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Abstract: The discovey since 1995 of more #m80 planets around agdy solar-like stars and ¢h
photometric measement of a transit of the yoan mass planet orbitinthe solar-like star B
209458 (prodoing amare than1% drop inbrightness that lasts Bours)has healdeda rew era in
astronony. It has now keen demonsaited that sall telescopegquippedwith sensitive and stadl
electronic @tectors en producefundamental s@ntific discoveries agarding the frequery and
nature @ planets outsidéhe solar gstem The malest equipmentequirenments for tle discovery of
extrasolar planety transts of jovian mass plangtin short period orbits aund solar-like starare
fulfilled by commecial small apertug telesopes and CCD chamge coupled device) imager
common amog amaeur astronomers. \th equipnent alrady in hard ard armedwith tamget lists,
observingtechniques ah software proedues dveloped ly scientists aNASA's Ames Reseah
Center and th Universiy of Californiaat SantaCruz, non-professionalsironomers carontribue
significantly to the discuery and stug of planetsaround others stardn this way, we may resume
(after atwo centuy interruption!) thetradition ofplanet discovees by amateurastronomer®egun

with William Herschel’'sl787 discovey of the“solar” plaret Uranus.
Printedwith permission of the atthors.
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1. Introduction and Background

Extrasolar gant planetshat “transit” their host stars arae and valable Recent obseations of
the atmosphere of thene known transitingextrasolar plast HD 209458-b via Hubble Space
Telescopespectoscopy [1] demonstrates that @éled stug of the physical natue of transiting
plands isgrealy enhanced compareal to nontransiting planets. Duing a transit, asmdl fraction of
the parent st&s light pases throgh the planets atmospherandimprints chaacteristicabsorption
lines upon the stlar sgdrum. This infornation taken t@ether with the planet’s sie anddensiy
(obtained ly careful analsis of the tansit licht curve shap) allows detaid stug of the plaret's
physical makeup bgond the minimum masrbital eccentricy and perod obtained from radial
velocity measurenents abne.

More than gyhty extrasdar planets ha& been disoveled around early stars ty measurig
the velociy wobbles oftheir paent stas [2]. Twenty percent ofthese pnets residen short @riod
orbits whee the prohbility of viewing a transit isabout 106 [3]. In late 1999, two edial velocity
teams discoved a planet orbitinghe staHD 209458 §,5,6] Photometg ob®rvations detected a
1.7 % dimmingof this stars light consistent with a planetatransit. The repeated transit sigl
allowed detemination ofthe planeés mass(by knowing the inclination) ad radius (from the depth
of the transit),giving a mass of 0.63 upiter masses and adius of 1.4 Jupiter radii p]. The
inflated plysical siz ofthe planet is consistemtith models for hot xrasolar planets7,8]. This
photometric measurement of the transit of gi@net orbitingHD 20958 and the subsequent
detection ofatmosphericsodium [] by the Hubde SpaceTelesope(HST) has leraldeda rew era
in astronory where the dindamenrdl properties of transiting planetsaround other stargan e
studied. Obviousl, in order to stugl these plaets indetal, they must firg be discovered. df the
first time it is now posible for smé telescos equipped wittsensitive and stable esltronic
detectors to make thesesdoveriesin fact, an arateurgroup in Finland oberved the transit of HD
209458-b durig Septenber 2000 (Sk and Telexope January 2001) and amateur RomBissinger
observed the transit on the higof Octoler 12,2001 in Pleasanton, Chdrnia usingequipment
similar to what we cosider a ypical s/stan. The modest equipmentquirements for the
measurement foextrasolar planetry transits ofhot Jupiters areachieved by commercialsmall
apertue telescops aml CCD (chage coupkd devicg imagers canmon amonganmateur
astronomers aneducatimal institutions.
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2. Approach

