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z1 The Southem Limits of the Ancient Star Catalog
and the Commentaryof Hippar chos

by KEITH A. PICKERING

A Full speedaheadinto the fog

Al  The Ancient StarCatalog(ASC) appearsn books7 and8 of ClaudiusPtolemys
classicwork Mathematik Syntaxis commonlyknown asthe Almagest For centuries,
wellinformedastronomer$iave suspectedhatthe catalogwasplagiarizedirom anearlier
starcatalod by the great2nd centuryBC astronomeHipparchosof Nicaea,who worked
primarily on the island of Rhodes. In the 20th century thesesuspicionswere strongly
con rmed by numericalanalyseput forward by RobertR. Newton andDennisRawlins.
A2  On 15 January2000, at the 195thmeetingof the AmericanAstronomicalSociety
in Atlanta, Brad Schaefer(then at Yale, later Univ of Texas [later yet: LouisianaState
University at Baton Rouge])announced resultthat was instantly hailed from the oor
as“truly stunning”by JHA AssociateEditor OwenGingerich. Schaefehadshavn, to a
very high statisticallikelihood,thatthe ASC wasobsered mostly by Ptolemy According
to Schaeferthe rst threequadrantf right ascensiorin the southernsky were certainly
obsered by Ptolemy(Hipparchosbeingcompletelyruled out); while the fourth quadrant
wasprobablyHipparchos' althoughPtolemycouldnot beruled out. Schaefehadarrived
atthis resultby applyinga comple« anddelicatestatisticaltestto the southerrimit of the
ASC — thosestarsthat transitthe meridianjust above the southernhorizon. Sincethe
southernlimit of obserability changesmarkedly with the obserer's latitude, and since
PtolemyandHipparchoswere v e degreesapartin latitude, this kind of testshouldbe an
easyway to determineauthorshipof the catalog.

A3 | ew to Atlanta speci cally to hearBrad's lecture,becauseof my longstanding
interestin the problem. My interesthad beenpiquedby Schaefes pre-postingof an
abstractof his methodson HASTRO?® in the weeksleadingup to the meeting. After his
lecture,| raisedto him a questionaboutGammaArae, one of the very southernstarsin
the HipparchosCommentaryon Aratos and Eudoxosthat is alsoin the ASC; | pointed
out that underSchaefes proposedatmosphereafter applyingthe effects of atmospheric
extinction, it wouldhaveamagnitudeof 6.7from Rhodes— makingobserationimpossible
for Hipparchos.In a private chatafter the lecture,| warnedSchaefetthatthattherewas
morethanjust onestarthatwould give him problemsin this regard. Sowhenno paperon
the subjectwaspublishedin the monthsthatfollowed,| gured thathe hadtakena good
look atthe Commentaryrealizedthe obvious,andquietly let the wholething drop.

! Editor, DIO, Box 999, Watertavn, MN 55388.

2The Hipparchanoriginal is now lost, but is attestedto have existed by Pliny — and also (by
implication) attestedy Ptolemyhimself: Almagest7.1states'the x ed-starbserationsrecordedy
Hipparchuswhich areour chief sourcefor comparisonshave beenhandeddown to usin athoroughly
satishctoryform.” (Toomer1998,321.) The“thoroughlysatishctoryform” referredto cannotbethe
Commentarybecausé’tolemyimmediatelygoeson to attestabout80 starsobsered by Hipparchos,
and39 of themdo notappeain the Commentary

3The internetdiscussiongroup on the history of astronomy HASTRO-L, can be subscribedoy
sendinganemailto listserv@WVNVM.WVNETEDU andin thebodyof themessageput “subscribe
HASTRO-L". Thediscussiorarchivescanbefoundat
http://wwwwvnet.edu/htbini$tarch?hatro-l&a: scmccarchves.
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A4 It turnedout thatmy optimismwasunjusti ed. In February2001,the Journal for
the History of AstonomypublishedSchaefes paperon the southernimit of the ASC as
its leadarticle,a Titanic pieceof 42 pages’ bouyedby Unsinkablestatisticalresults. And
not oncein thosepagesdid Schaefementionthe HipparchosCommentarymuchlessthe
very seriousimplicationsit holdsfor the southernimit of the ASC. But the Commentary
hasbeenwaiting for 22 centuries|ike anicebeg unseerin thefoggy night.

B Why the Southem Limit is Firmly Hipparchan

B1 The problemhereis both simple and unevadable. Thereis only one surviving
completework by Hipparchos,his Commentaryon Aratos and Eudoxos a work that
mentions(often with partial positions)some400 stars. And the southernlimit of the
Ancient Star Catalogis almostexactly the sameas the southernlimit of Hipparchos'
Commentary(see gure 1). Therefore,both works musthave beenobsered from the
samelatitude. And sincewe know without doubf thatthe Commentaryasobsened by
Hipparchoson Rhodes the ASC musthave beenobsened from there,too. Or, to putit
anothemay: if theCommentanandthe ASCwereindeedobseredfrom v edegreesapart
in latitude, thenwe shouldexpectto see— glaringly in gure 1 — a v e-dgreegapin
the southernlimits of the two works. Thereis no v e-dgreegap;the actualgapis zero.
Thereforeary procedurehateliminatesHipparchosasthe obserer of the ASC, basecbn
astatisticalanalysisof the southerrimit, will alsoeliminateHipparchosastheobsenrer of
the Commentarytoo: aknown incorrectresult.
B2  After his lecture,Schaefepostedmy commentaboutGammaArae on HASTRO
(2000-1-27),andrefutedit by (a) wildly mis-computingits probability of obseration at
1.5%,and(b) incorrectlyspeculatinghat“therearelik ely to be of order50 starsalongthe
southerrhorizonthathave comparablg@robabilities; makingit lik ely thatatleastonesuch
wasseen. In fact, using Schaefes atmospherand probability function (equationl) for
the rst threequadrant®f Right AscensionGammaArae hasa post-atinction magnitude
= 6:7, giving an obseration probability of .0008, or about20 timeslesslikely® than
the numberhe quoted;andif we take “comparableprobabilities”to meanary probability
betweerhalf andtwice thatof Arae,thereareonly 13 stars(in declinationsbelov 45
in the rst threequadrants}that qualify for this 1-in-1400chance. Thus Arae aloneis
sufcient to rejectSchaefes atmospherand-omrobabilityfunctionfor Hipparchosatthe
99%con dencelevel.
B3  But GammaAraeis notthe only starthatgivesus problems;similar problemscan
be foundwith mostof the far southernstarsin Hipparchos'Commentary Using a cutoff
declinationof 45 atepoch 140.0,andtheidenti cations of K.Manitius' edition (z2
fn 8), thereare 13 starsmentionedn the Commentaryhatappeaiin this region of the sky.

4This mustbesomekind of record.JHA hasnow devoted3 leadarticlesandover 100 pagesduring
thepastl5yearsJargely attemptingto refutejust one-halfof onepapey Rawnlins 1982. (Thelatesttry
totally ignoresthe otherhalf of thatsamepaper) If theconclusion®f Rawlins 1982werewrong, this
might bejusti ed; but sincethoseconclusionsarein factcompletelycorrect,the honorof beinglead
authorin JHA is becomingsomethingof anembarrassmenatleastwhenwriting aboutPtolemy

5 Thelatitudeof the Commentancanbe rmly x ed, becausahe work containsseveral hundred
positionsof starsdescribedaccordingo thedegreeof theecliptic thatrisesor setssimultaneouslyvith
therising or settingof the star It is not disputedthatthesehorizon-basegphenomenaigidly tie the
work to a particularhorizon,i.e.,aparticularlatitude— in thiscase36 North,thelatitudeof Rhodes.

5 Declinationof AraeatCommentargpoch 140is 50 .494;truealtitude= 3 .106,apparent
altitude= 3 .331,which (by Schaefes atmosphereyives14.2 Rayleighairmasse& (at.1066m/Z,
=1.51m); 10.20zoneZ (at 0.031m/Z, =.32m) and 16.6 aerosolZ (at 0.0924m/Z, = 1.53m) for a
total extinctionof 1.51+ .32+ 1.53= 3.36,whichcombineswith  Arae's pre-atinction M of 3.31to
yield post-etinction magnitude = 6.67. (Schaefes airmassormulaegive slightly highernumbers
thanthoseof fn 39, which just makesmattersworse.)Following eq 1 below, P=.000758.
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Southern Limit of the Commentary
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Figurel: The southernimit of Hipparchoss Commentaryon Aratosand Eudoxos com-
paredto the southerrlimit of the AncientStarCatalogin Ptolemys Almagest Positionsof
catalogedstarsarefor epoch 140.
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All 13 of thesestarsarein the rst threequadrant$ of right ascensiorat this epoch(the
sameareaof the sky Schaefernds wasobsered by Ptolemyin the ASC). Thereforewe
will con ne thisanalysigto justthe rst threequadrant®f RA from now on.

