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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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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

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.

When pressed to the limit of ceuracy, 7. Acknowledgements
modulation of spectral data by the GRS rotating on
and off the disk of Jupiter was not detected. @ We would like to acknowledge the Dr. Ralph
Nevertheless, the accuracy achieved was impressideorenz  who provided the impetus to study
at 0.8% standard deviation. This is comparable to theotational/seasonal modulation.
best photometric accuracy achieved by amateur

Numerous steps may be taken to improve
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