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Abstract

In 1995 the breakthrough announcement was made that a planet had been discovered orbiting a star in the con-
stellation Pegasus. Prior to that time, for decades astronomers had searched in vain to confirm that planets ex-
isted around any other star besides our own Sun. Yet it was a mere five years after the first exoplanet discovery
that the first amateur astronomers observed a transit of an exoplanet using a 16-inch (40 cm) telescope in
Finland. The realization that amateur astronomers could in fact detect exoplanets lead to the formation of transit-
search.org, the first amateur/professional collaboration to discover exoplanets. In the ensuing years numerous
other such collaborations have been formed and dozens of amateur astronomers around the world now regularly
observe stars identified by professional astronomers as possibly harboring exoplanets. This paper summarizes
the more notable amateur and professional collaborations now ongoing to discover and characterize exoplanets.
Tools and techniques used by amateur astronomers in such research are reviewed with an eye towards how
amateur astronomers may soon help discover the first earth-sized exoplanet capable of supporting life as we
know it.

1. Introductio n astononers worldwide have captred he signaure
dipsin lightcurves casedby trarsiting exoplanets.
1. 1. Background Prdfessonal astronomers hae use two broad
As human'ty seels todeternine if intelligert life amroachgs b Se|ectirg and otser\jng trarsiting
exsts elsewbre inthe universe, curent efforts are  exoplanet cadidates. Tie firs is a wide fietl searb
focused on flndlng plane1s smilar to our own Eath. using wde ang|e Optics and |arge CCDs durvey
While evidence wasfound in 1994 of plarEIs Ubiting |arge gvaths of the Q(y The seond is a targetd
a [:ulsar, it was in1995 that the first exoplanet was searchwhere Hescopeareu&d to nonitor star clus-
found orbiting a sudike star inPegsus (Maya &  ters orspecific stars. Tie wide field seaches gaer-
Queloz, 195). Until 2000 exoplanets were found  ally identify transit camlidates with m, <12 but are

using Doppler shifts in stellar secta as tle orbiting  generally nat stited for finding transits in dmmer
exoplanets pulled on the parent star. One sth  sigrs.

exoplanet, HD 209458l also inPegsus, was dter-
mined to cross infront of, or trarsit, its parert star as
seenfrom Earh (Charbonnea et al2000.

Detection of exoplanets using spectrescopy e-
quires brge, professonal obsewatories and expen
sive equoment beyond the reach of amateur as-
tronomers. Bit the dip in the light of a star causal by
the transit of an exophetis within reachof the ana-
teur. S it was on Sptermber 16 2000that a goup of
amateur astonamers ushg a 16-inch (40 cm) tele-
scope at thé&lyrola Obsevatory in Finland obsrved

a 1.7% decres in the lightof the parat star causk Figure 1. XO Project Wide Field System
by a transit of HD209458h Ingired by the success ] .
of the Finnish amateurs Trarsitseach.org was Figue 1 shows anexanple of he instuments

formed in 2001 as he first cdlaboration between €mployed in wide fieldsearties, h this cae the sys-
professional and aateur astononers b find nev  tem usedby the XO Project on the 3054 meter sum-

transiting &oplanets. Sincehen, dozes of anateur ~ Mit of Haleakala o Mau, Hawaii. Ths automated
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systen uses tvo commercial 200mm 1.8 Canon
EF200 lenses caipled to two Apogee Ap8p CCD
camera. Eachlens covers 7.2degreesof the sky.

1. 2. An Incr easing Focus on Bd Dwarfs

Most of the exoplanets discoveed to dae are
much larger thanEart with orbits closerd their stars

than Mercury is to our own Sun. Since their stars are

as ot as @ hotter than our own Sun, we know that
these exopleets are far todat to harbor life similar
to thaton Earth

In recent years resaahers have proposal that
exgplanets orbiting clss M stars, paicularly red
dwafs, may be cgabke of suppating life. Red
dwafs havesurface temperaures of 3,000 deg¢ or
even lower ompared toover 6,000 deg K for our
own Swn. Even if orbiting close to their stars,
exgplanets of red dvarfs could hase zones in their
atmospheeswhere liquid water could persist, allow-
ing life to flourish.

Confirmation of this paossibility came in May

2007 with the amouncenrent that an exoplanet only

1.5 times the size 6 Earth was fand to orbit the red
dwaf Gliese 581 which lies 205 light years fom
Earth. The exoplanethas a orbital peiod of 13 days
and b at a suffcient distance fomits relatively cool
parent star that liquid water could persét.

As reddwarfs ecame sibject tomore scriny,
amateu astrononers have the gopartunity to partici-
pae and ontribute to the newest fronter of
exoplanet resgch.

