investigator in consultation with the 

amateur team. Each programme star was slotted in a 

two-stage precedence for observation (Table 2); a tier 

("must have" observations), and priority (decreasing 

importance of observations). The programme stars 

span a range of right ascension to afford seasonal and 

year-round observational activity on the project. 

V1118 Ori and NY Ori were dropped from the 

campaign. These stars are embedded in a rich field of 

stars, each of which is variable. Owing to the narrow 

FOV of the telescopes, comparison stars were not 

available for differential photometry. Observations 

could be attempted with equipment with larger FOVs 

(e.g. 60+ arc-min). 

 

9.2 Programme Star Details 

In this section, details are provided for each 

programme star including: RA/DEC, age, mass, 



 

180 

 

spectral type, distance, variable type and object type 

(Table 3). The variability classification previously 

assigned to each target is indicated in the table, and 

reflects the deliberate construction of our sample to 

include our primary targets, V2492 Cyg and V1647 

Ori, as well as representative examples of the 

EXOR/UXOR/CTTS classes. 

 

 

 

 

The following charts (Figures 8 to 19) for the 

programme stars are adapted from AAVSO Variable 

Star Plotter (VSP). Each chart has a 20
o
 FOV, and 

shows available comparison stars. 

 T
ier 

P
rio

rity
 

N
am

e 

T
y

p
e

a 

M
ax

 M
ag

b 

M
in

 M
ag

b 

April - December 

2 5 WW Vul UXOR 10.3 12.0 

2 11 PV Cep EXOR 11.0 18.0 

1 1 V2492 Cyg FUOR\EXOR 13.9 19.0 

2 10 SV Cep UXOR 13.4 12.2 

2 6 BM And UXOR\ROT 11.6 14.0 

September - March 

2 9 RY Tau CTTS\ROT 9.3 13.0 

1 4 UX Ori UXOR 9.5 12.5 

2 12 V1118 Ori EXOR 14.8 17.5 

2 8 NY Ori EXOR 13.2 16.0 

2 7 RR Tau UXOR 10.2 14.3 

1 2 V1647 Ori FUOR\EXOR 18.1 20.0 

1 3 [CG2010] 

IRAS 

06297+1021(W) 

FUOR 16.7
c
 17.9

c
 

Table 2. Programme stars arranged by increasing RA. 
(a,b) from AAVSO VSX, (c) pre-validated V-band 
estimates by CMJA. 

 

 

 

Figure 8. WW Vul. 

 

 

 

 

 

Name 

Age 

(Myr) 

Mass 

(M☉) 
Distance 

(pc) 

Reference Spectral Type
a
 

WW Vul 3.48 2.35 440 1 A2 

PV Cep 0.3 - 1.0 3.5 500 2 A5 

V2492 Cyg 1.0  550 3 F-G 

SV Cep 2.54 2.5 440 1 A0 

BM And   440 4 F8-K5 

RY Tau 3.86 - 7.62 1.8 - 2.3 460 5 K1 

UX Ori 4.76 2.09 340 1 A4 

V1118 Ori   400 6 M1 

NY Ori   400 6 G6 

RR Tau 0.13 4.26 800 1 A0 

V1647 Ori   400 6  

[CG2010] IRAS 06297+1021(W)       

Table 3 . Basic programme star data. (a) AAVSO VSX; References: (1) Manoj (2006);  (2) Hamidouche (2010);  (3) 
Hillenbrand (2013);  (4) Odenwald (1992);  (5) St-Onge G. (2008);  (6) Centre de Données astronomiques de 
Strasbourg. 
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Figure 9. PV Cep is associated with Gyulbudaghian’s 
Variable Nebula (GM 1-29). 

 

 

 

 

 

 

 
Figure 10. V2492 Cyg is associated with the Pelican 
Nebula (IC5070), which is adjacent to the North 
American Nebula complex (NGC7000). 

 

 
Figure 11. SV Cep is part of the SV Cep Group. 

 

 

 

 

 

 

 
Figure 12. BM And is found in open cluster AV Hunter1. 
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Figure 13. RY Tau is associated with the Taurus-Auriga 
Molecular Cloud. 

 

 

 

 

 

 

 

 
Figure 14. UX Ori is associated with the dark cloud 
nebula LDN 1616, adjacent to NGC 1788. 

 

 
Figure 15. V1118 Ori is associated with the Orion Nebula 
Cluster, NGC 1976 (M 42). 

 

 

 

 

 

 

 

 

 
Figure 16. NY Ori is associated with NGC 1982 (M43) and 
is part of the Orion Nebula Cluster, NGC 1976 (M 42). 
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Figure 17. RR Tau associated with the reflection nebula 
GN 05.36.5.02. 

 

 
Figure 18. V1647 Ori associated with McNeil's Nebula; 
discovered by amateur astronomy Jay McNeil in 2004. 
The discovery is noteworthy because it revealed that the 
embedded star underwent an outburst event which 
illuminated the nebula. Interestingly, the nebula was 
previously detected by amateur astronomer Evered 
Kreimer in 1966 (messier.seds.org). 