B4 Ideally, we would nowv determineHipparchoss personalequationor P function:
thatis, the probability of him observingary starbasedon its magnitude(after applying
atmospheriextinction). However, thisfunctionis dif cult to determinaewithoutacomplete
catalog.If astardoesnotappeaitn the Commentarytherearetwo possiblereasons(A) it
may not have beenvisible to Hipparchospr, (B) it wasvisible, but heleft it outbecausé
wasnotimportantto him atthetime. Herewewill malkethehighly conserative assumption
(A)in all cases.

B5  Usingan equationin the form usedby Schaefer2001, we startby determininga
probability function basedentirely on the Commentary(without referenceto the ASC).
For anobsererat 140.0andlatitude36 , usingall starswithin the rst threequadrants
betweerdeclination0 and 30 , the probability of obserationfor the Commentarys:

Pc= 1=(1+ b7 3:23))

where s the post-atinction magnitudeof the star If we combinethis equationwith

Schaefes assumeditmospheriextinction (k = :23 magnitudegperairmass)andrun a
repeated-trialeastsquaredestto determinethe authorof the Commentary(in the same
mannerthat Schaefe2001determineghe authorof the ASC), we nd thatthe rst three
guadrantsof the Commentarywere obsered from latitude 30 North in 600 AD, and
Hipparchoscanbe eliminatedasthe authorof his own work at a 99% con dencelevel.

Which quickly givesusanideaof how badlythingscangowronghere.

B6 Clearly thereis a problem,andthe P function seemsa likely culprit. We need
a P function for Hipparchosthatwill increasethe computedprobability of obseration.
Suchafunctionmorenearlymatchesvhathewould have gottenhadhe obseredanentire
catalog.As a rst approximationjet ususeSchaefes dervedP functionfor the rst three
guadrantf the ASC (which might be Hipparchanin ary case given the overwhelming
evidencethatHipparchoswvasin factthe ASC's obserer). This equationis:

P = 1:(1+ e3:3( 4:49)) (1)

In this equationthe constan®.49(calledmlim) is themidpointof the function (thatis, the
magnitudeat which the probability of obsenationis 50%);andtheconstanB.3 (calledF)
is ameasuref thefunction's steepness.

B7  As a quick testof this function, we can nd the probabilitiesof obsenration for
thesel3 stars,using Schaefes atmosphereandP function for the rst threequadrants.
For epoch 140at latitude 36 .4 thesestarsandtheir probabilitiesare:  Cen,.9907;
Cen,.9899; Cru,.9787; Vel,.6114; Ara,.0536;0 Vel,.0520; Pup,.0248; Car,
.0213; Ara, .0190; Ara, .0142; Eri, .0063; Car .0023;and Ara, .0007. The
probability thatHipparchossaw all 13 of thesestarsundertheseconditionsis the product
of the probabilities,or 2:6 10 8, which is rejectionat aboutthe 9-sigmacon dence
level. In otherwords,the sameassumptionthatrejectedHipparchosasthe obserer of the
ASC's rst threequadrantatthe 7-sigmacon dencelevel (in Schaefe2001)canalsobe
usedto rejectHipparchosasthe obserer of the Commentaryat aboutthe samelevel. And
sincewe know thatthis resultis falsefor the Commentarywe have goodreasorto believe
thatatleastoneof theunderlyingassumptionsnustbewrong.

"This ts with Schaefeg obserationthattherearedifferencesn thesoutherrsky betweerthe rst
threequadrantandthefourth, althoughit alsoshavs thatthesedifferenceggo backin time atleastto
Hipparchos However, thereis amuchsimplerexplanationfor thesedifferenceghantheoneSchaefer
proposesseexC8.
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B8  Of course,the kind of probability-multiplicationin xB7 is very simplistic, since
it ignoresother starsnot obsered, i.e., it doesnot accountfor the numberof chances
Hipparchosvould have hadfor theseobsenations. We canmalke ourresultformal by using
astandard 2 test. Usingequationl andSchaefeg atmosphereye canderive atheoretical
distribution of thenumbersf starsthatHipparchosshouldhave obseredin this regior® of
thesky, andcompareour theoreticalistribution to the actualdistribution of obsenedstars
in the Commentaryandrun a 2 test. Sinceour P function wasderived from the ASC,
which has1025stars,andwe areapplyingit to the Commentarywhich has400,we would
expectthatthefunctionwill overstatehenumberof starsin theCommentanatevery point
in thesky. But thatis notwhatactuallyhappensvhenwe look at the southerrimit:

range  Nstars Nfound PredictedN 2
0-4.49 8 5 6.70 0.431
4.5-4.99 2 1 0.70 0.129
5-5.49 12 5 0.76 23.636
5.5-5.99 15 4 0.23 61.099
6-6.49 19 1 0.07 11.767
6.5-6.99 48 0 0.02 0.024
Totals 104 16 8.49 97.085

B9  Theimportantcolumngo compareareN found(numberof starsn theCommentary
against'PredictedN found” (numberof starsthatshouldbein the Commentaryunderthe
assumeditmospherandP function). As you cansee thetheoreticalistribution doesnot
muchlook like the actualdistribution; the Commentarncontainsfar too mary dim starsto
have beenobseredthroughthis atmosphereFurther eventhoughwe would expectthe P
functionto predictmore starsthanare actuallyin the Commentarythe function actually
predictsless Notonlyis 2 out of whack, it is out of whackin the wrongdirection. In
this casethe 2 valueis a huge97, which implies that Schaefes atmospherend/orP
functioncanberuledoutfor Hipparchosata very high con dencelevel ®

B10 ForarytheoreticahnalysissuchasRawlins 1982or Schaefe2001to bebelievable,
the Commentarystarsmust be visible to Hipparchos becausave know that Hipparchos
obsered thesestars. Therearethreewayswe cando this: we canalterthe atmosphere;
we canalterthe P function; or we canmove the latitudeof Hipparchos.This laststratey
(moving Hipparchos)doesnot work, becauseof the constraintdiscussedabove (fn 5).
Therefore,we musteither cleanup the atmospherer alter the P function; andin fact,
we will needto to both. But makingthe Commentaryisible to Hipparchoshasobvious
implicationsfor the ASC aswell.

B11 As ary obserer knows, the clarity of the atmospheraliffers widely from night
to night. This is causedprimarily by the large variability in the amountof suspended
aerosol’ in the atmospherdsuchasdustandair pollution). Sowe canimprove the t
betweenthe actualandtheoreticaldistributions by lowering the amountof aerosolin the
theoreticabhtmospherantil the 2 valueminimizes.Again usingequationl, the 2 value
for Commentargtarsminimizesat null aerosol:

8 Herel take thesouthernmost0 degreesof thesky, betweeraltitudesd (apparentand10 (true),
assumingatitude 36 .0 for Hipparchos. The samel0-dgree swath is also usedfor Tycho (from
WandsbeckxD10) andfor Hevelius (from GdanskxD11).

® For 5 degreesof freedom,a 2 of 97 impliesa probabilityP = 2 10 1°. Substitutingthe
Commentanderived equatiorB5 for Schaefeg equationt justmakesmattersworse;the 2 becomes
157.

10 Therearethreecomponent®f atmospheriextinction: Rayleighscatteringoy gasmoleculesin
theatmosphereMie scatteringrom suspendederosolsandmolecularabsorbtiorin thevisible band
from thestratospheriozonelayer Computationaproceduresisedin this papercanbefoundin fn 39.
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range  Nstars Nfound PredictedN 2
0-4.49 17 10 13.95 1.119
4.5-4.99 12 4 3.34 0.131
5-5.49 24 2 1.99 0.000
5.5-5.99 28 0 0.44 0.436
6-6.49 54 0 0.17 0.172
6.5-6.99 113 0 0.07 0.066
Totals 248 16 19.95 1.925

Thetwo distributionsarenow muchcloser andgivea 2 valueof 1.9 ata total extinction
coefcent k = :136 magnitudeperairmass.But thisvalueis solow — almostno aerosol
— thatsomemight suspecthatmorethanjustthe atmospherés wrong here.

B12  Alternatively, wecanminimizethe 2 byleavingtheatmospheraloneandaltering
the P function. Here the critical parameterfor visibility is mlim, the post-etinction
magnitudeatwhich probability of visibiliy is 50%. Thesimplestproceduras to holdtheF
paramete(function steepnessjonstantwhile allowing mlim to vary; this yieldsan mlim
of 5.34( 2 = 2:29), nearlya magnitudedeepethanequationl. But if thisP functionis
valid for Hipparchosthattoo would invalidatetheresultsof Schaefe2001.

