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PREFACE

Welcome to the 3% annual Symposiumfathe Society for Astronomical SciencesThis
year 0s agenda reflects the broad diversity
covering photometry, spectroscopy, interferometry and astrometry; instruments ranging from
eyeballs to CCDs and spectrographs to radios; and projects raingingeducation to
citizenscience to a variety of astronomical research targets.

This year we also honor the memory of Lee Snyder, the-tiomg 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, Leé was very good to have
known you.

It takes many people to have a successful conference, staitinthes 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 CamemadaTelescopes, PlaneWave Instruments, Santa Barbara
Instruments Group/Cyanogen, andB®reams. Thank you!

Finally, there would be no Symposium without the speakers and poster presenters, the
attentive audience, and the community of researchers andt@eduedno apply their small
telescopes to research activities. We thank all of you for making the SAS Symposium one of
the premiere events for professicaahateur collaboration in astronomy.

RobertK. Buchheim
Jerry L. Foote
Dale Mais

2015 May
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Spin Axis Distribution of
Hungaria Asteroi disnwearasiLaonght c|

Brian D. Warner
Center for Solar System StudieRalmer Divide Station / MoreData!
446 Sycamore Ave.
Eaton, CO 80615
brian@MinorPlanetObserver.com

Robert D. Stephens (MoreData!), Daniel Coley
Center for Solar System Studies
Landers, CA

Abstract

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

1. Introdu ction In addition to heir role in the formation of the
Solar System, the Hungarias have played a more
In general, the Hungaria asteroids are afecent, critical role in a play whose plot timeline
dynamical group within the commontiefined inner ~ €xtends from the early days of the Solar System to
boundary of the main belt asteroids at 2 A.U, havingMillennia yet to come.

orbital elements of
2. Shedding Some Light

Semimajor axis: 1.78 @< 2.0 AU

Eccentricity:e< 0.18 The Hungaria have several athcteristics that

Inclination: 16 <i < 34° made them ideal for study, especially when using

modest telescopes on the order of0.2 m diameter.

Contained within the dynamical, or orbital, First, their orbital parameters mean that they are not
group is at least oneollisional family These are subject to planetary tidal encounters. Second, they are
members who come from a common parent body thaall relatively small, lhe largest member being 434
was split into multiple pieces by a collision many Hungaria with an effective diameter of about 13 km.
years ago (25800 Myr; Warneret al, 2009; Milani While being small may hinder backyard
et al, 2010). telescope observations under most circumstances, the

Recent papers (e.g., Warredral, 2009a; Milani pr oxi mi ty of the Hungarias (]
et al, 2010; McEacheret al, 2010) have discussed and their tendency to have higalbedos, meaning
the evolution of the Hungarias in detail. A they reflect between 280% of the sunlight hitting
particularly interesting theory put forth by Bottké  them makes them relatively easy to study in detail, as
al. (2010; 2102) suggests that the Hungariadefte  shown by the fact that reliable periods have been
overs from the formation of the Solar System thatestablished for more than 300 Hungarias since
became member of the-salled Eband, and were a concentrated studies began at,stfirthe Palmer
primary source of impactors in periods after the LateDivide Observatory in Colorado, and now at the
Heavy Bombardment (LHB;-3-3.8 Gyr ago) that Center for Solar System Studies in Landers, CA.
were as fArecentodo as ~2.0 Gyr ago.
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All of these considerations make the Hungarias
an excellent control set for comparing certain| Hungarias: Count vs. Frequency
physical characteristics against those of +ieanth
asteroids (NEASs), including spin rate distribution, | "
binary and tumbler populationsand spin axis 80
alignments. Each of these characteristics is dictate
to a large degree by the anisotropic thermal re
radiation of absorbed sunlight, which is a fancy way| #
of saying the AYORP effe

Count

2.1 AS the YORP Turns ° 01 12 23 34 45 56 67 T8 89 810 >10

Frequency (/d)

The YarkovskyO 6 K e-RafizéevskiiPaddack Figure 2. The spin rates for 300 Hungarias show a flat
(YORP) effect consists not only of the thermal re distribution for periods P <24 h.
radiation of absorbed sunlight but the minute torque
caused by scattered sunlight (Vokrouhlicky al, That second featL_Jre represestperfast rotators
2015). While not as strong as gravitational orthat are _almost certalnl_y strengbbund, e.g., nea_rly_
planetary foces, it is unrelenting and can modify the monolithic. No Hungarias have been found within
rotation rates and spin axis alignments of smalthis branch so far. Their rapid rotation is likely due
asteroids to collisions, not YORP spin up, and so they are not
D < 20 km. For rotation rates in some cases, th&f interestfor this aper.
changes can be seen on the order of only a decade or 1€ Spin barrier is believed to be due to YORP
two (see Kaasalainest al, 2010). mfluencmg smallrubble pile asteroids, i.e., those
Figure 1 shows frequencydiameter plot using With D < 20 km and held together by mutual
data from the asteroid lightcurve database (LCDBJravitation. Arough analogy is a dense spinning bean
Warner et al, 2009b). More than 5000 separateP? @9 Wi thout the surrounding ba
objects are included with the Hungarias highlightedrtation is prograde, YORP causes its rotation rate to
in yellow. increase over time. If retrograde, then the rotation
The two most noticeable features are 1) the soft€ IS likely to decrease over time.
called spin barrier at about 2.2 hours and diameters  Eventually, a point is reached where the mutual

D > 200 meters and 2) the diagonal branch of Objectgravitation is weaker than centrifugal force and the
at the uppeteft side of the plot. asteroid shds some mass. The material can

eventually accrete into a satellite or form a secondary
asteroid that slowly breaks away from the parent
body (anasteroid pai). It can also fall back to the

parent body and create a central bulge running along



the equatoms well as forming a satellite (e.g., 1999
KW4; see Ostret al., 2006).

The total net force of YORP has been shown tg
be very sensitive to small as well as large scal
features (see, e.g., Statler al, 2013). So, after the
asteroid sheds mass, the apaiin its shape can cause
YORP to start slowing the rotation rate, reaching &
long period where it can slip into ngmincipal axis
rotation (tumbling). Even if tumbling does not occur,
coming out of slow rotation back towards faster

NEAs: Count vs. Frequency

Count
B 8 &8 8 8 3 8 8

o
o o

periods takes longehan slowing down from near the S e - I

spin barrier. The overall effect is a strong excess slo
rotators, i.e., those witR > 24 h. This is clearly seen Figure 3. The spin rate distribution (count vs. frequency
in Figure 2, which shows the number of Hungarias inllnoclzlrtrt]les/day) for 560 near -Earth asteroids with 0.2 ¢ D ¢
bins of cycles/day (frequency). '
The preceding is simplifation of the facts. For
example, Cottd-igueroaet al. (2013) showed that
YORP is both stochastic and séthiting and so the ) .
idea of AYORP cycleso is W%fmaej ste@8fﬁ]%ﬂmge§qdedﬁnrgjeptpstg:}g% r
by Vokrouhlickyet al. (2015) gives a good summary y arner. was to * determine t € spin axes
of whatoés known to dat e orentations for as many Hungaria aste_r0|ds as
possible and compare the distribution against what
. . was found for other objects of similar size.
3. N.EA.vs..Hungarla Spin Rate One of the more sigficant recent studies along
Distributions this line was by Hanuet al, (2013b), who identified
ten collisional families among malvelt asteroids
Earlier studies (Praveet al, 2008) found a spin  and that within each family there were some common
rate distribution for small NEAs and maielt  trajts in the spin axis distribution. Chief among these

objects similar to what is shown in Figure 2. Thatwe r e t majdrity 6f astemids have large pole
involved about 200 objects. However, a more receng c | i pt i ¢ |l atitudesodo and that

look at LCDB datausing more than 550 NEAs from statistically significant excess of members with
0.2¢D¢10kmrated  2inthe LCDOB (Figure3), | ati tudes either < OA or > O0A
paints a different picture, one where the excess of  Another finding was that if the pole latitude was
slow rotators is almost statistically gone and a sligh < 0° (meaning that the asteroidkdly had
depression between®bcycles/dayR = 2.67-4.8 h).  retrograde rotation), the members of the family
Picking the correct size range for this tended to have smaller semijor axes than the
comparison is important. Objects smaller tHant middle of the family and larger sesmiajor axes
170 meters have been shown to be almost exclusivelyhenb > 0° (likely prograde rotation).
superfast rotators R < 2 h; Statleret al, 2012). At Milani et al. (2010) found an excess of Hungaria
the other end, going above 10 km could start toasteroids wh smaller semimajor axes, thus by
introduce remnants ltadows or echoes) of the findings of Hanuset al. (2013b)i the expectation
original collisional state of the objects. The rangewould be that the Hungarias would show an excess of
also fits, at least down to-4 km, the same size of spin axes ob < 0°. Our work would eventually show

4. Hungaria Spin Axis Distribution

objects as in the Hungarias sample. that this is indeed the case.
The sample of 560 NEAs was also limited to
those having an LCDB rating of & 2, meaninghe 4.1 The Initial Data Set

marginal results ati2were not used. The change
from earlier results may be real; it may be due to
having a larger sample; it may be due to increase
observational biases; it may be due a combination oi
two or more of these or additional factors. hibald

Since 2005, the authors have collected at least
nedense lightcurvéor more than 300 Hungarias. In
ome cases, an asteroid has been observed at four or
more apparitions. A dense lightcurve is the typical
fime-series data set obtained on several night wi

those by authors Warner and Stephens, who haVgach night producing between-200, or more, data

made a concerted effort to reduce biases by rﬁsoints
abandoning difficult targets such as those with lo THese are in contrast &parse datssets, which
amplitudes, long periods, or signs of tumbling. are typically the result of-3 observations a night at

3



irregular intervals covering many days, months, even 1. Dense lightcurves from at least two

years. The data points are ofterlyoa few minutes apparitions.

apart and so may POt cover a significgnt portion of an o Amphtude generaII)AZ 0.15 mag

asteroi dos rotation. The t mon source of

sparse data sets is from the nEarth asteroid [CoB rating of U2

surveys and some general surveys. Hanus and Durech4. Unambiguous perlod.

(2012) found some of the more relialdources to be 5. Not binay.

the Catalina Sky Survey, USNBagstaff, and the

LONEOS project at Lowell Observatory. S .
It has been shown that sparse data sets alone can’- A good distribution in phase angle bisector

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

There are several strict requirements, however. All

the data must be calibrated to at least an internal This reduced the number of candidates down to

system and the span of the data must cover almost tHel7 Hungarias.

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

6. Not tumbling.

Barring such a data set, the combination of ever PAB Longitude Distribution: 434 Hungaria
uncalibrated dense lightcurves and sparse data can
very produdive. See, for example, Hanust al. 90

(2013; and references therein). Even with combineg
dense and sparse data sets, there are many pitfal
For example, if the dense lightcurves were obtainec
at similar viewing aspects as based on the phas
angle bisectofongitude (see Harrigt al, 1984) or
the longitudes differed by close to 180 degrees, the
the dense lightcurves do not contain significantly 180
different information about the shape of asteroid ag
determined by the shape of the lightcurve.

If the total déa set does not span a sufficient
amount of time, then the true sidereal period may no
be determined uniquely or, at best, poorly. A small
error in the sidereal period can lead to dramatig
differences in the final result, including changing the
sense of agtation from prograde to retrograde. Steve
Slivan (2012; 2013; 2014) covered this particular
problem in detail. Those attempting lightcurve
inversion are strongly encouraged to read thos@igure 4. The distribution of phase angle bisector

papers. longitudes in the data set for 434 Hungaria. = Green dots
represent dense lightcurves. Red dots represent sparse
data.
4.2 The Finalists

Figure 4 shows the distribution obAg for 434

Not all dense data sets are equally usefubfon  Hungaria. Note first that the data set covers almost
axis modeling. Just as important, not all asteroids aréne entire orbit of the asteroid. As noted above, this is
equally good candidates for modeling. Those thaimportant if hoping toifid an unambiguous solution.
always have low amplitude lightcurves are Also important is the location of the dense
presumably nearly spheroidal, making it difficult to lightcurves (green dots) on the plot. None of them are
obtain an unambiguous solution. If the asterad i diametrically opposite any other, although two are
binary, all effects of the satellite must be removedwithin about 20° a diameter. Diametrically opposed
from the data. Even then, most binary primaries als@lata sets provide essefifja the same shape
tend to be spheroidal. Tumbling asteroids are thénformation about an asteroid, the difference being
most difficult of all since the principal axis is whether the viewing aspect is towards the north or
precessing, sometimes significantly. south pole. Having a diverse placement gfg.for

To assurelte best chance of finding useful spin dense lightcurves provides more details about the
axis solutions, we limited modeling to those asteroidsshape of the object.
with the following criteria:



4 . 3 Th e M Ode“ ng Process ChiSq versus Period: 5841 Stone

We usedVPO LClnvertfor lightcurve inversion.
This is a Windowsbased program written by Warner
that allows using both sparse and dense data sets
find a model for an asteroid. It does not allow
merging data from other sources such as rada
thermal observations, or occultations.

The code was converted from the original C and ¥ L7
FORTRAN (Kaasalainen and Durech; available on ’kg
the DAMIT web site 3

chisq
W&
A
S -
X{;v

http://astro.troja.mff.cuni.cz/projects/
asteroids3D/web.php

0 zes 2k
Period

which also includes models and underlyiratad for Figure 5. The period search plot (Chi  -square vs. period)
. for 5841 Stone features several local minimums. Too
more than 500 asteroids. . narrow a search range could have found the incorrect
We used sparse data from only Catalina Skyperiod.
Survey and USN&rlagstaff since these were among
the better sources given by Hanus and Durech (2012). Even though asteroids with ambiguous periods
were excluded, an LCDB rating of U = 2 still
4.3.1. Finding the Period indicated a significant uncertainty in the period. Also,
the periods in the LCDB are synodic, not sidereal.

The first step requires finding a unique siderealThe two can dfer by several units of 0.001 h, even
rotation period for the asteroid. This can be a verymore. Therefore, the initial search period had to
long process, sometimes takidgysof CPU time for ~cover a much wider range, sometimes 8206 of
a single asteroid. the adopted period.

The reasons for this are sevei@t. First, the A general rule for accepting a period for the next
period search range must be ddoenough to assure stage of modeling is that theeconelowest chi-
finding a universal minimum, not just a local one square value is at least 10% greater than the lowest
(Figure 5). Second, if the data set spans severdlhi-square value. This is rarely the case, especially if
decades, this increases the number of trial periodéhe dense sets are of lower quality, the sparse data
dramatically so that the true period is not steppedsets are particularly sparse, or the time span of the
over. Third, if the data set haslarge number ofdata d at a doesndt adehtlp preciseianddi ng a
points, then the processing time is considerablyinique period. As a result, we would sometimes do a
greater. To help with this last point, if we had densepole and model search using more than one period to
lightcurves from several nights in an apparition, eactsee if the end results differed significantly.

(or most) covering more than one rotation, only one  To put the period search problem in more direct
or two of the lightcaves were used in the modeling terms, the adopted period must be fisigntly
since the others did not provide any significant newaccurate and precise so that over the total time span
information about the shape of the asteroid. 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 tvimthe current rotation
at the end of the time span. Mathematically, this is
expressed as

D=(0.028*P)/T
where D  period error
P rotation period of asteroid (hours)

T  total span of data (hours)

For example, assuming a period of 5 hours andaé to
time span of 20 years (175320 hours)



Pole Search Plot: 434 Hungaria
+90

D= 0.000004 hours i
[

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 involvedinding a chisquare best fit

90

when Using 312 discrete, fixed poles at 15 degre Period: 26.48804496 hrs  ChiSq Range: 2.1199 - 26.1540

intervals in longitude and latitude but allowing the Figure 7. The pole search plot for 4 34 Hungaria when
period to float. using absolute scaling instead of relative. See the text.

Figure 6 shows the results for 434 Hungaria, the
largest body D ~ 13 km) of the Hungaria collisional As in this case, the hope is for a sea of deep reds
family. The lowest chisquare solution is indicated by with a relatively small region of colors in greens or
a deep blue region. The colors progress from blue tblues. As shown below, sometimes hopes are dashed
greens, yellows, and oranges as thestjiare value on the rocks.
increases. A deep red (maroon) region represents the
highest chisquare value solution. 4.3.3. Finding the Model

Pole Search Plot: 434 Hungaria

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 l@oking
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 welldetermined such that tteeis a one
half rotation error over the span of the observations.

Perlod: 2648804496 hrs  Log10(ChiSq) Range: 0.3263 - 1.4175  ChiSq Multiplier: 1 There may even be four solutions: two prOgrade and
Figure 6. The pole search plot for 434 Hungaria. See the two _retrograde, the pairs differing by about 180° in
text for details. longitude.

Note that the concentration has been on spin axis
Ideally, as is almost the case in Figure 6, weorientation. A naturabutcome of the modeling is a
hoped to see a small island of blue within a sea ofonvexshaped hull. While the shape was not our
yellows and oranges, indicating a completelymain concern, it was important in that it had to be
unambiguous solution. physically plausible and rotation was about the
The color scaling in [jure 6 is relative in that it shortest axis. Figure 8 shows the resulting shape for
fits the range of chsquare values. If the scaling is the besfit period and pin axis solution for 434
change to absolute values, i.e., based on esgire Hungaria.
map equating a value to a given color, this results in
something like Figure 7.



North Pole View Equatorial View Z=0°) Pole Search Plot: (7247) 1991 TD1

South Pole View Equatorial View (Z=90°)
‘ S / Period: 3.17653781 hrs  Log10(ChiSq) Range: 0.4152 - 0.7376  ChiSq Multiplier: 10
Figure 10. The results for 1991 TD1 were disappointing.
Figure 8. The best -fit shape model for 434 Hungaria. This was one asteroid that was nsed in our
Unless fully -calibrated data are used exclusively in spin axis distribution analysis.

modeling, the Z -axis is not fully constrained, i.e., it could
be taller or even shorter than show here, though t he .
latter is highly unlikely. 5. The Final Results

Another test for the validity of a given model is We created a rating system of Q =51to
if the lightcurves from the model fit the dense determine if a given spin axis would be used in our

lightcurves. distribution analysis. A rating of Q = 1 (Figure 10)
meant that it was impossible to know if theation
2 sense was prograde or retrograde, let alone an
180 approximate latitude of the spin axis. Q = 3 was the
o0 point where sense of rotation was reasonably
. established. However, the latitude was still in
120 question.
110 Only solutions rated Q = 4 or 5 were used.
oo Figure 6 represents a Q = 5 result. A Q = 4 rating still
o= allowed putting the latitude within one of three
080 regions: h| < 30°,b 2 30° (prograde), and I¢ 7 30°
ot (retrograde), the uncertainty being which of two
o solutions was more likely correct. The first
oro (Acentral o) zone of N3O0A
0 o1 o2 o5 _ou o5 o5 o7 o8 oo | because it represents about -dvadf the area of the
Figure 9. The model lightcurve (black) for 434 Hungaria entire ecliptic sphere.

on 2009 July 16 versus the dense lightcurve (red).

Hungaria Spin Axis Distribution Q:>=4 Pole1 only All Periods All Diameters
Prograde: Blue outline (13, 25%) Retrograde: Red outline (40, 75%)
90

Figure 9 shows a typical example. Since the =/ |\e
period of 434 Hungaria i® > 26 h, the individual { \? “\
dense lightcurves did not cover more than about 259

of a rotation. / / / / / {

||
4.3.4, When Modeling Goes Bad \ \\ \ \ k o } j

Sometimes the data set is just not good enough &O\m /e/}///

e.g., it may not cover lang enough time range or too Y, >

little of the orbit in terms of an insufficient range of QVlulcolr tRed 2:Oange & Green 4 Aqus 5 Blue

Lpas values. For whatever reasons, a (nearly) UNIQUE, . re 11. The spin axis distribution for 53 Hungaria
period cannot be found or the shape of the asteroid isseroids rated Q =4/5.

too round and so likely to produce highly ambiguous

shape moells. For any or all of these reasons, the  Qut of the 117 initial candidates, we found
resulting search for a pole finds only a sea of bluesperiods and spin axis based on physically plausible
meaning all nearly equal cjuare values, as seen in shapes for 76 Hungarias. Of these, 53 were rated
Figure 10. Q = 4/5 and so were for distribution analysis.

7

of



Figure 11lis a plot of those 53 asteroids. Only are also adding new objects, mostlyadler ones, to
bestfit poles were used while secondary poles ofterfurther check on both the rotation rate and spin axis
found as part of the lightcurve process were ignoreddistributions. We also look to revise the Q rating
Q = 4 solutions are cyan circles. Q = 5 solutions aresystem to make it more subjective.
deep blue circles. If the solution is prograde, it has a
dark blue border while retrograde solutions have &. Conclusion

red border.
Beta Count Percent
b < 30° 11 21
[b|2 30° 42 79

Table |. Counts and percentages of Hungarias within
and outside the central region of +30° of the ecliptic

plane.