 

 
Figure 19. [CG2010] IRAS 06297+1021(W). 

 

10. Observations 

The principal investigator, in consultation with 

the amateur astronomers, worked out an 

observational cadence for the programme stars in 

order to satisfy the science goals. The observational 

cadence for optical observations was approximately 

2-3 data points per week. Depending on local weather 

for each observer, more observations were made; 

thanks to observer enthusiasm. 

NIR observations were obtained on a monthly 

cadence, reflecting the scheduling constraints that 

limited access to the Mimir imager/polarimeter to 

"bright time" near each month’s full moon, as well as 

the limits of the human observer’s availability for 

nighttime observations. During each bright run, 

observations of V2492 Cyg and V1647 Ori were 

obtained on as many nights as possible; polarimetric 

observations of useful comparision sources (e.g., 

WW Vul, UX Ori, RR Tau, etc.) were obtained on a 

best effort basis, typically once or twice per NIR run. 

The calibrations required to process each set of NIR 

observations also require significant amounts of 

telescope time, representing more than a full night for 

a typical run.  Whenever possible, these calibrations 

were obtained during episodes of sub-standard 

weather, but most cases at least ~1 night worth of 

telescope time was devoted to the acquisition of 

polarimetric flat fields. 

The passbands for optical observations were also 

prescribed by the principal investigator. BVRI 

observations were obtained for all programme stars 

except for IRAS 06297+1021(W), PV Cep, and 
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V1118 Ori, which required observations in V and I 

passbands. Amateur members of the project team 

began conducting observations in late 2013 or early 

2014, depending on the date they initially joined the 

LARI program. 

 Not all observations were on a standard 

photometric system, though the observers used 

comparison stars developed by the AAVSO. 

However, different comparison stars were used 

between observers, owing to the different field of 

view between their equipment. Observers did remain 

loyal to their comparison stars for the most part. Over 

2013/2014 a total of 2878 observations were made of  

the programme stars. A summary of observations is 

shown in Tables 4 and 5. 

Owing to the narrow FOV of some equipment 

(e.g Cook) some programme stars had to be off-set 

(were practical) from the centre of the CCD in order 

to include comparison stars used by other observers 

(e.g. ROE) who have wider FOVs with their 

equipment. If the off-set caused the star to be too far 

from the centre of the FOV, then different 

comparison stars were used. This strategy caused 

different comparison stars to be used by the same 

observer (Cook) part way into the campaign. 

 

 

 

 

 

Star B V R I Total 

BM And 69 118 29 104 320 

IRAS 

06297+1021(W) 

1 14 3 49 67 

PV Cep 0 37 41 40 118 

RR Tau 64 143 5 83 295 

RY Tau 38 98 40 40 216 

SV Cep 117 228 0 180 525 

UX Ori 65 74 3 73 215 

V1647 Ori 0 10 6 65 81 

V2492 Cyg 36 241 61 272 610 

WW Vul 70 217 0 144 431 

Total 460 1180 188 1050 2878 

Table 4 . Total optical observations by star by passband, 
2012-2014. 

 

Star Cook Roe Steffens Tota

l 

BM And 120 197 3 320 

IRAS 

06297+1021(

W) 

9 58  67 

PV Cep 118   118 

RR Tau 20 275  295 

RY Tau 158 58  216 

SV Cep 80 445  525 

UX Ori 15 200  215 

V1647 Ori 15 66  81 

V2492 Cyg 167 392 51 610 

WW Vul 88 343  431 

Total 790 2034 54 2878 

Table 5 . Total optical observations by star by observer, 
2012-2014. 

 

Science frame exposures ranged from 4x15s for 

bright stars to 5x600s for faint stars, depending on 

the passband used (B-band requiring the longest 

exposures). 

It is interesting to compare science frames from 

this campaign to archival images from the past to 

show the appearance of the programme stars. 

Examples are given for WW Vul and V2492 Cyg in 

Figures 20 to 23. 

 

 
Figure 20. WW Vul. Taken on July 12, 1991 (RG610 
passband, POSSII-F Survey, Caltech/Palomar). 

 

 

 
Figure 21. WW Vul taken on June 21, 2013 (Ic-passband, 
Newcastle Observatory). 
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Figure 22. V2492 Cyg is nearly invisible. Taken on 
September 11, 1990 (RG610 passband, POSSII-F Survey, 
Caltech/Palomar). 
 

 
Figure 23. V2492 Cyg taken on July 14, 2013 (mag. 13.5 
in Ic-passband, Newcastle Observatory). 

 

 

 
Figure 24. WW Vul in H-passband taken in June 2013 
(Lowell Observatory). 

 

 
Figure 25. WW Vul in H-passband taken in March 2014 
(Lowell Observatory). 

 

 

 

 
Figure 26. V2492 Cyg in H-passband taken in  June 2013 
(Lowell Observatory). 

 

 
Figure 27. V2492 Cyg in H-passband taken in  March 
2014 (Lowell Obeservatory). 
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Figures 24 and 25 show ~8x10 arc-min FOV 

NIR (H-band) images of WW Vul obtained with 

Mimir on the Perkins 1.8m telescope, approximately 

8 months apart. 