Although extrasolar plaets ae lost in theglareof their paent sta andare not resolved § eventhe
largest telesopes, the planet’s presgncan nevertheless bevealed g the periodic dimmingpf
the star if the planet crosses the stellar diskieved from Earth. For theear-jovian mass planet
found aroundhe solar-like staHD 209458(the aly knowntransiting exrasolar plaet), the planet
producesa dimming of he star & 1.7 % that bsts fa about 3 hours.Although thiseffect is &r too
small for the unided e to discerna typical off-the-shef amatur CCDdetectorhas suicient
sensitivity and stadility to measure reative changes in brightness mut smdler than this gven
proper oberving procedure anddata redwtion techniques 9. Equipped with CCDs, small
telescopes (Bure 1) CAN deteciplanets arouh other stargas illustragd in Fgure 2)! NASA
Ames and UCSC scientists have identified several hundred stare likely than aveage to
possess short period golets. Thes planetcardidatescome fromthree seach pojects leing
conducted ¥ our eam agescribed in thdollowing section “Target Stars”.

Figure 1. Our prototype Santa Barbara Instruments Group (SBIG) ST-7E CCD and Meade L X-200 8 inch apertur e telesampe system

3. Target Stars

Hipparcos Saellite Phobmery Identified Candidates A seach of the 12,690 main sequence stars
of spectral ypesF, G, Kand M in theHipparcos Satellite photomeyrcatlogconduced by one of

us revaled ®veral dozn with photometric éatues consistent witl planetay transit [L0,11,12]
Although some of thesare likely due to previasly unknown stellar copanions, stellar variabiiit

or noise,a few may be newly discoveed extrasohr planets tht trarsit. See Table 1 for a
repregentative saple laleled “Hipparcos Selectéd

Metal Rich Stas Statisical anayses of the population of parent stars of the knowtraswlar
planets indicate thappioximately one in ten matl-rich stas should harbr a short-priod planet.
Given the terpercentchancethat agiven short-priod planetdisplays trarsits, we thegfore expect
tha gpproxmately 1% d the most méal rich stars will hae a plangary companion ddedable by
this project. Acatalog of 206 hghly metl rich stars has éencompiled[13]. See Table Tor a
representdive samplelabeled “Metallicity Sdected”.
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HD209458b Transit - October 19, 2001
Apertures 8,25,70, 8inch telescope, Fremont, CA
RMS = 0.0038 magnitudes
Transit Depth = 0.0176 +/- 0.0015 mag.
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Figure 2. Thetransit of HD 209458-b obse ved in a typical backyard with the prototype telesampe/CCD system. Images were reduced and the
results plotted using commercially available oftware. The light colored dots are individual measuements and the dark triangles arethe
average of 20 measurements. The precision of the average of 20 measurements is about 0.4 % with a time sampling of about 10 minutes.
The transit beginsat JD 245220267. Theend of the transit wasnot observed this night.

51 Pgasi Planets Stars found ¥ radial velocily techniques to harbor assive planets in
short period orbits will be potential mdidates fotransitmeasurements because oei@ge 10% of
these “hot dpiters” areexpectedto transit basedn random orbitainclinations. Seeral of these
“hot Jupiters” are discoered ly radial velocity techniques eeh yea (http:/exoplanets.aq/).

4. The Amateur’'s Role

We have aquired a telescope/CCD/softwareystem repreentative ofwhat a dedieted anateur
might own lak in the “tansit seasori for HD 209458 (illustrated irFigure 1) and tave begin
experiments whose agl is to achieve the cmired photometric presion. A first attempt at
observing the #nsit of HD 209458 ves shownin Hgure 2. These pocedureswill be further
refinedand communica&d to the amateucommunity along with candidatelists, findingchats and
sanpleimages. Of thethousands of anateurs who own the neessay tedesmpdCCD g/stems, it is
hoped that adwv pecent will take up the lallenge and rke the necessgy obsevations
consisteny. A night's worth of data from eacAmateur will consist afeveral doegns imags d
the specifed field of stars. Toreduce thedata each obsrver will dovnload the images ta
personal computer andgaicommercithy availabke software to calibratthe imags and ekract the
photometric brigtnessof each star in &k frame via apert@ photomety. The® tables of
individual brichtness measuremerasong with heir time tag and estimted errorscan then be
imported into a spreadsht prgram esulting in differential photomeiyr and a graph of thessults
(more about he to dothis in Section 6)It is these tables fodifferental stellar brghtness ad
times of observation thatill be transmitted to thieansitsearch.org data enter in eletronic fam,
where thg will be further anayzed, their gality checked, and then placed in an online datab
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alongwith the contribudr’'s identity. Candidatestars that showransit-like events that persist for
severalorbital peiods, ae se&n by more than one obserr and ass ateg for stella companions,
will be added to radialelocity targetlists for swift and unambigpus cofirmation.