Long-term investigations require lots of patience.
Fortunately, our work on the Hungarigsoduced
many intermediate results that provided some instant
gratification, e.g., the discovery of more than a dozen
confirmed and several possible Hungaria binaries.

We 6v e

mad e

a

point

of

lightcurves in theMinor Planet Bulletinover the
years as well as submitting our raw data to the Minor

Planet Center

Table | shows the raw results based only on

ecliptic

|l atitude.

Il t 6s

hit/mvwve MinarlanetCeeter.oet/light eutve

strong tendency for the Hungarias to have spin axis
away from the ecliptic plane, just as Haretsal,

(2013b) found.

For low orbital inclination objectsthe pole

latitude can be almost be used directly to determine

t her e

sothat 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

sense of rotation, i.e., a southerly latitude indicate®n longterm projects such as this. The benefits to

retrograde

rotation while a northerly

latitude science can be ermopus, even if not immediately

indicates prograde rotation. This is not the case forealized. Variable star observers know this very well.
high inclination objects.

Rotation Count Percent
Prograde 13 25
Retrograde 40 75

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

plane. Thereforej t

i s

mportant

result by taking the crogmoduct of the spin axis
vector and the north pole of the orbital plane tocamera and a Meade O0-85 SCT used at CS3 were

determine if the spin axis is above or below themade possible by Gene Shoemaker NEO grants from
orbital plane. When doing this, two objects within thethe Planetary Society.

central regiorswapped their sense of rotation. Table
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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 pu bl i shed in the early 200006s. This paper
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, d NCH.), 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 Lorenz (2003) concludes that detection of
atmospheric changes with time may be achievable.

From the initial atmospheric characterizations of =~ Spectrosopy complements other types of
Jupiter, Saturn, Titan, Uranus and Nep by Kuiper ~Observations of the outer planets because it can reveal
(1944), the state of the art has evolved to Spatia")guanntatn(e information about the vertical scattering
resolved hyperspectral imaging (c.f. Sromovsky,Structure in planetary atmospheres. Spectral changes
2005) and in two casei® situ measurements (c.f. Over time are indicative of rotational or seasonal
Young, 1996; Owen, 2005). For many years amateur§odulationdue to long lived structures as well as
have been able to contribute to monitgri Shorterterm cloud or storm outbursts.
atmospheric circulation on Jupiter and Saturn, both in ~ TO provide utility, two criteria need to be met for
broadband NUWIS-NIR imagery and in narrow SPectral monitoring of the outer planets and Titan.
band methane imagery (c.f. Rogers, 2006). Nowfirst, the methodology needs to be validated in terms
under the best of circumstances, amateurs ar@f accuracy and epeatability with equipment
beginning to record detail in the atmospheres ofvailable to amateurs. Second, an extended
Uranus (de Bter, 2014) and Neptune (Pellier, 2013). Preferably longtermi record of spectra with mostly
In addition, photometric measurements by amateurgniform temporal spacing needs to be obtained. The
and professionals have provided insights intoPurpose of this paper is to investigate the former, and
seasonal variability on Titan, Uranus and Neptung’€nding validation, mmend an amateur
(Lorenz, 2004; Lockwood, 2006). supported observational campaign to provide the

About a decade ago spectroscopy begagrow  latter. . _
in popularity among amateur astronomers. While  The following sections are broken up as follows:
many amateurs have focused on stellar, nebular drirst, the observations and data reduction used for
extragalactic targets, solar system targets alsgéchnique validation are described. Second, the
provide a rich reservoir of detail. Lorenz (2003)esulting planetary spectra argresented and
provides an investigation of capabilities for $ma compared to professional observations of similar
telescope spectroscopy of Titan, Uranus and Neptungoectral_ resolution. Third, an analysis of the methane
and concludes that useful observations can be mad@bsorption features of the spectra are presented,

by amateurs with modest equipment. In particularincluding estimates of the column density for each
body. Fourth, the accuracy and repdudlity of
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equivalent width measurements is examined in thffarget |Year |Aperture |Int. Time. |Dispersion
context of looking for rotational transients in the (m) (sec) (nm/pix)
Jovian albedo. Fifth, brief comparison is madegJupiter [2015(0.006 VIS-various |0.55
between the efficacy of spectral measurements at NIR-various
detecting atmospheric changes versus otheégaturn (2014 [0.006 VIS-150 0.55
technigues accessible to amateur astronomers. NIR-300
Finally, the work is summarized and |Titan 201310.200 VIS-60 1.60
recommendations for future work are discussed. NIR-60
Uranus |201310.200 VIS-600 1.60
. . NIR-2080
2. Observations and Data Reduction 501510017 VIS-1320 055
. , , ) NIR-1200
Slit-less spectroscopic observations of JUP'te"Neptune 201310.200 VIS-930 1.60
Saturn, Titan, Uranus and Neptune were made in NIR-2740
2013, 2014 and 2015. Two instrumental 2014 10.017 14400* 0.55

configurations were used. Both configurations used - -
an SBIG ST2000XM CCD camera and a_Table 1: Observation Log (*Data taken on two nights)
StarAnalyzer 100 line/mm transmission grating. The .

full spectral range extended from 380 to 1000nm2-2 Data Reduction

Order separation was performéy using either a

>685nm or a >742nm lorpgass filter. Table 1 Observations were processed according to
provides an overview of the observations while thestandard protocols in the commercial -tfé-shelf
rest of this section provides additional detail. (COTS) program MaximDL, e.g., dark frames and

biases were subtracted from raw images. However,

flat field calibration was not done, primarily due to
2.1 Instrument Configurations the difficulty of flat-fielding slitless spectroscopic

data. After initial calibration, the image files were

In the first instrument configuration, the grating rotated such that the spectra were aligned
was placed irthe imaging train of a 0.2m aperture horizontally. While better precision could have been
SchmidtCassegrain telescope operating at f/6.30btained if the spectra were taken with a horizontal
Using a set of spacers, the grating was placed at @ignment,the instrumental set up would have made
distance from the focal plane to obtain spectrathat challenging and difficult to repeat.
dispersion of 1.6 nm/pixel. However, the effective ~ The spectra from a given evening were- co
spectral resolutin was limited by angle subtended by aligned using field stars and then cropped to a
the target. The spatial plate scale was 1.1convenient size. The ealignment made for efficient
arcsec/pixel. The disk of Uranus, blurred by seeing t@nd repeatable extraction afiedimensional spectra.
about 5 arcsec diameter, represents the worst case Onedimensional spectra were extracted and
and reduces spectral resolution to about 8 nm (R~7®avelength calibrated using the COTS program
at 600nm). Obseations of Neptune and Titan have RSpec (Field, 2011). Extraction included background
proportionately higher resolutions. subtraction of 1€20 rows of pixels above and below
In the second configuration, the grating was usedhe rows of interest. Wavelength caltion for

as an objective grating for a 135mm camera lensvisible spectra (38050nm) were linear fits, typically
This provided a higher dispersion, 0.55nm/pixel dueto the solar Ca H&K lines at 393 and 397nm along
to the greater distance from the &gplane. The lens With the Hl lines at 434, 486, and 656nm.
was highly stoppedown (f/8if/22, e.g., apertures of For the near infrared spectra two approaches to
0.017 to 0.006m) to limit sphehromatism and Wavelength calibration were taken. First, in the
ensure tight focus across long spans of wavelengtiresence of contemporaneous,-atigned visible
The spatial scale was approximately 11 arcsec/pixeSpectra, the visible wavelength calibrations were
This ensured that even Jugitthe largest target, gave transferred directly to the IR spectra. In the absence

a worst case resolution of 2.2nm (R~270 at 600nm). of appropriate visible spectra, the, @ and Q B
bands at 761 and 687nm were used for the >685nm

fiter. The @ A band along with the 889nm GH
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 Ima visible spectra were Second, differences in FWHM between the
interpolated onto a regular 0.5nm interval grid. Whenobservations and reference spectra lead to either
contemporaneous IR and visible spectra werainder or owver-corrected solar and telluric features.

available, they were merged to a single seamlesBinally, low signalto-noise in references stars used

spectrum. This was done by selecting an overlapo calibrate relative instrument sensitivity adds noise

region where the IR spectrum was schto match directly into the resulting tepf-atmosphere spectra,

the visible spectrum exposure normalized intensityparticularly at the longest and shortest wavgths.
(typically a few percent different). The final spectrumAv er aged more spectra doesnbo
was normalized by exposure, collecting area andince they are caused by the reference stars.

spectral bin size, but not converted to energy units.
Thus, the resulting units oftheesg t r a ar e o6r
e.g., counts-m%nm?, 3.2 Saturn

The Saturn albedo, spanning 400 to 750nm,
3. Spectra suffers similar problems in terms of smatlale noise
for the same reasons as the Jupiter albedo, but in
Spectra of reference stars with wellaracterized addition consists of shorter exposures and thus has
spectra were taken in order to establish the overalower signalto-noise. This is also the main reason for
instrument system response including telluricthe lower longwave cutoff.
absorption. The raw flux spectra of Jupiter, Usat In addition, the Saturn spectrum in this work was
Titan, Uranus and Neptune were divided by thistaken with the rings open 21 degrees to Earth (22.4
system response function resulting in -twfp  degrees to theud), whereas in the K94 data the rings
atmosphere spectra. A custom Python program wasere open to Earth ~10 degrees (~12 degrees to the
used to perform the division and the 0.5nm referenc&un). Thus, the Saturn albedo in current work
spectra were taken from the RSpec library (Fieldjncludes a much larger contribution from the rings
2011). themselves, in addition to the rings occulting a larger
Finally, the spectra were divided by a referencefraction ofthe disk. This results in two main effects.
solar spectrum, also from the RSpec library, toFirst, the depth of the methane band absorptions is
provide relative albedos as a function of wavelengttsignificantly reduced by ring contamination. Second,
for each target. The albedo spectra are scaled tine overall slope is slightly bluer than the K94 slope.
match overall magnitude of albedos published in theBecause of the ring contamination, the Saturra dat
literature. The data of K94 henceforth K94i was are not analyzed further in this work. In the future,
taken in 1993. It is used for the comparison and iwith a twocomponent spectral model, it may be
interpolated onto the standard 0.5nm grid used hergossible to separate the planetary and ring
The K94 spectra are those used by Lorenz (2004) faromponents and better assess the methane absorption.
comparison to small telescope spectra.
Figure 1 ples the spectra of Jupiter, Saturn, )
Titan, Uranus and Neptune from this work compared3.3 Titan
to that determined by K94. While the general
agreement with K94 is very good, a number of The Titan spectrum spans 400 to 800nm and
artifacts are visible. These range from small scalevith 1.6nm/pix dispersion. The larger aperture and
noise to larger scale depags in the slope of the dispersion give the spectrum a smoother appearance
continuum. The spectral notable features of eacltompared to Jupiter and Saturn. (The reference
body are now discussed. spectra are similarly smoothed reducing that
contribution to error.) This also makes the methane
) absorption feates more broad and shallow than for
3.1 Jupiter the K94 data or the Jupiter and Saturn data for this
work. Equivalent width of the absorption features
Overall the match for Jupiter is very good from should be conserved despite the different resolution,
400 to 925nm. However, the albedo showshowever the wavelengths for bounding the feature
substantially more small scale noise than would benust change teeflect the feature broadening.
expected from the high sign@d-noise in the raw 3.4 Uranus
spectra. In fact, the small scale noise can be attributed .
to threefactors. First, small offsets in wavelength FOr Uranus, spectra were taken with both
between the observations and reference spectra leadstrument configurations. This resulted in a
to spikes at the edges of solar and telluric featuregower resolution spectrum from 400 to
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850nm and a noisier, but higher resolution
spectrum from 450 to 750nm. In general,
bothtrack the K94 data well. However, to
achieve similar signab-noise, the higher
resolution spectra would require
significantly longer exposures.

Neptuneds ro

3.5 Neptune

Albedo

Albedo

Albedo

Albedo

Albedo

Similarly for Neptune, spectra were taken with
both instrument configurations. This resulted in a
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Figure 1: Albedos of Jupiter, Saturn, Titan, Uranus and Neptune.

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
signatto-noise further into the NIR, the higher

resolution instrument configuration would dictate

exposure times that are a significant fraction of

peri
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4. Methane Abundances For nonsaturated lines, the smlled curve of
growth is linear and the density is proportional to the

Methane hsorption band encodes information €quivalent width,VV[clm‘l], divided by a known band

about the abundance of Ghi the target atmosphere. ©OF line strengthS[cm™-(km-atm)7]:

The state of the art today includes sophisticated

spectral and atmospheric models. At each wavelength 4 N ( §+HW/S 1)

the albedo can be computed as a function of methane . .

absorption (ad other absorbers if present), scattering ~ WhereN is the column density [kratm] of CH,

and absorption by aerosols, Raman/Rayleigfnd d is the effective air mass seen by sunlight

scattering by molecules. The amount of absorption afffough the atmosphere of the target planet. The

a given wavelength is given by a function of @rmass is .m|n|mally 2.0.smce we are Iookmg at

absorption strength and absorber abundance. TH&flected light. Integrating over a spherical

absorption strength maye a simply linear factor or atmosphere, up to anathfactor of two may need to

may be a more complex function. This depends o€ applied due to the longer path lengths along the

whether or not the combination of absorption strengtt? | anet o's i mb. This addi tio
and abundance remains in the linear region of thélépendent on the scattering properties of the
curveof-growth. atmosphere and optical depth of reflecting cloud

For this work, resources were inadequate tdayers. For this work, we chosmly to compute the
attempt anyting other than using the simplest effectivenumber densityd N (4, For comparison to
approximation. Rather than computing absorptionPublished values in order to validate the techniques
values at each wavelength, the integrated bandsed.
absorption is computed for each of the Jbands.

The integrated band absorptions are characterized by
measured equivalent wifus, W [nm].

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

(nm) | Work Kark. Lutz | Work Kark. Lutz | Work Kark. Lutz | 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 0.04 006 0.03|194 148 163 |1.82 183 2.08

509 0.02 157 1.13 1.68 141

543 | 0.17 0.23 0.37 0.19 0.37|4.09 482 498 |467 566 5.66

576 0.19 0.17 0.15| 344 3.68 4.05 |4.21 459 474

597 0.07 0.84 1.66 153 216

619 | 140 153 197|178 203 212|9.83 10.39 11.72(9.60 11.40 12.84

668 120 171 5.19 8.03 593 9.65

683 0.17 029 047|061 160 238 |0.43 208 3.69

705 (042 053 199|055 131 219|321 531 154 |383 557 151

725 | 727 746 883|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 1.32 241

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 certainly systematic rather than statistical. Rather
than tracing down systematic errors in data

Equivalent widths measured for all bands processing and analysis, e.g., effects of differences in
detectable by visual inspection are presented in TablgPectral resolution andontinuum/band wavelength
2. Jupiter, Titan, Uranus and Neptune are included igelection, the better course of action would be to
the table, but Saturn is not due to the difficulty of Move into a wholespectrum fitting approach in the
interpreting the equivalent widths with contaminatio future.
from the rings.

For each target, three columns of data are . .
presented. First, the equivalent width is determine<14'2 Effective Number Density, dNX CH
from the spectral observations in this work. The same
values for continuum and band wavelengths are used Many attempts have been made to accurately
across all Jupiter spectra. Theues of the band and determine the absorption strengths ofhlisiand NIR
continuum wavelengths were determined by visuafméthane bands, both through laboratory and
inspection. Given the large number of Jupiter spectrdnodeling work. ~ A good review is presented in
available (see Section 5), it was possible to estimatéarkoschka (2010). _
the statistical uncertainty associated with the We take linear absorption strengths for
measurements of equivalent widtFor Jupiter, the integrated bands from Iltgrature spanning the 1970s
95% confidence interval ranges from 0.01 to 0.02nmthrough the 2000s (Fink, 1977; Giver, 1978,
Of course, systematic errors from choice of the band<@rkoschka, 1998; Karkoschka, 1992; Lutz, 1976;

edge wavelengths alone are likely larger than these Ut 2,  1982; Ramaprasad, 1978;
statistical errors. literature is quite consistent from one study to the

The band and continuum wavelengths for Titan,"€xt for some bands, e.g., 842nm, but for other bands

Uranus and Mptune were each chosen independentlyghows much diversity, e.g., 683nm. Rather than
by visual inspection to account for both differences in€vauate the relative merits of each strength
spectral resolution and the very different spectra witiflétérmination, we take the simple average. Those
saturated bands. With two spectra each for Uranu@verage values are presentin Table 3.

and Neptune, a crude statistical error estimate can
also be made. The uncertainties are-0.2 nm for

Uranus and 0:1.5nm for Neptune. For Titan, only Band Stre_Pgth 1.
one spectrum was available so no error estimate is [nm] [em™-(km+-atm] ]
provided. 441 1.7
Second, the same technique used to measure the 486 6.0

equivalent width is applied to the K94 data. This 543 29.8
provided a validation of the basic correctness of the 576 15.0
choice of band and continuum regions. Note that the 619 131.8
agreement is quite good for stronger bands, e.g., 619 683 6.9
and 725 nm, but varies more substantially when the 705 51.0
equivalent width is smaller. The best matsfiar the 725 7705
889nm band for Jupiter which is only 0.7% different 790 363.3
from that computed from the K94 data. An example 842 114.0
of a consistent error is that the 705nm equivalent -

o . 862 823.0
width is lower from this work compared to K94. The
comparison suggests that there are subatan 889 27533

systematic differences between the K94 data and thikable 3: Band Strengths used in This Work.
work. While certainly possible that some of the ] ] N
differences may be attributable to changes in the The resulting effective column densities for
planetary atmospheres, it is likely that the bulk of theJupiter, Titan, Uranus and Neptune are plotted
differences are attributable to the instentation and ~@gainst band strength in Figure 2. Two trends are
processing. useful to note. First, the_ column density overall is
Third, equivalent widths from Lutz (1976) and lower for Jupiter and Titan than for Uranus and
Lutz (1982) are presented for comparison. In the casbeptune. This indicates that the reflecting or
where multiple measurements in the same band wei@cattering layers are higher in the atmospheres of
made the average is presented. Again, the agreemefi{Piter and Titan than in the atmospheres of Uranus
between this work, K94 and Laiis generally good, @and Neptune. Second, in the plot for Uraiiusven
but has notable large errors. These errors are almogtore so for the plot of Nepturie a distinct slope
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downward towardsigher band strength is seen. This 5.1 Observations
is due to more extreme saturation of the bands with

the higher band strengths, which effectively reduces

the derived column density.
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= R . . .
;101 e
= 2 :
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Figure 2: Effective methane column densities.
5. Rotational Band Modulation

The detection of variations in absorption
strengths with planetary rotation is a good indicato
of longitudinal variation in atmospheric conditions,
such as hazes or reflecting clouds. Narrow ban

imaging or even hyperspectral imaging is possible fo
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 sectio
seek to determine if it is possible with small,
commercidly available equipment to detect
longitudinal variations in moderate dispersion spectr
as a complement to professional, spatially resolve
imaging these smaller targets.
frequently sampled, diskitegrated spectra of Jupiter
as a high signab-noise proof of concept test with
the goal of clearly detecting GRS transits.

r

Here we use

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 repeatd coverage of System Il 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 | Calibration |Type
(deg) |Star

2015012|0-130 |Pollux KOlllb
3

2015020| 230 Pollux KOlllb
9 315

2015021|60-225 | Pollux KOlllb
0

2015031|20-155 |Procyon F5IV
8

2015032| 265 Pollux KOlllb
2 115

2015033| 150 Pollux KOlllb
1 340

Table 4: Jupiter observation details
5.2 Analysis

We focus on the 889nm band whemmtrast is at
a maximum and telluric contamination is at a
minimum. The magnitude of the equivalent width
modul ation due to the GRS
was estimated empirically from narrow band 889nm
images of Jupiter taken during the 2013, 201d an
2015 apparitions. The modulation expected was

tr

~0.8%. However, a similar analysis showed that

3ignal contamination from a single Galilean moon

rcould contribute up to ~0.7% variance in the 889nm
equivalent width.

Figure 3 shows the variation in the equerl
width as a function of System Il longitude along with

a (nonphotometric) 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
.83%0. 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 iqquite 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 uncertaintiegast and west. The bright spot in the map near 340
are too larger than the signal sought. degrees is a Galilean moon.

Note that the red vertical liserepresent the GRS
System Il longitude and boundaries 60 degrees to the
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Figure 3: Equivalent width of the 889nm methane band with System Il longitude.

