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PREFACE  

 

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

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

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

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

citizen-science to a variety of astronomical research targets. 

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

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

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

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

known you. 

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

This year the regular committee members are: 

Robert Gill  Robert D. Stephens 

Cindy Foote  Jerry Foote  

Robert Buchheim Dale Mais 

Wayne Green 

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

accommodate the Society and our activities. 

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

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

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

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

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

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

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

the premiere events for professional-amateur collaboration in astronomy. 

 

Robert K. Buchheim 

Jerry L. Foote 

Dale Mais 

 

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

Brian D. Warner 

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

446 Sycamore Ave. 

Eaton, CO  80615 

brian@MinorPlanetObserver.com 

 

Robert D. Stephens (MoreData!), Daniel Coley 

Center for Solar System Studies 

Landers, CA 

Abstract  

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

1. Introdu ction 

In general, the Hungaria asteroids are a 

dynamical group within the commonly-defined inner 

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

orbital elements of 

 

Semi-major axis: 1.78 < a < 2.0 AU 

Eccentricity: e < 0.18 

Inclination: 16 < i < 34° 

 

Contained within the dynamical, or orbital, 

group is at least one collisional family. These are 

members who come from a common parent body that 

was split into multiple pieces by a collision many 

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

et al., 2010). 

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

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

the evolution of the Hungarias in detail. A 

particularly interesting theory put forth by Bottke et 

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

overs from the formation of the Solar System that 

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

primary source of impactors in periods after the Late 

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

were as ñrecentò as ~2.0 Gyr ago. 

In addition to their role in the formation of the 

Solar System, the Hungarias have played a more 

recent, critical role in a play whose plot timeline 

extends from the early days of the Solar System to 

millennia yet to come. 

 

2. Shedding Some Light 

The Hungaria have several characteristics that 

made them ideal for study, especially when using 

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

First, their orbital parameters mean that they are not 

subject to planetary tidal encounters. Second, they are 

all relatively small, the largest member being 434 

Hungaria with an effective diameter of about 13 km.  

While being small may hinder backyard 

telescope observations under most circumstances, the 

proximity of the Hungarias (just outside Marsô orbit) 

and their tendency to have high albedos, meaning 

they reflect between 20-50% of the sunlight hitting 

them makes them relatively easy to study in detail, as 

shown by the fact that reliable periods have been 

established for more than 300 Hungarias since 

concentrated studies began at, first, the Palmer 

Divide Observatory in Colorado, and now at the 

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

an excellent control set for comparing certain 

physical characteristics against those of near-Earth 

asteroids (NEAs), including spin rate distribution, 

binary and tumbler populations, and spin axis 

alignments. Each of these characteristics is dictated 

to a large degree by the anisotropic thermal re-

radiation of absorbed sunlight, which is a fancy way 

of saying the ñYORP effect.ò 

 

2.1 As the YORP Turns 

The Yarkovsky-OôKeefe-Radzievskii-Paddack 

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

radiation of absorbed sunlight but the minute torque 

caused by scattered sunlight (Vokrouhlicky et al., 

2015). While not as strong as gravitational or 

planetary forces, it is unrelenting and can modify the 

rotation rates and spin axis alignments of small 

asteroids,  

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

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

two (see Kaasalainen et al., 2010).  

Figure 1 shows a frequency-diameter plot using 

data from the asteroid lightcurve database (LCDB; 

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

objects are included with the Hungarias highlighted 

in yellow. 

The two most noticeable features are 1) the so-

called spin barrier at about 2.2 hours and diameters 

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

at the upper-left side of the plot.  

 

 

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

That second feature represents super-fast rotators 

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

monolithic. No Hungarias have been found within 

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

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

of interest for this paper. 

The spin barrier is believed to be due to YORP 

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

with D < 20 km and held together by mutual 

gravitation. A rough analogy is a dense spinning bean 

bag without the surrounding bag. If the asteroidôs 

rotation is prograde, YORP causes its rotation rate to 

increase over time. If retrograde, then the rotation 

rate is likely to decrease over time. 

Eventually, a point is reached where the mutual 

gravitation is weaker than centrifugal force and the 

asteroid sheds some mass. The material can 

eventually accrete into a satellite or form a secondary 

asteroid that slowly breaks away from the parent 

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

parent body and create a central bulge running along 

     

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

See the text for additional 
details.  

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

KW4; see Ostro et al., 2006). 

The total net force of YORP has been shown to 

be very sensitive to small as well as large scale 

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

asteroid sheds mass, the change in its shape can cause 

YORP to start slowing the rotation rate, reaching a 

long period where it can slip into non-principal axis 

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

coming out of slow rotation back towards faster 

periods takes longer than slowing down from near the 

spin barrier. The overall effect is a strong excess slow 

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

in Figure 2, which shows the number of Hungarias in 

bins of cycles/day (frequency).  