C The probability of catalogingstars

Cl Therearethreeimportantdifferencesn theanalyseof Rawlins 1982andSchaefer
2001thatareresponsibléor theirdifferingconclusionsTheseare: theprobabilityfunction,
atmospheriextinction, andthe selectionof stars. All threeareimportantto the method
usedby both Rawlins andSchaefein determiningthe southerrlimit.
C2 Briey, the methodis this: start by assuminga given atmosphereP function,
latitude,andepochfor the obserer. Then,for eachstarin the southerrsky, nd its post-
extinctionmagnitude andusetheP functionto determinadts probabilityof beingseen.If
thestaris notactuallyobsered(i.e.,if it' snotin theASC),addthis probabilityto arunning
total; but if it is in the catalog,subtractits probabilityfrom 1, andaddthedifferenceto the
runningtotal. After checkingevery starin the sky, you have a nal total of probabilities
for this setof assumptionswhich Schaefercalls Q. Thenyou repeatthe whole process
usingadifferentlatitudeand/orepoch.Therewill beonelatitudeandepochfor which the
nal total Q is ata minimum, andthatis the indicatedlatitudeandepochof the catalogs
obserer.
C3 Schaefebgyinsbyidentifyingthemodernstarsthatappeain theASC, by reference
to Peters& Knobel(1915)andToomer(1998). For thethreestarsnotidenti ed by P&K,
Schafel(withoutsayingso)follows Grahof 1990in adopting78 Cetfor PK716,73 Cetfor
PK717,andHR859for PK788. But thislasthasa pre-ectinction magnitudeof 6.34,making
theidenti cation unbeliezable. For betteridenti cations of theseand otherquestionable
stars,seez5 laterin thisissue.
C4  Our rst problemis to derive the P function. When tting his function, Schaefer
usedthestars'raw (un-extincted)visualmagnituded/ (Schaefe2001,15;V de nedonp.
6). Thisisacolossablunderwhichinvalidateseverythingthatfollows, becaus¢hestatistic
Q iscomputedisingthestars'extinctedmagnitudesin otherwords,Schaefestartswith the
implicit assumptionthatastarof V = 4:49 hasa50%probabilityof obseration; butwhen
heactuallycomputegheprobabilityof thatvery samed.49star headds(for anaveragestar
viewedatanaltitudeof 30 , throughl.5 atmospheresB5 magnitude®f extinctionto get
= 4:84, meaninghatthecomputedorobabilityfor thatallegedly50%starbecome®nly
25%. In the samemanney a starwith an allegedly 25% probability dropsto 10% under
the sameconditions. Evenif the startransitsat the zenith, the derived probability of an
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allegedly 50% starbecomenly 32%. In otherwords, Schaefes no-extinction front-end
presumptiorviolatesthe statisticalrequirementsf his back-enccomputationascheme.
C5 Equally inexplicable is the way Schaeferderives this function. To begin with,
he derives the two key function parametergF , function steepnessand mlim, function
midpoint) separately To nd mlim, Schaefeputsall starsinto magnitudebins, andthen
nds a 2 for a given magnitudedistribution; then he minimizes 2 to getmlim. The
F parameteis determinedasa free parametein his nal probability computation.This
might work in principle, but it is much simplerto derive both F and mlim beforehand,
usinga simultaneoudeast-squared. Not only doesthis avoid the very real problemof
inadwertantlyinducedbiasfrom the choiceof bins, but it alsoreducesy 1 the numberof
freeparameterthatmustbevaried (anddetermined)n the nal compuatation.

C6  But this straightforvard proceduredoesnot give the samebimodality in F and
mlim which is oneof Schaefes primary results. This raisesthe questionof whetherthe
bimodality is real, or merelya computationahbrtifact. Whatwe seeinsteadis more of a
bipolardistributionwith thedeepesvaluesin quadranté (matchingSchaefes nding) and
the shallavestoppositein quadran®, with quadrantsl and3 intermediatéetweerthese.
C7  If weweretryingtoreplicateSchaefemwewouldignoreextinctionin thisstep which
givesthe resultsbelan, usingall starsbetweendeclinations 10 to 30 atPtolemys
epoch.(Thisis Schaefes sample with the derived parametergiven rst, andtheslightly
differentresultsbasecbn the staridenti cations of z5 in parentheses):

1stquadrant mlim=4.71 .03 F=5.05 .70 (4.72,4.75)
2ndquadrant mlim=4.38 .04 F=3.80 .49 (4.38,3.80)
3rdquadrant mlim=4.65 .03 F=3.87 .46 (4.66,3.76)
4thquadrant mlim=5.23 .03 F=4.93 .69 (5.23,5.39)

Thesemlim valuesare alreadyabout.2 magnitudesdeeperwith this methodthan with

Schaefes (they would be deepesstill usingextinction); andalthougha few changesn star
identi cation have little effect on mlim, they canhave alarge effecton F, asthe function

canshallov out markedly while trying to make someallegedly-seenultra dim starappear
atleastsomavhatmorereasonable.

C8 Thereasorfor differing valuesamongthe four quadrantcertainlyhasmoreto do

with the positionof the galacticplanethan Schaefers explanationof multiple obserers.
The starpoor region aroundthe SouthGalacticPoleis in the fourth quadrantwhile the

galacticplanecutsright throughthe heartof the southerrsky in the secondquadrant.We

cancon rm thisby usingaleast-squaretestto derive thevaluesfor mlimatvaryinggalactic
latitudes. Herel do sofor the absolutevalueof galacticlatitude,for starsatepoch 140

with declinations> 30 :

AbsoluteGalacticLatitude mlim

00 -15 4.39
15 -30 4.63
30 -45 4.76
45 -90 4.75

It is clearthat mlim valuesare substantiallylower in the Milky Way (at galacticlatitudes
<30). Soit seemghatthe catalogersimply missedmore starsin areaswherestarsare

dense andhastaken morein areaswherestarsare sparse.In fact, the catalogentells us

explicitly ontwo occasionshatheis engagingn exactlythis practice:for boththePleiades
andthe Comacluster the catalogemotesthe positionsonly of the edgesof the clusters,
leaving their starrycentralmasseso ourimagination.

C9 Basedonhis nding of bimodality Schaefernds 12 constellationgout of 48) that

shav a“Hipparchan”-styledeeplimiting magnitude.lt is no coincidencehat 10 of the 12

(83%) arelocatedin thathalf of the sky morethan30 degreesfrom the galacticequator
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C10 Theimplication: sincethecatalogetooksdeepewherestarsaresparsethenthefar
southerrhorizonshouldalwaysbeconsideresgparsebecausef the effectsof atmospheric
extinction. This idea— thatHipparchodooks moredeeplyin the far southernsky — is
alsosuggestedby aninterestingobsenation: while the Commentanasa whole mentions
about400 stars,or 40% of the ASC total, it contains8 out of the 10 southernmosfASC
stars,doublethe usualratio. Therefore whenrunningour statisticaltestfor the southern
limit, we arefully justi ed usinga P functionthatis basedon a starpoorregion'! of the
sky. (Rawlins 1982did exactly this.)

C11 It is alsological thatthe catalogemwould look deeperin areasof the sky thathe
nds useful,speci cally the ecliptic. Usingthe samesampleof starsasabove,| nd:

AbsoluteEcliptic Latitude mlim

00 -15 4.71
15 -30 4.65
30 -45 4.46
45 -90 4.42

Herethedeepespartis closesto theecliptic,asexpected.Thereforethevery deepespart
of the sky shouldbe thoseareasof the ecliptic thatarefar from the galacticequatoy and
choosinghoseareador our sampleshouldgive usthedeepespossibldimiting magnitude,
which we needfor Hipparchogo seethe Commentangtars.

Cl12 Wemustalsoconsidetheveryimportantquestiorof whetherafunctionof theform
chosenby Schaefelaccuratelyrepresentshe true probabilitiesof a starbeing cataloged.
Schaefes functionis inverselysymmetricalaroundthe 50% magnitude by which | mean
thatfor a typical mlim valueof 5, the chancef cataloginga magnitude7 starwould be
exactlythesameasthechance®f missingamagnitudes star But thiscannotbetrue,since
thereis onemagnitude3 starmissingfrom the ASC ( Tauri) out of abouttwo hundred
possibiliteswhile thereis notasinglemagnitude’ starin thecatalogoutof severalthousand
possibilities. Therefore the real probability function is slightly assymetridrom the 50%
magnitudeandwe canaccounfor this by addinganexponentto the P function. We will
nd this exponentasanadditionalindependenvariablein ourleastsquarest.