3) Providing specific recommendations for
] equipment, exposures and observing programs
6. Summary and Conclusion 4) Better quantify expected rotational/seasonal
signals fran the outer planets and Titan.

We have presented spectroscopic observations of Finally, we would recommend study of a
solar system bodies with significant methaneprogram that would allow amateur spectroscopists to
component in their atmospheres. Basicesbations contribute their observations for analysis, perhaps
and extracted information on equivalent widths andthrough the Astronomical Ring for Access to
effective number densities are consistent withSpectroscopy (ARAS), which currentlya active
published literature. All this was accomplished with programs monitoring extraolar targets.
modest equipment obtainable and operable by
amateur astronomers.
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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 /6.5 astrographic refractor. Molecular species detected in the transmission spectrum

pec
2014 October 8 Tot al Lunar

of the Earthds atmosphere i-Oxdimerde H2 O, o2, 03, and the 02
l ntrOd u Ctl on Lunar Eclipse Spectra

Total lunar eclipses provide an opportunity to
obtain spectra of the light transmdt¢hrough a long
path | ength of the Eart a | una
eclipse, sunlight refra Eartho
atmosphere reaches the surface of the Moon. T
amount of light at different wavelengths can vary s
considerably, ¢ pparent aolgr att ﬁil%lreeéé\ﬁm;@um énages of the Ntljoon captured by t § he
; ; py . The spectra correspond to images name
different eclipses to range fror_n pale orange to deey@IO n1009 0 = 141 ZP )n(‘U Mo 00. 7227, and Moo
red. I'n addition, mo | e cly gsO.EGn)IEar 0s  atmosphere
produce characteristic absorption features that are
eclipsed Moon. _ developed a computational model of the optical

Early observatios by Slipher (1914) and Moore t r ansmi ssi on of EabOnhmht#®s at mos

time or in the decades following. However, the gpserved spectrum. The Yan model breaks out the

possibility that astronomers will soon observeingividual contributions of 02, 03, GR2, NO2,

atmospheric tr_ansmissipn spectra o_f small, .rockyHZO, as well as Rayleigh scattering and aerosol
exoplanets during transits front of their respective  scattering to the observed spectrum (adapted as
stars has revived interest in observing Earth as if ijgure 4 inthis paper) aiding the identification of

were an exoplanet. In 2008, Palle et al. (2009)molecular species in lunar eclipse spectra.
observed a partial eclipse simultaneously with the 4.2

m William Herschel and 2.56 m Nordic Optical ;

Telescopes in the opticahd infrared, detecting O2, Observations
03, H20, 0202, Ca Il, and Na I in the visible and
CH4, CO2, and ONZ2 in the infrared. More recently,
Yan (2014) observed the total lunar eclipse of 201
12-10 with the 2.16 m telescope at Xinglong Station,
China, using a fibefed echelle spectrograph at high
resolution (R ~ 46,000). They report measuring thesky remained clear until morning twilight began
column density of 02, O3, G2, N20, and H20, )
as well as detecting isotopes of oxygen in 160170
and 160180 molecules.

/6.5 AstroTech AT65EDD 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 ATk314L CCD camera. The

21

The October 8, 2014 lunar eclipse was well
lplaced for observation from northwestern Oregon.
The moon was high in the sky at the time of first
umbra contactairmass = 1.34) and still well placed
by the time of greatest eclipse (airmass = 1.72). The

Observations were made from Alpaca Meadows
Observatory {122.6096, +44.7909) using a 65 mm



spectrograph was equipped with a PFO03By and night sky. Acquiring these images kept the
guiding unit with an Imaging Source DMK instruments and computer warm and dry.
41AU02.AS video camera to capture images of the  To provide referece spectra of the lunar surface
telescopic image and spectrograph slit. Power for theutside the eclipse, shortly before local midnight, ten
Celestron AVX telescope mount and both cameraspectra were acquired. The exposure time for these
was supplied by a 13wlt 10 A supply run from spectra was 0.3 seconds. For each spectrum, |
120 VAC powe. The Toshiba laptop computer used attempted to bisect the conspicuous lunar crater
to capture images was powered from its 120 VACTycho with the slit, ad to place Tycho near the
adapter. The software used to operate both cameraenter of the slit height while also making sure that
was supplied by the camera manufacturers. the northern limb of the Moon was also on the slit.
The length of the slit in the Alpy 600 is 3 mm, The brightness profile across Tycho produced a
subtending an angle of 0.403° the sky; its 23 [1m distinct and recognizable pattern in the spectrum. |
width subtends 11.3 arcseconds. The spectrograptecorded sldocation images for three of these
was oriented so that the slit ran south to north, andpectra.
the recorded spectra sotdhtop. The direction of Of the ten, the three spectra with corresponding
dispersion of the center of the spectrum produced bylit locations (Moor099, Moor101, and Moon 105)
the Alpy 600 on the CCD chipras measured to be were later used as candidate reference spectra.
359.5° during data reduction. Particulars for these three spectrum images are listed
After sunset, the instruments were turned on andn Table 1.
left unattended to acquire 98 images of the twilight

Filename Time [UTC] Exposure [sec] Ulumbra] 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

di stance of the slit from center of the umbra is given in units of

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 pectra to norttattop. Two more spectra with
corresponding slitocation images (Mooi109 and
Moon-112) were made, and are listed in Table 1.

As the Moon moved into the umbra, | made a

Mocks=103 Moori12) Mooi-127 series of spectra to determine the exposure time for
Figure 2 Three representative slit -location images. the eclipsed luna surface; an exposure of 300
Shown, left to right, are Moon -109, Moon-123, and Moon -  seconds was used for all subsequent spectra. For the
127. The slit was oriented north -south. Spectra were Moon-120 spectrum, | placed the slit just inside the
measured at the center of the slit. shadow edge. For the Modr21 through Mool26

Shortly after the M tered th b spectra, the slit was placed so that it bisected the
ortly arter the vioon entere € penumira, o 5ier Tycho and itsnorth end was opposite

took another series of lunar surface reference imagesharnicus. For the Moeh27 spectrum, the slit was
However, because the telescope mounting was
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centered on the eclipsed lunar disk. At the end ofletermined by mapping the slication image to an

exposure for each spectrum, | saved alatiation

image.
Because

northward in declination, the lation of the slit

during the spectrum exposure may be uncertainbyaspect rogr aph
Because of dewall spectrum data reported in this paper were

much as several arcminutes.

enlarged chart by Espinak (2014). Table 1
summarizes the filename, time, exposure, umbra

the Moon was moving steadily radius, and airmass for each spectrum.

Because spectra taken with the Alpy 600
exnhg db i & ndb oft hmiflkee

formation and the increasing airmass, observationextracted between lines 490 to 510 on the images

were ended shortly after maximum eclipse; theusing RSpec software (Field,

telescope was then covered and the CCD camasa
left unattended taking dark frames.

2015). During
extraction of the spectra, the sky background was
subtracted. Wavelength calibration was based on the

Fraunhofer lines in the Moeh09 spectrum; this
calibration was applied to all of the lunar spectra.
The transmission spectrum

The longexposure spectrum images were darkatmosphere is the ratio between the sigofithe
subtracted using a master dark frame created from tHeclipsed lunar surface to that of the remiipsed
dark frames taken after maximum eclipse. The shortlunar surface. Accordingly, each wavelength in the
exposure spectrum images were corrected to removRelipsed spectra was divided by the corresponding
the bias level of the CCD camera. Spectrum image¥avelength in the neeclipsed spectrum, Moet09
were matched with corresponding 4titation Using the math functions in RSpec. The resglti

Data Reduction

images. The current dataset consists of spectra takdnf @ansmi ssi on spectra were sav
at known slit locations; for each image in this group,(@ tabdelimited text format), and imported into
the radial distance from the center of the umbra wad/licrosoft Excel.
Lunar Eclipse Spectra
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W
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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
radi i, U, from top to bottom, are: 1.54, 0.91, o0.78, 0.72, O0.54,
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Discussion Near the outer edge of the wu
attenuation across the visible spectrum is
Figure 3 shows comparativensmission spectra @ P Pr o xi mat el y Rageigh scatteringAl t hough
at eight radial dist ancWwosldattgnyaig the shart wavelengths moreghanthea r t h 6 s
umbral shadow. In this figure, direct sunlight on thelonger ones, ozone absorption apparently drops the
lunar surface would have a value of 10,000. It islonger wavelengths to produce a neutral overall color
immediately clear that across the visible spectrumin the outer parts of the umbra.
the lunar surface appedess than 1:10,000 as bright ~ Deeper in the umbra, however, the blue and
as the Full Moon. Deep in the umbra, the brightnesdiolet attenuation due to Rayleigh and aerosol

at short wavelengths drops by a further factor of ~10cattering is greater than the ozone absorption, and
relative to longer wavelengths. the color of the umbra becomes deep red. The change

Because the signal level of spectra deep in thd" the relative strengths of the attenuators depends on

l

umbra at short wavelengths was justevfADUs t he ray paths sunlight follow

above zero, the resulting plots are very noisy. atmasphere toward a given location in the umbra. To

Moore (1927) notes that violet and blue are more€ach the inner parts of the umbra, the light follows a
strongly attenuated by Elgepar paghdhanylightthal wilhreaghethe oytes pagls j s due
to Rayleigh and aerosol scattering (Yan 2014)0fthe umbra.

Moore also notes that the telluric bands (duéi2® To aid in the qualitative identification of the
and 02) are strongly enhanced in the eclipsegPecies observed in these specttzz Moor120
spectrum. These absorptions are immediately evidert P€ct rum b wi th high pixel val
in the spectra shown in Figure 1 and in Figure 3. high signaltonoi se ratio b was divi

Pallé (2010) notes that model calculationsPOlynomial function approximating Rayleigh and
predict that the spectrum of reflected light from the@erosol scattering. The residual spectrum, shown in
Moon depends strongly on the phase of the eclipsefigure 5, displays absorption features at theations
and suggests that measuring lunar reflectance spectfan d approxi mate depths expect
could serve to charact edmogphereimgdel. Eart hos atmospheric
signature over time. The spectra discussed here The presence of the broad H20 absorption band
confirm their prediction. 715 to 735 nm is visible in every spectrum in Figure
The terrestrial atmosphere modsl Yan (2014) 3. In Figure 3 and Figure 5, the presence of O2 is
is extremely helpful in identifying features seen inclearly seen from the Fraunhofer Bridaat 687 nm
the spectra described in this paper. See Figure &nd a weaker band at 628 nm. The deep O3 band
Although Yanods model waletween 538 and £30 nim gleminafes kiguie py 1a
umbral radius and the geometry of a different eclipsefigure 5, the broad, fuzzy depression centered at 630
the figure shows individual contiions and NM suggests the detection of the-O2 molecule. A

provides some indication of their relative attenuation.dip at 504 nm could possibly be due to NOZ the
resolution and signdb-noise ratio do not permit

‘p unambiguous detection.
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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 Figure 5. The spectrum of Moon -120 (U = 0. 83) with

02-02 for several narrow features, and NO2 for Rayleigh and aerosol scattering removed. Absorption
attenuation at short wavelengths. Figure adapted from features identified include the broad, deep ozone bands,
Yan (2014). the narrow fea tures of molecular oxygen, a broad band

of the 02 -O2 dimer, and possibly a feature due to NO2.
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In addition to modeling absorption lines, Yan S| i pher , V. M. , iOon the spec
(2015) has modeled the effects of solar disk centerttoon, 6 Astr onomi she Nachricht
limb variation on the profiles of the Fraunhofer lines.

In the spectra described in the paper, the Fraunhofef a n , F. et al ., AHi gh r
F, H, and K lines appear in emission in those spectra pe ct r u m of t he Eartho
that have adequately high sigialnoise ratio at arXiv:1405.4708v1 (2014).

short wavelengths. This may be an artifact of

scattered light in the lowesolution spectrograph, or Yan, F.,etal.fi T h e -todimbtvariations of solar

a real effect caused by Ramseattered photons Fraunhofer lines imprinted upon lunar eclipse

filling in the absorption lines in the transmited spectra, 6 ar Xiv: 1501.02306v1
sunlight illuminating the lunar surface.

es
S

Conclusion

The work described in this paper suggests that a
very small telescope equipped with a ossolution
spectrograph is capable of determining the gross
features of t he transmi ssion spectrum of Eart hds
atmosphere. While measuring the transmission
spectra of exoplanet atmospheres may belong in the
realm of 10Gmeter telescopes, spectroscopic
monitoring and clmact eri zi ng Eart hds at mospheric
variations over time appears to be not only possible
but may also be appropriate for monitoring with
amateuclass 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 2. Models of the Hexagon

Various studies have been durtted to duplicate
is hexagon. In an early paper, the hexagon can be
nterpreted as winds forming a pe&ecwclmg

An atmospheric hexagon with curved corners
was discovered at the north pole of Saturn. One o
the first images that caught the attention of the publl

was taken by Cassini Y ey waye dAllisop gt @l 1990). Lateries of d
infrared wavelength durla )gat‘;%le{'kf%emswfr?ﬁ éfﬁltdﬂ yrﬂn@ S%orth
pole (NASA/JPL/University of Arizona, 2006). indrical tank - constructedo include multiple

parts that were arranged in various geometries
(Aguiar, 2019. 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 numbeasying 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
(MoralesJuberias, 2071

Flgure 1. NASA Image of hexagon on Saturn. 3. Table Formulas and Results

Figure 1 depicts a NASA image of the hexagon taker3.1. Input Data

with the Cassini spacecraft's widagle camera on

Nov. 27, 2012 using a spectral filter sensitive to A marking point on the perimeter of a small
wavelengths of nednfrared light centered at 750 Ccircle traces a hexagon when the small circle rotates
nanometers. The view was acquired at a distance dive times while revolving once in the opposite
approximately 403,000 miles (649,000 kilometers)direction around a larger circle. Trials were made of
from Saturn and at a S«8aturnspacecratft, or phase, various ratios of small circle diameters to the large
angle of 21 degrees. (NASA/JRlaltech/Space circle diameter. A general function was derived to
Science Institute, 2012). This image shows a narrowlescribe various polygons having curved corners and

border band, which will be discussed below. essentially flat sides without either convexity or
concavity at the midpoint of the sides. In the
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successful derivation, the ratio of diameters for the2. Position a: azimuth of marking pait on small
large and small circles equals the square of the circle

number of rotations of the small circle for each3. R: radius of large circle

revolution of the large circle. A greater ratio results4. r: radius of small circle

in concave sides, while a lesser ratio results irb. X: horizontal position of small circle on large

convex sides. The radius of the small circle is th

reciprocal of this ratio.
geometry of a hexagon with rounded corners.

circle
Table 1 calculates the6. x: horizontal position of marking point on small
circle
7. Y: vertical position of small circle on large
circle

A [ B C D | E F G H

1 [Desired number of sides for polygon = 6
Z Desired number of plotted points = 50

3 Large circle radius, R = 1.0000
[ 4 |small circle radius, r = (E1-1)(-2) = 0.0400 RIr=E3/E4= 250
|_5 |Deg. interval large circle = 360/E2 = 7.20

6 |Deg. Interval small circle = E5*(E1-1) = 36.00
| 7 |PositonA  X= Y= Positona x=E$4* y=E$4* X+x= VY+y=

8 (Deg.)  cos(A) sin(A) (Deg.) cos(D9) sin(D9) B9+E9  C9+F9
| 9| 270.00 0.0000 -1.0000 90.00 0.0000 0.0400 0.0000 -0.9600
| 10| 277.20 0.1253 -0.9921 54.00 0.0235 0.0324 0.1488 -0.9598
| 11] 284.40 0.2487 -0.9686 18.00 0.0380 0.0124 0.2867 -0.9562
| 12| 291.60 0.3681 -0.9298 342.00 0.0380 -0.0124 0.4062 -0.9421
| 13| 298.80 0.4818 -0.8763 306.00 0.0235 -0.0324 0.5053 -0.9087
| 14 | 306.00 0.5878 -0.8090 270.00 0.0000 -0.0400 0.5878 -0.8490
| 15] 313.20 0.6845 -0.7290 234.00 -0.0235 -0.0324 0.6610 -0.7613
| 16 | 320.40 0.7705 -0.6374 198.00 -0.0380 -0.0124 0.7325 -0.6498
| 17 ] 327.60 0.8443 -0.5358 162.00 -0.0380 0.0124 0.8063 -0.5235
| 18 | 334.80 0.9048 -0.4258 126.00 -0.0235 0.0324 0.8813 -0.3934
| 19| 342.00 0.9511 -0.3090 90.00 0.0000 0.0400 0.9511 -0.2690
| 20 | 349.20 0.9823 -0.1874 5400 0.0235 0.0324 1.0058 -0.1550
| 21| 356.40 0.9980 -0.0628 18.00 0.0380 0.0124 1.0361 -0.0504
| 22 | 3.60 0.9980 0.0628 342.00 0.0380 -0.0124 1.0361 0.0504
| 23] 10.80 0.9823 0.1874 306.00 0.0235 -0.0324 1.0058 0.1550
| 24 | 18.00 0.9511 0.3090 270.00 0.0000 -0.0400 0.9511 0.2690
| 25| 2520 0.9048 0.4258 234.00 -0.0235 -0.0324 0.8813 0.3934
| 26 | 32.40 0.8443 0.5358 198.00 -0.0380 -0.0124 0.8063 0.5235
| 27 | 39.60 0.7705 0.6374 162.00 -0.0380 0.0124 0.7325 0.6498

28 46.80 0.6845 0.7290 126.00 -0.0235 0.0324 0.6610 0.7613
E 54.00 0.5878 0.8090 90.00 0.0000 0.0400 0.5878 0.8490

30 61.20 0.4818 0.8763 54.00 0.0235 0.0324 0.5053 0.9087
z 68.40 0.3681 0.9298 18.00 0.0380 0.0124 0.4062 0.9421
| 32] 75.60 0.2487 0.9686 342.00 0.0380 -0.0124 0.2867 0.9562
| 33| 82.80 0.1253 0.9921 306.00 0.0235 -0.0324 0.1488 0.9598
| 34| 90.00 0.0000 1.0000 270.00 0.0000 -0.0400 0.0000 0.9600
| 35| 97.20 -0.1253 0.9921 234.00 -0.0235 -0.0324 -0.1488 0.9598
| 36 | 104.40 -0.2487 0.9686 198.00 -0.0380 -0.0124 -0.2867 0.9562
| 37 111.60 -0.3681 0.9298 162.00 -0.0380 0.0124 -0.4062 0.9421
| 38| 118.80 -0.4818 0.8763 126.00 -0.0235 0.0324 -0.5053 0.9087
| 39| 126.00 -0.5878 0.8090 90.00 0.0000 0.0400 -0.5878 0.8490
| 40 | 133.20 -0.6845 0.7290 54.00 0.0235 0.0324 -0.6610 0.7613
| 41| 140.40 -0.7705 0.6374 18.00 0.0380 0.0124 -0.7325 0.6498
| 42 | 147.60 -0.8443 0.5358 342.00 0.0380 -0.0124 -0.8063 0.5235
| 43 | 154.80 -0.9048 0.4258 306.00 0.0235 -0.0324 -0.8813 0.3934
| 44 | 162.00 -0.9511 0.3090 270.00 0.0000 -0.0400 -0.9511 0.2690
| 45 | 169.20 -0.9823 0.1874 234.00 -0.0235 -0.0324 -1.0058 0.1550
| 46 | 176.40 -0.9980 0.0628 198.00 -0.0380 -0.0124 -1.0361 0.0504
| 47 | 183.60 -0.9980 -0.0628 162.00 -0.0380 0.0124 -1.0361 -0.0504
| 48 | 190.80 -0.9823 -0.1874 126.00 -0.0235 0.0324 -1.0058 -0.1550
| 49 | 198.00 -0.9511 -0.3090 90.00 0.0000 0.0400 -0.9511 -0.2690
| 50 | 205.20 -0.9048 -0.4258 54.00 0.0235 0.0324 -0.8813 -0.3934
| 51| 212.40 -0.8443 -0.5358 18.00 0.0380 0.0124 -0.8063 -0.5235
| 52| 219.60 -0.7705 -0.6374 342.00 0.0380 -0.0124 -0.7325 -0.6498
| 53 | 226.80 -0.6845 -0.7290 306.00 0.0235 -0.0324 -0.6610 -0.7613
| 54 | 234.00 -0.5878 -0.8090 270.00 0.0000 -0.0400 -0.5878 -0.8490
| 55 | 241.20 -0.4818 -0.8763 234.00 -0.0235 -0.0324 -0.5053 -0.9087
| 56 | 248.40 -0.3681 -0.9298 198.00 -0.0380 -0.0124 -0.4062 -0.9421
| 57| 255.60 -0.2487 -0.9686 162.00 -0.0380 0.0124 -0.2867 -0.9562
| 58 | 262.80 -0.1253 -0.9921 126.00 -0.0235 0.0324 -0.1488 -0.9598

59 270.00 0.0000 -1.0000 90.00 0.0000 0.0400 0.0000 -0.9600

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

Table 1. Spreadsheet for Hexagon

3.2. Definitions of Terms

1. Position A: azimuth of marking point on large

circle
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8. y: vertical paition of small circle on large circle
3.3. Formulas in Spreadsheet for Hexagon

A MicrosoftE Excel spreadshece
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 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) in
Cell ES.