Preliminary Target List February 2002

HIP HD Number R.A. Dec. Spectral V Fe/H Distance

Catalay Number (hr.) (deg) type (mag) (dex (parecy

Hipparcos Selected

17972 GJ323 3 63 M1.5 11.5 NA 34.66

5629 11 57 K2V 9.3 NA 38.52

62523 11135 12 24 GV 6.3 NA 17.17

108%9 20948 22 18 GOV 7.9 NA 47.08

111992 GJ 8D 22 43 K8V 10 NA 42.94

Metallicity Selectec

94615 23099 19 19 G5 9.76 0.410 99.30

4663 233611 9 52 GO 9.28 0.335 96.62

66621 11894 13 31 GO 8.90 0.304 73.75

58318 10389 12 53 F8 9.29 0.274 89.21

4908 8668 10 28 GOV 8.05 0.262 99.70

New Hipparcos HD Number RA. Dec. Spectral V o Period (days)/celta
Variades? (hr.) (deg) type (mag)

13313 1774 2 2 K5V 7.0 16.8® 4.73%4/0.1
111278 213617 39Peg 22 20 F1v 6.5 5.071 1.79&5 /0.06
60074 10716 12 16 G2V 7.2 4811 7.13116/0.06
77408 141772 16 1 G8v 76 3.712 4.15717/0.06

4956 SAD11548 1 61 K5V 9.0 2.853 3.01776/0.1
100316 19316 20 21 FOvw 8.0 2.436 20.7231/0.08
18719 SAO 76384 4 20 G4av 8.8 2.406 5.88196 /0.08

Well Known Variable Nane R.A. Dec. Spectral V Epoch Period (days)/celta
Eclipsing Binaries (hr.) (deg) type (mag) Prim, Sec
8115(x27?) V773Cas(Algol) 01 57 A3V 6.2 244800931000 2.9360/0.07, 003?
2483F (x2?) DV Cam (Algol) 5 58 B5V 6.1 244%01086000 1.52%00/0.12, 012?
4720 VVU Ma (Algol) 9 56 A2V 10.3 2448002300 0.68W77/ 08, 01
97263 HZ Dra (Algol) 19 69 A0 8.1 2448007650 0.772843/0.08, 002
11484 RT And (DW) 23 53 F8v 9.0 2448003671 0.62839/0.7, 02

Table 1 —Represenative target stars seleted basedon Hipparcos photometry or high metallicity aswell aspossble new variable g¢ars and
some well known short period edipsing binaries.
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Noise for a 10th Mag. Star and 8 inch Telescope at Sea
Level
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Figure 3. The alculated noise in magnitudes expected from atmospheric santill ation (twinkling) and shot noise for our prototype /stem
(an 8 inch Schmidt-Casserain located at seal level).

5. The Techical Challenge

Achieving photometricprecision ofbetterthan 1% for the lyight starsfound to hae short eriod
planets does notequire a gigantic telescope p a remote mountain-topbservatoy, but it doe
require careful attention to some avoidabknd some unavoidablsouces of noise. Thes ae
primarily atmospheric scintillation (twinkling random noise14]. and CCD noise sowes segh as
dark curent and read nse. For a countingrocess, such as the detectiohphotons, the random
noise is proportional tché squae root ¢ the number of photonseceived. Vpically, scintillation
rather than shot noise sehe precision limit for thbright stars found todve planetsinstrunmental
(CCD) noise souwres seh as eadnoise (15electrons RMS ypical for our ST-7E CCD)and ark
current(less than 1 ektion per second) can’t bgriored. Fgure 3 showsHat for integation times
approachig 100 seconsl scintillation and random noise added &biger esults in totalnoise less
than 0.5%.