The preceding is simplification of the facts. For 

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

YORP is both stochastic and self-limiting and so the 

idea of ñYORP cyclesò is more complex. The paper 

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

of whatôs known to date. 

 

3. NEA vs. Hungaria Spin Rate 

Distributions 

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

rate distribution for small NEAs and main-belt 

objects similar to what is shown in Figure 2. That 

involved about 200 objects. However, a more recent 

look at LCDB data using more than 550 NEAs from 

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

paints a different picture, one where the excess of 

slow rotators is almost statistically gone and a slight 

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

Picking the correct size range for this 

comparison is important. Objects smaller than D ¢ 

170 meters have been shown to be almost exclusively 

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

the other end, going above 10 km could start to 

introduce remnants (shadows or echoes) of the 

original collisional state of the objects. The range 

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

objects as in the Hungarias sample. 

The sample of 560 NEAs was also limited to 

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

marginal results at 2ï were not used. The change 

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

having a larger sample; it may be due to increased 

observational biases; it may be due a combination of 

two or more of these or additional factors. It should 

be noted that more than 300 of the results include 

those by authors Warner and Stephens, who have 

made a concerted effort to reduce biases by not 

abandoning difficult targets such as those with low 

amplitudes, long periods, or signs of tumbling. 

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

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

4. Hungaria Spin Axis Distribution  

The final step of a now decade old project started 

by Warner was to determine the spin axes 

orientations for as many Hungaria asteroids as 

possible and compare the distribution against what 

was found for other objects of similar size.  

One of the more significant recent studies along 

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

ten collisional families among main-belt asteroids 

and that within each family there were some common 

traits in the spin axis distribution. Chief among these 

were that ñthe majority of asteroids have large pole-

ecliptic latitudesò and that ñsome families have a 

statistically significant excess of members with 

latitudes either < 0Á or > 0Á.ò 

Another finding was that if the pole latitude was 

b < 0° (meaning that the asteroid likely had 

retrograde rotation), the members of the family 

tended to have smaller semi-major axes than the 

middle of the family and larger semi-major axes 

when b > 0° (likely prograde rotation).  

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

asteroids with smaller semi-major axes, thus ï by 

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

would be that the Hungarias would show an excess of 

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

that this is indeed the case.  

 

4.1 The Initial Data Set 

Since 2005, the authors have collected at least 

one dense lightcurve for more than 300 Hungarias. In 

some cases, an asteroid has been observed at four or 

more apparitions. A dense lightcurve is the typical 

time-series data set obtained on several nights with 

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

points.  

These are in contrast to sparse data sets, which 

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

years. The data points are often only a few minutes 

apart and so may not cover a significant portion of an 

asteroidôs rotation. The most common source of 

sparse data sets is from the near-Earth asteroid 

surveys and some general surveys. Hanus and Durech 

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

the Catalina Sky Survey, USNO-Flagstaff, and the 

LONEOS project at Lowell Observatory. 

It has been shown that sparse data sets alone can 

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

There are several strict requirements, however. All 

the data must be calibrated to at least an internal 

system and the span of the data must cover almost the 

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

Barring such a data set, the combination of even 

uncalibrated dense lightcurves and sparse data can be 

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

(2013; and references therein). Even with combined 

dense and sparse data sets, there are many pitfalls. 

For example, if the dense lightcurves were obtained 

at similar viewing aspects as based on the phase 

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

the longitudes differed by close to 180 degrees, then 

the dense lightcurves do not contain significantly 

different information about the shape of asteroid as 

determined by the shape of the lightcurve.  

If the total data set does not span a sufficient 

amount of time, then the true sidereal period may not 

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

error in the sidereal period can lead to dramatic 

differences in the final result, including changing the 

sense of rotation from prograde to retrograde. Steve 

Slivan (2012; 2013; 2014) covered this particular 

problem in detail. Those attempting lightcurve 

inversion are strongly encouraged to read those 

papers. 

 

4.2 The Finalists 

Not all dense data sets are equally useful for spin 

axis modeling. Just as important, not all asteroids are 

equally good candidates for modeling. Those that 

always have low amplitude lightcurves are 

presumably nearly spheroidal, making it difficult to 

obtain an unambiguous solution. If the asteroid is 

binary, all effects of the satellite must be removed 

from the data. Even then, most binary primaries also 

tend to be spheroidal. Tumbling asteroids are the 

most difficult of all since the principal axis is 

precessing, sometimes significantly. 

To assure the best chance of finding useful spin 

axis solutions, we limited modeling to those asteroids 

with the following criteria: 

 

1. Dense lightcurves from at least two 

apparitions. 

2. Amplitude generally A ² 0.15 mag. 

3. LCDB rating of U ² 2. 

4. Unambiguous period. 

5. Not binary. 

6. Not tumbling. 

7. A good distribution in phase angle bisector 

longitudes (LPAB). 