Figures 26 and 27 show ~8x10 arc-min FOV 

NIR (H-band) images of V22492 Cyg obtained with 

the Mimir on the Perkins 1.8m telescope, 

approximately 8 months apart. Note the decrease in 

V2492 Cyg’s brightness relative to nearby stars in 

Figure 27, when compared to the image in Figure 26. 

The surrounding field stars are considerably more 

exposed in the March 2014 frame, demonstrating the 

longer exposure time that was required to achieve a 

comparable detection of V2492 Cyg.  The resulting 

magnitude change demonstrates the success of the 

LARI monitoring campaign in capturing V2492 Cyg 

in both bright and faint states. 

 

11. Data Analysis 

The amateur team used AAVSO's VPHOT on-

line differential photometry tool. Having calibrated, 

plate-solved images available for VPHOT made for 

an efficient data reduction experience. Data was 

subsequently uploaded to AAVSO WebObs for 

reporting purposes. Over 80% of all reported 

observations had a photometric uncertainty <0.05 and 

60% had an uncertainty <0.015. Less than 4% of 

observations had an uncertainty >0.1.  

Early on in the campaign , one observer (Cook) 

noted outlier data for WW Vul in B-band. It turned 

out that a batch of Astrodon B filters had a known red 

leak. Unfortunately, it was not known to the observer 

and was only discovered during data analysis. 

Fortunately, only 7 observations were made with the 

defective B filter, and those were deleted from 

AAVSO WebObs. After a replacement B filter was 

obtained, observations on WW Vul continued in B-

band. 

 

12. Preliminary Findings 

This LARI project remains active and this 

campaign is still underway. Much data analysis 

remains to be completed, but a glimpse of our work is 

presented below to exemplify how we are meeting 

our science goals. 

The observers in this campaign were able to 

monitor V2492 Cyg as its brightness varied over at 

least 2 magnitudes in the I-band. By documenting 

V2429 Cyg’s color & polarimetric properties during 

the period of these variations, this collaboration will 

enable new tests of the physical mechanism driving 

V2492 Cyg’s photometric variations. Previous 

observations had identified that extinction may be the 

primary cause of observed magnitude variations 

(Hillenbrand et al. 2013).  Other observers noted that 

V2492 Cyg may be properly classified as a member 

of the UXOR class of photometric variables (Kospal 

et al. 2013; note that this paper included data 

collected by this LARI team). The polarimetry and 

optical light curves from this campaign provide a 

unique dataset for testing the theory that V2492 

Cyg’s photometric variability is induced by the dust 

extinction events believed to be experienced by 

UXOR objects. 

If the photometric variability exhibited by V2492 

Cyg was primarily due to obscuration events, it 

would be expected that V2492 Cyg’s polarimetric 

signature would increase as the source dimmed, 

representing the increased role that scattered light 

plays in the source’s emergent flux. Contrary to this 

initial suspicion, the LARI monitoring campaign has 

revealed no significant differences in V2492 Cyg’s 

NIR polarimetric signature: V22492 Cyg's H and K 

passband polarimetric signal, which appears to have 

remained stable from June 2013 to March 2014, a 

period of time over which V2492 Cyg’s I magnitude 

otherwise declined by ~2+ magnitudes. This lack of 

correlated optical and NIR polarimetric variability 

suggests either that V2492 Cyg’s photometric 

variations are not dominated by extinction events, or 

that those extinction events induce relatively minor 

signatures on the source’s NIR polarimetric 

properties. 

Interestingly, the data from this campaign also 

revealed that [CG2010] IRAS 06297+1021(W) was 

remarkably stable at optical wavelengths, casting 

doubt on the Principal Investigator's supposition that 

the source was a likely V2492 Cyg analog (Covey et. 

al. 2011). Further study is required to reconcile the 

source's spectroscopic characteristics, which strongly 

resembled those of other highly variable YSOs, with 

its apparently highly stable photometric nature. 

 

 
Figure 28. Prevalidated BVI photometry of WW Vul 
showing a brightening event toward the end of July 
2013. 
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Figure 29. Colour changes of WW Vul during the 
observing campaign coincident with the brightening 
event. 

 

Figure 34 demonstrates that while systematic offsets 

are visible between observations obtained by 

different observers, both datasets exhibit a trend 

whereby the source becomes more red as it dims; as 

expected for sources subject to substantial levels of 

obscuration by circumstellar material. 

 

 
Figure 30. WW Vul V-I vs. I colour-magnitude diagram 
for JD 2456058 - 2456932 

 

 
Figure 31. WW Vul B-V vs. V-I colour-colour diagram for 
JD 2456509 - 2456931 

 

 
Figure 32. WW Vul B-V vs. V colour-magnitude diagram 
for JD 2456510 - 2456932 

 

 

 
Figure 33. BVRI photometry of V2492 Cyg showing 
several brightening events. The vertical dashed lines 
indicate epochs corresponding  to Perkins/Mimir H-band 
observations. 