7. The contents of Row 8re described in Rows 7
and 8.

8. Cell A10 = Cell A9 + Cell E5.

9. Cell D10 = Cell DY 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 purpses 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 rotdes counter clockwise. In order to place an
essentially straight side of the polygon on its bottom,
the marking point begins its circuit At= 270, anda
=90. Cells from E9 to E59 calculate the x positions.
Cells from F9 to F59 calculate the y pogitso Cells
from G9 to G59 sum th&X + x values. Cells from
H9 to H59 sum th& and y values.

The calculated values in columns G and H are
plotted in Figure 2.
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Figure 2. Rotating Circles That Form a Hexagon

The large circle is plottedalong with 50
calculated points of the hexagon. A small circle is
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Figure 3. Derived WiteHexagon Superimposed
on a NASA Image of the North Pole of Saturn

3.4. Other Polygons

The spreadsheet calculation of each polygon is

circles are plotted for illustrating the rotation of the gesjred number of sides for the polygon. Table 2

small circle while it makes one circuit around the shows the calculation for a triangle with rounded
large circle. A hexagois a result of five rotations of cgrners.

the small circle, because of the appropriate algebraic
equation.

W ccw
N\
5-(-1)=6
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 takenybNASA of the
hexagon of Saturn (NASA/JPCaltech/SSI/Hampton
University. December 4, 2013NASA 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.
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A | B | ¢ T o J E F [ ¢ T H

1 |Desired number of sides for polygon = 3
z Desired number of plotted points = 50

3 Large circle radius, R = 1.0000
I Small circle radius, r = (E1-1)(-2) = 0.2500 R/r=E3/E4 = 4.0

5 [Deg. interval large circle = 360/E2 = 7.20
[ 6 |Deg. Interval small circle = E5*(E1-1) = 14.40

7 |Positon A X= Y= Positiona x=E$4* y=E$4* X+x= Y+y=
[ 8] (Deg.) _ cos(A) sin(A) _ (Deg.) cos(D9) sin(D9) B9+E9  C9+F9
| 9| 270.00 0.0000 -1.0000 90.00 0.0000 0.2500 0.0000 -0.7500
| 10| 277.20 0.1253 -0.9921 75.60 0.0622 0.2421 0.1875 -0.7500
| 11] 284.40 0.2487 -0.9686 61.20 0.1204 0.2191 0.3691 -0.7495
|12]| 291.60 0.3681 -0.9298 406.80 0.1711 0.1822 0.5393 -0.7475
| 13 ] 298.80 0.4818 -0.8763 392.40 0.2111 0.1340 0.6928 -0.7423
| 14| 306.00 0.5878 -0.8090 378.00 0.2378 0.0773 0.8255 -0.7318
| 15] 313.20 0.6845 -0.7290 363.60 0.2495 0.0157 0.9341 -0.7133
| 16| 32040 0.7705 -0.6374 349.20 0.2456 -0.0468 1.0161 -0.6843
| 17 ] 327.60 0.8443 -0.5358 334.80 0.2262 -0.1064 1.0705 -0.6423

18 334.80 0.9048 -0.4258 320.40 0.1926 -0.1594 1.0975 -0.5851
E 342.00 0.9511 -0.3090 306.00 0.1469 -0.2023 1.0980 -0.5113
| 20| 349.20 0.9823 -0.1874 291.60 0.0920 -0.2324 1.0743 -0.4198
[21]| 356.40 0.9980 -0.0628 277.20 0.0313 -0.2480 1.0294 -0.3108
| 22| 3.60 0.9980 0.0628 622.80 -0.0313 -0.2480 0.9667 -0.1852
| 23| 10.80 0.9823 0.1874 608.40 -0.0920 -0.2324 0.8903 -0.0451
| 24 | 18.00 0.9511 0.3090 594.00 -0.1469 -0.2023 0.8041 0.1068
| 25 | 2520 0.9048 0.4258 579.60 -0.1926 -0.1594 0.7122 0.2664
| 26 | 32.40 0.8443 0.5358 565.20 -0.2262 -0.1064 0.6181 0.4294

27 39.60 0.7705 0.6374 550.80 -0.2456 -0.0468 0.5249 0.5906
E 46.80 0.6845 0.7290 536.40 -0.2495 0.0157 0.4350 0.7447

29 54.00 0.5878 0.8090 522.00 -0.2378 0.0773 0.3500 0.8863
E 61.20 0.4818 0.8763 507.60 -0.2111 0.1340 0.2707 1.0103
| 31] 68.40 0.3681 0.9298 493.20 -0.1711 0.1822 0.1970 1.1120
| 32| 7560 0.2487 09686 838.80 -0.1204 0.2191 0.1283 1.1877
| 33| 82.80 0.1253 0.9921 824.40 -0.0622 0.2421 0.0632 1.2343
| 34 | 90.00 0.0000 1.0000 810.00 0.0000 0.2500 0.0000 1.2500
| 35| 97.20 -0.1253 0.9921 795.60 0.0622 0.2421 -0.0632 1.2343
| 36| 104.40 -0.2487 0.9686 781.20 0.1204 0.2191 -0.1283 1.1877
| 37| 111.60 -0.3681 0.9298 766.80 0.1711 0.1822 -0.1970 1.1120

38 118.80 -0.4818 0.8763 752.40 0.2111 0.1340 -0.2707 1.0103
E 126.00 -0.5878 0.8090 738.00 0.2378 0.0773 -0.3500 0.8863

40 133.20 -0.6845 0.7290 723.60 0.2495 0.0157 -0.4350 0.7447
E 140.40 -0.7705 0.6374 709.20 0.2456 -0.0468 -0.5249 0.5906
| 42 | 147.60 -0.8443 0.5358 1054.80 0.2262 -0.1064 -0.6181 0.4294
| 43| 154.80 -0.9048 0.4258 1040.40 0.1926 -0.1594 -0.7122 0.2664
| 44 | 162.00 -0.9511 0.3090 1026.00 0.1469 -0.2023 -0.8041 0.1068
45| 169.20 -0.9823 0.1874 1011.60 0.0920 -0.2324 -0.8903 -0.0451
| 46 | 176.40 -0.9980 0.0628 997.20 0.0313 -0.2480 -0.9667 -0.1852

47 183.60 -0.9980 -0.0628 982.80 -0.0313 -0.2480 -1.0294 -0.3108
E 190.80 -0.9823 -0.1874 968.40 -0.0920 -0.2324 -1.0743 -0.4198

49 198.00 -0.9511 -0.3090 954.00 -0.1469 -0.2023 -1.0980 -0.5113
E 205.20 -0.9048 -0.4258 939.60 -0.1926 -0.1594 -1.0975 -0.5851
| 51| 212,40 -0.8443 -0.5358 925.20 -0.2262 -0.1064 -1.0705 -0.6423
| 52| 219.60 -0.7705 -0.6374 1270.80 -0.2456 -0.0468 -1.0161 -0.6843
| 53| 226.80 -0.6845 -0.7290 1256.40 -0.2495 0.0157 -0.9341 -0.7133
| 54| 234.00 -0.5878 -0.8090 1242.00 -0.2378 0.0773 -0.8255 -0.7318
| 55| 24120 -0.4818 -0.8763 1227.60 -0.2111 0.1340 -0.6928 -0.7423
| 56| 248.40 -0.3681 -0.9298 1213.20 -0.1711 0.1822 -0.5393 -0.7475
| 57| 255.60 -0.2487 -0.9686 1198.80 -0.1204 0.2191 -0.3691 -0.7495
| 58| 262.80 -0.1253 -0.9921 1184.40 -0.0622 0.2421 -0.1875 -0.7500

59 270.00 0.0000 -1.0000 1170.00 0.0000 0.2500 0.0000 -0.7500

Table 2. Spreadsheet for Triangle

Figure 4 shows the resulting triangle.
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Figure 4. Rotating Circles that Form a Triangle

Table 3 shows the calculation for a square with

rounded corners.
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A | B | ¢ T o J E F [ ¢ T H

1 |Desired number of sides for polygon = 4
Z Desired number of plotted points = 50

3 Large circle radius, R = 1.0000
I Small circle radius, r = (E1-1)(-2) = 0.1111 R/r=E3/E4 = 9.0

5 |Deg. interval large circle = 360/E2 = 7.20
[ 6 |Deg. Interval small circle = E5*(E1-1) = 21.60

7 |Positon A X= Y= Positiona x=E$4* y=E$4* X+x= Y+y=
[ 8] (Deg.) _ cos(A) sin(A) _ (Deg.) cos(D9) sin(D9) B9+E9  C9+F9
| 9| 270.00 0.0000 -1.0000 90.00 0.0000 0.1111 0.0000 -0.8889
10| 277.20 0.1253 -0.9921 68.40 0.0409 0.1033 0.1662 -0.8888
| 11] 284.40 0.2487 -0.9686 46.80 0.0761 0.0810 0.3248 -0.8876
|12 291.60 0.3681 -0.9298 38520 0.1005 0.0473 0.4687 -0.8825
| 13 ] 298.80 0.4818 -0.8763 363.60 0.1109 0.0070 0.5926 -0.8693
| 14| 306.00 0.5878 -0.8090 342.00 0.1057 -0.0343 0.6935 -0.8434
| 15] 313.20 0.6845 -0.7290 320.40 0.0856 -0.0708 0.7702 -0.7998
|16| 32040 0.7705 -0.6374 298.80 0.0535 -0.0974 0.8240 -0.7348
| 17 ] 327.60 0.8443 -0.5358 277.20 0.0139 -0.1102 0.8583 -0.6461

18 334.80 0.9048 -0.4258 255.60 -0.0276 -0.1076 0.8772 -0.5334
E 342.00 0.9511 -0.3090 234.00 -0.0653 -0.0899 0.8857 -0.3989
| 20| 349.20 0.9823 -0.1874 212.40 -0.0938 -0.0595 0.8885 -0.2469
[21]| 356.40 0.9980 -0.0628 190.80 -0.1091 -0.0208 0.8889 -0.0836
| 22| 3.60 0.9980 0.0628 529.20 -0.1091 0.0208 0.8889 0.0836
| 23| 10.80 0.9823 0.1874 507.60 -0.0938 0.0595 0.8885 0.2469
| 24 | 18.00 0.9511 0.3090 486.00 -0.0653 0.0899 0.8857 0.3989
| 25 | 25.20 0.9048 0.4258 464.40 -0.0276 0.1076 0.8772 0.5334
| 26 | 32.40 0.8443 0.5358 442.80 0.0139 0.1102 0.8583 0.6461

27 39.60 0.7705 0.6374 421.20 0.0535 0.0974 0.8240 0.7348
E 46.80 0.6845 0.7290 399.60 0.0856 0.0708 0.7702 0.7998

29 54.00 0.5878 0.8090 378.00 0.1057 0.0343 0.6935 0.8434
E 61.20 0.4818 0.8763 356.40 0.1109 -0.0070 0.5926 0.8693
| 31] 68.40 0.3681 0.9298 334.80 0.1005 -0.0473 0.4687 0.8825
132 7560 0.2487 09686 673.20 0.0761 -0.0810 0.3248 0.8876
| 33| 82.80 0.1253 0.9921 651.60 0.0409 -0.1033 0.1662 0.8888
| 34 | 90.00 0.0000 1.0000 630.00 0.0000 -0.1111 0.0000 0.8889
| 35| 97.20 -0.1253 0.9921 608.40 -0.0409 -0.1033 -0.1662 0.8888
| 36| 104.40 -0.2487 0.9686 586.80 -0.0761 -0.0810 -0.3248 0.8876
| 37| 111.60 -0.3681 0.9298 565.20 -0.1005 -0.0473 -0.4687 0.8825

38 118.80 -0.4818 0.8763 543.60 -0.1109 -0.0070 -0.5926 0.8693
E 126.00 -0.5878 0.8090 522.00 -0.1057 0.0343 -0.6935 0.8434

40 133.20 -0.6845 0.7290 500.40 -0.0856 0.0708 -0.7702 0.7998
E 140.40 -0.7705 0.6374 478.80 -0.0535 0.0974 -0.8240 0.7348
| 42 | 147.60 -0.8443 0.5358 817.20 -0.0139 0.1102 -0.8583 0.6461
| 43| 154.80 -0.9048 0.4258 795.60 0.0276 0.1076 -0.8772 0.5334
| 44 | 162.00 -0.9511 0.3090 774.00 0.0653 0.0899 -0.8857 0.3989
45| 169.20 -0.9823 0.1874 752.40 0.0938 0.0595 -0.8885 0.2469
| 46 | 176.40 -0.9980 0.0628 730.80 0.1091 0.0208 -0.8889 0.0836

47 183.60 -0.9980 -0.0628 709.20 0.1091 -0.0208 -0.8889 -0.0836
E 190.80 -0.9823 -0.1874 687.60 0.0938 -0.0595 -0.8885 -0.2469

49 198.00 -0.9511 -0.3090 666.00 0.0653 -0.0899 -0.8857 -0.3989
E 205.20 -0.9048 -0.4258 644.40 0.0276 -0.1076 -0.8772 -0.5334
| 51| 212.40 -0.8443 -0.5358 622.80 -0.0139 -0.1102 -0.8583 -0.6461
| 52| 219.60 -0.7705 -0.6374 961.20 -0.0535 -0.0974 -0.8240 -0.7348
| 53| 226.80 -0.6845 -0.7290 939.60 -0.0856 -0.0708 -0.7702 -0.7998
| 54| 234.00 -0.5878 -0.8090 918.00 -0.1057 -0.0343 -0.6935 -0.8434
| 55| 24120 -0.4818 -0.8763 896.40 -0.1109 0.0070 -0.5926 -0.8693
| 56| 248.40 -0.3681 -0.9298 874.80 -0.1005 0.0473 -0.4687 -0.8825
| 57| 255.60 -0.2487 -0.9686 853.20 -0.0761 0.0810 -0.3248 -0.8876
| 58| 262.80 -0.1253 -0.9921 831.60 -0.0409 0.1033 -0.1662 -0.8888

59 270.00 0.0000 -1.0000 810.00 0.0000 0.1111 0.0000 -0.8889

Table 3. Spreadsheet for Square

Figure 5 shows the resulting square.

Y+y

12 4+
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 [ ¢ ] b [ E F [ 6 T H 19

Desired number of sides for polygon = 7

Desired number of plotted points = 50 o
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

Positon A X= Y= Positona x=E$4* y=E$4* X+x= Y+y=

(Deg.)  cos(A) sin(A) (Deg.) cos(D9) sin(D9) BY9+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

06

0.4 4

0.2 1
X+Xx

" . . —0-0- :
acs

334.80 009048 -0.4258 6120 0.0134 00243 09182 -0.4014 t t N e * + T T
34200 09511 -0.3090 18.00 0.0264 0.0086 0.9775 -0.3004| -1 -08 -06 -04 -02 00 02 04 06 08 0
34920 009823 -0.1874 -2520 0.0251 -0.0118 10074 -0.1992 02 1

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
2520 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 3240 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 I

04 +

97.20 -0.1253 09921 46.80 00190 00202 -0.1063 1.0124 421
10440 -02487 09686  3.60 00277 00017 -0.2210 0.9703 . . )
11160 -0.3681 09298 -39.60 0.0214 -0.0177 -0.3467 09121 Figure 6. Rotating Circles That Form a Pentagon

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

14040 -0.7705 0.6374 -212.40 -0.0235 00149 -0.7940 0.6523 .
147.60 -0.8443 0.5358 104.40 -0.0069 0.0269 -0.8512 0.5627 Table 5 shows the calculation for a heptagon
15480 -0.9048 0.4258 6120 00134 00243 -0.8914 0.4501 :

162.00 -0.9511 0.3090 18.00 0.0264 0.0086 -0.9246 0.3176 with rounded corners.

169.20 -0.9823 0.1874 -2520 0.0251 -0.0118 -0.9572 0.1756
17640 -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,
20520 -0.9048 -0.4258 -241.20 -0.0134 0.0243 -0.9182 -0.4014
21240 -0.8443 -0.5358 -284.40 00069 00269 -0.8374 -0.5089
219.60 -0.7705 -0.6374  32.40 00235 00149 -0.7471 -0.6225
226.80 -0.6845 -0.7290 -10.80 0.0273 -0.0052 -0.6573 -0.7342
23400 -05878 -0.8090 -54.00 0.0163 -0.0225 -0.5715 -0.8315
24120 -0.4818 -0.8763 -97.20 -0.0035 -0.0276 -0.4852 -0.9039
24840 -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

Table 4. Spreadsheet for Pentagon

alalafajofalofoafalo|sls|sfslssis]sfs]slolwlwfwlwlwlwlwfwlwminIn NN s (el le s el le e ol o] o o] s |w|o |-
o|x|N|o|a|b|w|N|R|o|o|o|N|o|a|R|w]|N|R|S|o]e|N]o|a| R | eS| R |S|o|e|N|o v s e |N|F[S|o|o|N|o|a|hw|N - |o

Figure 6 shows the resulting pentagon.
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A [ B [ ¢ ] b [ E F G H
| 1 |Desired number of sides for polygon = 7
| 2 |Desired number of plotted points = 50
| 3| Large circle radius, R = 1.0000
|_4 [Small circle radius, r = (E1-1)(-2) = 0.0278 R/r=E3/E4= 36.0
| 5 |Deg. interval large circle = 360/E2 = 7.20
6 [Deg. Interval small circle = E5*(E1-1) = 43.20
| 7 |Positon A X= Y= Positona x=E$4* y=E$4* X+x= Y+y=
8 (Deg.)  cos(A) sin(A) (Deg.) cos(D9) sin(D9) BY9+E9 C9+F9
| 9| 270.00 0.0000 -1.0000 90.00 0.0000 0.0278 0.0000 -0.9722
10 277.20 0.1253 -0.9921 46.80 0.0190 0.0202 0.1443 -0.9719
E 284.40 0.2487 -0.9686 3.60 0.0277 0.0017 0.2764 -0.9668
| 12| 291.60 0.3681 -0.9298 320.40 0.0214 -0.0177 0.3895 -0.9475
| 13 ] 298.80 0.4818 -0.8763 277.20 0.0035 -0.0276 0.4852 -0.9039
| 14 | 306.00 0.5878 -0.8090 234.00 -0.0163 -0.0225 0.5715 -0.8315
| 15] 313.20 0.6845 -0.7290 190.80 -0.0273 -0.0052 0.6573 -0.7342
| 16 | 320.40 0.7705 -0.6374 147.60 -0.0235 0.0149 0.7471 -0.6225
| 17 ] 327.60 0.8443 -0.5358 104.40 -0.0069 0.0269 0.8374 -0.5089
| 18 | 334.80 0.9048 -0.4258 61.20 0.0134 0.0243 0.9182 -0.4014
| 19| 342.00 0.9511 -0.3090 18.00 0.0264 0.0086 0.9775 -0.3004
| 20| 349.20 0.9823 -0.1874 -25.20 0.0251 -0.0118 1.0074 -0.1992
| 21| 356.40 0.9980 -0.0628 -68.40 0.0102 -0.0258 1.0083 -0.0886
| 22| 3.60 0.9980 0.0628 248.40 -0.0102 -0.0258 0.9878 0.0370
| 23] 10.80 0.9823 0.1874 205.20 -0.0251 -0.0118 0.9572 0.1756
| 24 | 18.00 0.9511 0.3090 162.00 -0.0264 0.0086 0.9246 0.3176
| 25| 2520 0.9048 0.4258 118.80 -0.0134 0.0243 0.8914 0.4501
| 26 | 3240 0.8443 0.5358 75.60 0.0069 0.0269 0.8512 0.5627
| 27 | 39.60 0.7705 0.6374 3240 0.0235 0.0149 0.7940 0.6523
| 28 | 46.80 0.6845 0.7290 -10.80 0.0273 -0.0052 0.7118 0.7238
| 29| 54.00 0.5878 0.8090 -54.00 0.0163 -0.0225 0.6041 0.7865
| 30| 61.20 0.4818 0.8763 -97.20 -0.0035 -0.0276 0.4783 0.8487
31 68.40 0.3681 0.9298 -140.40 -0.0214 -0.0177 0.3467 0.9121
z 75.60 0.2487 0.9686 176.40 -0.0277 0.0017 0.2210 0.9703
33 82.80 0.1253 0.9921 133.20 -0.0190 0.0202 0.1063 1.0124
E 90.00 0.0000 1.0000 90.00 0.0000 0.0278 0.0000 1.0278
35 97.20 -0.1253 0.9921 46.80 0.0190 0.0202 -0.1063 1.0124
E 104.40 -0.2487 0.9686 3.60 0.0277 0.0017 -0.2210 0.9703
37 111.60 -0.3681 0.9298 -39.60 0.0214 -0.0177 -0.3467 0.9121
E 118.80 -0.4818 0.8763 -82.80 0.0035 -0.0276 -0.4783 0.8487
39 126.00 -0.5878 0.8090 -126.00 -0.0163 -0.0225 -0.6041 0.7865
E 133.20 -0.6845 0.7290 -169.20 -0.0273 -0.0052 -0.7118 0.7238
| 41 | 140.40 -0.7705 0.6374 -212.40 -0.0235 0.0149 -0.7940 0.6523
| 42 | 147.60 -0.8443 0.5358 104.40 -0.0069 0.0269 -0.8512 0.5627
| 43 | 154.80 -0.9048 0.4258 61.20 0.0134 0.0243 -0.8914 0.4501
| 44 | 162.00 -0.9511 0.3090 18.00 0.0264 0.0086 -0.9246 0.3176
| 45 | 169.20 -0.9823 0.1874 -2520 0.0251 -0.0118 -0.9572 0.1756
| 46 | 176.40 -0.9980 0.0628 -68.40 0.0102 -0.0258 -0.9878 0.0370
| 47 | 183.60 -0.9980 -0.0628 -111.60 -0.0102 -0.0258 -1.0083 -0.0886
| 48 | 190.80 -0.9823 -0.1874 -154.80 -0.0251 -0.0118 -1.0074 -0.1992
| 49 | 198.00 -0.9511 -0.3090 -198.00 -0.0264 0.0086 -0.9775 -0.3004
| 50 | 205.20 -0.9048 -0.4258 -241.20 -0.0134 0.0243 -0.9182 -0.4014
| 51| 212.40 -0.8443 -0.5358 -284.40 0.0069 0.0269 -0.8374 -0.5089
| 52| 219.60 -0.7705 -0.6374 32.40 0.0235 0.0149 -0.7471 -0.6225
| 53| 226.80 -0.6845 -0.7290 -10.80 0.0273 -0.0052 -0.6573 -0.7342
| 54 | 234.00 -0.5878 -0.8090 -54.00 0.0163 -0.0225 -0.5715 -0.8315
| 55| 241.20 -0.4818 -0.8763 -97.20 -0.0035 -0.0276 -0.4852 -0.9039
| 56 | 248.40 -0.3681 -0.9298 -140.40 -0.0214 -0.0177 -0.3895 -0.9475
| 57| 255.60 -0.2487 -0.9686 -183.60 -0.0277 0.0017 -0.2764 -0.9668
| 58 | 262.80 -0.1253 -0.9921 -226.80 -0.0190 0.0202 -0.1443 -0.9719
59 270.00 0.0000 -1.0000 -270.00 0.0000 0.0278 0.0000 -0.9722
Table 5. Spreadsheet for RoundCornered