 

This reduced the number of candidates down to 

117 Hungarias.  

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

Figure 4 shows the distribution of LPAB for 434 

Hungaria. Note first that the data set covers almost 

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

important if hoping to find an unambiguous solution. 

Also important is the location of the dense 

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

diametrically opposite any other, although two are 

within about 20° a diameter. Diametrically opposed 

data sets provide essentially the same shape 

information about an asteroid, the difference being 

whether the viewing aspect is towards the north or 

south pole. Having a diverse placement of LPAB for 

dense lightcurves provides more details about the 

shape of the object. 
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4.3 The Modeling Process 

We used MPO LCInvert for lightcurve inversion. 

This is a Windows-based program written by Warner 

that allows using both sparse and dense data sets to 

find a model for an asteroid. It does not allow 

merging data from other sources such as radar, 

thermal observations, or occultations. 

The code was converted from the original C and 

FORTRAN (Kaasalainen and Durech; available on 

the DAMIT web site 

 

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

asteroids3D/web.php 

 

which also includes models and underlying data for 

more than 500 asteroids. 

We used sparse data from only Catalina Sky 

Survey and USNO-Flagstaff since these were among 

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

 

4.3.1. Finding the Period 

The first step requires finding a unique sidereal 

rotation period for the asteroid. This can be a very 

long process, sometimes taking days of CPU time for 

a single asteroid.  

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

period search range must be broad enough to assure 

finding a universal minimum, not just a local one 

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

decades, this increases the number of trial periods 

dramatically so that the true period is not stepped 

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

points, then the processing time is considerably 

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

lightcurves from several nights in an apparition, each 

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

or two of the lightcurves were used in the modeling 

since the others did not provide any significant new 

information about the shape of the asteroid. 

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

Even though asteroids with ambiguous periods 

were excluded, an LCDB rating of U = 2 still 

indicated a significant uncertainty in the period. Also, 

the periods in the LCDB are synodic, not sidereal. 

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

more. Therefore, the initial search period had to 

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

the adopted period. 

A general rule for accepting a period for the next 

stage of modeling is that the second-lowest chi-

square value is at least 10% greater than the lowest 

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

the dense sets are of lower quality, the sparse data 

sets are particularly sparse, or the time span of the 

data doesnôt allow finding a sufficiently precise and 

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

pole and model search using more than one period to 

see if the end results differed significantly. 

To put the period search problem in more direct 

terms, the adopted period must be sufficiently 

accurate and precise so that over the total time span 

of the observations the integral number of rotations 

based on the derived and true periods is exactly the 

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

rotation angle between the two in the current rotation 

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

expressed as 

 

D = (0.028 * P
2
) / T 

 

where  D period error 

 P rotation period of asteroid (hours)  

 T total span of data (hours) 

 

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

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

 

meaning that an error of that amount would result in 

a 10° rotation angle difference over 20 years.  

 

4.3.2. Finding the Pole 

After finding a period, the search for a spin axis 

began. This involved finding a chi-square best fit 

when using 312 discrete, fixed poles at 15 degree 

intervals in longitude and latitude but allowing the 

period to float. 

Figure 6 shows the results for 434 Hungaria, the 

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

family. The lowest chi-square solution is indicated by 

a deep blue region. The colors progress from blue to 

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

increases. A deep red (maroon) region represents the 

highest chi-square value solution.  

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

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

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

yellows and oranges, indicating a completely 

unambiguous solution. 

The color scaling in Figure 6 is relative in that it 

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

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

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

something like Figure 7.  

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

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

with a relatively small region of colors in greens or 

blues. As shown below, sometimes hopes are dashed 

on the rocks. 

 

4.3.3. Finding the Model 

The lightcurve inversion process can find more 

than one valid solution, often differing by 180° in 

longitude. This is particularly true if the orbital 

inclination of the asteroid is low, making it difficult 

to determine if a given viewing aspect is looking 

towards the north or south pole of the asteroid.  

In other cases, the solutions may be mirrored in 

latitude, one being prograde rotation and the other 

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

sufficiently well-determined such that there is a one-

half rotation error over the span of the observations. 

There may even be four solutions: two prograde and 

two retrograde, the pairs differing by about 180° in 

longitude.  

Note that the concentration has been on spin axis 

orientation. A natural outcome of the modeling is a 

convex-shaped hull. While the shape was not our 

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

physically plausible and rotation was about the 

shortest axis. Figure 8 shows the resulting shape for 

the best-fit period and spin axis solution for 434 

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

Another test for the validity of a given model is 

if the lightcurves from the model fit the dense 

lightcurves.  

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

Figure 9 shows a typical example. Since the 

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

dense lightcurves did not cover more than about 25% 

of a rotation.  