 

 
Figure 34. V2492 Cyg V-I vs. I colour-colour diagram for 
JD 2456151 - 2456642 

 

13. Lessons Learned 

Pre-testing photometric results between 

observers, ideally by using standard Landolt fields, 

for example, will resolve many potential 
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inconsistencies between observers and their 

telescopes, filters, and CCD cameras. To this end, 

transforming observations should be a “must have” 

on the list of science goals, and maybe a requirement 

of LARI project participants engaging in similar 

photometric campaigns. The availability of software 

and methods from the AAVSO makes 

transformations a relatively easy step toward getting 

better data. 

This particular project has programme stars that 

are embedded in nebulosity. As such, it was 

determined early on in the campaign that in order to 

minimize photometric contamination from light 

reflected from the nebula, the smallest photometric 

aperture was used across all observers. 

 

When participating in a multi-amateur, Pro-Am 

collaboration, it goes without saying that equipment 

should be compared, especially as it relates to FOV, 

to ensure that consistent comparison stars are used 

across all observers. In our case, it was a simple 

matter of off-setting the FOV of one observer, with a 

narrower FOV, to include a better selection of 

comparison stars afforded to another observer with a 

wider FOV. 

 

14. Future Work and Observations 

Work is ongoing to process and analyse the data 

collected by this program; in particular, the NIR 

shown in Figures 22-23 and 26-27, and described 

above, represent only 2 of ~18 observing runs 

completed for this program.  Data reduction for these 

runs is ongoing, and is expected to be completed by 

September 2015; at that point, we will be able to 

analyze the full polarimetric properties of the target 

stars, and their evolution over the full 2013-2015 

observing seasons, providing a full picture of the 

evolution of the optical/NIR properties of outbursting 

YSOs. 

Looking ahead to future campaigns, telescopes 

with wider FOVs, BVRI observations of V1118 Ori 

and NY Ori could be made, providing information 

regarding the optical colour evolution of a larger 

sample of YSOs. 

 

15. Conclusions 

Outbursts are an important, but poorly 

understood, component of the formation of stars & 

planets.  Observers must assemble robust statistics on 

the frequency, amplitudes, and detailed physics of 

accretion outbursts. 

UXORs initially follow a reddening vector as 

they fade, but can reach a turning point ~2 

magnitudes below their baseline level where their 

colours begin to get bluer  as they continue to fade. 

Our preliminary analysis of observations of 

V2492 Cyg, a highly variable YSO in the 

Pelican/North American Nebula, do not reveal any 

evidence for changes in the source’s NIR 

polarimetric properties during a period of ~2 

magnitudes of variability at optical wavelengths.  

This lack of correlated photometric/polarimetric 

variability suggests that the fractional contribution of 

the scattered light component of the source’s NIR 

brightness may not vary during its optical brightening 

and fading events. This signature, if confirmed by the 

remainder of our polarimetric observations, could 

influence the classification of V2492 Cyg as a likely 

UXOR type object. As our data analysis continues, 

we plan to publish future papers on this project. 

More generally, Pro-Am collaborations are very 

useful for understanding the natures of these 

outbursts. When professional astronomers conduct 

observations of an object that is likely to be 

photometrically variable, a network of amateurs 

armed with suitable telescopes, CCD cameras and 

standard photometric filters to document that 

variability has proven to be highly effective in the 

professional's research. In the case of monitoring 

YSOs,  amateurs observed a sample of stars for 

outburst events. At times, the amateurs coordinated 

their observations with those made by the Lowell 

Observatory's Perkin telescope. 

This program has demonstrated that observations 

collected by a coordinated, dedicated team of talented 

amateurs can provide a valuable means of collecting 

time-domain photometry for a wide array of 

interesting targets.  The data collected can provide 

valuable context for additional observations 

conducted by full-time astronomers, and if the data is 

released publically, these observations can prove 

useful for future analyses as well. All optical light 

curves and photometry obtained for this project have 

been publically released, and can be found at the 

AAVSO web site (aavso.org). 
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Abstract 

We obtained time on the KPNO Coude-Feed Spectrograph specifically to take high-resolution spectra 
(R~116,000) of suspected so-called "short arc" binary stars.  A bound short-arc binary system has an extremely 
long orbital period. Observing radial velocities widely differing from a system's modeled escape velocity is 
sufficient to disqualify a short-arc pair.  To prove inclusion, a observation campaign is required to fully qualify 
each candidate star's stellar envelope. Analysis of this type is beyond the scope of these brief observations. We 
were able to obtain data on 4 pairs of short-arc stars. A second goal is to develop a dataset of high-resolution 
spectra of an astrophysical nature to promote areas of astrophysical emphasis in undergraduate courses. 

1. Introduction 

The 0.9m KPNO Coude-Feed Telescope has a 

resolution of R~116,000 with a velocity resolution on 

the order of 2.5 km s
-1

. The Sodium D doublet band 

(5889.9-5895.9) spans 145 pixels suggesting 2.0 km 

s
-1

 per pixel with coarse resolution. 1 Angstrom at 

5900 Angstroms is on the order of 51 km s
-1

.  At the 

instrument's resolution and aperture the 

recommended minimum exposure for a good S/N 

ratio was 1200 seconds (20 minutes) for stars at 7th 

magnitude. We were advised to avoid dimmer 

targets. This permitted up to three targets per hour.  