Heptagon

Figure 7 shows the resulting heptagon.

0.2

1 I 1 I n } 1 00 1 I 1 { L I 1 Il 1
-f0 -08 -06 -04 -02 00 02 04 06 08 1
02 +

124
Figure 7. Rotating Cirdles That Form a Heptagon

4. Width of Hexagon Border

NASA Image of Hexagon Taen
Showing the

Figure 8.
through a NearInfrared Filter,
Narrow Bordering Strip

Figure 8 is an oblique image taken by NASA in
natural color. (NASA/JPiCaltech/Space Science
Institute, December 23, 2013). The hexagon is
bordered by aelatively 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 grgery
color outside of the hexagon and the yeligrgen
colors inside the éxagon. 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 circlein 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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derived polygon formed by a combination of Aguiar, A. C. B. et al., 2010. A laboratory maad

rotations that form a resonance. The circlesinth&at ur nés North Pol ar Hexagon.
derivation might b a clue to the pattern of wind 755763.

circulation on the planet. Ther e ar e fittw://dX.doi.brg/10.%016/j.icarus.2009.10.022

oscillation patterns in high altitude clouds. If [such

patterns happen] in a rotating system, then only théllison, M., Godfrey, D. A., Beebe, R. F., 1990. A

6in phasebd patterns wvavle | dynarsiaalr imtérpretai 0 n (opfr i 8at er nds
communication, David [lds, Roane State hexagon. Science 247, Issue 4946, 106@3.

Community College, Harriman TN, March 23, http://www.sciencemag.org/content/247/4946/1061

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

circulation pattern derived by spreadsheet has anioralesJuberias R. et al, 2011. Emergence of polar

relation to the actual patterns of circulating fluids. jet polygons from jeinstabilities in a Saturn model.

Direct observational data may proee disprove a Icarus 211, Issue 2, 1284£293.

relationship. http://dx.doi.org/10.1016/j.icarus.2010.11.006

Besides the hexagon, other polygons with curvedNASA/JPL-Caltech/Space Science Institute
corners potentially can match other patterns orn(November 27, 2012). Hexagon anth&s (Nov. 27),
astronomical bodies that have surface fluids. Perhapstp://www.nasa.gov/mission_pages/cassini/multime
similar roundcornered polygons will be discovered dia/pial4646.html#.UzuZw6Lce3E
by astronomers and met®logists. These polygons
might have concave or convex sides. TheNASA/JPL-Caltech/Space Science Institute,
mathematics of the ratio of the border band to thgDecember 23, @13). Cassini Sees Saturn and
diameter of the hexagon was not derived in thisMoons in Holiday Dress,
paper. www.nasa.gov/jpl/cassini/satumoonsholiday

20131223 .html#.UszfiPvOS3F
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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 2. Development and L The purpose of

A team of menbers in the Physics Program and Hayabusa2 (Figure 1) is to explore the asteroid
Electrical Engineering at Prairie View A&M 1999 JU3 and return a sample from this body. The
University have partnered with NAS2ohnson mission was launched on Decemi®grboard an H
Space Center (NASASC, Houston, Texas) and llIA lunch vehicle (Figure 2) and is currently on its
Kyushu Institute of Technology (KIT) in Japan to way to the abovwenentioned asteroid, with the arrival
design and develop on a deep space commatioits  expected to occur in July 2018.aunch of Shilen
radiation detector for Shineh spacecraft launched
along with the Hayabusa2 mission from Japan on
December 2014.

The purpose of this paper is to share the
opportunity that amateur astronomers and interestec
amateur radio operators have to comioate via a
low-cost technology by listening for
telecommunications from the deep space probe
Shinen2 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 ta : 3
the dep space communication networks that NASAFigure 1. Hayabusa2 is expected to arrive at its target
and JAXA (Japanese Space Agency) have, the maifsteroid (1999 JU3) in 2018 and return to earth with a
goal of this experiment is to establish the feasibility 2™P'e by 2020
of technology for deep space communication with
ultra-small spacecraft like Shineéh This could
potentially gen up a new field of professional
amateur collaboration between the developers ansystem. ltokawa is an-§pe asteroid which offers

investigators of ultrsmall spacecraft missions and clues into the early history of the solar system but in

amateur astronomers equipped with simple radig L L
. . . order to learn more it is necessary to visit all types of
equipment, Okuyama (2014). This could also provide : o
. asteroids. Hayabusa was most successful mission

a lowcost alternatie to the Deep Space Network

oo . with a sample from an asterdxbdy ever brought to
éDpi\g ;cs)rwsepl)lacecraft communications in néarth 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

This mission is the successor to Hayabusa which
visited the asteroid Itokawa in an effort to gain
@sight into the origin and evolutionf dhe solar
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according to plan) ra 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
Shinen2 (Figure 3) was launched on an Eagitape
trajectory, placing it into heliocentric orbit after
separation from the main spacecraft at an altitude ¢
6,000 km. The Shine@ 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 distanc
of 0.7 AU (near Venus) to an aphelion distance of 1.3
AU (near Mars). The inclination of the orbit is near
zer o, so the probe wildl
orbital plane, the ecliptic.

e to Earthos

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

3. Communications with Shinen2

3.1 The next opportunitiest o fAdi iNn®Ht e n

Shiner2 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 Shined is well
beyond the range of amateur radio operatofsitou
will be making another swinby of the Earth in mid
December, 2015.

According to current calculations, the Shirzn
, , , Spacecraft is predicted to make its closest approach
Ep'gjcreecr;ﬁ OTnhge(':-:r‘;E‘;T %’f z'giiaf?grsnagag’:;h Shinen -2 {5 Earth on December 14, with the spacecraft being

’ ' favorably placed at least ongeek prior and up to

ne week after this date. The date of closest approach
One of the novel features of the body structure 01?avors Brazil, but much of the planet should be able

Shinen2 is the lightweight thermoplastic design that . .

lacks bolts and extra edges or irregularities. Thid® access and downlink any data from its payload,
involves the use of a material called carbon fiber®Ve" from as far north as Alaska and Norway.
thermoplastic resin (CFTR) The spacecraft is . . .
powered by solar cells on a polyhedral surface. I3-2 Technical Details for Receives

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

kg. The Kyushu Institute of Technology used their ~ If You plan to make an attempt to receive
space environment technique laboratory to test an§ommunication from the spacecraft, here are some
assemble the Shinehspacecraftddy, with work on particulars to help with this: DesignatiorFuji

testing and review running from February to OctoberOSCAR82 (FO82) which identifies as JG6YIG.
2014. Shinen2 carries a 0.1 W CW beacon on 437.505 MHz

(0.4W) and a telentey on 437.385 MHz (0.8W)
using a mode similar to WSJT (AMSAT (2015) has
more information about this). The spacecraft also
carries a storandforward transponder with an
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uplink of 145.95 MHz and a downlink at 435.27
MHz (0.4W).

For communications the doVimk 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
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 Shine2 mission opens yet another
oppotunity to involved amateur astronomers in
cutting edge science. This mission will provide a
Aproving groundodo to deve
communication technology for ultismall spacecratft,
which frees up the Deep Space Network for larger

missions opetténg in QeepeSt accessible space; it alsq:igure -4.  Prairie View A&M Uni versityibs (PVAMU
allows for the establishment of many smaller, groundRadi ati on Particle Pixel Detector (
based receivers to provide ample coverage for th€old Detector for Deep -Space Radi ation Explor at

rapidly increasing numbers of ultsmall, ultralight ~ Developed for Deep -Space Radiation Measurement on
pidly 9 9 Shinen2 Spacecraft Launched as part of Hyabusa2

CUbesa}t_(and_ otherwise) SFyle missions. ) (Asteroid Explorer) Mis sion from Japan by JAXA on
Prairie View A&M University has the unique December 3, 2014.

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 da 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 paylog@RD.
Once the data is received it will be decoded for time
stamp of the radiation events collected and will be
analyzed of the deegpace radiation measurements.
Such data will be first of its kind by an instrument
built with electronics for radiation mearements in
deepspace.
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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 is worrisome for the stronomical community which
is potentially impacted by the increased scattering of
The responsible use of artificial light at night Short wavelengths. A mitigating benefit of LED
(LAN) has emerged as an environmental issue ofights is their long replacement lifetimes, and hence
interest and importance.  Particularly bright, increased energy efficiency, a factor of great appeal
unshielded, or indiscriminately directed light cant© community govenments that must pay for public
aggravate objections fno multiple quarters [Mizon lighting in an era of weak economies. Further
2012]. Consequently, it is sensible for developers of€néfits include the ability to power the lights on and
new projects to pay careful attention to theOff with ease, to regulate the brightness of the lights,
environmental sensitivity and efficiency with which and to direct the lights for maximum efficiency. The
they light their activities. principal dsadvantage is the aforementioned spectral
This approach is best executed in conjunctionshift to the blue, which has been mitigated in many
with a good understanding of the nature of the light$ases by introduction of optical filters.
to be used, the environment in which they are to be
placed, the modes of installation, and relative2. The Rosemont Project
contributions from other sources of light in the

vicinity of the project. This requires a The Rosemont Copper Project in southeastern
comprehensiveeffort to measure and monitor in Arizona has recently embarked on a several months
situ light output from installations of interest. long exploratory drilling project that employs a

The rapid ascendancy of light emitting diode variety of portable work lights, including LED
(LED) outdoor fixtures has been particularly fixtures. This project offered an interesting
remarkable. Much has been written about theexperimental environment in which to measure
properties, benefits, and disadvanggéthese lights, ambient LAN with and without the light fixtures, as
but there has been relatively little measurement ofvell as comparing perties of LED and other more
LED installations. A property of interest is that LED conventional light sources. This project is of added
fixtures have a tendency to spectral shift to the bluenterest due to its proximity to nearby observatories.
relative to more conventional outdoor lighting. This
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The goal of this paper is to report measurements Ground Static Surveys and Ground Mobile
that: 1) characterize the light output from the Surveys used various configurations of the STEM
portable lights (bth LED and other) at the drill sites, Laboratory Sky Brightness Meter (SBM) to collect
2) compare the relative impact of this phase of thedata on zenith sky brightness, both as baseline data
mine operation to other sources of light within thewhen the drill pads were naiperating and as test
vicinity of the mine, 3) identify possible mitigation data when the drill pad lights were active. These data
strategies, and 4) develop and refine techniques fanot only serve to provide a measure of sky
analyds, monitoring, and documentation of  brightness, but they give us an independent
associated LAN. This paper is a condensation of @valuation of site weather and cloud cover.
technical report by Craine and Craine (2015). During the program period we operated two

The exploratory drilling program reported here SBMs in fixed locations, one in Tucson and one in
was active from 9/4/2014 through 12/18/2014.the SonoiteElgin area. The unit in Tucson was used
During this time anywhere fro 1 to 7 distinct drill  only to help verify weather and cloud conditions. A
pads were illuminated each night, with 7 per nightthird unit was operated in a periodic ground mobile
being the most frequent occurrence. Lighting typesmode, during which it was driven along $8R,
configurations, and locations changed frequentlydirectly adjacent to the mine site, especially near the
throughout the period. The program of LAN Rosemont Overlook.

measurement was initiated at the igdvate start of Measurements of the Rosemont drill pad sites
the drilling project. were made using High Dynamic Range imaging

(HDRI) digital photography. Because the drill pads
3. Data Collection were tucked into the foothills of a mountaiange,

and flight time was constrained by budget, we

A comprehensive survey of all of the lights with confined our o_bservations to a limited azimuth range
all of the possible modes of measurement was nctd large zenith angles. The latter are of particular
possible for this modest project; hence the bestlterest to nearby astronomical observatory facilities.
strategy was to sample the site under a range dfimiting the azimuth range minimizedsk to survey
representative conditions. aircraft and crew.

Three complementary survey medewere Two aircraft, a G180STOL and €182Q, were
applied to the task: 1) satellite data surveys, 2ySed to fly mission profiles in the locale of the
groundbased photometric measurements, and 3fosemont drill pads. During these flights Canon
airborne surveys. The satellite data survey has utilitgligital cameras were used to make a series of RAW
around and including the mine site and is availabldormat, short exposure imagestag drill pad lights.
with a cadence of once per night fooutlless nights. EXposure times were empirically determined to
The grounebased photometry was used to monitor€nsure that the lights would not be saturated in the
sky brightness (as opposed to ground brightness frofinagery. ~ A STEM Laboratory logging GPS unit
satellite observations). The airborne survey allowsVas carried on each flight to record aircraft locations
resolution and measurement of specific individual@nd altitudes during the times survey photography.

light sources from a range of peespives. Used Airborne survey data and digital imagery were
together, these methods provided a good picture ofuPPlemented by complementary HDRI photography
the impact of the drill pad lights. of the drill sites as obtained from ground level (ZA ~

Satellite data were obtained from the Suomi NPFP®") at the Rosemont Overlook site on SR 83.
platform carrying the Visible Infrared Imaging
Radiometer Suite (VIIRS), as a tool for 4. Data Reduction Protocols
characterizing andnonitoring light at night (LAN)
associated with mining and drilling activities that are Cloudy nights, which yield useless data, were
conducted 24 hours per day (Changyong Cao 2013).identified by referring to the STEM laboratory
The Suomi NPP VIIRS Day Night Band SDR, archive of nightly sky brightness measurements
VIIRS Day Night Band SDR Ellipsoid Geocation  (obtained using an SBM or iSBM meter (Craine,
and the VIIRS Cloud Mask Interediate product E.M. et al.2013) sampling at a frequency of about
hdf5 formatted data files were obtained from0.03 Hz). Cloudy nights are sity identified by the
NOAAObGSs Compr ehensi vData paerngd variability anythe measurements. In
Stewardship System (CLASS) archives addition, cloudy nights over the target can be
(http://www.class.ncdc.noaa.gov/saa/products/welco identified by using the cloud analysis data found in
me). Files (during the epoch Sdpecember 2014) the VIIRS cloud Mask Intermediate product.
with granules that capred Southern Arizona were The hdf5 data files were processed using th
selected. proprietary SuomiUtils software package that is
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currently under development (Western Research The HDRI images made from aircraft were
Company, Inc, Tucson Az)SuomiUtils opens the archived in the STEM Laboratory Light at Night
hdf5 data file and Environmental Systems ResearciData Archive, and converted to Flexible Image
Institute (ESRI) shapefiles from which it can extract Transport System (FITS) fimat to enable their study
sum radiace, average radiance, satellite zenith anglein a variety of image analysis software utilities.
satellite azimuth angle, lunar zenith angle, and Each image was visually examined to ensure
satellite range data for gdocations specified by the quality of focus and absence of trailing. Drill pad
shapefile. lights were identified by reference to daytime aerial
The shapefiles for this study were produced byphotography. Relative anigw orientations of drill
outlining the desired target using Goo@arth. The pad lights were measured in each image to be used,
gecposition can then be saved as a KML file directlyand these parameters were used to determine the
from Google Earth. The KML files can then be azimuth angle from the imaged drill pads to the
converted to a shapefi |l @meras Thesp anGl&Avkeré sansterged to art derdali t y
[Gdal 2015]. photograph upon which the aiaft flight path had
Evaluation of artificial light at night using been plotted, thus enabling determination of the
satellite imagery has two major prebis that location of the camera relative to the target area for
include: 1) interference due to clouds, and 2)eachimage made.
dynamic changes in lighting due to lunar reflectance  These data, coupled with the GPS log of aircraft
of sunlight. altitudes, allowed determination of the distance from
The problem presented by clouds is so profoundhe cameraa each drill pad as well as the zenith
that the solution is primarily one of identifying angle (ZA) of the viewing direction.
cloudy nights and eliminating thoseights from In preparation for photometric measurement,
further consideration. Cloudy nights are easilyeach image was pigrocessed by subtracting a set of
identified using high frequency sky brightness mediancombined dark frames to remove unwanted
monitoring with an iSBM unit. electronic noise. The integratedtansity of each
Cloudy nights may also be identified using drill pad light was measured using aperture
remote satellite sensing. The VIIRS Cloud photometry techniques as implemented in the
Intermediate Product encapsulati® output from  software utility AstrolmageJ The protocol involved
those algorithms to match the gleeation of the using a fixed circular aperture to capture the light
earth radiance data. The algorithm places each gedrom the drill pad, and simultaneously measgrthe
location into one of four categories &0, highly image background levels in a surrounding annulus.
probable clear; &1 most probably clear; £2 most The final relative integrated intensity, |, was
probably cloudy; and &3, highly pobably cloudy). determined by subtracting the background
For regions that include multiple pixels we calculatedetermined in the annulus from the total aperture
a cloud index which is the one minus the sum ofvalue. The parameter, |, is recorded in unitdif
category 0 pixels divided by the total number ofi.e.data numbers, the quantized values of intensity in
pixels. Therefore a region (as defined by a shapefiledligital images.
with an index of 0 is highly proltdy clear. Allowing These integrated intensities were corrected to
for occasional misclassifications of pixels we use amormalize values to an arbitrary drill ptmicamera
index cutoff of <0.18 to indicate a cloudless datarange of 12,000 ft. This was done by determining the
acquisition. square of the actual to correctemmera distance and
The problem of lunar light contamination is multiplying that factor times the measured intensity,
often solved by simply evaluating artificial light only thus correcting for the inverssuare faloff of light
on nights when t moon is down (i.e. a lunar zenith intensity with distance.
angle of greater than 170 However, for a short term
monitoring of a site this would considerably limit the 5, Results
number of nights of observation. An alternative
solution is to subtract the natural radiance due to the  puring the course of the drilling period (Sept

refledion of lunar light. For sites that are relatively pecember) there were 81 nights that were diiess
isolated from other confounding artificial light allowing for assessment of drill associated radiance.
sources this can be accomplished by subtracting theigure 1 shows the nightly monitoring results during
lunar component. This is identified by natural this period for the Rosemont mine area and the
radiance from areas immediately surrounding the sit¢earby Border Patrol Station 1 (BP1). The observed
of interest, which are most Ilkely to match the a|bed0radiance from the BP1 site was re|ative|y simt at
of the target area (Craine and Craine 2015). an average of 13.7 W&with several nights during
which the lights were apparently turned off. There
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was no apparent relationship between the BP1 sit 60.0
radiance and the cyclic fluctuation in brightness dug
to lunar light, demonstrating the effaaness of the 50.0 r  y=0.1354x+16.168
background subtraction algorithm. = e
The lighting at the Rosemont site is more g o § M
dynamic, utilizing a variety of light fixtures and = 300 A
numerous changes in the lighting configurations. Thg £ A . oo =
radiance is seen to have a particularly largg £ 200 - A ; A & L4 a
magnitude late in September. Following the | & i m 2 A
mitigation of lighting, primarily shielding of balloon 10.0 Ao,
lighting with metal halide bulbs, the radiance was 5
significantly reduced. 0.0 : : : -
unshielded, mostly isotropic radiators, apparently| ’ Sa‘eﬁﬂe Zenith‘:ngle ( d:;rees} ?
commonly used in thedrilling industry. The
shielding that took place at the behest of Rosemorfti9ue 2. Radiance recorded at the Rosemont drill site
o . L as a function of satellite zenith viewing angle (Oct  -Nov
Copper was a mitigation effort to diminish the 2014) for nights when rig illumination was provided only
amount of horizontally emitted light that intersected by LED lighting .
the nearby highway, SB3.
During most of October through November the
radiance levels were below 30 W3y probably 60.0 .
reflecting the predominance of LED lighting during 5 9
this period. There were several nights at the end o 300 [ 5 4004x + 12,868 " o
November where the radiance increased above 3] — R'=0.1948
Wsr-1. The increase in radiance coincided with the| & 40 [ * »/
utilization of Layne 9 lighting configuration at pad 9 3 300 | . ./f
which included balloon lighting. § . * ._._,_f/ : ¥ ¥
S 200t “ § s
120.0 . 5 i e 0.. + -
100.0 - 10.0 |
-
T 0o . 0.0 P i Wit ;
%‘mo .' . 5 1] 20 40 60 80
% s __._11_-_. _:__ vy T Satellite Zenith Angle (degrees)
[ o e b R T EEY 5 Figure 3. Radiance recorded at the Rosemont drill site
e %;ﬁ%&%ﬂﬁ_‘;‘%ﬂ' b S JT«%\:L asga functi_on qf sz_;ltellit_e z&_anith viewing a_ngle (Sept ~ -Nov
00 2014) while rig illumination was provided by mixed
P S MO 7;::; Tow idov SDec 19Dec 2-dan lighting including metal halide, CFL and LED.
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 Comparison of linear least square fitssthe data
recording greater tha n 70 Wsr ™ and 4 nights 50 -70 Wsr™.  of Figures 2 and 3 indicate that the use of the LED
Solid circles are drill lights and open circles are Border lights significantly reduced the zenith angle