 

4.3.4. When Modeling Goes Bad 

Sometimes the data set is just not good enough, 

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

little of the orbit in terms of an insufficient range of 

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

period cannot be found or the shape of the asteroid is 

too round and so likely to produce highly ambiguous 

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

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

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

Figure 10. 

 
Figure 10. The results for 1991 TD1 were disappointing.  

This was one asteroid that was not used in our 

spin axis distribution analysis. 

 

5. The Final Results 

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

determine if a given spin axis would be used in our 

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

meant that it was impossible to know if the rotation 

sense was prograde or retrograde, let alone an 

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

point where sense of rotation was reasonably 

established. However, the latitude was still in 

question.  

Only solutions rated Q = 4 or 5 were used. 

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

allowed putting the latitude within one of three 

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

(retrograde), the uncertainty being which of two 

solutions was more likely correct. The first 

(ñcentralò) zone of Ñ30Á of the ecliptic was chosen 

because it represents about one-half the area of the 

entire ecliptic sphere. 

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

Out of the 117 initial candidates, we found 

periods and spin axis based on physically plausible 

shapes for 76 Hungarias. Of these, 53 were rated  

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

best-fit poles were used while secondary poles often 

found as part of the lightcurve process were ignored. 

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

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

dark blue border while retrograde solutions have a 

red border. 

 

Beta Count Percent 

|b| < 30° 11 21 

|b| ² 30° 42 79 

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

Table I shows the raw results based only on 

ecliptic latitude. Itôs quite apparent that there is a 

strong tendency for the Hungarias to have spin axis 

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

(2013b) found.  

For low orbital inclination objects, the pole 

latitude can be almost be used directly to determine 

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

retrograde rotation while a northerly latitude 

indicates prograde rotation. This is not the case for 

high inclination objects.  

 

Rotation Count Percent 

Prograde 13 25 

Retrograde 40 75 

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

Spin axis orientation is more closely tied to the 

orbital plane of the asteroid rather than the ecliptic 

plane. Therefore, it is important to ñnormalizeò the 

result by taking the cross-product of the spin axis 

vector and the north pole of the orbital plane to 

determine if the spin axis is above or below the 

orbital plane. When doing this, two objects within the 

central region swapped their sense of rotation. Table 

II shows the counts and percentages of prograde vs. 

retrograde rotation. 

These numbers are in agreement with Milani et 

al. (2010) who found a significantly greater number 

of retrograde Hungarias than prograde. 

 

6. But Wait! Thereôs More! 

There is still more work to be done. We continue 

our observations of Hungarias, concentrating on 

those that need another apparition or two to improve 

the chances of finding a valid model. However, we 

are also adding new objects, mostly smaller ones, to 

further check on both the rotation rate and spin axis 

distributions. We also look to revise the Q rating 

system to make it more subjective. 

 

7. Conclusion 

Long-term investigations require lots of patience. 

Fortunately, our work on the Hungarias produced 

many intermediate results that provided some instant 

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

confirmed and several possible Hungaria binaries. 

Weôve made a point of publishing all of our 

lightcurves in the Minor Planet Bulletin over the 

years as well as submitting our raw data to the Minor 

Planet Center 

 

http://www.MinorPlanetCenter.net/light_curve 

 

so that other researchers can make use of our data for 

their own projects, including lightcurve inversion and 

independent period analysis.  

We hope that others will be encouraged to take 

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

science can be enormous, even if not immediately 

realized. Variable star observers know this very well.  
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Abstract  

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

1. Introduction  

From the initial atmospheric characterizations of 

Jupiter, Saturn, Titan, Uranus and Neptune by Kuiper 

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

resolved hyperspectral imaging (c.f. Sromovsky, 

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

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

have been able to contribute to monitoring 

atmospheric circulation on Jupiter and Saturn, both in 

broadband NUV-VIS-NIR imagery and in narrow 

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

under the best of circumstances, amateurs are 

beginning to record detail in the atmospheres of 

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

In addition, photometric measurements by amateurs 

and professionals have provided insights into 

seasonal variability on Titan, Uranus and Neptune 

(Lorenz, 2004; Lockwood, 2006). 

About a decade ago spectroscopy began to grow 

in popularity among amateur astronomers. While 

many amateurs have focused on stellar, nebular or 

extra-galactic targets, solar system targets also 

provide a rich reservoir of detail.  Lorenz (2003) 

provides an investigation of capabilities for small 

telescope spectroscopy of Titan, Uranus and Neptune 

and concludes that useful observations can be made 

by amateurs with modest equipment. In particular, 

Lorenz (2003) concludes that detection of 

atmospheric changes with time may be achievable. 