The instrument uses a spare siderostat mirror 

together with a 0.9 meter f/31 primary mirror to bring 

starlight to its slit. The configuration limits the 

working declination range to +60 degrees to -20 

degrees along the meridian [Willmarth, 1996]. This 

avoids vignetting while maintaining better airmass 

limits. 

The spectrograph was configured to a central 

wavelength of 5900 Angstroms, the red end of the 

spectrum with good coverage from 5500 Angstroms 

into the atmospheric telluric bands. In retrospect we 

should have stayed in the blue range where we could 

have picked up optical lines to confirm stellar 

classification. Our choice was predicated on the 

presumption that later companion stars would 

manifest more lines in the red spectrum. 

Prior to this trip, Genet and Harshaw [Genet et 

al., 2014], working from a list prepared in 

conjunction with Francisco Rica Romero and Olga 

Kiyaeva worked to select stars within this range. We 

developed a database that allowed matching of star 

and observing criteria. Both spectral and velocity 

calibration stars were taken from several sources, 

including the radial velocity list for the GAIA 

mission [Soubiran et al., 2013]. 

 

2. Overview 

High precision radial velocity echelle spectra 

rely on an accurate reduction of the underlying 

images to mitigate the usual noise sources.  This 

involves applying bias and flat frames and using 

special processing to mitigate astigmatism issues. 

Bad pixel masks are essential. Cosmic ray removal 

has the potential to damage critical lines. IRAF 

[Tody, 1986] imred:crutils:cosmicrays produces a 

reference mask of its corrections to identify spectral 

areas altered by corrections.  

Analysis relies on using cross-correlation 

techniques by creating model spectra to untangle any 

spectrograpic secondaries and to refine velocities to 

less than a single pixel resolution.  Slight deviations 

in the target waveform arise from complexities with 

the star's physics. Good models require accurate 

knowledge of T_eff and g_surf. Other factors including 

metallicity, rotation, photosphere convection and any 
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peculiar aspects of the star like emissions, dust 

envelopes, or starspots. Reductions sometimes may 

rely on subjective decisions to mitigate problems. 

Smalley [Smalley, 1996] and Niemczura and co 

[Niemczura et al., 2015] discuss the measurement an 

impact of stellar parameters. 

All of these effects come to bear when working 

with velocities in the 1 to 2 km s
-1

 range. A one-time 

observation without lower resolution long-term 

follow-up of the stars can not answer the 'short arc 

inclusion' question. However observations that reveal 

a radial velocity difference greater than escape 

velocity (V_esc) is sufficient to dismiss a pair as a 

short arc star. Cross-correlation techniques can 

improve resolutions into the 10s of meter per second 

range. The nature of echelle spectra make 

determination of T_eff and g_surf impractical [Smalley, 

1996]. 

It pays to bear in mind that the while projected 

binary star projected separations may be close, the 

actual separation may be very large and the period 

may be very long. Radial velocity is the projection of 

a stars velocity (motion) with respect to the 

observer's line of sight. 

Single spectra of any star offers the possibility of 

discovering hidden companions as the superposition 

of their spectral composition effects the line shapes. 

We found evidence of the spectral binary nature for a 

number these stars (in prep).  

 

3. Setting the Qualification Limit 

A point in space has the gravitational potential of 

GM/r. The orbital velocity for an body (mass m) is 

where its kinetic energy is balanced by a central 

attraction force (mass M), and is defined by: 

 

 

 

Parallax (π) is expressed as milli-arcseconds 

who's reciprocal times separation (double star 

separation stated in arcseconds) times the length of 

an AU gives the separation distance. An accurate 

distance and mass estimate is required. Parallax may 

be confirmed with the Mass/Luminosity relationship 

together, accurate spectral classification. Combined 

with an accurate measured angular separation it is 

possible to set good limits on the separation distance 

(r). 

 

 

 

Type/Age Star 0 Star 5 

B 17 5.9 

A 2.9 2.0 

F 1.6 1.3 

G 1.05 0.92 

K 0.79 0.67 

M 0.51 0.06 

Table 1: Masses by subclass used as rough-cut 
estimators for this article. 

A G0 star is roughly 1.05 solar mass a G5 star is 

roughly 0.92 solar mass.  In cgs: G = 6.636 x 10
-8

 

[units  cm
3
 g

-1
 s

-2
]; one AU is 1.49 x 10

13
 [cm]; one  

solar mass = 1.96 x 10
33

 [g] and c = 2.99 x 10
10

 [cm 

s
1
]. 

The MKK spectral classification relies primarily 

on observations in the blue-side of the optical 

spectrum: UV and 3500,5900 Angstroms. While red 

lines are useful with later stars, the classifications 

rely on conditions measured in the blue region. Our 

KPNO observations do not include blue lines, 

therefore we can not comment on the overall spectral 

classification of these stars. We must rely on the 

literature and future follow-up observations to 

resolve this issue. 