C13 Torecap,in orderto derive a correctP functionfor Hipparchoswe will: 1) use
post-atinction magnitudes2) determineg~ , mlim, andthe exponentsimultaneouslysing
a 3-dimensionaleast-squares; and3) sampleonly areasof the sky far from the galactic
equatorandnearthe ecliptic. Our samplewill beall starsmorethan60 from the galactic
equatorandlessthan30 from the ecliptic, above declination 30 , for latitude36 at
epoch 140. This samplecomprises355starsof V < 6.9, of which 58 arein the ASC 12
Usingthis sampleandanextinction coefcient of .182(justi cation for thisin fn 18),1 nd:

P = 1=(1+ et 65310 )

It turnsout thatthe exponentis only weakly recoreredbecauseghereis a large family of
nearlyidentical curvesfor which the sumof squaress not muchdifferent. The absolute

1 Thiswill alsoallow usto usea slightly thicker atmospher¢hanotherwise.

2. Of the 355, twenty-ninearein the Commentary But aswe have seenabaove in fn 9, our task of
makingthe Commentaryisible will be mucheasierif we usea P function derved from the ASC.
Somemayobjectthat,if PtolemyobseredtheASC,thenwewouldexpecthisP functionto differ from
thatof Hipparchos But sincetheoverwhelmingweightof evidence(e.g. gure 1) pointsto Hipparchos
astheASC'sobserer, we areentitledto provisionallyassumehisasbeingtrue. If, asSchaefeasserts,
thedebateon theastrometricevidencehascometo a standstill,it is only becausétolemys defenders
have completelysurrenderedn that front. The resoundinglyconclusie astrometricevidencesof
Newton 1977, Rawlins 1982, GralZhof 1990, Rawlins 1994, and nov Duke 2002 have inspiredno
worthwhile counteragumentsfrom ary Ptolemyapologistsigni cantly including Schaefehimself.
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least-squaresalue occursat very high exponents:® but the uncertaintyin the exponent
alsogrows unacceptablyarge at thesevalues. Holding the exponentto 10 resultsin an
easiercomputatiorwith little changen the tness of thefunction. Equation2 yieldsa50%
probability of obserationat = 4:97, nearlythe valuewe would have gottenwithout the
exponent( = 4:93).

D Atmospheric extinction

D1 Rawlins 1982 supposech very clear atmospheren the bestnights of observing
(k = :15 magnitudegerairmass)hile Schaefeputsthe atmosphereonsiderablymore
opaqueon the bestnights (k = :23 magnitudeser airmass). This is important, since
southerrnstarsareall obsered at low altitudes(thatis, througha lot of air anddust),and
smallchangesn opacityhave large effectson visibility whenobservingnearthe horizon.
A moreopaqueatmospherenavesthe catalogs obserer southvard (putting the southern
starshigherin the sky to compensatéor atmospheri@xtinction; seexH5.)

D2 Butit is easyto shav that Hipparchos(and other pre-industrialastronomerspb-
senedthrougha very clearatmosphereBy usingdatain the Commentarywe canderive
theclarity of Hipparchos'atmospheréy examiningthe southerrimit of this work, whose
latitude(36 North) andepoch(ca. 140BC) areknown; andwe canapplythesameproce-
duresto the naked-g/e catalogsof TychoBrahe(1601)andJohannesievelius (1660). We
will employ two independenmethodgo dothis.

D3  Our rst methodwill apply atmospheri@xtinction to the starsin the Commentary
and checkfor differencesin brightnesshasedon their positionin the sky. Supposefor
example,that we assumea too-thick atmosphere In that case the catalogedstarsin the
very southermartof the sky will beextinctedfartoo much;they will have post-etinction
magnitudegreateronaveragethanthanthosefarthemorth. Butit is silly to expectthatan
astronomewould seevery dim starsonly nearthehorizon,while ignoringthemelsavhere.
Thereshouldbe no differencein post-etinction magnitudesbasedon locatiort* in the
sky, andwe canadjustthe aerosolfraction until this conditionis met. This will give us
the aerosoffraction (andtherefore the extinction coefcient) underwhich the catalogwas
obsenred.

D4  Wetestfor this conditionby computingthe correlationcoefcient r between , the
post-etinction magnitudeandX a, the numberof aerosolirmasseshroughwhich a star
is viewed (seefn 39). For a given star the numberof airmassegloesnot changewith
the aerosolextinction coefcient (which is a function solely of the star's altitude), but
does,quite signi cantly for low stars. So X 5 is a goodway to weight eachstar's datum
by the amountof aerosolinformationit contains. If starsarerandomlydistributedin the
sky, the correlationr betweenthesevariablesshouldbe zero, indicating no relationship
betweemost-atinction magnitudeandpositionin thesky. In practice however, theremay
beslightbiasesatvariouslatitudesandepochdecaus¢heactualstarsat southerrimit for
a given obserer may be distributed non-randomlyin magnitude. For example,Canopus
is the second-brightesttarin the sky, andit is right at the southerrimit for Hipparchos.
Its presencen the Commentaryandin the ASC) drivesthe expectedvalue of r slightly
negative, becauset is viewed throughvery mary airmasses.| testedfor this effect by
creating100 Eseudo-catalogef starsfor the latitudesand epochsof several naked-g/e
astronomer$® atvariousvaluesof aerosokextintion k », andderiving the meancorrelation
coefcient for eachk 5. Theresult( g 2) shavsthattheexpectedvalueofr isindeedclose

13 This formally con rms thatthe P functionis inverselyassymetricalsinceonly anexponentof 1
resultsin asymmetricfunction.

14 Thistestwas rst suggesteih Rawlins 1993(DIO 3 xL10).

151 con nedthesecataloggo apparentltitudes< 30 degreesbecausseelctionof starshigherthan
thatis notdueto atmospherieffects.
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Mean value of r for 100 pseudo-catalogs

0 /.\/'
"<:><r\_/./ —+— Tycho
E -8 Hevelius
2 —i— Hipparchos
—+— Ptolemy
F
'006 T T T T T T 1

0 003 006 0.09 012 0.15 018 021
Aerosol extinction coefficient

Figure2: ExpectedcorrelationbetweerX , andV undervariousassumptionsf extinction,
for variousobserers.

to zerofor TychoandHevelius,andslightly negative for HipparchosandPtolemy

D5 For the Commentarythe correlationbetweenairmassZ andmu matchedhe ex-
pectedvalueof .045at anaerosolextinction coefcient of ka = 0:012 0:01, which
implies a total extinction coefcient of .145magnitudegerairmass.| repeatedhe same
testwith othernaled-g/e catalogsandwith the ASC'® undertwo differentassumptionsf
authorshiptheresultsarein Tablel. All the pre-industrialcatalogsmply a consistently
low ka, exceptfor the ASC underthe Ptolemaicassumption. Note particularly that the
ASC underthe Hipparcharassumptiorgivesa similar resultto thatwe obtainedfrom the
Commentarywhile underthe Ptolemaicassumptiorthe ASC hasanaerosofractionmary
timeslarger’ thanthe Commentary

Observer, catalog ka k

HipparchosCommentary 0.012 0.145
Tychocatalog 0.029 0.161
Heveliuscatalog 0.026 0.159
ASC, Hipparchosassumption 0.027 0.160
ASC, Ptolemyassumption 0.212 0.345

Tablel: Derivedvaluesof aerosolandtotal extinction ka andk, usingmethod1.

6 For Tycho, | assumedhe latitude of his obseratory at Hven, and eliminatedfour Centaurus
starslikely obsered from WandsbeckseeDIO 2.1 z4 xG2, also DIO 3 xM5 (D1001-1004)and
fnn 95&156.)

17 Evenif we con ne ourselesto obserationsoutsideof the ASC, thereis evidencethat Ptolemy
too, obseredundervirtually aerosol-freeskies: seePickering2002belowv atz5 fn 8.
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D6  Our secondmethodfor determiningthe extinction coefcient of the Commentary

will usetheP functionwe obtainedabore™® in xC13.

D7  We proceedasbeforein xB3, this time usingequation2, (with the samesampleof

Commentanstars)andvarying the aerosolcomponentbf the atmospherd¢o minimize the
2 value. Theminimumvalueoccursatk = :182 magnitudeperairmass:

range  Nstars Nfound PredictedN 2

0-4.49 10 6 9.38 1.217
4.5-4.99 8 4 4.44 0.043
5-5.49 18 5 5.71 0.088
5.5-5.99 18 1 1.62 0.236
6-6.49 32 0 0.24 0.242
6.5-6.99 67 0 0.02 0.021
Totals 153 16 21.41 1.847

The probability associatedvith this 2 = 1:8 is 87%, far out of the rejection region.
Keepingthis best- t atmosphergk = :182) but substitutingequationl givesa 2 of 22.7,
allowing usto rejectequatiori for Hipparchosatthe 3-sigmacon dencelevel. Ontheother
hand,the best- t P function (equation2) combinedwith Schaefes atmospherdk=.23)
givesa 2 of 97,whichallows usto rejectSchaefes atmospheréor Hipparchosatahuge
con dencelevel (P = 2 10 !°). Soonly a combinationof very clearatmospherand
deepP functionwill allow Hipparchogo obsere the Commentaryaswe know hedid.

D8 Recallthatequation2 (like equationl) wasderivedfrom the ASC, with 1025stars,
andis being appliedto the Commentarywith 400. When 2 minimizes, the predicted
and actualdistributions are close; but we shouldreally expect that the numberof stars
predictedby the ASC-derved functionto be muchgreaterthanthe actualnumberseenin
theCommentaryIn otherwords,thesererelyconserative assumptio\ (seexB4)implies
thatthe derived extinction coefcient of k = :182is anupperlimit only; sofrom this we
canrejectthek = :23 of SchaefeR001,but we cannotrejectthek = :15of Rawlins 1982.
D9 In addition,we notethata very clearatmospheravas not uncommonin the pre-
industrialera. For example,from his homein Knidos (36 40 North), Eudoxos(ca. 360
BC) obsered Canopuswhich at that time and placewas transitingthe meridianat an
altitudeof lessthanl1 degree.UnderSchaefes atmospherehestarwould have hadapost-
extinction magnitudeof 7, makingobsenationimpossible.Underak = :18 atmosphere
(ka = :04), its magnitudevould have beenareasonabld.7.