Spectroscopy complements other types of 

observations of the outer planets because it can reveal 

quantitative information about the vertical scattering 

structure in planetary atmospheres. Spectral changes 

over time are indicative of rotational or seasonal 

modulation due to long lived structures as well as 

shorter-term cloud or storm outbursts. 

To provide utility, two criteria need to be met for 

spectral monitoring of the outer planets and Titan.  

First, the methodology needs to be validated in terms 

of accuracy and repeatability with equipment 

available to amateurs.  Second, an extended ï 

preferably long-term ï record of spectra with mostly 

uniform temporal spacing needs to be obtained. The 

purpose of this paper is to investigate the former, and 

pending validation, recommend an amateur-

supported observational campaign to provide the 

latter. 

The following sections are broken up as follows: 

First, the observations and data reduction used for 

technique validation are described. Second, the 

resulting planetary spectra are presented and 

compared to professional observations of similar 

spectral resolution. Third, an analysis of the methane 

absorption features of the spectra are presented, 

including estimates of the column density for each 

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

context of looking for rotational transients in the 

Jovian albedo. Fifth, brief comparison is made 

between the efficacy of spectral measurements at 

detecting atmospheric changes versus other 

techniques accessible to amateur astronomers. 

Finally, the work is summarized and 

recommendations for future work are discussed. 

 

2. Observations and Data Reduction 

Slit-less spectroscopic observations of Jupiter, 

Saturn, Titan, Uranus and Neptune were made in 

2013, 2014 and 2015.  Two instrumental 

configurations were used.  Both configurations used 

an SBIG ST2000XM CCD camera and a 

StarAnalyzer 100 line/mm transmission grating.  The 

full spectral range extended from 380 to 1000nm. 

Order separation was performed by using either a 

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

provides an overview of the observations while the 

rest of this section provides additional detail. 

 

2.1 Instrument Configurations 

In the first instrument configuration, the grating 

was placed in the imaging train of a 0.2m aperture 

Schmidt-Cassegrain telescope operating at f/6.3.  

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

distance from the focal plane to obtain spectral 

dispersion of 1.6 nm/pixel. However, the effective 

spectral resolution was limited by angle subtended by 

the target. The spatial plate scale was 1.1 

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

about 5 arcsec diameter, represents the worst case 

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

at 600nm). Observations of Neptune and Titan have 

proportionately higher resolutions. 

In the second configuration, the grating was used 

as an objective grating for a 135mm camera lens. 

This provided a higher dispersion, 0.55nm/pixel due 

to the greater distance from the focal plane. The lens 

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

0.017 to 0.006m) to limit sphero-chromatism and 

ensure tight focus across long spans of wavelength.  

The spatial scale was approximately 11 arcsec/pixel. 

This ensured that even Jupiter, the largest target, gave 

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

 

 

 

 

Target Year Aperture 

(m) 

Int. Time. 

(sec) 

Dispersion 

(nm/pix) 

Jupiter 2015 0.006 VIS-various 

NIR-various 

0.55 

Saturn 2014 0.006 VIS-150 

NIR-300 

0.55 

Titan 2013 0.200 VIS-60 

NIR-60 

1.60 

Uranus 2013 0.200 VIS-600 

NIR-2080 

1.60 

2015 0.017 VIS-1320 

NIR-1200 

0.55 

Neptune 2013 0.200 VIS-930 

NIR-2740 

1.60 

2014 0.017 14400* 0.55 

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

2.2 Data Reduction 

Observations were processed according to 

standard protocols in the commercial off-the-shelf 

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

biases were subtracted from raw images. However, 

flat field calibration was not done, primarily due to 

the difficulty of flat-fielding slit-less spectroscopic 

data.  After initial calibration, the image files were 

rotated such that the spectra were aligned 

horizontally.  While better precision could have been 

obtained if the spectra were taken with a horizontal 

alignment, the instrumental set up would have made 

that challenging and difficult to repeat.  

The spectra from a given evening were co-

aligned using field stars and then cropped to a 

convenient size.  The co-alignment made for efficient 

and repeatable extraction of one-dimensional spectra. 

One-dimensional spectra were extracted and 

wavelength calibrated using the COTS program 

RSpec (Field, 2011). Extraction included background 

subtraction of 10-20 rows of pixels above and below 

the rows of interest. Wavelength calibration for 

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

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

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

For the near infrared spectra two approaches to 

wavelength calibration were taken.  First, in the 

presence of contemporaneous, co-aligned visible 

spectra, the visible wavelength calibrations were 

transferred directly to the IR spectra.  In the absence 

of appropriate visible spectra, the O2 A and O2 B 

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

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

band were used for the >742nm filter. 

Further processing and analyses of the extracted 

visible and infrared spectral files were performed 

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

interpolated onto a regular 0.5nm interval grid. When 

contemporaneous IR and visible spectra were 

available, they were merged to a single seamless 

spectrum. This was done by selecting an overlap 

region where the IR spectrum was scaled to match 

the visible spectrum exposure normalized intensity 

(typically a few percent different). The final spectrum 

was normalized by exposure, collecting area and 

spectral bin size, but not converted to energy units. 