 

4. Observations 

 The experiment was planned very quickly, 

during a time when we were configuring the McMath 

solar telescope for speckle interferometry. Exposures 

of 1200 seconds were needed to meet minimum S/N 

requirements. The plan called for taking only one 

exposure of the primary stars in April followed on by 

exposures of the secondary star in May. Secondary 

strategy was to work to develop a collection of data 

for Concordia's forthcoming astrophysics program. 

During twilight practice with the telescope, 

spectra were obtained of Jupiter's moons during 

April, and an early morning twilight spectra of Venus 

was obtained during May. These images proved 

useful in determining the spectral extent of each 

echelle order later. A special tool created using data 

spanning the 5300-7000 Angstroms range of our data 

from the Base de donne Solaire Sol 

database[Soubiran et al., 2013]. The line references 

allow reliable definition of the ends of the echelle 

orders. When combined with the special ThAr 

reference images, we had confidence in our 

comparison line identifications. 
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5. Observation Difficulties 

Upon a number of occasions, the star and its 

secondary were  oriented to be on the slit at the same 

time. Under these conditions the Leaky II guider 

would drag the target into the slit. Once away from 

the slit; the guider would consider the target list, the 

nearby companion  would be captured and moved to 

the slit. Once it goes into the slit, the original target is 

reacquired. This lead to contamination of one star 

with the other and negated the observation. 

Pinpointing the location of the star's secondary 

was complicated because, at the time of observation, 

the method to determine the position of the secondary 

was unclear. We gave up at one point and tried 

simply jogging the telescope in the right direction. 

This lead to questioning the secondary observations 

at a later time. In all cases we saw two stars; the 

catalog reports several. The rejection criteria was 

applied to all candidates from the catalog. 

 

6. Data Reduction 

The camera (detector t2kb), is a liquid nitrogen 

cooled camera, and did not require dark frames per 

se. Bias (zero) frames, flat and comparison (comp) 

frames with an older Thorium-Argon Cold Cathode 

lamp (ThAr) were collected, combined using IRAF 

and utilized with data reduction.  The calibration 

proved difficult, as reliable reference images used to 

identify matching lines in our comparison spectra 

proved difficult to use. A special reduction guide was 

constructed to permit the IRAF identify task to 

successfully extract the comparison spectra.  ThAr 

calibration line reference source used was Atlas of 

the Thorium Spectrum [Lovis & Pepe, 2007]. 

Calibration issues related to RV studies is discussed 

in Lovis. The list from Lovis et. al. [Lovis & Pepe, 

2007] citing known blended lines and approximately 

500 new lines. 

Zero and flat images were used to make a bad 

pixel mask. There were several column defects, and a 

handful of single pixels errors. Numerous pixel 

deviations were obtained using IRAF's ccdmask task 

on a ratio of flats. That mask was retained as a 

reference.  

Heliocentric velocities for each target for each 

observation were made by obtaining Earth velocity 

data from the JPL Horizon's database.  A value from 

the dot-product of a normal of the Earth's velocity 

vector was taken with the targets projection vector 

was used to obtain a very accurate velocity 

correction. This technique allows correlating the 

primary observations from the first month with the 

secondary observations during the second month. 

Using 5.976 x 10e27 as Earth's mass, the orbital 

velocity is 29.740 km s
-
, escape speed is 42.06 km s

-1
. 

 

7. Stars in This Study 

We wound up with 4 short-arc star observations. 

These are the WDS stars 20467+1607, 16362+5255, 

16579+4722 and 19091+3436. 

Data in the tables below from Green's database, 

containing the Washington Double Star Catalog 

[Mason et al., 2015],, amended with data from 

SIMBAD [Wenger et al., 2000]. 

 

7.1 WDS 20467+1607 

 
 

 

WDS 20467+1607, 20:46:39.60 +16:07:27.48 

F7V K1IV parallax: 25.82 26.35 (avg: 26.085) 

PA2 Sep2 Mag2 Limit 

266 9 5.0  

68 16.3 5.0 2.44 km s-1 

323 109.4 5.0 0.94 km s-1 
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7.2 WDS 16362+5255 

 

 

WDS 16362+5255 16:36:14.16 +52:55:27.11 

B9V+A1Vnn 4.06 mas From images: 24 km s
-1

 

PA2 Sep2 Mag2 Limit 

104 3.1 6.4 3.73 km s
-1

 

15 89.9 5.5 0.69 km s
-1

 

193 90.1 5.5 0.69 km s
-1

 

123 123.9 11 0.59 km s
-1

 

 

 

7.3 WDS 16579+4722 

 

 

 

 

 

 

 

 

 

WDS 16579+4722 16:57:53.28 +47:21:57.60 

K3V K0 54.63mas - 56.18mas (avg 55.4) 

PA2 Sep2 Mag2 Limit 

63 4.9 10.8 5.12 km s
-1

 

260 111.5 8.0 1.08 km s
-1

 

 

 

 

7.4 WDS 19091+3436 

 

 

WDS 19091+3436 19:09:04.321 +34:35:59.99 

This system : G1V+K1V 19.11 mas 

PA2 Sep2 Mag2 Limit 

258 0.1 8.9  

262 16.1 7.8 2.84 km s
-1

 

123 96.8 11.4 1.16 km s
-1

 

 

 

8. Conclusion 

This survey has developed a dataset sufficient to 

plan future programs.  The main lessons are to take 

several spectra of each target to mitigate cosmic rays. 