D10  Whenwe look atthesouthernmosstarsin TychoBrahes nakedeye catalog!® we
nd thatunderSchaefels atmosphereanumberof themwouldlie beyondtheconventional
6-magnitudenaled eye limit, even assuminghatthey were seenfrom his southernmost
obsenratory at Wandsbeck. When| repeatthe abave 2 testfor the southernmosstars
in Tycho's catalog,| nd thathewasobservingthroughan even cleareratmospherg¢han

18 Thereis a possibleobjectionat this stagefor circularreasoningrom usingthis function. Recall
thatwe neededavalueof k = :182to determingheP function,yet now we will usetheP function
to determinek. This situationis easilysolvedby aniterative processsimilarto solvingM in Keplers
equation: we startby assumingsomevalue of k (I startedwith k = :2, but ary valuewill do)to
determineP function. Then,we usetheP functionto derive the extinction coefcient k fromour 2
test;thenusethederivedk to re-derve the P function,andsoon. In practice,it only takesabouttwo
or threeiterationsuntil thevaluefor k converges.

19 Rawlins (1993)DIO 3. Theepochof the catalogaspublishedis 1601,but | have used1590.0as
the epochof obseration for computationapurposes. have alsoconseratively assumedhat Tycho
obseredthe entirecatalogirom WandsbeckKlatitude53.567N), eventhoughprobablyonly ahandful
of starsweretakenfrom there ratherthanfrom his obseratoryatHven(56.907N). Usingthenortherly
Hvenlocationwould have madeTycho's atmosphereven clearerthantheresultpresentedhere.
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Hipparchogk = :158). Oddly, in Schaefes analysisof Tycho's catalog,he omittedthe
southernmosstarin thatcatalog(2 Cen). He mayhave hadgoodreasorfor doingso2° but
it seemsddthathefailed evento notethe fact of this omission.Because Cenis sodim
(V=4.19),it is likely thatincluding eventhis singlecritical datumwould have throwvn his
derivedlatitudefor Tychointo a coclked hat.
D11 A comparablyclearatmospherés foundwhenwe examinethe naked eye catalog
of Johannesievelius (Baily 1843). Although the epochof his catalogis 1660, after the
invention of the telescope Hevelius preferredthe naked eye for astrometricwork, and
publisheda completecatalogon the basisof his naked eye obserationsalone. The same
2 testfor the southernmosstarson Hevelius's cataloggivesa total extinction coefcient
k = .170,similarto otherpre-industrialobserers.
D12  For the record, Tycho's southernmosstar (2 Cen,V = 4:19) transitsat 2 .0
apparent;Hevelius' southernmosstar ( Sgr, V = 1:81) transitsat 1 .5; Hipparchos'
southernmosstar in both the Commentarnand ASC (CanopusyY =  0:72) transitsat
1 .3;andEudoxos'southernmositar(CanopusjransitsatO .9. Comparghesevalueswith
the southernmosstarin the ASC underthe Ptolemaictheory(Acrux,?* V = 1:28): 6 .1.
ThusSchaefes claim thata Hipparchanobsenration of Canopusvould be “unreasonable
in light of Tycho's limit” (Schaefe2001,28)is doublyridiculous: rst becauseave knov
thatHipparchodlid in factseeCanopus— it' sright therein the Commentaryandsecond,
given the dimnessof 2 Cen, Tycho's extinction limit is actually lower than Hipparchos
would needto seeCanopus.It would be far more accurateto say that Ptolemys missed
obsenration of (to take just the mostolbvious example) Car(V = 1:86) ataltitude4 .6
is unreasonabl light of Tycho's limit, andin light of Hevelius's limit: neitherof those
astronomersnisseda starthatbright anywherein the sky, includingthe bottom5 degrees.
D13  Thedimmestow starin thecatalogof Heveliusis 1 Eridani,with a pre-etinction
magnitudeof 4.51; with an extinction coefcient of .23, it would appearat a magnitude
of 6.8, makingobsenationimpossibleeven for the legendaryvisual acuity of the Gdansk
brewer. In orderfor this starto be within the standards magnitudepost-etinction limit,
theextinction coefcient for Hevelius,on onenight atleastmusthave beenk  :153

E How clearcanit get?

E1 Schaeferr001characterizess"ludicrous” (p. 21) and“absurd”(p. 2) ary claim
that an extinction coefcient aslow as.15 could occurat a sea-leel site. Well, Barrow,
Alaskais at sealevel, andNOAA hasbeencollectingaerosoldatatheresince1977. The
ten-yeaaverageaerosobpticaldepth(AOD — seefn 22) for Barrow in Junds about0022;
which givesan aerosolextinction coefcient of .0024,anda total extinction coefcient 22
of k < :14 — andthat's not the bestnights, that's an averagefor the whole month. July,
AugustandSeptembearenearlyasgood,andall easilyabsurdn Schaefess estimation.

201n aphoneconversation,Schaefecited Rawvlins 1992 (DIO 2.1) asjusti cation, claimingthe star
wasfaked. But it seemglear[ibid xC7] thatonly oneof thetwo coordinatesvasfaked, andthe other
wasactuallyobsered [presumablyat Wandsbekseeibid xC8].

21 Or, undertheidenti cations proposedelov atz5xC, Centransitsat5 .7.

2 For summarydata, seeJohnA. Ogren, “EnhancedAerosol Measurementsit NOAA's Base-
line ObseratoryatBarrav, Alaska”athttp://wwwcmdl.noaa.ga'aeropubsabsbgren/ARM97_BRW/
ARM97_brw_abstract.htmlor doyourown processingntheraw dataathttp:/wwwsrv.cmdl.noa.gos/
infofftpdata.Ogrens gure shavstotal scatteringsigmasp)< 1 Mm 1, andtotal absorbtion(sigma
ap)< 0:1 Mm 1, for atotal aerosokxtinction of < 1:1 Mm 1; normalizingto a 2 km scaleheight
givesAerosolOptical Depth=.0022;dividing by the constant921cornvertsAOD into the astronom-
ical extinction coefcient for aerosolka. To gettotal extinction, addin the component$or Rayleigh
scatteringof .102(Frolich & Shav 1980)andozoneabsorbtiorof .03,yieldingk = :134 magnitudes
perairmass.
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E2 And Barrow is notalone;in fact,it's not eventhebestsite| could nd. Thesame
NOAA programhasalsobeencollectingAOD dataat Samodfor the sameperiod,andthe
AODsthereareevensmaller After removing theanomalouslatafor themonthsfollowing

theEl ChichonandPinatubceruptions Samoas yearroundaverage AODis .01,andabout
half of all monthshave ameanAOD of zel.

E3 How do Barrov and Samoaget such clear skies at sealevel? The most likely

answer:they arevery far away from sourceof industrialpollution (including agriculture,
a signi cant contritutor of dust). By contrast,the easternMediterraneanfrom which

Schaefetakeshisdata,is dovnwindfromwesterrEurope oneof theworld'smostextensie

sourcesof air pollution. Figure 3 is the NOAA satellite AOD compositefor two weeks
in 2001: February8-15andMay 2-10. Becausef the way the dataaregatheredaerosol
opticaldepthcanonly berecoreredover oceanslandareasareblack,andocearregionsof

very low aerosol{AOD < :033) aregray. | took theseweeklyimagesatrandom but note
thatit's not that unusualfor oceanareasremotefrom industrial pollutantsto go a whole
weekunder“ludicrous” averageconditions. In this image,gra%/accounts‘or 2.5%of the
oceanicareain Februaryand6.7%of the oceanicareain May.?

=l

Figure3: Oceanicsurfaceareaswith weekly averageaerosolopticaldepth  .033(gray),
for theweeksof February8-15,2001(top) andMay 2-10,2001 (bottom).