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

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

-2
-nm

-1
. 

 

3. Spectra 

Spectra of reference stars with well-characterized 

spectra were taken in order to establish the overall 

instrument system response including telluric 

absorption. The raw flux spectra of Jupiter, Saturn, 

Titan, Uranus and Neptune were divided by this 

system response function resulting in top-of-

atmosphere spectra.  A custom Python program was 

used to perform the division and the 0.5nm reference 

spectra were taken from the RSpec library (Field, 

2011). 

Finally, the spectra were divided by a reference 

solar spectrum, also from the RSpec library, to 

provide relative albedos as a function of wavelength 

for each target.  The albedo spectra are scaled to 

match overall magnitude of albedos published in the 

literature. The data of K94 ï henceforth K94 ï was 

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

interpolated onto the standard 0.5nm grid used here. 

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

comparison to small telescope spectra. 

Figure 1 plots the spectra of Jupiter, Saturn, 

Titan, Uranus and Neptune from this work compared 

to that determined by K94. While the general 

agreement with K94 is very good, a number of 

artifacts are visible. These range from small scale 

noise to larger scale departures in the slope of the 

continuum. The spectral notable features of each 

body are now discussed. 

 

3.1 Jupiter  

Overall the match for Jupiter is very good from 

400 to 925nm.  However, the albedo shows 

substantially more small scale noise than would be 

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

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

to three factors.  First, small offsets in wavelength 

between the observations and reference spectra lead 

to spikes at the edges of solar and telluric features.  

Second, differences in FWHM between the 

observations and reference spectra lead to either 

under- or over-corrected solar and telluric features.  

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

to calibrate relative instrument sensitivity adds noise 

directly into the resulting top-of-atmosphere spectra, 

particularly at the longest and shortest wavelengths. 

Averaged more spectra doesnôt reduce the errors 

since they are caused by the reference stars. 

 

3.2 Saturn 

The Saturn albedo, spanning 400 to 750nm, 

suffers similar problems in terms of small-scale noise 

for the same reasons as the Jupiter albedo, but in 

addition consists of shorter exposures and thus has 

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

the lower long-wave cutoff.   

In addition, the Saturn spectrum in this work was 

taken with the rings open 21 degrees to Earth (22.4 

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

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

Sun).  Thus, the Saturn albedo in current work 

includes a much larger contribution from the rings 

themselves, in addition to the rings occulting a larger 

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

First, the depth of the methane band absorptions is 

significantly reduced by ring contamination. Second, 

the overall slope is slightly bluer than the K94 slope.  

Because of the ring contamination, the Saturn data 

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

with a two-component spectral model, it may be 

possible to separate the planetary and ring 

components and better assess the methane absorption. 

 

3.3 Titan 

The Titan spectrum spans 400 to 800nm and 

with 1.6nm/pix dispersion.  The larger aperture and 

dispersion give the spectrum a smoother appearance 

compared to Jupiter and Saturn. (The reference 

spectra are similarly smoothed reducing that 

contribution to error.) This also makes the methane 

absorption features more broad and shallow than for 

the K94 data or the Jupiter and Saturn data for this 

work. Equivalent width of the absorption features 

should be conserved despite the different resolution, 

however the wavelengths for bounding the feature 

must change to reflect the feature broadening. 

3.4 Uranus 

For Uranus, spectra were taken with both 

instrument configurations. This resulted in a 

lower resolution spectrum from 400 to 
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850nm and a noisier, but higher resolution 

spectrum from 450 to 750nm. In general, 

both track the K94 data well. However, to 

achieve similar signal-to-noise, the higher 

resolution spectra would require 

significantly longer exposures. 

3.5 Neptune 

Similarly for Neptune, spectra were taken with 

both instrument configurations.  This resulted in a 

lower resolution spectrum from 425 to 875nm and a 

noisier, but higher resolution spectrum from 425 to 

650nm.  Again, there is good general agreement with 

the K94 spectra.  Note that in this to obtain adequate 

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

resolution instrument configuration would dictate 

exposure times that are a significant fraction of 

Neptuneôs rotational period. 

 

 

 

 

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

Methane absorption band encodes information 

about the abundance of CH4 in the target atmosphere. 

The state of the art today includes sophisticated 

spectral and atmospheric models. At each wavelength 

the albedo can be computed as a function of methane 

absorption (and other absorbers if present), scattering 

and absorption by aerosols, Raman/Rayleigh 

scattering by molecules.  The amount of absorption at 

a given wavelength is given by a function of 

absorption strength and absorber abundance. The 

absorption strength may be a simply linear factor or 

may be a more complex function. This depends on 

whether or not the combination of absorption strength 

and abundance remains in the linear region of the 

curve-of-growth.  