Patrol Station 1 lights. . .
9 dependence of radiance, suggesting a useful

itigation strategy for future mine operations.
he advantage of using LED lighting is further
suppored by comparing the observed radiance at the

. . Rosemont site as a function of the number of active
through November time frame when only LED lights  * : . . .
drill pads on nights that were exclusively illuminated

were in use. For those nights we plotted radiance as : ; . o
a function of zenith angle, as shown in Figure 2. Wzby LED lights to nights that used mixed lighting. The

show a similar plot in Figure 3 in which mixed results, shown in Figure 4, reveal that with obED
" rar plot In Figure . lighting there was a contribution of about 3.6 Wsr
lighting was in operation, including etal halide and

Lo . per drill rig. When mixed lighting was utilized the
compact fluorescent lighting as well as LED lights. contribution was about 7.9 Wsmper drill rig. The

inclusion of unshielded balloon lighting resulted in
considerably higher radiance of about 2%nlper
rig. That was unnecessarily high and subsequently

We can examine these data in the context o
specific types of lights that are operated on the drill
pads. We located several nights the October
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mitigated to the lower rates without impairing drilling Mean [ntensity vs Zenith Angle
performance. All Active Drill Pads  100<Az<130 12/06/2014
30000
+ DP1
25000
o
w00 aLED N 20000 A DP19
Rl ¢ W y =7.9344x & = DP33
+ mixed lighting L has % 15000 © o
# Non shielded T
= 600 s = >
@ - < 10000 * DP48
= B s
e 400 T y=3.5951x & . 5000 E
R =07584 _— s
200 | 1 a 0
L x/ A &0 mZenith Anglg l][deg] -
00 0 2 ‘; 6 3 Figure 5. Mean drill pad light intensity as a function of
> s zenith angle for zenith angl es of about 60 i 90 deg.
Active Drill Rigs - . .
These representative data are for a single night and are

Figure 4. Satellite observed radiance as a function of confined to azimuth between about 100 to 130deg.
active drill rigs/pads using predominately LED
illumination, mixe d lighting (including shielded metal

halide), and unshielded metal halide lighting. The six drill pads (DP) of Figure 5 are

characterized in Table 1.

These data can be used to establish reasonak| Drill Pad # | Type of Lights

limiting goals based upon observed usage levels fo 1 4 x Pontilux LED
future drilling operations. We propose a target goal of 15 4 x Pontilux LED
7 Wsr? per rig which would allow for a flexible mix 19 4 x Pontilux LED
of LED and alternative lighting. A maximum level 33 2x balloon (1x CFL; 1x LED)
of 10 Wst* per rig would limit LAN pollution and be . :

. 44 2 x Pontilux LED
expected to allow for the safe conduct of required

48 Atlas Copco 3200K LED

drilling activities. We note that the lower target goal
should be rather easily obtained through the near Table 1. Summary of drill pad lights shown in Figure
exclusive use of the LED lighting. The radiance °
observed at the Rosemont site during the work periou
of September through December was within the
proposed limits (i.e. <10 W3mer rig) about 95% of
the time (77out of 81 days) and within the more
stringent proposed goal 90.1% of the time (73 out 0
81 days, see Figure 1).

The airborne data allow analysis of light

The data of Figure 5 complement those of
Figures 2 and 3, showing a geneiatrease in
rightness at higher zenith angles. This would be
nterpreted as an area of concern by the astronomical
community, since this light can preferentially scatter
. . . . . into the line of sight of mountaintop observatories.
|r_1ten.S|ty of each drill pad as a function of "’_‘Z'mUthalMitigation of this situation &n be addressed by more
viewing angle and zenith angle, as well a8as of .o o pointing of the light fixtures, and by more

brightness between different drill pads. Zenith angleeﬁcicient shielding.

d_epende_nce of_inter_lsit_y is ShOW” in FigL_lre 5 for one Figure 5 also illustrates the very large range of

hight during which six rigs were in operation. 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 21 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.
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6. Conclusions 1 A local dynamic background correction routine
allowing for the collection of data inthe
Our main conclusions from this study include: presence of moonlight.
f VIRS imaging has sufficient nighime 1 A site by site evaluation of the presence of
sensitivity and resolution in conjunction with our ~ clouds has been included in the data stream.
analysis software for extraction of relevant datafl Ability to determine light output from regions

to be a highly useful complimentary tool for identified using ESRI shapefiles.

characterizing and monitoring artificial light

produced by even small isolatesites (e.g. as From an astronomical perspective LED lighting
small as 1 industrial mobile lighting tower). has three mjor issues: 1) brightness, 2) color, and 3)

1 The primary limitations of the technology are zenith angle dependence.  Brightness is easily
inability to monitor on cloudy nights, and controlled in LED lights and should be readily

restriction of the viewing azimuth to effectively Mitigated. Color is a legitimate concern that can be
two angles. effectively mitigated through LED design and

1 Early mitigation of lighting levels during filtering consideations. Zenith angle dependence
operations in September, particularly balloonShould be effectively addressed through shielding and
lighting (1000W metal halide bulbs), was fixture direction. _ ,
effective at reducing overall lighting levels. A lingering problem is that assumptions are

1 LED based lighting was clearly superior in frequently made about the suitability of an LED

reducing LAN levels compared to use of fixtures li9hting installation prior to installation. This is eft
with metal halide or CFL bulbs. done based on LED specifications and assertions

{ OQuantitative target goals for best lighting gssocia;ed with the installation itself. Actual post
practices can now be addressed with amstalla’uon measurements may reveal_ thgt the
recommended goal of 7 Ws(as measured by assertgd goals_, have not been met, a situation that
the VIIRS radiometer suite, day night band) perotherW|_se persists unremarked or without _m|t|gat|on.
drill pad and not exceeding 10 WsiThe current This supports need for a comprehensive effort
project met the goal of not eseding 10 Wst 'to measure anq monitorin situ light output from
about 95.1% of the time. The project was able tgnstallations of interest.
meet the more stringent criteria of 7 Wstbout
90.2% of the time. 7. Acknowledgements
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Abstract

The AAVSO, professional collaborators, and research consortiums are increasingly requesting that photometric
observations be submitted after they have been transfor mec
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 This paper asserts that the LRGB color filter sets
employed by color astro imagers, and the integrated

Any amateur astronomer who has the equipmenf.G.B Bayer patterns on oot color cameras are
to make moderately long exposure color agtmages defacto color s_ystems. A§ such, it demonstrates how
with a CCD or DLSR camera has the ability to doWell photometric observations made with:
photometrc research, but the majority are unaware @) CCD equipped with L,R,G,B filter sets
they are so equipped. With the AAVSO requesting  ©) OneShot Color CCD Cameraand
that observations be submitted after being €) DSLR cameras
transformed onto a standard photometric system an#fansformont o fist andardo phot omet
other professional collaborators making similar Seeks to find the S_tandard system that works pest with
requests, many potentialobservers are being each cIa;s of device a}nd evalu_ates the quality of the
discouraged from exploring research opportunities. Observations such equipment will produce.

| have discussed this topic with several amateur
groups, and a common misconception is thai g SO | - =
amateurs need to purchase a set of photometric filtel gl
in order to contribute. This notiois reenforced by
statements in many instructional guides such as thi
qguot e found i nCCDt PhetomeétrA V
Guide:

fi € The problem with these is that they are non
standard and it is difficult (if not impossible) to e
convert your results to the standasgistem. You will =0
not be able to use the published magnitudes of th .. |
comparison or check staiisvhich are usually given
using the standard colodsor compare youresults
with other observers. o 221

Wi t h t he release of 10 ]
photometric catalog and moaePC and Web based =
photometric transformation programs, transforming
different color systems is much easier for observers.

Transmission
']
o

00 1000 1100

Figure 1: LRGB vs Sloan
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Examination of lhe two color standards used by Although the Johnse@ousins bands align
APASS photometric catalog and pass bands ofeasonably well, the pass band shapes vary
common filter sets suggested which transformsconsiderably. This situation is somewhat mitigated by
merited investigation. Figure 1 shows how typicalremembering that the total instrumental response is
LRGB filter sets compare with the Sloan color the convolution of the filter response with the
standards. It shows that the Blue filtss almost c amer a6 s Figees 8 oshosve the LRGB
compl etely encl osed by reshomse gvérlaidwith the rbspamgk ofaancdmmbnh e
Sl oan rd pass band i s almgrolens CGDaetgutbret el y encl oses t he
Red filter. The energy in the Green filter is split Oneshot color cameras have their filters
nearly evenly between ttdepagdi taendd didr elcandys.on Gihwensens
this situation, transformations from Bu t o S| ma featugedthe sharp roll off of LRGB interference
and Red to Sloan r 6 wer €fitessgbutbeing exmpbsefl sinmultapepuslynoffersasbmeo n .
advantages that can be exploited photometrically.

| u-banc R g bana | 1-nana ] [ z-pana]
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Figure2: LRGB vs Johnson -Cousins Y f [
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Figure 2 shows how the LRGB filter pass bandsrigure 4: Bayer Color vs Sloan
compare with the Bessell formulation of the Johrson
Cousins color standard. In this case, there is close The oneshot color Blue respone goes slightly
positional alignment between the Blue and B pasdurther into the bluev i ol et and the Sloan
band, the Green and V pass band and the Red andifand, but this fact is mitigatdsy the rapid decline of

pass band. APASS does not include JohfSonsins t he sensords response in the B
R, so this combination could not be evaluated withviolet energy actually being captured. Additionally,
the APASS catalog. the Sloan g6 filter extends int
the Bayer filters. This suggested that transformation
” =>=No microlens, Clear Glass of bothBluetoS| oan g6 and Bl ue+Green
0 microlens, Clear Glass be analyzed to see which offers the best
6% transformation. Since both Green and Blue are

. microlens, No Glass . . .
i = \wﬂ exposed simulateously, no issues with regard to
PO = microiens. AR Glass extinction, exposure duration or temperature arise.

w

S sl ,3’@ : Q\\ — Figure 5 contrasts Bayer coloiltérs with the

% s f” fﬂm‘ G}’Q JohnsorCousins color standard. A quick glance

< ;ﬁ‘ ”" suggests that mapping Blue to B and Green to V was
20% f—beatk—t — : the most likely to succeed. Both the Blue and Green

filters have response tails out into the infrared. They
require that an IR blocking filtdvse employed unless
one is intrinsic to your camera or setup. Again, since

10% e

-
0% A7 e  p—

W40 & w0 T HI %0 w0 15 the Johonsoi€ousins R filter was not included in the
_ _ Wavelength (nm) APASS catalog, its relation to the the Bayer Red
Figure 3: Typical CCD Respnose filter could not be investigated.
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3. Results of the Analysis

“ ] The graphs at the end ofiis paper plot the

i AL B VAN B AN, ' relationship between the catalog magnitudes and
e T e ket measured magnitudes of each filter analyzed for open
KAF-8300 Quantum Efficiency cluster M46. Similar results were obtained for M67
. and the other clusters. Each graph is annotated with
A T — ere —eer Sever al figoodnessla additon tbi t 6 me
Y , measuring the LRGB color filters, the CCD camera
%:3 \\, happened to be equipped with Sloan filters, so
= e , instrumental and catalog values for them were also
\ compared as validation of the method. Table 1 below
— ~ shows the goodness of fit measuresaibof the M46
T e ™ Hilter transformation mappings tested.
Figure 5: Bayer Color vs Johnson  -Cousins Camera Inst. Filter Target Band  Mean Error Std. Dev. T Coeff.
DSLR Blue Bessell B 0.0337 00316 0.6702
. CCD Blue Bessell B 0.0449 00485 0.4955
2. The Analysis Process DSLR Green Bessell V 00309 00316 -0.1014
CCD Green Bessell V 0.0421 00564 -0.2502
DSLR Blue+Green Sloan g' 0.0327 00309 -1.0005
To accurately measure the effectiveness ot ©ScP Sloang'  Sloang' 00347 00405  0.0039
. . . . CCD Blue Sloan g' 0.0401 00521 -0.8850
photometry with standard imaging filters, color bpsir  Bue Sloan g' 00463 00393 -2 1556
H g DSLR Red Sloan r' 0.0355 00323 19131
images were made of a variety of open clusters 2o Red oo 00578 00410 01698
including NGC2438/M46, NGC4755/C94  cco Sloanr  Sloanr 00358 00477 -0.0280

NGC2682/M67 and NGC6188/C82. Both a one shotr,pe 1: Transform Quality Results
color imager anc& CCD camera equipped with both

L,R, G, B filters and Sl oan gpfa ibkGeviéwlof thble!1 titeright appéar € U S e
The instruments fields of view were <1 degreethat you should scrape your CCD and go buy a DSLR
field was ignored. _ _ standardin the APASS catalog. This is misleading.
Images were calibrated and flat fielded using anexamination of the graphs at the end of this paper
IRAF script. For one shot color images, the imagespow that typically, the DSLR images produced
were deBayered and stored as separate Red, Gregphotometric results over a range of three to four
and Blue images. For each target, the APASS Cata'°§1agnitudes, while the CCD camera produced

from the AAVSO website. magnitudes. As a result of t
and aligned all images Hehsurémerisiolstard a dolipf lofdnagnifdde Jaintrh 0 t 0's

image and to create a database of photometric’ Taple 2 below shows the systematic errors in the

measurements. . APASS catalog as a function of magnitude.
Another PYRAF script matched the measured
stars to the APASS catalog entries and produced APASS Errors vs Magnitude

Table containing the APASS values and Digiphot
instrumental magnitude of all tieatched stars.

The resulting tables were then loaded into a
spreadsheet template that generated ensemb
differential photometry and fully transformed
photometry for all matched stars in the field. A least
square fit method solved for the zero point antbic
correction coefficients to generate fully transformed
results. Further statistics on the mean magnitud
errors, standard of deviation and the color index
correction coefficients were also calculated.

Table 2: APASS Error vs Magnitude
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ensemble transform and format the observations for
The primary conclusion of the study is that bothupload.
CCD cameras wit LRGB filters and onehot color
cameras all transform nearly perfectly onto the coloi4, Acknowledgements
standards in APASS. All images transformed with
mean errors in 0.03 to 0.04 magnitude range. Given  This research has made use of the APASS
sample sets of 200+ stars with DSLR images an@jatabase, located at the AAVSO web site. Funding
600+ stars with the & camera, the differences in for APASS has been provided by the Robert Martin
performance between transformed magnitudes andyers Sciences Fund.
color catalog standards are within the precision of the °  ccp images for this paper were made with The
APASS catalog and population uncertainties. Las Campanas Observatory Online Telescope
One startling result v&eBON"Thd authob @ratefgll@ Beknevtediges thed S
Red filter transformed onto th&sl oan 1 0 assigténbeCof the Las Campanas Observatory and of

standard better than t hife cadeqedritiute Por Stidntel VEabhingtohS.€.! f! The
difference is very small, but it implies both filters

transform equally well. Given theses results, it seem
hard to justify $900 to $1500 for photometric filters if 5. References

you are going to trasform your measurements onto AAVSO, The AAVSO ccD Photometery

either of the standard color systems. For self fundeq;uide(2014) AAVSO. Cambridae. MA
astronomers, those dollars might be more effectively ' ' ge, MA.

spent on aperture or cameraimprovements. __AAVSO, The AAVSO DSLR Observing Manual
It should be noted the first order color correctlon(2014) AAVSO Cambridge, MA '
termT, in Table 1, serveas a good measure for how ' ' ' '
closely the color filter corresponds to the standardBaader PlanetariunBaader Antireflective LRGBC
pass band. The actual Sloan filters have T terms negt. o Line (2014) Badder  Planetarium
zero. That indicates that they will produce exce"emlvlannendorf 'Germany ' '
results using simple ensemble differential ' '
photometry. This expeeiht may merit the cost of Eastman
p_h 0 t.o metric filters. Ex &ahsor agpéciﬂcgtion?( 010). " East
differential ensemble result graphs show that fu”Company Rochester. NY
transformation yields no statistically significant ' B
improvement over ensemble differential photometry. Fu

odalCompan .Koiah KAF%?]OO”%? zkf iltersb

. ; : kugita M. AThe Sl oan Di gi
Another take away fronthis experiment is that o '
APASS has the potential to revolutionize the way weP hotometric 3Jyldy1g480756 1995)
e b o S ea ka1 s W.M et &l GPhotoelect
. Approachtoldat a ReductRPASHE3507-( 1981)
using an ensemble of hundreds of stars an
17.
accurately transform targets onto #tandard system
ar , ; : Photometry,(1990). WillmannrBell, Inc. Richmond,
the field, the first order coleindex correction, at that A
airmass, can be solved using least squares methogs'
and then be applied to allrtgets in the field. Honeycutt, R. K. . ACCD Ensembl e

The results of this study also suggests that it
should also be possible to subtract CCD Luminanch'A‘OT1 43|5:48 omogeneous SetPASPT Exposur
images from unfiltered or Clear CCD images to ' '

generate a synthetic IR image. It is expected this WilWamer B.D., A Practical Guide to Lightcurve

transform wel | apgnitud&l oan at'al og . U
Tools and scripts developed during this effort areP'ho(%omgtry anid Ana@/su{f&OS). BDW Publishing,

being refined. The objective is to provide a tooICOIOradO Springs, CO.
where the user identifies the targets and an automated

system will accept a time series of color images and

plate solve, retrieve the APASS datgenerate the
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APASS V

Apass V
B

M46 CCD Differential Green vs Apass V
(721 Stars Measured)

y = 0.9684x + 0.4288 Mean Err = 0.072249

2 _
R*=0.9939 StdDev = 0.065156

10 11 12 13 14 15 16 17
Differential Green
M46 CCD Transformed Green vs V
(721 Stars Measured)
y =0.9906x + 0.1334 Mean Err = 0.042096
2 _
RE=0.9% StdDev = 0.056423
green-red -0.25015
*
F
10 11 12 13 14 15 16 17