2 Figure3 datafrom http://psbsgil.nesdis.noaavg@080/PSBEPS/Aepsol/Aerosd.html, andthen
click on thelink for the latest“Aerosol Optical DepthWeekly CompositeColor Image’. Theimage
changesvery week. In the original images,AOD is shavn on a color scale;l have processedhe
imagesfor publicationhere.
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E4  Another aspectof the problemthat has beeninsufciently considered(not just
by Schaeferbut by arny astronomer)s the way the atmospherehangesetweernday and
night. Nearlyall of Schaefes obserationsof aerosolveretakenby atmospheriscientists.
Therearea numberof standardnethodso do this in the atmosphericommunity suchas
pyroheliometerandsolarphotometerwhich dependon sunlightto work. This meanghat
nearlyall of Schaefes measurement&eretaken during the daytime. But the nighttime
atmospherés differentfrom thedaytimeatmospheregspeciallywhenit comego aerosols.
In the daytime, the sunwarmsthe surface of the earth, and this causedormation of a
turbulent corvectionlayerthatreachego a heightof typically .2 to 5 km. In this diurnal
boundanjayer, aerosol§rom thesurfacearetrappedandthoroughlymixed. But justbefore
sunsetthe enegy balanceon the earths surfacereversesastheincomingsolarenegy is
nolongergreatetthantheenepgy lossfrom surfaceradiation. This shutsoff corvectionand
causeshediurnalboundarylayerto quickly collapseijt is replacedy anocturnaboundary
layerof only about20to 500 metersin thickness* A residualdiurnallayeris still present
for several hoursafter sunsetandcanstill be detected.It is asyet an openquestionhow
muchthecollapseof thediurnallayerto atenthof its formerheightalsocausesheaerosols
in thatlayerto dropto theground;l know of no studieshathave investigatedhe differing
optical propertiesof either the residualboundarylayer or the nocturnalboundarylayer.
Butit is possible perhapsvenlik ely, thatonemay not have to getparticularlyhigh abose
the surroundingerrainto getlow-aerosokeeingat night: justa coupleof hundredmeters
might do?® This meansthat on a cliff above the ocean,one might get sucha view on
almostary night. Therearea numberof suchcliffs on RhodesjncludingCapePrasonessi,
from which thereis evidenceHipparchogdid in factobsere far southerrstars®® Thereis
alsothepossibilitythatHipparchosnayhave obseredfrom Mount Attabyrion,thehighest
point on the island; at 1215 metersiit is higherthanary of the Mediterranearnocations
Schaeferites. In ancienttimestherewasa shrineto Zeuson the top of the mountain that
wasstill?” frequentedy visitors aslate asthe 1stcenturyBC. The modernobseratory at
Siding Spring, Australia, at a slightly lower altitude, hasrecordedan averagek = :160,
with the bestnightsevenclearer®

F Ancient Data

F1  SoSchaefes 27,294measurementsll taken in the 20th century (62% in urban
areas,and apparently99% during daytime)don't necessarilyhave muchto do with the
nighttime conditionsin pre-industrial pre-urbanl40 BC. That's why it's betterto derive
theextinction coefcient for ancienttimesfrom ancientdata,insteadof usingmoderndata
asaguessAnd | creditSchaefefor trying to do this, usingsomesparseancientdatafrom
the prepublicatiorof Pickering 1999.

F2  The Pickering 1999referencedy Schaefer2001wasa DIO preprintthatdid not
actuallyappeaiin DIO 9.3 asintended. Its dataandtext areincorporatecand expanded
hereasxF. Giventheveryfew dataactuallyin the preprint,it mightseemoddthatSchaefer
choseto ignoresomeof them. The datahe omits (thosefor acrorychalrisings)areexactly
thosedatathatamguestronglyagainstalong-heldbelief of Schaefes on how theancients
de ned theheliacalrising of aplanet.

F3  Accordingto Ptolemy a heliacalrising is the rst dayon which a planetor bright
starcanbe seento rise on the horizonafter solarconjunction(Almagest13.7) In fact, not

24 Arya 1988,2.

2 And perhapsevenless: seehttp://wwwbts.gw/itt/urban/B-4a1.html for onescientists measure-
mentof anocturnalboundarylayeronly 18 metershick.

% Rawlins 1994,DIO 4.2

27 DiodorusSicilus 5.59;seeOldfather(1939)3:258-9.

2 Sung& Bessell2000,246. In their gure, the medianseemsto be about.15, and numberof
obserationshover nearthe zero-aerosdevel.
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only doesPtolemystateexplicitly thatthis occursonthehorizon,healsodravs a diagram
in the AlImagestshaving the planeton the horizon;andthenhe doessphericaltrig on the
diagram,duringwhich he usesthe saidhorizonline asa greatcircle on the sphere.All of
which seemgjuite explicit.

F4  But that's not what some(including Schaefer)believe. The alternatve is that a
heliacalrising occursonthe rst daythatthe staror planetis visible at anyaltitude before
dawn afterthesolarconjunction.Thismovestheplanetsereraldegreesupfromthehorizon.
By moving the planetup off the horizon, you canaddin a whole lot more atmospheric
extinction andstill getthe samearcusvisionisasstatedby Ptolemyandothers.Of course,
you also get the ancientvaluesof arcusvisionisif you usea cleareratmospereand put
the heliacalrising on the horizon, as statedby Ptolemy Thus, Schaefes analysisof the
heliacalrisingsto determineancientvaluesfor k is also,in avery esoterianannerbasedn
modernmeasurements/Nhentaken at facevalue(i.e., on the horizon),the heliacalrising
datasupportavalueof k in therangeof .14to .16, right in line with Rawlins.

F5 Theseancientdatacan be found primarily in Ptolemys reportsof what he calls
“phases’bftheplanetsasexplainedn Book13.7of theAlmagest HerePtolemydescribe®
the limits of visibility of the planetsunderthe mostdif cult conditionspossible:right on
the horizon, and during twilight. Ptolemysaysthat the critical parameteffor visibility
is the arcus visionis (AV), or the anglein degreesof the Sunbelov the horizon (which
turns out to be correct); and he provides this anglefor eachof the planetsnearsolar
conjunction. Ptolemycomputeghesephasedor the latitude of Phoeniciajmplying that
theseobserationscamemostlyfrom there.

F6 In his shorterwork Planetary HypothesesPtolemy givesthe AV for eachplanet
again® althoughthe valuesherediffer someavhat from thoseof the Aimagest Ptolemy
alsoincludesthe valuesfor a rst magnitudestar® on the ecliptic. In the casesf Venus
andMercury, Ptolemyprovides valuesfor superiorconjunctionand inferior conjunction
(althoughthesetwo valuesarethe samefor Mercury). Thesearefoundin ourtable2.

F7  Ptolemysminorwork Phaseicontaindgn Book| thevaluesfor both rst andsecond
magnitudestars;in the only surviving fragment? of Book |, a rst magnitudestarhasan
AV of 12 degreesanda secondnagnitudestaris 15 degrees.

F8  Table2 alsocontainsthe arcusvisionisof acrorycal risingsthe threeouterplanets
(Mars, Jupiterand Saturn). At mary timesof the year it is possibleto seea planetor
bright starwhenit risesat night; but asthe Sunmovesthroughthe celestialsphereyou will
eventuallycometo a certainday on which the twilight is so bright whenthe planetrises,
thatyour rst glimpseof the planetis no longeron the horizon, but somesmall distance
abore it. Thedateonwhichthis occursis calledthe “acronychal” rising of the planet,and
it awaysoccurgustbeforethetime of solaropposition.For afew daysaroundopposition,
you cannotseethe planetrise or set, becausdwilight intervenesin both casesput after
a few days,you canthenbegin to seethe planetset. The dateon which the rst setting
canbeobsenredis calledthe “cosmical” settingof the planet(alsooftencalledacrorychal
setting.) For the outerplanetsnearopposition,Ptolemysaysthatthe AV is abouthalf that
for nearconjunction.

F9  Goingevenfarthebackto about400BC, theGreekphysicianHippocrate® divided
theyearinto medicalseasongjotingin passinghedatesof theacrorycalrising of Arcturus
(59 daysafter winter solstice)andthe acrorychal settingof the Pleiadeg44 daysbefore

2 Toomer1998,639-640.

%0 Goldstein1967,9.

81 HughThurstonhasalreadysuggestethatancientskieswereclearerthantodayon the basisof this
datum:Thurston1994,173.

%2 Morelon1981,4.

33 HippocrateDe victu 3.68. Thechaptercanbefoundin Jonest. My thanksto RobertH. vanGent
for bringingthereferenceo my attention.
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winter solstice). From these we cancomputethe angleof the Sunbelow the horizonfor
anobsereratKosin the fth centuryBC atthetimesof thesephenomena®

Source/ Object ArcusVisionis Elongation Magnitude
Almagest

Mercury 10 12 1.63
Venus 5 6 3.94
Mars 115 13.8 1.02
Jupiter 10 12 2.06
Saturn 11 13.2 0.01
PlanetaryHypotheses

Mercury, superiorcon;. 12 14.4 1.71
Mercury, inferior con;. 12 14.4 1.79
Venus superiorcon;. 5 6 3.94
Venus,nferior con;. 7 8.4 2.95
Mars 14.5 17.4 0.99
Jupiter 9 10.8 2.06
Saturn 13 15.6 0.01
Aldebaran 15 18 0.87
Mars, opposition 7.25 172.8 2.93
Jupiter opposition 45 175.5 2.94
Saturn,opposition 6.5 173.5 0.48
Phaseis

Aldebaran 12 14.4 0.87
Antares 15 18 1.06

Table2: Summaryof ancientrecordation®f heliacalandacrorychalrisings.