Our targets are bright. The detections of 

spectrographic binary components offers a wealth of 

opportunity to study stars close enough to develop 

well constrained mass and temperature constraints.  

this article clearly shows the amateur community can 

make contributions with long-term study of these 

close targets. We note with a certain sadness the 

mothballing of the KPNO Coude Feed telescope. 
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How to Measure the Minima of Eclipsing Binaries and the 
Maxima of RRLyrae 

Laurent CORP 

AAVSO – BAA VSS – GEOS – Doubles Stars Commission (SAF) 

56 Avenue de Paris – 12000 RODEZ – France 

astro.laucorp@orange.fr 

Abstract 

The paper presents the poster “How to measure the minima of Eclipsing binaries and the maxima of RR Lyrae”. 

1. Introduction 

We distinguish between three types of Eclipsing 

binaries (EA – Algols, EB – Beta Lyrae, and EW – 

W Ursa Majoris types) and RR Lyrae-type pulsating 

stars of short period. 

 

2. Predictions 

 Before starting an observation, you must predict 

the minimum time. 

CAUTION: Consider these values as 

approximate before beginning your observations. 

The stars you choose depend on your observing 

site (light pollution, obstacles, etc.), and on your 

instrumentation. 

The data you collect by software or internet can 

be expressed in Universal Time or local time, or even 

in geocentric or heliocentric ones. 

To predict the maxima of RR Lyrae stars, simply 

create a file containing the period of this star. 

For the prediction, you can use the software 

"ephemerides" created by David Motl, downloadable 

at http://www.motl.cz/dmotl/predpovedi/ and add 

your homemade catalogue, as illustrated in Figure 1. 

 

3. Observations 

Another important point: the instrumentation. 

It is essential to have photometric filters in order 

to make observations that can be compared to others. 

There are several lines of filters, the most 

common ones are the JOHNSON-COUSINS. These 

are internationally referenced. 

It is not recommended to use LRGB filters 

because they are not standardized. 

The observation should begin at least 1 hour 30 

minutes before the theoretical minimum and end after 

1 hour 30 minutes. 

If possible, make the most complete light curve 

by observing as long as possible. The minima and the 

maxima are important. 

For your first light curve: you can observe 

without filter but after you decide that this type of 

research interests you, buy a filter V. 

If you can find the duration of the eclipse, you 

can determine the recommended length of the 

observing session. 

It is essential to do one’s proper calibration 

images in order to obtain excellent results. 

 

4. Project T.O.M.M.I.G.O 

T.O.M.M.I.G.O stands for “Time Of Minima and 

Maxima Instrument Garden Observatory” (my 

private observatory). 

This project uses a CCD camera type ST7XE 

with a filter wheel composed of several photometric 

filters (Johnson-Cousins R, V, B and Sloan g’ and r’). 

This instrumentation is installed on a 200 mm  

diameter telescope.  Both the telescope and the fork 

mount are my personal manufacturing. 

The software can control the camera and the 

filter wheel. Several different imaging sequences can 

be made: either X images with the V (green) filter, Y 

images with the red filter, or alternatively an image 

with the green filter and one image with the red filter. 

Different exposure times can be requested depending 

on the filter you use. 

My observation program is the following : 

• Eclipsing binaries : OO AQL, AB AND, V458 

Cyg, XY LEO, NY VIR, BV ERI... more than 60 

stars. 

• RR Lyrae  pulsating star of short period 

(Campaign of Jean  Francois Le Borgne IRAP-

Midi-Pyrenees Observatory). 

• Some special campaign : Epsilon Aurigae and 

Orion Project (Jeff Hopkins and al.), EE CEP…. 

 

mailto:astro.laucorp@orange.fr
http://www.motl.cz/dmotl/predpovedi/
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The results are sent to some professional 

astronomers and the Eclipsing Binaries Commission. 

 

 

 

 

 
 

Figure 1:  Software Ephemerides 

 

5. Image reductions 

Here is another crucial step: after acquiring the 

images, you must turn them into data.  To do this, 

you use software that allows you conduct differential 

photometry. 

You should also have a star-chart and a 

photometry table to choose the right values of the 

magnitudes of references (comparison stars). 

You can choose between free software or to pay 

it. 

The measurement method used is called 

differential photometry.  It means comparing the 

target star with the reference star's magnitude. 

The measurements made on the image consist of 

"counting" the stellar signal (ADUs) in a  measuring 

aperture of either : 

- Circular shape, or 

 Elliptical shape 

If your CCD camera does not have square pixels, 

do not transform a rectangularpixel image into a 

squarepixel one.  

 

6. Some results 

It’s very important to send reduced data to a 

Professional astronomer or to the Eclipsing Binaries 

Commission. 