2. Habitable Transiting Exoplanets
Detectible by Amateur Astronomers

2. 1. Minimum Detectable Transit Depth by
Amateur Astronomers

The measurement offangesin stellar light flux,
caled plotometry, is limited from ground-basel db-
senatries largly by atmospheric scitillation as
well as tle intensity of the sellar flux relative tothat
of the ba&groundsky. Increasing the apeture d the
telescpe and ircreasingthe time of expcure can
improve the overall precisn of the photometry but
realistically anly to certainlevels.

Amateur astronoers commonlyuse telesopes
with apertures ranigg from 10 to 14 inches(25 to 35
cm) although sone have acess to instrumnts with
apertiresgreater tha 20 inches (06 m). Fa grourd-
base instruments with apertures of 14 inches 85
cm) or greater, it habeen shownhiat exoplanet tra
sits with depths of 0.2% 1 0.3% (2 to 3 mmag) can
be detected using multiple obsenatiors assuing
stellar nagnitudes m, <12 (Bissinger 20(). In prac-
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tice, a #-inch (35 cm) telescopewas usal by the

autor to deted the 0.3%dept transt of HD149026b
as show in Figure 2.

HD 149026b Transits
29-June, 02-July, 05~July 2005 UT

. .
H N L% 1

-0.005 G Tae 8 e YesT e T8 LY

D ]

-175 -125 -75 -25 25 75 125 175
Minutes from Transit Center
light curve generated by Binary Maker 3 R. Bissinger, Pleasanton, CA

Figure 2. Exoplanet transit with 0.3% depth

2. 2. Sizes of Dedctable Exoplanets

Given the typical equpmentusal by amateur as
tronomers, tle pasiblity of whether they caild de-
tect an Earthiged planet can bdeternined aswell
as the corditions under which it would be pssible to
do so.

Asauming a tlescopeapeture of 14 inches (35
cm) ard a mnimum deecible transt depth of 0.2%
the reltionshp betveen exoplanet ard parent star
sizes can bepproximated sinply by using the rato
of the guaresof their radii asshown in Figure 3.

Exoplanet Detectability Limit
35 cm Telescope, 0.2% transit depth
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Figure 3. Minimum Detectable Exoplanet Size

Figure 3 plots the paent star radius as draction
of that of our own Sun ayainst the radus of the tran-
siting exglanet expresse & a fracton d the radus
of Earh. We see that itis then possible for annaa-
teur astonomer usihg a ¥ inch (3% cm) telescpe O
detect trarsits d anexqlaret the size 6 Earthif it is
orhiting a star witha radus 0.10that of aur Sun

There are, howear, certainconditions that reed
to be satisfiedfor Figure 3 to aply. The first woud
be tatthe sar's magnitudewould neal to be m, <12.
Obtaining 0.2% (2 mmag) plotometric precsion am
fainter starswith a 14-inch (35 cm) telescpe would
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be dificult if notimpossble. The seand would be
that a sindge obsenation of a trarsit evert by itself
may not be &ident nor would it be cawincing. So
multiple obsevatons of a ransit need ® beobtained,
either by multiple obseversdeiecing the same tran-
sit or by a sirgle doserver detectig multiple trarsits
of the sane star. Two tofour swch multiple dbsena-
tions would be equired to indicake a significant
probahlity that sich a trasit is indeed acurring
(Bissinge 2005).

2. 3. Target Stars for Earth-sized Exoplanet
Searches

Figure 3 shows that in orcer for amateur as-
tronomers using typical equipment to dekct transt-
ing exoplanetsapproxinately the samsize as Earth
they must obseve strs hat have ralii less thar20%
that of our own Sun.

Fortunately, air sky is filled with swch targets,
but they are not the stavge can see with our kad
eyes. They are a class efars called @ dwafs
which ae estinated to acaunt for as many as 75%
of the strs in our galaxy..

For exanple, Figure3 alsoshows hat two well
known red dwarfs Proxima Centauri and Barnard's
Star, cold provide trarsit sighatures sufficent tobe
detectedby amateur astromeers if they harbored
trarsiting Earthsizedexoplanets.

An excellert discussionof the grobahility of ter-
restrial-sizedplanets érming in red dwaf systens
and why such exoplanets mght be caale d sup-
porting life as weknow it has leen provided previ-
ously (Wolf, Laughlin 2006). In recent years a num
ber of ppers have psented strong arguments asto
why swch exopanets nmeke compelling targets fa
indicators of life (Tarte et al, 2007; Segura et al,
2005).

While severalspace-bask instrunents are or
will be searcing for exoplarets sing the trarsit
method (he Euppean Space Agencys COROT,
NASA’s Kepler, and the Qaadian SpaceAgency’s
MOST, for example) anateur astronoers have the
equpment and tme to monitor many single red
dwalrf targets fa transiting exglarets.