For this work, resources were inadequate to 

attempt anything other than using the simplest 

approximation.  Rather than computing absorption 

values at each wavelength, the integrated band 

absorption is computed for each of the CH4 bands. 

The integrated band absorptions are characterized by 

measured equivalent widths, W [nm].  

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

growth is linear and the density is proportional to the 

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

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

-1
]: 

 

ɖN(CH4) = W/S            (1) 

 

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

and ɖ is the effective air mass seen by sunlight 

through the atmosphere of the target planet.  The 

airmass is minimally 2.0 since we are looking at 

reflected light. Integrating over a spherical 

atmosphere, up to another factor of two may need to 

be applied due to the longer path lengths along the 

planetôs limb. This additional factor is highly 

dependent on the scattering properties of the 

atmosphere and optical depth of reflecting cloud 

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

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

published values in order to validate the techniques 

used. 

 

 

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

(nm) 

This 

Work Kark. Lutz 

This 

Work Kark. Lutz 

This 

Work Kark. Lutz 

This 

Work Kark. Lutz 

441         0.01   0.26 0.23   1.29 0.31   

459   

 

    0.01   0.08 0.18   0.22 0.24   

486   

 

0.04   0.06 0.03 1.94 1.48 1.63 1.82 1.83 2.08 

509   

 

    0.02   1.57 1.13   1.68 1.41   

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

576   

 

0.19   0.17 0.15 3.44 3.68 4.05 4.21 4.59 4.74 

597   

 

    0.07   0.84 1.66   1.53 2.16   

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

668   

 

  1.20 1.71   5.19 8.03   5.93 9.65   

683   

 

0.17   0.29 0.47 0.61 1.60 2.38 0.43 2.08 3.69 

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

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

790 6.62 6.97    14.87   41.27 37.83   32.63 37.58   

842 1.08 1.32    2.41     

 

    

 

  

862 6.03 5.93    3.56     

 

    

 

  

889 20.20 20.34    10.79               

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

Equivalent widths measured for all bands 

detectable by visual inspection are presented in Table 

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

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

interpreting the equivalent widths with contamination 

from the rings.  

For each target, three columns of data are 

presented. First, the equivalent width is determined 

from the spectral observations in this work. The same 

values for continuum and band wavelengths are used 

across all Jupiter spectra.  The values of the band and 

continuum wavelengths were determined by visual 

inspection. Given the large number of Jupiter spectra 

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

the statistical uncertainty associated with the 

measurements of equivalent width. For Jupiter, the 

95% confidence interval ranges from 0.01 to 0.02nm. 

Of course, systematic errors from choice of the band 

edge wavelengths alone are likely larger than these 

statistical errors.  

The band and continuum wavelengths for Titan, 

Uranus and Neptune were each chosen independently 

by visual inspection to account for both differences in 

spectral resolution and the very different spectra with 

saturated bands. With two spectra each for Uranus 

and Neptune, a crude statistical error estimate can 

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

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

one spectrum was available so no error estimate is 

provided. 

Second, the same technique used to measure the 

equivalent width is applied to the K94 data. This 

provided a validation of the basic correctness of the 

choice of band and continuum regions. Note that the 

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

and 725 nm, but varies more substantially when the 

equivalent width is smaller.  The best match is for the 

889nm band for Jupiter which is only 0.7% different 

from that computed from the K94 data. An example 

of a consistent error is that the 705nm equivalent 

width is lower from this work compared to K94.  The 

comparison suggests that there are substantial 

systematic differences between the K94 data and this 

work. While certainly possible that some of the 

differences may be attributable to changes in the 

planetary atmospheres, it is likely that the bulk of the 

differences are attributable to the instrumentation and 

processing. 

Third, equivalent widths from Lutz (1976) and 

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

where multiple measurements in the same band were 

made the average is presented. Again, the agreement 

between this work, K94 and Lutz is generally good, 

but has notable large errors.  These errors are almost 

certainly systematic rather than statistical.  Rather 

than tracing down systematic errors in data 

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

spectral resolution and continuum/band wavelength 

selection, the better course of action would be to 

move into a whole-spectrum fitting approach in the 

future. 

 

4.2 Effective Number Density, ɖN(CH4) 

Many attempts have been made to accurately 

determine the absorption strengths of visible and NIR 

methane bands, both through laboratory and 

modeling work.  A good review is presented in 

Karkoschka (2010). 

We take linear absorption strengths for 

integrated bands from literature spanning the 1970s 

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

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

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

literature is quite consistent from one study to the 

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

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

evaluate the relative merits of each strength 

determination, we take the simple average. Those 

average values are present in Table 3. 