 It is also important to populate the database with 

your determination of times of minima.  The O-C 

(observed – calculated)  can contribute to discovery 

of a third body (star or planet). 

Here is an example with the star AB AND 
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Figure 2:  Observation during one night : the Light curve 
is complete with secondary and primary minimum – 
Source Laurent CORP – Project TOMMIGO 

 
Figure 3:  Compilation of my observations during 3 
years – Source Astronomical institute, Academy of 
Sciences of the Czech Republic, Ondrejov 

 

You can see that the minima point move (delta 

between the minima and the vertical line point 0.00) 

It is valuable to learn the form of the curve of O-

C.  For example, here you can see the beginning of 

the sinusoidal form. The perturbation is due perhaps 

to the presence of the third body.  It will be necessary 

to observe this star during many years into the future. 

 

 

 

 

 

 

 

 
 

Compilation of all observations during many years.  
Source: http://var.astro.cz/ocgate/index.php?lang=czO-C 
gateway 

 

7. Conclusion 

I have just summarized in a few lines what you 

can do to help the astronomical community, by 

contributing to the Time Of Minima and Maxima 

Instrument Garden Observatory project, for better 

understanding of these types of stars. 

It is an exciting field that requires a lot of time 

and a lot of focus to have meaningful results. 

Good luck in your observations, and enjoy nice 

skies 
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EXOPLANET PHOTOMETRY OF TRES-5b 
USING A DSLR CAMERA 

Mike Miller, SAS, AAVSO 

Poster Presentation at SAS Symposium 2015 

Abstract 

DSLR cameras are commonly used by amateur astronomers in the field of variable star photometry.  After 
submitting photometry results to AAVSO using a DSLR camera for the past 4 years,  I decided to see if it was 
possible to actually record magnitude drops of as little as 15 to 20 mmg as are seen in some exoplanet transits.  
Surprisingly, my results were much better than I expected.  Clearly it is possible to get publishable results of 
exoplanet transits with a DSLR camera. 

1. Introduction 

I recently became interested in doing exoplanet transit photometry after reading “Exoplanet Observing for 

Amateurs” by Bruce Gary.  His book inspired me to attempt exoplanet transit photometry with my DSLR 

camera although in Bruce’s book he uses a CCD camera.  I wanted to see if it was possible to get accurate 

Photometric results with a stock DSLR camera.  The Exoplanet Transit Database (TRESCA) web-site  

www.var2.astro.cz/ETD contains many valuable tools including a transit predictions section which lists transit 

times for various exoplanets according to UTC time and your particular Longitude and Latitude.  This 

prediction tool contains the time of beginning, mid transit and end of the transit.  I chose Tres-5b because the 

ingress and egress cycle of the transit was less than 3 hours and the expected magnitude drop was between 15 

and 20 mmag, which was one of the largest magnitude drops in the particular list that I had chosen for a 

particular date and time.  In his book, Bruce recommends a “Blue Blocking” exoplanet filter. However, because 

I was unable to find one that was the right size for my particular camera set up, I chose an orange filter made by 

Optec #21.  It had very similar specifications to the filter referred to in Bruce’s book.  My set up required a 2 

inch (48 mm) filter. 

Figure 1 below shows the band-pass of the Optec filter and Figure 2 shows the “Blue Blocking” filter band-

pass mentioned in Bruce’s book.  Blue = 450-495nm. 

http://www.var2.astro.cz/ETD
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2. Methods / Procedures 

On October 26, 2014 UTC, I took approximately 21 three minute images of Tres-5b with a 6 inch Apo 

refractor at F9 with  ISO setting of 1600 on my Canon 450D.                       

I calibrated the images by subtracting the darks and flats using AIP4Win software.  I attempted to use The 

Magnitude Measurement Tool but was unable to get it to work properly, therefore I decided to use the Single 

Image Photometry Tool. Since I had to process all 21 images separately, this process was quite time consuming.  

My results were uploaded to the TRESCA Exoplanet Transit Database website using the following format: 

  

JD → Magnitude → Error       Example:  2456956.564549   1.629   .0073 

 

This data was extracted from the log text file in AIP4Win and uploaded to the TRESCA web site under 

“Model-fit Your Data”.  The following data was obtained after uploading my data. 

 

 

                                        

MYDATA                 CALCULATED DATA 

 

             Duration of Transit   110.9 minutes    Duration of Transit  111.3 minutes 

             Depth of Transit    0.0243                   Depth of Transit       0.0215  
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I believe my light curve indicates that the transit began around magnitude 1.74 at  the 0.528 JD time and 

continued to approximately 0.1.77 magnitude at JD 0.548 on the chart.   This would correlate with the TRESCA 

web site generated numerical data at the top of previous page.  Air mass varied from 1.6 to 1.8 during the 

transit. 

 

. 

                                                            DATA RESIDUALS 

 

 

 
 

 

3. Conclusion/Discussion 

These results strongly indicate that modern stock DSLR cameras can indeed be used effectively to do 

Exoplanet Transit Photometry.  It should be noted that in my original data submission local 24 hour time was 

reported in AIP4Win instead of UTC therefore JD times were manually edited. 
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