But unlike preious effortswhere anateurs ob-
sened fairly bright stars withm,<9, red dvarfs are
consicerably fainter with m,>11. In oder to yield
usalbe sigral to naseratios, the reddwarfs that lerd
thenmselves toamateu obsening must ke relatively
close to Earh. Soit is indeed fortunate for tre inter-
ested arateur astronoer that professinal astrono-
mers have pepared seveal lists d potertial close-in
red dvarf targets as part of theirrppaations for the
space mssionsmentioned previously aswell as fu-

ture nissions sud as NASA's Terestral Planet
Finde and Sace Interferometry missons.

An ongadng project the Research ©nsortium on
Nearby StardRECONS), isin the pracessof iderti-
fying our closestneighbas. A list of the clbsest100
stars, ncluding many red dvarf stars brightethan m
=12, is naintained andupdated by the groupat:

http://www.chara.gu.eduRECONS/

Another target list developed for NASA's up-
comng Spacénterferonetry Mission(SIM) includes
mary red dwarfs ad is meintained at:

http://tauceti.sfsu.edl+-chris/SIM/tLhtml
Figure 4 fiows sone of our nearesnheighlors n

space, rany of which are ré dwarfs not visible to
the nked eye.

Lalande 21185

Lacaille 8352

® Epsilon Indi

Figure 4. Our Nearest Neighbors (from Astronomy To-
day, Chaisson and McMillan, 2002)

As is apprert from inspectingthe RECONS and
other lists, howeve, the rumber of rel dwarfs ob-
servdble by typical amateur astronomrs is quite
large.

One appoach for selectinga sitable target to
monitor would be b pick one thatis observale in the
easternsky shatly after rightfall and then make re-
peatd obsevations wer a nonth or two. Unfortu-
naely, visualinspecion abne might notbe suficient
to pick out a small trasit in such a large set ofdata.

Thereare me comnercially available software
packages ttat have the capbility to isdate a trasit
signal buried within a large set 6 data talen over
multiple dbsening session. One sich package is
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PERANSO, available at Hip://www.peransacom.
Anather product ttat caild be sedis MPO, awailabe
at htp://www.minorplanetobserer.com.

3. Pro-Am Exoplanet Search
Collaborations

3. 1. History of Pro-Am Collaborations

Most amateur astronoers, howeer, will
quickly find it quite daunting ard challengirg to sift
through the gigabytes of dah an individual might
geneate from sud an obsaving endeaor. A beter
appoachfor the individual obsever might be b pa-
ticipate ina pofessonal-amatewr (Pro-Am) cadlabo-
ration to monitor red dwarf candidaies.

The adantages of sud paticipaton are nany.
First, the amateur will be ale to obsene a list of
target stars that are pritzed basd on te profes-
sionalastonamers’ latest undersandings d planeary
formation. Secmd, the amateur will be alde to pod
their obsewvationswith thoseof others ® as to maxi-
mize te coveage of atargetstar, inceasing the like
lihood that they will observe and detect atramsit if
oneocairs.

One of thefirst, if not the first, such Pro-Amcal-
laborations was Trarsitsearch.org which was
launched h 2002 to find new transiting exoplanes.
Other ProAm cadllaboratiors followed, including the
XO Prject which has yelded the dismovery of the
transting exoplanet XO-1b and offers the promise of
uncovering more exoplanets in the future (see
http://www-int.stsci.edi-pmcc/xo/scierce)).

3. 2. Systemic — AWeb-basedCollaboration

It was in2006 that aninnovative program called
Systanic was lauched that allows interestedama-
teus andthe pubic to participate in a wide-scale
simulation to quantify the likelihood of plaretary
formation. Noequpment isnecessary. Thproject is
web-based, anduses a catagpof 100000 stas to
allow uses o discover exoplanes ushg nodel radil
velocity curvedor the catabg stars. Th@roperties of
the theoretically-dscovered exoplanets are tlen com-
parel with those ofreal ones.

Systanic has the pdertial to provide adlitional
guidancefor follow-up radial velocity or transt ob-
servatons of promising camlidake stars

3. 3. A Red Dwarf ExoplanetPro-Am
Collaboration

Interest inred dwarf systers as paertial harbors
of life has gurred ncreaing professona obseva
tions as well as a newPro-Am cdlaboration
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GEMSS an aaonym for Global Exoplanet M-dwarf
Seach Sunwy, is asigred to provide focus br pro-
fessional and amateur efforts to obseve red dwafs
(http://gemss.wordpress.en). The project is in its
early stags bu will be reacling ou to interested
amateurs, lhe AAVSO and Transitsearch.org for ad-
ditional participation.