Transformed Green
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Apass B

Apass B

M46 CCD Differential Blue vs Apass B
(715 Stars Measured)

y = 1.0335x - 0.0583
R?=0.9778 AP

3

Mean Err = 0.40445
StdDev = 0.195849

10 " 12 13 14 15 16 17

Differential Blue

M46 Transformed Blue vs Apass B
(715 Stars Measured)

y = 0.9865x + 0.1922
R? =0.9976

Mean Err = 0.044937
StdDev = 0.048471

T = 0.4955

blue-green

10 1 12 13 14 15 16 17

Transformed Blue




M46 CCD Differential Blue vs Apass ¢'

(683 Stars Measured)

17
Mean Err = 0.264828
y=0.8777x +1.6519 Std Dev = 0.204829
R? = 0.9195
16
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Differential Blue
M46 CCD Transformed Blue vs Apass g'
(683 Stars Measured)
17
y = 0.9841x + 0.204 Mean Err = 0.040109
R? = 0.9966 Std Dev = 0.052101
16 Toe g™ -0.88499
15
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@ 13
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<
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Transformed Blue

53



17

M46 CCD Ensemble Inst.g' vs Apass ¢’
(691 Stars Measured)

16

y = 0.9955x + 0.0624
R? = 0.9981

Mean Err = 0.034695
Std Dev = 0.040487

15

14

Apass g'
>

12

1

10
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10 1 12 13 14 15 16 17
Ensemble Inst g’
M46 CCD Transformed Inst. g' vs Apass g'
(691 Stars Measured)

y = 0.9951x + 0.0678 Mean Err = 0.034705

R2 = 0.9981 Std Dev = 0.040456
T,.= 0.00385
4
10 11 12 13 14

Transformed Inst. g



APASS '

M46 CCD Differential Red vs r'
(718 Stars Measured)

17
y = 0.992x + 0.1065 Mean Err = 0.051121
R? = 0.9966 StdDev = 0.04986
16
15
14
13
12
1
*,
10 S
9 T T T T T T T
9 10 11 12 13 14 15 16 17
Differential Red
M46 CCD Transformed Red vs 1’
(718 Stars Measured)
17
y = 0.9885x + 0.1537 Mean Err = 0.03777
2 _
R*=09%8 StdDev = 0.040954
16
T yeamrea= 0166801
15
14
2
2 13
o
<
12
+
11
10 -
9 T T T T T T T
10 11 12 13 14 15 16 17

Transformed Red
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Apassr'
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Apass r'
>
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M46 CCD Ensemble Inst. r' vs Apass 1’
(Measured 684 Stars)

y = 0.9882x + 0.1598 Mean Err = 0.040427
R? = 0.9967 Std Dev = 0.048086

*

o
10 1" 12 13 14 15 16 17
Ensemble Instr'
M46 CCD Transformed Inst. r' vs Apass r'
(Measured 684 Stars)
y = 0.9898x + 0.1378 Mean Err = 0.039821
R? = 0.9967 Std Dev = 0.04768
T,.= -0.02803
*
»
10 1 12 13 14 15 16 17

Transformed Inst. '



APASS V

APASS V

M46 DSLR Differential Green vs APASS V
(219 Stars Measured)

17
y= 0.985x + 0.1847 Mean Err = 0.034669256
R? = 0.9954 Std Dev = 0.033454
16
15
14
13 -
‘e
12
11 ol
10
9 : . . : . . :
10 11 12 13 14 15 16 17
Differential Green
M46 DSLR Transformed Green vs APASS V
(219 Stars Measured)
7 M E 0.030918
ean err = L.
y = 0.9931x + 0.0851 StdDev=0.031613
o .
R7=0.9959 T yoanoa™ -0-10141
16
15
14 -
13 -
*s
12
" i
10
9 T T ‘ ‘ ‘ ‘ ‘
9 10 11 12 13 14 15 16 17

Transformed Green
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APASS B
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M46 DSLR Differential Blue vs APASS B
(218 Stars Measured)

y = 1.0905x - 1.1582
R?=0.9826

Mean Err = 0.097928289
Std Dev = 0.097928289

.o’
d
10 " 12 13 14 15 16 17
Differential Blue
M46 DSLR Transformed BLue vs APASS B
(218 Stars Measured)
Mean Err = 0.033739
y =1.0034x - 0.0431 StdDev=0.031618
R =09972 T yecne= 0670155
*
*
> *
’0
-
10 " 12 13 14 15 16 17

DSLR Transformed Blue



M46 DSLR Transformed BLue vs APASS g'
(215 Stars Measured)

17
¥ = 1.0001x - 0.0008 ':5";%" Ejrozooéggfi“
RZ= 0.9917 ev="b.
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Transformed Blue
M46 DSLR Differential Blue vs APASS ¢'
(215 Stars Measured)
17
y = 0.7183x + 3.4591 Mean Err = 0.313349313
2 _
R™=0.727 Std Dev = 0.270284
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M46 DSLR Differential Blue+Green vs APASS g’
(215 Stars Measured)

17

y = 0.8535x + 1.7994
R?=10.8626

Mean Err = 0.206696247
Std Dev = 0.172408
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APASS g'
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10 1" 12 13 14 15 16 17
Differential Blue+Green
M46 DSLR Green+BLue vs APASS ¢'
(215 Stars Measured)
Mean Err = 0.032724
y = 0.9972x + 0.0344 StdDev = 0.03088
R? = 0.9955 V==
Tgreen+b\ue—red= -1.00052
*
*
10 11 12 13 14 15 16 17

Transformed Green+Blue
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Citizen CATE Experi ment : Prototy

Matthew Penn
National Solar Observatory
950 N Cherry Av Tucson AZ 85719
mpenn@nso.edu

Bob Baer and Fred Isberner
Physics Dept, Southern lllinois University Carbondale
1245 Lincoln Drive, Neckers 483A
Mail Code 4401, Carbondale IL 62901
rbaer@physics.siu.edu

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 goals for the highly leveraged CATE
experiment are diverse and range from providing an
The path of the total solar eclipse of 21 Augustauthentic STEM research experience for studants

2017 passes over about 10 million homes in the USAlifelong learners, to making statd-the-art solar
Tens of millions more people will travel to the path coronal observations of the plasma dynamics of
of totality to view the eclipse firdtand. Using Tv  coronal polar plumes, to increasing the US scientific
and the internet broadcasts, hundreds of millions ofiteracy. The data collected for the 2017 eclipse will
people will watch the eclipse, making the event theP€ freely available to the scientific, edtion and

most viewed astronomical event in the histmfy —amateur astronomy communities. Moreover, the
mankind. eclipse ends at about 3pm on the South Carolina

A number of citizen science projects for the C0aSt, about 3 hOUfS befOI’e the start Of the eVening

eclipse have been proposed, including combining’®Ws; as the total eclipse progresses across the
images from smartphones taken by people across tHf@untry the CATE team will begin assembling atfirs
continent into a movie sequence (Hudson et al.Cut movie sequence, and will aim to deliver it to TV
2012). The Citizen Continentalmerica Telescopic Media to show on the evening news that night. A live
Eclipse (CATE) Experiment for 2017 is being Webcast from the path of totality is also planned.
developed at the National Solar Observatory in ~ One aim of the Citizen CATE experiment is to
partnership with universities, amateur astronomyP0ost the Citizen Science participation in astroyo
clubs, and corporations. If the 2017 total eclipse ign the United States, and an effective way to do that
viewed at one location along the path of totality, foriS t0 ensure that after the total eclipse, the eclipse
instance at the town park in Rosebud, Missouri,instrument goes home with the volunteer citizen
people will see the solar corona during totality for SCientists. These volunteers will be taklng. time off
only two and onéhalf minutes.  But, from the time from work on Monday (or more days), theylivoe
the shadow of the moon touches the coast of Oregofiaveling to a location along the eclipse path at their
until it leaves the coast of South Carolina, 90 minuteWn expense, and they will be taking part in training
of time will have elapsed. The Citizen CATE Programs before the event. Itis exactly these people
experiment will use more than 60 identical telescoped’h0 are motivated the most to continue to engage in
equipped with digital cameras positioned from Citizen science with this equipmt after the eclipse,
Oregon to South Carolina to image the solar corons2Nd SO it is imperative that the equipment becomes
The project will then splice these images together tdheir personal property. Because of this, no public
showthe corona during a 90 minute period, revealingfunding for the Citizen CATE equipment is being

for the first time the plasma dynamics of the inner'équested. Private and corporate support is being
solar corona. developed for all of the equigent expenses for the
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project. Currently the CATE project has a letter of and f/5 or greater, the iPhone5 detector will

agreement with DayStar Filters, LLC, to donate 60 not show 4000 arcseconds.

100 telescopes for the 2017 eclipse. We expect to

develop several more corporate partnerships, making 5. Telescope is portable: focal length <

the Citizen CATE project bhly leveraged. 1000mm: These telescopes must be shipped
and then transported to remote locations in
order to view the eclipse. Having a focal

2. The CATE Instrument length of less than 1m will help make these
more portable. Note that the largest CCD
The ideal eclipse imaging equipment will track detector size already constrains theafoc
the Sun throughout the event, will have a fiefd length to be 770mm or shorter.

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

camera with about 2000x2000 pixels, the camera will We can also develop derived requirements as
be sensitive enotgto allow for short exposures and follows:

the data storage rate for the camera will allow for

several frames per second (exposure time limited). 1. Since we f/5 or greater at 60mm implies
The start time for each exposure should be recorded that the detector must be larger than
and saved in each imag@eveloping more detailed 5.81mm width (larger than
requirements cabe done as follows (see Figure 1 for ] ] ]
a graphical representation of these constraints): 2. Cost constraints likely imply that D
<=120mm

1. CATE camera will be at prime focus: CATE Telescope
Having the CATE camera at prime focus = 9% o T
means feweoptics required (i.e. just £ ool ‘ Canon APSA:C 14.9mm’ ]
primary lens) and so this reduces the overall < " C P e
cost. It also means that the telescope is g s0ok ! Ll ]
easier to use for followp observations by . i D>60mm -
the volunteers, and will remain flexible. S 3 1 ?}{/5 1 1

© 400 w w
° t Detector %L?:Sj mm !

2. 20 resolution at 600nr§f1280r; bet'ter: | 1
D>=60mm: Using larbda/D at 600nm 3 FT 7T TiPRones I4zmm T ]
wavelength gives us a diameter of the = or-” L L ‘
primary lens greater than or equal to 60mm 0 50 100 150 200
for 2 arcsecond resolution. Telescope Diameter [mm]

3. large FOV of 4OOQX4OOO arcseconds, in Figure 1 i The parameter space of telescope diameter
focus: f/ >=5: Having a FOV largerthan 1 ys. telescope focal length, and the constraints for the
degree across with a flat focal plane optimal CATE telescope, as discussed in the text. The
becomes muchore difficult as the f/ of the  Prototype telescope is shown by the asterisk.
primary lens decreases. This is an estimate,

but a good guess is that the f/ of the primary Theprototype for the Citizen CATE Experimén
should be f/5 or greater to make this lens ~ has been definedThe test instrument will be an

easy to manufacture with a flat focal plane  80mm f/7 refractor and a 2048x2048 CMOS detector
and minimal chromatic aberration. with 5.5 micron pixels.The pixel scale will thus be
2.03 arcseconds per pixel, and the FOV on the array
4. FOV is 4®0 arcsec on a side on the camera Will be 4157 x 4157 arcsecond3he telescope Wi
177 <= focal length <= 770mm: The largest P& mounted on a German Equatorial mount with a
CCD detector today is the Canon ARS RA drive powered by two "D" batteriesThe data

sensor. which has a width of 14.9mm. and  collection computer will be a Windows laptop and
the smallest common detector is an iPhones the detector will communicate with the laptop over a

with a width of 3.42mm. The fact that the USB3 cable. Extra power for the camera will be

4000 arcseconBOV must fit on this provided by a rechargeable battery padkinally, a
detector then constrains the focal length of full aperture neutral density filter will allow drift
the system to be less than 770mm and calibration data to be taken during the partial phases

greater than 177mm. Note that at D=60mm, of the eclipse. The control laptop will be a 1.7GHz,
4Gbyte DDR3, 1TByte disk, USB3, 4dBch display
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running Windows. The system as of January 2015 i®ut to 2.2 Rsun.Gupta et al (2012) used Sumer
shown in Figure 2. observations of Ne VIII emission on thelaodisk to
find 5-10% intensity oscillations traveling at 60 km/s
with a period of 14.5 minutesWhile 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), ig difficult to find
systematic radial motion using the two imagdhe
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 measureBeriodicities 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 1kB/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 gaparcels, presumed to
be RayleighTaylor instabilities, rising in
Figure 2 1 The prototype instrument for the Citizen prominences. Typical sizes were 2250 km, _Wlth
CATE experiment. upward speeds of roughly 20 km/sower resolution
white-light eclipse images from Druckmuller et al
(2014) point to a new type of static wtture

3. CATE Science Goals observed near a prominence called a "smoke ring",
and the authors speculate that these structures may be

As 2017 will be near the expected minimum'elated to the RT instabiliies ~seen in
between sunspot cycles 24 and 25, there may not bePiominences.The CATE data will show the motions
CME event occurring during the 90 minutes of theOf these new coronal structures during the 90 minutes

eclipse. However, we are certain that during thiof f[he ecli_pse, with a transverse velocity se_nsitivity
eclipse, the solar corona will have agalar structure  Which easily covers the expected 20km/s motibor

assaiated with sunspot minimum, and the solar polesthe first time, these observations will reveal how the
will be very pronounced. For this reason, the sciencd1Stabilities seen in prominences interact with the

target for the CATE experiment will be a study of the€orona and produce density enhancements o0
dynamics of polar plume events. depletions as shown by whilight observations.

The polar plumes, which are dramatically visible L
in the corona s at solar minimum, show very 4. Prototype Sensitivity Tests
dynamic changes.DeForest and Gurman (1998)
found upwardly moving density enhancements -of 5 Intensities in the outer corona at Rsun=2.0 may
10%, traveling at 7850 km/s velocity and be 300 to 1000 times fainter than the inner corona;
displaying periodicity at 145 minute periods using however the coronal intensity in this region is
the SOHO EIT 171A observation<ranmer (2004)  brighter than the Earthshérseen on the moon during
estimated 315% variations in the electron density in the eclipse. In turn, the Earthshine intensity during
these events.Using UVCS observations at two an eclipse is brighter than the Earthshine during the
alternating heights in the corona (R=1.9 and 2.Icrescent phase of the moon (Rodriguez, Palle &
Rsun), Ofman et al (2000) found qupsiriodic ~ Goode, 2007). Figure 3 shows a single 538 msec
variations of 510% in polarized brightness treling  exposure with the prototgp telescope with the
radially at 210 km/s with periods between 619.5 Earthshine from the crescent moon clearly visible;
minutes. Morgan et al (2004) used Lyman alpha datastars are also visible near the dark limb of the moon.
to find oscillations with 8 minute periods persisting From this image and subsequent images of planets,
we conclude that we will measure the coronal
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intensity features at Rsun=2.0tlwvia signal to noise inner solar corona. While Isherner was switching to
level of about 100 by coadding about 16 frames withthe other exposure value, the clouds returned, and no
this exposure value. more images of the solar corona were captured.

The solar corona image in Figure 4 is a
successfutest 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, seup the telescope at the site, took
calibration data and took data during the totality
phaseot he sol ar eclipse.
task was much more complicated than the task
imagined for the CATE volunteers: he was trained
for only two days, he traveled haifay around the
world, he used only prottype software, and he
encountered verpoor weather. His work provides
an excellent validation of the process (and the

Figure 3 7 Earthshine image of the crescent moon as training skill from Baer) and provides the model for
seen with the CATE prototype instrument. which the undergraduate students in this program will
be trained.

5. CATE at the 2015 Eclipse: Results

During August 2014, the AAS heldn 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 prottype 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 slay
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 Iapto_p. A set of two exposure times WasFigure 4 1 Image of the inner corona, taken by Fred
p"_”‘”re‘?' for tOta“tY’ but Isberner WOUId have to make Isberner from the Faroe Islands us’ing the CATE
this adjustment with the nemserfriendly FlyCapture  prototype instrument.  Only one exposure value was
package. used in the test since clouds covered the corona after

about 40 seconds of time.

The telescope was then shipped by NSO from
SIU-Carbondale to Torshavn, and Isberner met théd. Application to other Citizen Science
packages at his hotel. Weather during the dayef t
eclipse in the Faroe islands was not good, but The telescope and imaging camera in @#TE
Isberner set up the telescope mount in the hotgbrototype telescope are fully functional for wide FOV
parking lot in the rain. A few minutes before totality, night time studies as well. Some sample images
the sky became partigloudy, and Isberner taken during the testing period of the Orion Nebula
successfully captured images of the partial phase, arehd the Double Cluster in Perseus are shown in
ran the drifttest calibration procedure planned for the Figure 5 and 6. Several folleup citizen science
CATE experiment. The weather stayed partlycampagins will be developed, for the volunteers, and
cloudy, and Isberner then captured about 30 seconds particular, they will be encouraged to participate in
of data at one exposure value during the total solacomet observing programs as coordinated by Padma
eclipse (see Figure 4). This was the shortesYanamandrdisher for the ISON, Sliding Springs
exposire value, and captured the intensity only in theand ChuryumosGerasimenko comets. The FOV and
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the sensitivity of the CATE instruments will allow encouraged to contact one of the authors at the emails
observations of cometary structures and evolutionprovided above.

and (with additional equipment) could facilitate the
collection of lowresolution 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 theRnesident of
the AAVSO Arne Henden concerning the CATE
instrumentation, and how it can be used for variable
star observdons. 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 providg an exceptional opportunity
for leveraging even more scientific output from these
motivated participants.

Figure 6 7 Image of the double cluster in Perseus, taken
with th e CATE prototype instrument.
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Triple Photometer: Design

Richard H. Stanton
Big Bear City, CA 92314
rhstanton@gmail.cam

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 including beamsplitter assemblies optics, counter
boards and photanultiplier assemblies.

The author has pursued photoelecptiotometry _
for over 40 years, primarily using photon counting2. Design
technology (Stanton 1981). This approach enables
accurate measurement of star brightmages a wide Figure 1 shows a schematic of the triple
magnitude range thanks i3 inherentaccuracy and photometer design, using three integrated
linearity. In the early days, these characteristics wer@hotomultiplier tube (PMT) detector modules
important for checking comparison star sequences fodescribed previously (Stanton, 2012his instrument
AAVSO stars. Such checks often revealed substantiat currently in useat the prime focus of a d@ch
systematierrors for the fainter stars in tkequences Dobson Newtonian (Stanton, 2013J.he /4.5 input
(Stanton 1978). Todaphoton counting is still a immediately encounters beamsplitter that diverts
very effectivetool for measuringrapid light changes 25% of the light into a CCD camera used for
in variable stars. There are rany interestingstars  acquisition and guiding. Light passing through this
that can be reached with equipment available to thaitial beamsplitter cmes to a focus at a 400um
amateur(Warner, 1988) (Cherepashchuk,96% and diameter (24arcsec) diaphragand thence to a

the list keeps growng. dichroic bearaplitter.  This element reflects blue
The drawbacks of photon counting that havelight (cutoff 510 m) and transmis light not
long been known: reflected. The reflected bldigiht (B) is measured
(1) The telescope must be able to trackby PMT-1, while the transmittetight (Y) is recorded
accuratelyin order tokeep the desired target centeredby PMT-2. Light reflected back toward the
in as small adiaphragnmas possible, telescope by the metal diaphragm is focused onto

(2) The photometer usually measures only onePMT-3 giving a measure of the sky immediately
point andone color at a time, making it vulnerable surrounding the target star. These three detectors
atmospheric changes or rapid color changes in thprovide continuous monitoring of target &1d Y
target intensity and background light, synchronized to better

(3) If a light flash or other unexpected behavior than one microsecond.
is seen in the datalistinguishing real events from Note that therethe only moving parts in this
terrestrial sources can be challengiagd designarethe CCD camera shuttenda shutter that

(4) There are few (if any) commercially can be used to stop light from passing through the
available photon counting systems suitable fordiaphragm. But therare no moving optical parts
amateur applications such as movable filters or variable aperture

The first of these drawbacks no longeragreat di ap hr ag ms. Whi | e t his
problem since many amateurs now possess telescopfexibility, it offers the geometric and photometric
with precision mountsand closedloop tracking stability needed for reliable operation. Once the
cgpability. Drawbacks (2) and (3) are addressed irlocation of the diaphragm is agately mapped with
the design presented here. Drawback (4) isespect to the CCD field, this calibration does not
significant, but almost all of the individual pieces of change.
the design presentedre commercially available,
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able to guide using the CCD image of the target
Backgraund PUT itself, but many of the most interesting targets for

— study are quite faint, making time difficult or
impossible to track directly. As soon as one moves to
celtow a guide star some distance from the target, field
Channel rotation will cause this star to move in a circle around
PuT the target as the observation progresses.