 

Band 

[nm] 

Strength 

[cm
-1
-(km-atm)

-1
] 

441 1.7 

486 6.0 

543 29.8 

576 15.0 

619 131.8 

683 6.9 

705 51.0 

725 770.5 

790 363.3 

842 114.0 

862 823.0 

889 5753.3 

Table 3: Band Strengths used in This Work.  

The resulting effective column densities for 

Jupiter, Titan, Uranus and Neptune are plotted 

against band strength in Figure 2. Two trends are 

useful to note. First, the column density overall is 

lower for Jupiter and Titan than for Uranus and 

Neptune. This indicates that the reflecting or 

scattering layers are higher in the atmospheres of 

Jupiter and Titan than in the atmospheres of Uranus 

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

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

is due to more extreme saturation of the bands with 

the higher band strengths, which effectively reduces 

the derived column density. 

  

  

 

 
Figure 2: Effective methane column densities.  

5. Rotational Band Modulation  

The detection of variations in absorption 

strengths with planetary rotation is a good indicator 

of longitudinal variation in atmospheric conditions, 

such as hazes or reflecting clouds. Narrow band 

imaging or even hyperspectral imaging is possible for 

Jupiter and Saturn and offers spatially resolved views 

of atmospheric phenomena. However, this is much 

more challenging for Titan, Uranus, and Neptune 

because of their small angular size. In this section 

seek to determine if it is possible with small, 

commercially available equipment to detect 

longitudinal variations in moderate dispersion spectra 

as a complement to professional, spatially resolved 

imaging these smaller targets.  Here we use 

frequently sampled, disk-integrated spectra of Jupiter 

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

the goal of clearly detecting GRS transits.   

 

5.1 Observations 

Spectra were taken of Jupiter on a total of six 

nights at cadences ranging from 5 to 15 minutes. 

Details are provided in Table 4. These spectra 

provide repeated coverage of System II longitudes. 

Providing multiple observations of each longitude 

helps reduce random and systematic errors due to, 

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

configuration. 

 

Date CMII 

(deg) 

Calibration 

Star 

Type 

2015012

3 

0-130 Pollux K0IIIb  

2015020

9 

230-

315 

Pollux K0IIIb  

2015021

0 

60-225 Pollux K0IIIb  

2015031

8 

20-155 Procyon F5IV 

2015032

2 

265-

115 

Pollux K0IIIb  

2015033

1 

150-

340 

Pollux K0IIIb  

Table 4: Jupiter observation details  

5.2 Analysis 

We focus on the 889nm band where contrast is at 

a maximum and telluric contamination is at a 

minimum. The magnitude of the equivalent width 

modulation due to the GRS transiting Jupiterôs disk 

was estimated empirically from narrow band 889nm 

images of Jupiter taken during the 2013, 2014 and 

2015 apparitions. The modulation expected was 

~0.8%. However, a similar analysis showed that 

signal contamination from a single Galilean moon 

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

equivalent width. 

Figure 3 shows the variation in the equivalent 

width as a function of System II longitude along with 

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

band during the same general period as the spectra 

were taken. The average equivalent width is 

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

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

evidence of modulation as the GRS transited the disk. 

To reduce the errors, the measured equivalent 

widths were grouped into bins 45 degrees of 

longitude wide and averaged. While the uncertainty 

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

modulation by the GRS.  We must conclude that 

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

are too larger than the signal sought. 

Note that the red vertical lines represent the GRS 

System II longitude and boundaries 60 degrees to the 

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

degrees is a Galilean moon. 

 

 

 

 

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

 

6. Summary and Conclusion 

We have presented spectroscopic observations of 

solar system bodies with significant methane 

component in their atmospheres. Basic observations 

and extracted information on equivalent widths and 

effective number densities are consistent with 

published literature. All this was accomplished with 

modest equipment obtainable and operable by 

amateur astronomers. 

When pressed to the limit of accuracy, 

modulation of spectral data by the GRS rotating on 

and off the disk of Jupiter was not detected. 

Nevertheless, the accuracy achieved was impressive 

at 0.8% standard deviation. This is comparable to the 

best photometric accuracy achieved by amateurs.  

Numerous steps may be taken to improve 

accuracy of measurements and better understand their 

applicability: 

1) Better control and calibration over spectra: 

wavelength calibration; reference star SNR; solar 

reference FWHM 

2) More sophisticated spectral & atmospheric  

modeling to get abundances rather than trying to get 

more accurate/better band equivalent widths 

3) Providing specific recommendations for 

equipment, exposures and observing programs 

4) Better quantify expected rotational/seasonal 

signals from the outer planets and Titan. 

Finally, we would recommend study of a 

program that would allow amateur spectroscopists to 

contribute their observations for analysis, perhaps 

through the Astronomical Ring for Access to 

Spectroscopy (ARAS), which currently has active 

programs monitoring extra-solar targets.  
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