6. Howto Achieve Predgse Fhotometry with an Off-the-Shelf CCD

The objective of our obsengmprogramis to measure the reige charme in brigitness of a star that
(potentialy) has a transiting planet as comparal to anothe sta in the same rdatively smdl CCD
field of view. By measung the brghtness of two starsimultaneousl in the same CCD imags,
charges in the tansparencyf the atmosphergclouds) orthe response of the CCD with time
become less important. Bgeasuing the rédative brightness of two (or me) stars, caections due
to first order einction (exinction make stars appear dimmer thether ey arefrom the zenith)
and color deperaht exinction (bluer stars suffefrom greagr exinction) become wgy small or
zeo. In this way the difference in brightness oftwo stars an be compaed ove the entire nght
even though soméimes the stas arenear thezenith ad & other time the stas ma be near the
horizon. Experience with thigdechnique (calledlifferential photomey), reveals that chaes as
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small as 0.2 % in brigness can be measdrin less than perfect obsergronditions if geat care
is taken 9].

Transits of dpiter sizd planets in 3r 4 day period orbits (te soealled 51 Pgasi-b type
planets or “hot jupitet$ in front of solarsized stars last about 3 howasdproducea 1 to 2 pecent
dimming of the star’s ljht. To detect thedeansits we need to lable to:

a) Image the star with thesuspected planet aralsuitable (equayl bright and the same color
ideally) comparison staand keep both well locatlon our CCD for at lesh a transit duration (3
hours) and hogfully all night long. Typically in order to lave reasonablechane of finding a
suitable comparisonat, a field of view that isabout 1/2 dgreeon a sice is ne€essay. For an
ST-7E and an 8 inck/10 telescope foal redce is requied [Figure 4).

b) Take multiple (maypl) CCD imags of our field of interest at intenl@much less than a transit
duration (evey few minutes is vey good) with the precision oeach neasurement beig less
than 1/3 the transit depéxpected. 8ce each imge can be close to 1 meggte, pleny of hard
disk space isequired ard a way to pe@manenty archiveraw, calibratedand calibration imges
(CD-ROM) is recommexted.

Precision — we will define it aghe standard deviatioof the measurements of a constant
brightnessstar (think of precision agherepeatahity of a measureent). Note we are not
very corcernedwith accuracy (tha is, being ale to compare themaghitude of a target star

to that obtainedypsomene else or in aatalay).

c) We need to minimizeystematic efécts prodaed by poor tiacking, focus charges or elescoe
light throughput chages(dew on thecorrector phate for eample). _Goodautoauiding to keep
the stars on the same pés on the CCD chip s@s to be especiaglimportant

d) Allow long enowgh exposures so that thérightness vaations dueto the atmosphere
(scintillation) is not the dominant sourceafor in eachmeasuement.For HD 209458 andn
8 inch telescop, a focalreducerandno filter it is eay to satuwate the CCD in just a second or
two. For the datdrom the nidnt of Octoler 19 2001 we wes foreed to take mag short
exposures and avage them. This is not the begparoach lkecaug g eachtime the CCD is read
out noise isntroduced b) it take 13 seconds anore to read the CCDDuring this time tke
shutter is closed, no lig is beingcollectedand awoguidingis interruped for our 2—chip SBE
ST-7E CCD camera).Taking 100 imayes pe hour makes the dataeduction tedious and
compute memoty intengve. If exposuretimes ould beas long as (for example) 6 minutes the
scintillation noise will hae very small valuegmoreon this in paragph h).

e) We need to be able to repeat results for heestar field on may nightsin a row. To date &
have not detenined howbest to do this.

f) Take vey high precisin calibration frames ttat do not introduce errotigto our results. This
requires takig many bias, darkand flatfield frames ancaveiaging them to produce maste
bias, masterak and naster flat-fields thatare then used taedwce your scienceframes. Flat-
field frames ned to hae at least 100,000 counts perglixfor example 5000 counts per @ik
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Q)

h)

for eachflat and 20flats averaged together to make amasterflat) to not ntroduce gynificant
errors.