4. Exoplanet Transit Detection Tips and
Techniques

The literatue and online forums are ful of pro-
cedues ad techniques for performing phaometry.
As instruments usel by amateurshave increasedn
cambility over the years, shas tle number of people
pefforming piecision photometry. Five years ag
amateurs gsired to abieve differentia photometric
precisions of1%, or 0.01mag. Recently, in part
driven by the need ér high precision photometric
time series 6 exoplanet transit cadidates, dfferen-
tial photometric precisions of 0.2%, or 0.003 mag,
are becorimg commonplace.

Much hes been saicandwritten abaut the quality
of flat fields, dak subtracion, and signal to noise
ratios, all of whch is valuade tolearnandto put into
practice. Bt beyand these fregent topics, it is fran
the auhor's experience obsrving exoplanet transt
targets for everal years thatvo tecmiquesstandout
that have corsistertly helped acleve high levels of
differential photometric precsion.

4., 1. Sticky Pixels

It is commonly accepted that flat fielding is nec-
essarywhen performing GCD photometry, ard veay
oftenit is. It is alsorecaynized that urless carefily
prepared, flat fields themsdves can introduce gors
and artifactsrito the sciencemages.

The canbination of precisiontelesc@pe mounts
and CCDguiders that candrck to sub-pkel accuracy
allows obsevers to keg a star inage on a veryrsall
spotof their QCD chips. Dong so ninimizes errors
introduced by snll difference insersitivities d in-
dividual pixels andothervariationson te dip itself.
A slight amount of defocusing can soread the str
image over a sall number of pkels ard the precse
trackng will keep the image on the sane spot
throughou the obseving sessin. The athor has
foundthis tecique very usédul.

Another advantage of his techngue B that only
carefully preparedflat fields will improve the accu-
racy of the photometry. Forexanple, inthe sitwation
where a near-fullmoon cancauseuneven illumina-
tion of the sky deperding on telescopeposition, flat
fielding will not correctall the images uriformly ard
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can actually degde phobmetric precisionwhen
appied to a serés of mages @ken over an entre
night, epecially whe differential photometric preck
sionsof ~0.5% (5 mmag) orless arerequired. In such
cases it habeen sea that rav images rducedwith
only darks and bias fames can povide beter resilts,
again asaming precise trackingf the staon a snall
areaof the dnip.

4, 2. Systemic De-trending

Amateu ard professioml photometrists will of-
ten use olor trangormations b acount for differen-
tial atmospheric exinction of stars @ different colors.
By doing so they are elimating a quatifiable factor
in their data tat wodd provide aninaccurate rest

For yearsprofessonal astonomers hae used a
similar philosgphy when working with time series
differentia photometry. They have reogrized hat
there are prediable and gartifiable trends intheir
photonetry that hae been introducel because of
variations in tracking, individual pixel sersitivity,
artifacts on their CCD chs andothe factors They
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have taracterized these trends as systemic error§i9ure 5. Simple De-trending Algorithm Effect

(not to be mnfusal with the Systermc exopanet pro-
ject mentioned peviously!) and have developed
methoddogies fa their renova from their data. Sev-
eralvariations of de-rending algorithms can be fand
in the literature (Manfrad et al, 20Q; Mazehet at,
2006).

While the goplicaion of complex detrending al-
gorithms can be done byamateurs, dferential
photometric precisions ca dften be mprovel in time
serieshy sone sinple mathematics.

Amateur differential phaimetry time series of-
ten exhbit cyclic trerds readly discerrable to the
eye. Tkese cycles will fien have periods casidera-
bly longe than that of an exglanet transit. It then
becones pasble o use a snple sine function to
remove e long peaiod trends from the dda without
compromising shot term variatons.

Figure 5 slows an exarple of differenia pho-
tometry obtained with a 14-irch (35cm) telescpe.
The sardad deviaton o the raw da@ showvn is
0.14% (1.4 mag). The figure al® shows a cyclic
trend in the data which was modekd using a she
function ard least sgares fit to the data. The sire
function was then sinply subtracted from the raw
dat vyielding a snoother ime serés havig a san
dad deviation of 012% (12 mmag), a 14% rduc
tion in scatter.

While 14% reducion may not apea to be that
much, whenseveral nights worh of aich time series
obsrvations are cohined,the de-trendng algorithm
makes dscerring a snall trarsit significantly easier.

As more amataurs seeksneller exoplanet trasits
it is likely that more de-trendirg approaches will be
usa in thedat analysis.

5. Conclusions

The nonitoring of red dwarfs for trasiting
exgplanets is a new oppatunity for anateur ard pro-
fessional astronoer cdlaboration Amateu as-
trononers hae realy accesdo theequipnent, tools
and tme with which to make a sgnificant contibu-
tion to exopanet researchnd tle ultimate sarch fo
life in the universe.
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