F10 Our rst stepin analyzingthesedatais to computethe magnitudef the various
planetsatthesenearconjunctionconditions.For corvenienceandconsisteng, we assume
thatthe elongationof theplanetis 1.2 AV whennearconjunction,and180 AV near
opposition. All magnitudesarecomputed® at planetperihelion. Saturnis computed® at
maximumring-tilt (which was quite nearperihelionin ancienttimes, andstill is today)
The Almagestvaluesfor VenusandMercury arecomputedfor superiorconjunction. The
rst magnitudestaron the ecliptic mentionedoy Ptolemyin a genericfashion,is assumed
to be Aldebaranthebrighteststarin the zodiac;andthe secondnagnitudestaris assumed
to be Antaresthebrighteststarthatis listedassecondnagnituddn the Alimagest We give
thesevaluesin table2.

34 Hippocrate460-377BC) lived atKos, but traveledwidely. For purpose®f computation) chose
four yearsearlyin his career(443-440BC) andfour yearslatein his career(403-400BC). | computed
the dateof solsticefor eachyear added59 daysandcomputedhe altitudeof the Sunat the apparent
rise of Arcturus. Sincethis dayrepresentethe rst dayof invisibility, | repeatedhe computatiorfor
thepreviousday thelastday of visibility. Takingtheaverageof all 16 obserationsgivesthethreshold
for visibility in termsAV : 10.95degrees.The computatiorfor the Pleiadesvassimilar, exceptthatl|
subtractedi4 daysfrom the solsticeandl computedoositionsonthe basisof 17 Tauri,the rst bright
Pleiadto setat this latitude. For the Pleiadesthe thresholdwas 16.06 degreesbelav the horizon.
Thesevaluesareincreasedy half adegreeeachwhencomputingon the basisof observingata zenith
distanceof 89 .5insteadof 90 .

35 Accordingto the algorithmsof Duffet-Smith1988,for all planetsexceptSaturn.

36 Usingthe BASIC programof Olson1995.
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Figure 4: Visibility limits for acrorychal risings, for a true horizon (zenith distance
Z =90 ). Curwesaremoderncomputationsgiamondsareancientobsenations.

Z=89.5 Z=90 Magnitude

Pleiades 0.148 0.134 1.2
Arcturus 0.149 0.134 0.16
Mars 0.180 0.157 2.93
Jupiter 0.184 0.142 2.94
Saturn 0.134 0.125 0.48
Mean 0.159 0.138

Std. Deviation 0.022 0.012

Table3: Implied k for ancientacrorychalrisings,for two horizontypes.

F11  We mustrealizethat (unlike the heliacalrising and setting)thereis no point of
maximunvisibility for the planetrising acrorychally; the visibility of the planetincreases
steadilyasit rises,becausehe effectsof atmospheriextinction andsky brightnesswvork
in tandento make it so. Thereforejt simply doesnot make senseo speakof anacrorycal
rising or a cosmicalsettingunlessthe staror planetis actually visible on the horizonin
twilight. WhenHippocratesaysthattheacrorychalrising of Arcturusoccurss9 daysafter
the winter solstice theremustbe someobvious differencebetweerthe rising of Arcturus
on day 58 comparedo day 59; andthe only possibledifferencecanbe thanon day 58,
Arcturus canbe seento rise (on the horizon), while on day 59, Arcturus cannotbe seen
until it hasalreadyrisen (above the horizon). This conformsto the ancientde nition®’
of acrorychalrising, andit is the only readydistinctionthat canbe madeby an obserer
withoutinstrumentationsuchasHippocrates Thisimpliesthatin ancientimesaplanetor
bright starcould actuallybe seenon the horizonasa matterof routine— andthisin turn
suggests clearersky thansomemight expect.

57 1n the Almagest8.4, Ptolemyusesthe term “eveningvisible later rising; meaningthatthe rising
of theplanetor staris visible,andoccursaftersunset.
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Figure5: Visibility limits for acrorychalrisings,for aclutterechorizon(Z =89 .5). Curves
aremoderncomputationsgiamondsareancientobsenations.

F12 Theseancientvisibility limit datacanbe comparedagainstmoderncomputations
of visibility limits underthe sameconditionsof twilight sky andplanetbrightnesson the

horizon. Herewe usethealgorithmsprovidedin Schaefed 998,with afew enhancements.

F13 The standardvisibility thresholdfunctionis that of Hecht 1947, which is a two
domain(day-night)least-squareg throughthe dataof Knoll 1946. The Hechtfunction
hasa sharpcuspright in the twilight areathat we are concernedwith; the Knoll data
shavs acusp,but it is notassharpasHechts function makesit, nor quitein the placethat
Hechts functionputsit. A betterleast-squares throughKnoll's datacanbe donewith a
three-domairfunction (day-twilight-night). Theimprovedfunction ts Knoll's dataabout
threetimesbetter® thanHecht,andtheimprovementis greatestn thetwilight region that
we aremostconcernedvith here.l nd thethresholdTl (in footcandlesfor apointsource
againsta givenbackgroundrightnessB in nanoLambertsyhenlogB > 6:74:

T=2725 10 8@+ pm)z
When6:74 > logB > 2:63:
logT = :0684(K logB)? :256(K logB) 8:44
AndwhenlogB < 2:63:
logT = :0828(K logB)? + :194(K logB) 9:73

HeretheconstanK = :4343 andwe shouldnotethatthefunctiongivesincorrectresults
atabackgrounddarker than0.1 nL, which doesnot occuroutdoors.

F14 In gure 4,1 have computed the acrorychal rising of Mars, Jupiter Saturn,and
Arcturus,andthe cosmicalsettingof the Pleiadesaccordingo datagiven by Ptolemyand

38 Althoughusingthe Hechtfunctionwould not producedifferentconclusionghanthosepresented
here for theobviousreasorthatbothfunctionsare t to thesamedata.

3% My procedurdor refraction for sedevel, 1013mB and15C: determinestarstruealtitudeattransit
fromH = 90 + (where istheobserer'slatitudeand isthestarsdeclination);andcompute
paramterv = H + (9:23=(H + 4:59)) degrees.Refractionin arcsedsthenr = 58:7 cosv=sinv,
andapparengltitudeh = H + r. Thisform of refractionequations takenfrom Rawlins 1982 but the
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Figure6: Visibility limits for heliacalrisings, for a true horizon(Z =90 ). Curwesare
moderncomputationsgiamondsareancientobserations.
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Figure7: Visibility limits for heliacalrisings,for a clutteredhorizon(Z =89 .5). Curves
aremoderncomputationsgiamondsareancientobsenations.
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Hippocratesandat the sametime | have plottedthetheoreticabisibility limits*° for three
differentaerosolevelsin the atmosphereThelowestthick line is the valuecomputedor
an aerosolextincion coefcient ka = :10 magnitudeger airmassihe narrover lines are
for ka = :05andka = 0, respectiely. In gure 4| assuméhatthe obserer waswatching
therising or settingagainsta perfectseahorizon,with a zenithdistanceZ = 90 degrees.
Undertheseconditions,the best t atmospherds ka = :006 :012andtotalk = :138
magnitudegperairmass.

F15 It is possiblethat ancientobserers did not always have a perfectseahorizon;
if insteadtheseobsenationswere madeon slightly clutteredland horizon, the apparent
horizonwould likely be somesmall angleabove the true horizon; therefore,in gure 5
I have re-computedor the conditionof zenithdistanceZ =89 .5 degrees. Underthese
conditionsthebestt atmospherés ka = :027 :022 andk = :159.

F16 | haveplottedvisibility limits for heliacalrisingsin gures 6 and7 andtable4 in a
similarway. Themostdiscordantlatumis thatfor Marsfrom the Almagest It is likely that
this value (an AV of 11.5degrees)is a scribalerror, sincethe PlanetaryHypothesegives
the AV of Mars as14.5deggrees,andthe numeralsl and4 are easily confusedn ancient
Greek(seez5bxB laterin thisissue.)

F17  Threeimportantfacts are nov apparent. First, the Z =90 values (for both
acrorychalandheliacalrisings)clusterstronglyaroundthe Rayleigh-plus-ozongaluefor
clearair, whichis notrequiredby the obsenationsthemseles.

F18 Secondthevaluesfor k from heliacalrisingarevirtually identicalto thoseobtained
from acrorychalrising underthe sameconditions(bothfor a perfecthorizonZ =90 , and
for aclutteredhorizonZ =89 .5). Third, thescatterof thedatais signi cantly lowerunder
theancientde nition of on-the-horizonvisibility thanunderSchaefes modernde nition,
by 3 to 7 times. Ptolemytells us that the Almagestobsenrations, at least,wereall taken
aroundthe summersolstice,in partbecauseheair atthattime of yearis “thin andclear”.
Weshouldthereforexpectthatthederivedvaluesfor k shouldbe(a)low; and(b) someavhat
consistentwith eachother The ancientde nition of heliacalrising meetsboth of these
criteriabetterthanSchaefes modernde nition.