CCD limitatiors need to be understood andrkexl aroundIt would ke great if we had the
same CCDs that professional observatore lfvery low noise, vey uniform and vey stable
becaus of liquid nitrogen cooling) but we don’t. Effects such ason-lineariy must be
considered. The CCD can satae (the siliconwells cannothold ary more clarge) or the
anala to digtal conveter (A/D) can satuate fird. Know what happens tpour CCD as more
light falls on it! The counts (analg to digital units or ADUSs) displged by your softwae
reflects what the A/D masuresbut the silicon collects a factof the gain more electrons. So
for example, our antidooming CCD becomesnon-linear abos abou half-well camcity
(20,000 electronsso wehave to limit the ADUs to about 8000 or so pexepi

Carefully account for ad minimize noise sowes. W desire to have as marphotons as
possible to mininze therandom noise inherent gy countingprocess. D get precision better
than 0.3%, 100,000 elikons must be collected (see Tablé ote that in Table 2 below,
44,000 and 440,008DUs exeedthe maxmum A/D counts spcified for the SBIG ST-7E
[15] pixe’s full well capadty. Do not ke disturbed p this! The light we collect will be spred
over mary pixels, what we must paattention o is the peak ADJs in ary sinde pixel. For
example, for tle data we took on thenight of October 19,2001 we achieved about4000 ADU
maxmum in one pxel for HD209458 which for full width half maxmum (FWHM) of about
5 pixels resulted in 500D total electrons (sumad over anapertue of 8 pixels radius) and a
best theoretial precision possible of about 0.5%€r image. In practice,each measwement vas
limited by atmospheric sctillation to about 1.5% precision (theaticalfor a 2 secon@xposure
and about 1.5% actuglmeasurell If the exosure could have been ab@t seconds longve
could havehadtwo 0.3% precision meastemerts per minuterathe thanone 0.5% precision
measurementevely 13 minutes! Fewer higher precision masurenentsare betterthan maoe
lower precision measuments averged togetherbecause the fmer meéhod keeps the CCD

shutter open more of éltime andresults in fewemacges to reduce.

ADUs (for again of 2.3) Electrons Signal/Noise Precision
44 100 10 10 10%
440 1000 316 316 3.2%
4400 10000 100 100 1%
44000 100000 316 316 0.3%
440000 1,000000 1000 1000 0.1%

Table 2. This is the best precision we coud ever expect with zero atmospheric noise, zero detector noise ard no systematic
errors.

1)

The data must be redeat (calibated with flat fields, bias and darkahd the photometr
performed without intralucing additional erors. The selection of apente sizes seems to be
particularly important. This mayequire some tal and error fo your observig setup and local
conditions, so a faciltfor quickly evaluatirg the precision ofyour resultdor differentaperture
sizes is vey helpful. For us MRA AP 6.0 anda spreadshet prggram waked well. Expect to
spend at last afew hous redwing the @ta from eachnight. We found that starapertues on
the small sidewvorked best providedthat tacking and ima@e quality did not vay too much
duringthe nght.
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Figure 4. A sample computer screen siowing HD 20958 (HIP 1088%9) and the comparison star HIP 1083 (left window) from MI RA AP
6.0. To acheve a field of view this large, a bcal reducer was required. The large photometry apertures shown here would not be advised
because it allows the read noisefrom too many pixels to contribute to the noise budget. The upper right window shows a portion for the
photometry report gererated by MIRA AP 6.0 for the image stown, The net count is the total number of dedrons gathered within the
apertures after the background is subtr acted. Note that for thisimage, the dimmer of the two stars (the comparison star) has anet count of
about 20,000 which we know is good for no better than 0.6% photometry by Table 2. Snce this was in fact a 2 sscond exposure we were
limited to 1.5 % precision by scintillation. TheSy Level IV 5.0’'s representation of the field of view of our LX-200 &lescope and ST-7E
CCD is shown in the right window, this alows theobserver to confirm that the correct star field is being imaged.

6. Conclusion

Only one tansiting Jupiter mass short period #asolar planet has bedound to date. Precision
differential photomey ( < 1 %) can b obtainedwith small telscopes and amategrade CCDs
with cardul observirg and data redction. The &rge numbe of such gstems owned Y amateu
astronomers mags it possible for additional tratisig extrasolargiant plarets to be discoved ly a
network of edicated,caeful, and ptient obserers. Thepotential scienfic rewardfrom sucha
discovey easiy justifiesthe effat required. We hopegou will join us!
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