Rather than attempt to detate this field
mechanically) chose to calculate a predicted circular
Blue Channel path for the selected guide star at the start of an
Tracking CCD observation, and use this path to continuously move

the guide star track coordinates (CCD pikeé€) in
the rotating field. The caltation is not difficult,
requiring the measured image positions and times in
an inital CCD frame,and using a formula for

Figure 2 shows the completed instrument, withi par al lactic angl eo (hadeeus, 199
all of the cables neededor control andto collect ~been found to workvery well much better than
output data (CCD output and individugdhoton  trying to track a faint targetnage directly!
pulses). The guide camera (SBIG ST2000XM)
incorporates a low noise, fairly large CCThis was 3.2 Handling large amounts of data
chosen in place of the more commonly used
cooled or CMO$hased guideiin order toprovide Each of the PMTs generates a continuous stream
maximum tracking sensitivity and a field large of TTL-level pulses that are counted in discrete
enough tagive a good probability of finding a bright sample intervals and stored in files of raw data.
star foroffset tracking Depending on the sample time (typically 64us) and
the doservation duration (up to 2 hours), as many as
10® time samples are generated faick of the three
channels. Such large data quantities are not a
challengefor modern PCs. Custom software, written
by the authorin C/C++ searches all three files
automaically for pulses and other variability that
could never be found by examining the raw count
datadirectly. 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
interestng activity has occurred.

[

)
é, _}/ Dichroic Bearn Splitts

FI—— lichroic Bearn Splitter

= . e,

/ S——

Diaphra;h

Beam Spitter

Figure 1 - Photometer Schematic

. "Background" PMT

"Yellow" PMT 3.3 Light reflected from the CCD camera

"Blue" PMT The photometer design did not anticipate that the
i background light channel would often be dominated
CCD Guide Camera 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
A number of problems have been encounteredneasure of the background light level, it can be
. .~ degraded by unrelated sources such as bright stars in
ar_1d addressed over the first few months operating - tracking field
this equipment: This problem will be addressed by inserting a
e . . circular polarizerbetween the first beasplitter and
3.1 Offsetguiding in a rotating field the CCD. Light reflected by the CCD or shutter will
experience a 90° polarization rotation, effectively
squelching this reflection. The price paid for this

Figure 2 Operational Photometer

3. Four Challenges

Field rotation is inherentin an ALT-AZ
telescope mouirtg. This is not a concern if one is
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refinement is a loss of half of the guide star signalsmall slow flares and a bright, fast flare in their

generally requiring longer guide exposures. midst. This spike doubled the star brightnéssthe
blue channel, rising and falling in about 10s. Several
3.4 Drive reversals other flares, slow and fast, have been seen during

only three hours of observation.

In contrast to an equatoriatount, both axes for
an AZ-ALT mount must be continuously driven to
follow a celegstl target. There are specific regions
of the sky where the direction of these drives must
reverse. When this happenacklashcan be a
problem For the ALT axis this reversal occurs on
the meridian. Before reaching the meriditre 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 targetsiorth of the zenith, AZ
drive direction must reverse as the target passes
through a locus that varies with latitude. That locus, % ‘ ‘ ‘ ‘
in terms of howangle for a given declination at the 1000 100 1200 1300 1400 1600

Time (s)

aut hor 6_5 . llatitude (34A I]—‘lggreéza U\i/ éet--T?piQané’gtnand 4|0\D flare'g lBg-u re
Efforts are continuingo lessen theffectof backlash  channel)

but for nowboth reversal regions are usually avoided
when planning observations.

2000

Counts per 0.262s

Flare stars are red dwarfs, typically generating a
photon flux in the Ychannel that is several times

[ large than in the Bchannel. Figure 5 illustrates this
s | difference by comparing the flare in Fgwith the
T same event seen in the-chiannel (hote that 3700
04 -~ counts/sample have been subtracted from Y to bring
= v both curves on the same scale). Although theepuls
g 8 /’ is present in Y, the contrast in B is much greater,
2, / attributed to the flare being much hotter (bluer) than
the surrounding red dwarf.
1
0 3000

30 35 40 45 50 55 60 65 70 75 80 85 90
Declination

. . . 2500 -
Figure 3 Locus of Azimuth Drive reversal

262s

(=]

4. Initial observations 22000 1

E —Y-3700

The triple photometer has been in operation only © —B

a few months.  This has been sufficient time for 150 1
initial checkout, calibration and observing a few
interesting targets.

1000 T T T T T T T 1
41 Flare stars 1000 1100 1200 1300 1400 1500 1600 1700 1800

Time (s)

. . igure 5 Simultaneous Y and B measurements of a
Flare stars are easy targets for this equipment. V Cet flare. Noise is greater in Y since count rate is

seems that U\Cet is ready to put on a shoavery  more than five times larger (16 Jan. 2015)
night Figure 4 shows a group of typicidres two
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probability of it being naie is reduced to 2.8x18
4.2 Other color variations or only a 0.00003 chance in®1€amples!

Color differences and changes are also evident i¢-.3.1 Radiation pulses
many other variable star types. An example is seen
in a 30minute observation of AM Her (Figure 6). Based on this analysis, pulses like that shown in
This polar cataclysmic variable exhibits continuousFigure 7 (P(18,0.4)<<1%)) have no chance of being
brightness and color changes as material pours frorstatistical fluctuations. But does this mean thay the
the secondary star onto the surface of the white dwasdre real light pulses from the observed target? The
primary, guided by the adwmsawefrdgsi sp oaawemnofsu| cmadmethilgy fnodc
field. The flickering and color variations seen in detected in the data for every few hours of
these two traces are real (except for the short dat@bservation They have two identifying
dropout around 1530s). If they were caused bycharacteristics:
passing clouds the background light monitor (lower (1) They occur in any of the three channélst
trace) would be affected. Note that the star neverin more than one channel at a time
apparentf becomes bluer as it fades toward the end (2) They are always shorter than the shortest
of this observation. sample time.
It seems cl ear t hat these fs

pulses due to background ionizing radiation that
4000

sends a quick burst of pulses through the PMT. For
i 300 this reason, all pulses that occupy only a single
_B sample at the highest time resolution are ignored.
d - Background
3000
8 ' 20
S '
3 g
2 A 2
1 ® 15 4
20%0 1 %
\ 5
S
8
] 110t 33 210 -
[=%
£
g
1000 ‘ ‘ ‘ 5 ~B
0 500 1000 1500 2000 % —=Y
Time (s) ‘g’ 51 --=+-- Background
o
Figure 6 Two -color (+ background) measurement of ©
AM Her flickering (27 Oct. 2014)

Time (milliseconds)

4.3 Fast optical pulses _ o
Figure 7 Radiation Pulse

One of the important strengths of photon
counting is the ability to detetdst optical pulses that . .
would be missed by slower photometers (e.qg. CCD4‘3‘2 Airplanes and Satellites
cameras). Since intensity is measured in terms of Other tvpes of lses are sometimes detected
counts per sample, statistical methods can be easi i 31p b pulses q tl ks t@ th
applied todeterminei f a detected aﬁcll Créorl]eng ﬁoh? ceharﬁﬁzlly allgn&rrg éosfﬁ]c?vr\;ssa cc:se of
simply a statistical flatuation in the count rate. For 9 9 ' 9

example, if one observes a pulse of 10 photons whe%”‘c’of]‘é‘;h grr:izst,h:eg?;aé%?h tc)jyetgtt:)tc:e l:jt s?rotr?nlthir?];hz
the average count rate is one per sample, Poiss ' y gly

statisticsgive us a probability, P(10, 1) = 1.01x10 %ackground channel, they are certainly due to a

that any sample will ba 10. But if the observation terrestna_d source. In .th's case th? pr_obable
includes 10 samples, oneshould expect several explanation is that two lights of a passing airplane

pulses of 10 counts or larger. This probability were detected, the first probably red (no B signal),

decreases dramatically as pulses get larger. If g/hlle the second is brighter and probably white.
pulse of 15 photons is observed, the statistical
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4.4 Asteroid Occultation

An occultation of an 11th magnitude star by the
50km asteroid Eugenisis was captured on November

N
o

2 — 11, 2014 (Figure 10). Video cameras are generally
g «-B very effective at capturing and timing such events.
3 — Background But highspeed photometry also does a good job of

shawing 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 tivechannel
starts earlier, and peaks further from the asdero

ol i : \ edge, than the same pattern in tBechannel.
800 Time (ms) Apparently yellow light has a longer wavelength than

bluelight!

i
o

Figure 8 Airplane Lights

400

4.3.3 AM Her Pulse(?)

Not all pulses can be dismissed by their 300
instantaneous duration or presence in the background,
channel. Figure 9 shows such a pulse that occurreuﬁ
during an AM Her observation. This Y-channel 200 |
event was seeim 15 consecutive samples of 100us £
each and thus isalmost certainly not a radiation
event. And, as can be seen in the figure, there is no 1001
background light (or blue light for that matter)
coincident with this pulse. Thisvidence suggests —B
that this is a short pulse of red light emanating from o ‘ : ] ‘ : ‘

AM Her itself. More observations of similar events 40 141 142 143 144 145 146 147
need to be accumulated before one can really be Time (<)

2
c
=]
o

)

. . . Figure 10 Occultation of 11 " magnitude star by asteroid
convinced of this conclusion. Eugenisis 11 Nov. 2014
20 -
£ v
S B
@ --- Background
5 P
S S
10 A f
%
c
3
O
0 — —
330 340 Time(ms) 350 360
17 175 18
Figure 9 Possible light pulse (AM Her --1 Oct. 2014) Time (s)

Figure 11 Close -up of star disappearance in Fig.10
showing the tighter diffraction pattern in blue light
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5. Cygnus X1 Optical Resonance Couldthe signature in Fig. 1Be dueto the some
resonance in both the B and Y PMTs treir

5.1 Surprise Observation counting circuits? This seemed unlikely for several
reasons:

The most enigmatic signal found to date is ;o5
shown in Figure 12This figure plots amplitude vs
frequency, in contrast to previous plots ofhi
intensity \s time. Continuously varying signals of
constant frequency are much easier to detect i
frequencyspace than in a timeeries. The five
curves in this figure are the same data plotted with:
increasing resolution.The five specta arederived
from B-channel data taken during al6-minute
observation on Sépmber29, 2014. Eactturveis ]
calculated using a Fast Fourier Transform (FFT) of e
successive 4x fbinning of the original time series. I
The xaxis is divided into 1024 frequency bins !
covering the range 0 to 5000Hz in the lowestve 0 200 200 600 800 1000
The next higher curve has four times the resolution Frequency
over a quarter of the range (0 to 1250Hz), etc. Theéigure 13 Frequency spectrum of the Backgound

top curve covers frequencies between 0 and 19 53Hz¢channel taken simultaneously with the observation of
' Cyg X-1in Fig.12

95-

Relative Amplitude (d%)
©
o

~
(&)

(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 X1 was observedwo days later
(Figure 14), the resonance had complete
disappeared! Based onall this evidenceit seemed
clearthat resonance founmust be aeal property of
0 200 200 600 800 1000 the Cyg X1 system. But things are not always what

Frequency they seem!

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

120

[
=
o

Relative Amplitude (dB)
1)
o

©
o

80

120 A

These spectrahow a clearesonance at 15.1Hz.
This was initially thought to besome kind of
instrumental effect since it is clearly not noiséAn
almost identical signature appears in thehanrel,
but is totally missing in the background signal

(Figure 13). Note that Fig. 13 shows two resonances s L&

JiN
[N
o

ative Amplitude (dB)
=
o
o

unrelated to the signal in Fig 12: First, there is a® o]
small 120Hz resonance in the three lowest curves due
to a leak of some nearby light. Second, &l
patterns at the lowest frequencies in Fig. 13 are the 00 00 o0 a0 1000
frequency spectrum of the CCD camera shutter Frequency
operation. Neither of these signals has in any way.

affected the Y or B-channels of the Cyg XA fbglﬂfgfje Cﬁg‘i?n“e?”cy spectrum of Cyg X
observation.
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5.2 Cygnws X-1 History Y, B and background) was dividedto four parts.
Each part (2.5x1¢ time samples) was then -re

Cyg X-1 is supergiant binary, first detected by its Sampledseparatelynto 33 pointsfor each color.
powerful xray emissionsby 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 ngmitude of 8.9, it is easily seen v
in small telescopes. The visible component is an OB PR
supergiant, roughly 300,000 times brighter than the o .
sun which orbitsa massive unseen companiona oy RGOS
period of 5.6 days. There is a substantial consensus,,,, I s
(White, 2001)that the unseen companion is a black e
hole with a massmorethan ten times that of the sun. )
Others have pointed out models thadight not »
require the companioto be a black holéKindt and e ~
Fisher, 1989).
The x-ray variability of Cyg X1 has been | .. ‘ ‘ ‘
studiedextensively at high time resolution by Wen 0 40 80 120 160
(1997) andmanyothers. Although the characteristics Sample Number
of this variability are similar to cases where theFigure 15 Time series data re -sampled with a period of
invisible component iknown to bea neutron star 66-32ms.

(pulsar), akey difference for Cyg XL isthe absence ) . )
of any stablex-ray pulsation (Stella, 1985). Figure 15 shows the results of thissampling

Given the lack of xay periodicity, he discovery ~Process using a period of 66.32ms for_both the Y and
of stable optical pulsatiortsy Auriemma et a(1976) B chan_nels Although there is some sign of a wave
was unexpected. Their data showed pulsations with & the first of the four quarters, tigeneral flatness of
period of 83ms on two separate occasi¢June 11 the other three suggsghat we havaisedthe wrong
and July 18 1979. Several careful searches for frequency. (A count of 400,000 was added to the B
similar optical oscillations were conducted both datain orderto bring both curves clos_er together on
before (Frohlich, 1975)and after(Robinson,et al  the same graphNote also thattte varying DC level

1978) the Auriemma paperbut found nothing of the four traces redcts the fact that the star
Apparently, if stable optical pulsations werealre occasionally drifted partly out of the diaphragm

s

N
A“H“A“‘f“q‘é“

Counts / sample

N

they must occur only rarely. during the observation.However such slow drifts
camot havesignificanty affectedthe observedl5Hz
5.3 Search forthe Waveform signal)

Switching to sampling at 66.31ms maaéuge

Giventhis historical background, the appearancelMProvement  (Figure 16 Clear sinusoidal
of the apparentoptical oscillation in Figure 12 Signatures emerged in all four traces of each color,

inspired further analysisExtractingthe wavefornof and the signals of both co_lors are in phase! This must
this oscillationfrom the datamight helpclarify what ~ P€ regarded as clear evidence that the same signal

wasbeingseen But this would be challenging since a Was detected in both the-Bnd Y-channels. - When
low-level continuous oscillation is much easier to sedn€ data were sampledthia frequency of 66.30ms,

in frequencyspace than in timeeries dataThe way ~ Similar sine waves were seen, bwith different
around this difficultywas to rebin the signal by phasg. All other periods gave essentlally flat signals
adding up a large muber of time samples, each (as did the background channel at all periods).

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
signatto-noiseratio, even a small error in the period
(10 to 20u3 could wash out the desired waveform.
The data irFig. 12suggest period of 66.29msThe
three timeseries (Y, B and Background) were
searched with a variety pleriodsclose tothat value.

To allow for the possibility that the oscillation period
was drifthg, and to make the procdess sensitive to
period error, the complete data set’(6ints each in
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1.20E+06 unexpected instrumental effects can lead to spurious

T, 8 conclusions.
- o The power of photon counting in achieving near
\:. .»? . guantumlimited measrements on very fast
- ol . timescales shoulctontribute to the studgf many of
\ ‘;' % o the objects currentlywithin the reach of amateur
L1SE+06 1% zw - telescopes. Amateurs, with time to observe that
) a w professionals lack, may have the inside track at
3 N A finding new secrets now hiddem the stars.
3 A et oW
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§ |
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this resonance show up in the Background lightEquation 141, p98, WillmanBell, Inc.
channel (Fig. 13)?  Most likely the Background
channel count level was so low that the resulting peak  Robinson, E., Nather, R., Africano, J., Smith, B.,

did not rise above the shot noise level inits frequenc\f A’ s earch for rapid optical per
plot. 16 (197&J1.40Nature

Clearly more work is required. The author is
currently implementing an approach that will  Stella, L., White, N., Davelaar, J., Parmar, A.,
continuously monitor of the clock frequency during Blissett, R van der Klis, M. AThe
observations using GPS PPS signals. Second XRay Pulsations from the Rapidly Variable

X-Ray Transient V03284530 (1985)

6. Conclusion L45

Two-color, high speed photometry opensw Stanton, R. H. APhotoelectr
avenues for astronomicalbservation Having a Compari son Stars in Seven Var.i

third channel to measure background light has provef1978). JAAVSOY7,1pp. 1418

essential for understanding some of the transient

signals detected in the color channeBut even with Stanton, R. H. iStar Brightn
all of this information, great care must be taken inusi ng Phot on Count i hOgo, (1981
interpreting the data. As seen in the case of Cyig X pPp21-26
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Cucamonga, CA. Photometry (1988). Cambridge UniversityPress,
Cambridge
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Optical SETI Using a 3 Beam Coi

Bruce Howard
Owl Observatory
209 Heather Drive
Monroeville, PA 15146
bruce@owlobservatory.com

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 However the laser only needs to outshinehibst star
for a few nanoseconds and flash at a modest

Frank Drake undertook the first scientific SETI repetition rate. Lasers exist today that can perform
program in the USA in 1960 using a radio telescopéh'sf function. They are used for research in nuclear
at the Green Bank Observatory in West Virginia.fusion and also defense purposes. _
This was a single channel search targeted at two Detection is based on the simultaneous reception
nearby Sun like stars. The wavelength selected wal§ Several deectors of a packet of photons of
the 21 cmHydrogen spin flip transition since this nanosecond duration received from the ETI laser
portion of the radio spectrum is relatively free of during the brief time it is in an active state. Outside
noise and may be attractive to an ETI seeking tdf @ laser transmission the possibility of a coincident
establish contact. This type of search continues to thi€ception is vanishing small. Multiple detectors
day with vastly superior equipment now searchinggreatly redue the' incidences of false positives
billions of channels simultaneously and with caused by energetic events such as cosmic rays and
receiving equipment orders of magnitude morefadioactive decay of elements in the PMT glass
sensitive. Unfortunately these new searches share tif§1velope.

same negative results as their predeceisapteast as Consider the light output of a f2magnitude
of this date. G2V star located 1000 LY from earth. According to

About the same time as the above Searchc,:alculations pdormed by Professor Horowitz of
CharlesTownes, inventor of the Maser, proposed theHarvard University, the reception rate to angter
use of lasers as a potentially superior means ofirror is approximately 300,000 photons per second
communicating over interstellar distances. This wadn the visual spectrum. For a more modest amateur
primarily due to the collimated nature of the lasert€lescope of 16 inches, this is about 48,000 photons
beam and the absence of any natural noise at tHeer second or anverage of 21 microseconds
nanosecon pulse level. At the time lasers were of between photons. This represents the background
low power only and it was not known if it would sigrjal the multipile detectors would receive during
become possible to scale them up to the necessaRgriods of laser silence.
power level to be useful in this application. So this ~ Assuming an ETI could manufacture a laser
idea was not acted on for many years. capable of providing 6 orders of magnitude greater

Today, after many yearso f Mo or e olight intgpgyt y  at the observeros
improvements, lasers and detection equipment arg&eparation between photons would be only .021
sufficiently advanced to make Optical SETI a nanoseconds or 240 photons for a 5 nanosecond

practical and potentially effective ETI searchbur st . I'n the authoroés devi
technique. received in a Sanosecond window would have a

high probability of triggering th coincident event
2. Basic Concepts of Optical SETI detection circuitry.

The most basic concept is that an ETI may use a
laser ofsufficient 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.
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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

Two beam splitters mounted in integral housings
carry out the division of the incoming light beam.
The beam first strikes a 7D splitter and then the 70
percent is broken in two by a D 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. Am&nosecond
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 #ached 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 detects 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 DA@nit 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.

This device features three independéeatectors
with each one receiving approximately 1/3 of the
incoming light cone from the 1®ich telescope. Each
detector assembly consists of a miniature PMT,
thermo cooled chamber and field lens. Hamamatsu
R6358 PMTs are used as detectors. These
subminiatire 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 transmision 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 at950 VDC in this device and normally at
10 degrees C.
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Figure 3. Block Diagram of CATNIP