F19 In additionto ancientattestation®f astronomicabisibility, thereis at leastone
usefulancientrecordof surfacevisibility — andit comesfrom Rhodesitself, the home
of Hipparchos. The GreekhistorianApollodorus?' a contemporaryof Hipparchos(but
writing of atime aroundthe TrojanWar), statecthatfrom the top of Mount Attabyrion (at
1215m, the highestpoint on Rhodes)theislandof Cretecould be seen.The samestory;
with the sameattestatiorof Cretes visibility from Mt. Attabyrion,canalsobefoundin the

constanthiave beenre ned by aleast-squares to resultsderived from the onion-skinmethodfound

in Schaeferl989for sealevel at 15 C and60% relatve humidity; althoughl modi ed Schaefes

programto usedoubleprecisionthroughout,andto use 10 timesthe numberof atmospheridayers
(each.1 times the thickness). That programis in turn basedon the physicaltheory of Gar nkel

1967. Therefractive index for Gar nkel's theoryis determinedor the centerof thevisualrange(550

nm) andthe statedatmosphericonditionsfrom the Starlink algorithmsof RutherfordLaboratories
(http://starwww.rl.ac.uk/star/da@'sun6htx/sun67.htm). Theequatiorpresentetierets Gar nkel's

theoryaboutthreetimesbetterthanthe equationof Schaefe1998.

My procedurdor determiningRayleigh(molecularatmospheregirmass:afterdeterminingapparent
altitudeh in degreeg(seeabave), Xy = 1=sin(h + 244=(165+ 47 h1'1)). Foraerosohirmasgat
2 km scaleheight), X o = 1=sin(h + 20=(31 + 32 h*1)). Thisform of airmassequatioris taken
from Rawlins 1992,but the constanthiave beenre ned by aleastsquarest to theresultsof thesame
onion-skinmethoddescribedabore. Theseequationsarejust ascompactasthosefoundin Schaefer
1998, but they t the Gar nkel theoryaboutten timesbetter;andthe t is improved mostnearthe
horizon,the areawe aremostconcernedvith in this paper For ozoneairmass Schaefes equationis
fully adequateX o = (1  (sin(z)=(1 + (20=6378)))2) 5,wherez= 90 h.

40 For anobserer with a Snellenratio of 1 (i.e., 20-20vision), usinga temperaturef 15 C, 40%
relative humidity, at sealevel, latitude33 , moonlessky, andayearnearminimumsolaractvity.

41 ApollodorusLibrary 3.2,canbefoundatHard 1997p.98amongotherplaces.
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Planet Schaefer Z =89 .5 Z =90
Plan. Hyp.

Mercury- inf 0.370 0.174 0.151
Mercury- sup 0.380 0.176 0.152
Venus- sup 0.170 0.151 0.132
Venus- inf 0.210 0.157 0.136
Mars 0.250 0.138 0.127
Jupiter 0.250 0.161 0.140
Saturn 0.290 0.150 0.135
Almagest

Mercury 0.260 0.162 0.141
Venus 0.170 0.151 0.132
Mars 0.170 0.126 0.118
Jupiter 0.300 0.169 0.146
Saturn 0.210 0.141 0.127
Phaseis

Aldebaran 0.190 0.132 0.121
Antares 0.270 0.138 0.127
Mean 0.249 0.151 0.134
Std. Deviation 0.069 0.015 0.010

Table4: Implied k undervariousde nitions of HeliacalRising

works of the RomanhistorianDiodorusSicilus*? (1st cent. BC). The distancefrom Mt.
Attabyrionto Mt. Modi*® on Creteis 196 km; then, usingthe relatiorf* of Koschmieder
1926for surfacevisibility range theextinctioncoefcent musthavebeerk  :150in order
to seeCretefrom Mt. Attabyrion. This numberis right in line with the valueswe obtained
from otherancientsources.

F20 Tosummarizeevery pre-industriasourcethatl have beenableto nd, whentaken
at facevalue,implies a muchclearerancientatmosphergéhanadoptedoy Schaefe2001.
Usinga half dozendifferenttechniquesinddatasourcestheresultsareall quite consistent
with eachother and consistentwith the ideaof a low value of aerosolextinction. In all

42 Diodorus5.59canbefoundin Oldfather(1939)3:258-9.

43 Mt. Modi (830m), at35 08°30PN, 26 07°45°E, is the sizableCretanmassifnearesto Rhodes.
Mt. Attabyrionis locatedat36 12°N, 27 52E. Distance(196.3km) is computedisingthe GRS1980
ellipsoid. Sinceboth mountainsare high, atmosphericlarity, ratherthan cunatureof the earth,is
theonly barrierto their intervisibility. Theislandof Karpathosearlyintervenes but the high hills of
Cretearesigni cantly (andobviously) to theright andfartheraway thanKarpathos.Any suggestion
thatKarpathosvasmistalenfor Cretefallsto obviousrehuttals: rst, undersuchascenarichereis no
islandthatcouldbemistalenfor Karpathossecondthe obserer (Althaemenesjyvasa native of Crete
who foundedthe templeof ZeusAttabyroson the peakspeci cally becausée could seehis home
from there— makingmistalenidentity mostunlikely.

44 For visibility rangeV , extinction perunit distanceB e is foundby Be = K =V, whereK isthe
Koschmiedeconstani{with 3.92beingthe usualvaluefor thelimit of humanability). At arangeof
196.3km,Bet = 2 10 5m !andofthis,1:15 10 5 isRayleigh(assumingg = :1023anda
scaleheightof 8.2km; theconstant921is appliedto convertbetweerastronomicalinits[mag/airmass]
and physicalunits [attenuation/meter]) This leaves8:5 10 & m ! for aerosolextinction, which
becomek, = :018 at a generou km scaleheight. Adding standardrayleighand ozonegivesa
total astronomicakxtinctionof k. :150 magnitudegperairmass.Usingmorerelaxed obserational
parametersJohnsonl981 derived a Koschmeiderconstantof 3.0, which gives a total extinction of
k  :140 magnitudeperairmasgor ancientRhodes.
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caseswe have derived ka < :05, andin mary casegquite a bit less;all aresigni cantly
lessthevalueka = :1 usedin Schaefe2001.:

minimizing 2 for Hipparchos(xB11), Tycho (xD10), and Hevelius (xD11) indicates
:004< ka< :048

correlationbetweenairmassand for Hipparchos,TychoandHevelius (xD) indicates
:013 ka :029

acrorychal rising datafrom Hippocratesand Ptolemy(Table 3) indicate:006  ka
:027;

heliacalrising datafrom Ptolemy(Table4) indicate:002 ka :019

surfacevisibilty atancientRhodegxF19)indicateka :018, and

obseration of low, dim starsby Ptolemy(below atz5 fn 8) indicateska  :010.

The implication is that two centuriesof industrial and agriculturalactivity have left the
atmospher¢especiallyin Europe)muchdirtier now thanit wasin ancienttimes.

G Recovering the Catalog's Epoch

G1 Becausehe latitude we derive for the obserer of the ASC is closely relatedto
the extinction coefcient thatwe adopt,theforegoing explainswhy Hipparchoscannotbe
eliminatedasthe obserer of the ASC's rst threequadrantdecausef his latitude. But
whataboutthe obserer's epoch?The answerhererequiresa majordigression.

G2  Backin 1998, rst tookalook atthesoutherrimit asanexerciseto seeif | could
con rm andre ne theresultsof Ravlins 1982. Theprocedure adoptedvasquitesimilarto
thateventuallyadoptedy Schaefe2001. Althoughl hadno problemreplicatingRawlins'
latitude, | foundthat| wasderving an epochfor the ASC in the early middle ages way
too far forward in time evenfor Ptolemy Recognizingthatthis indicateda problemwith
my procedureput notwilling to spendthe considerabléime neededo nd ahidden aw
in sucha large and complex algorithm, | droppedthe whole thing andmoved on to other
interests. Thenit turnedout that Schaefelalsoderived an epochway too far forward for
the rst threequadrantsand (moreinterestingly)an epochway too far backward when
consideringthe fourth quadrantonly. Whentestinghis procedureagainstthe catalogof
TychoBrahe,Schaefengainderivedanepochcenturiegoo farforward. All theclueswere
there,and| consideredhe problemanav.

G3  Thepositionof theSouthCelestialPoleonthe celestialspherenovesasprecession
adwances.In thetime of HipparchosandPtolemy the SCPwaslocatedin the constellation
Hydrus and was moving away from the Phoenix/Brnax/Sculptorregion and toward the
Crux/Centaurusegion. (At ary giventime the SCPis moving toward 12h RA andaway
from Oh RA asit circlesthe SouthEcliptic Pole,which alwayslies along6h RA.) And as
the SCPmoves, it carrieswith it a zoneof invisibility (for northernhemispherebserers)
centerednit. Sowe cancall the Cruxregionthe“leadingedge”of theinvisible zone,and
the Phoenixregion the“trailing edge.

G4  This meansthat the zoneof invisibility is moving away from a starpoor region
andinto a stardenseregion alongthe Milky Way; andthis createsa dynamicimbalance
of critical importanceto the statisticalmethodemplgyed by both Rawlins and Schaefein
determiningthe obserer's epoch.

G5 Imaginethatthereareonly two starsin thesky, of equalbrightnessandneitherone
is in the catalog.Placeoneat the “leading edge”of the zoneof invisibility, andoneat the
“trailing edg€’ Thestatisticalproceduréwants”"thezoneto coverbothunseerstars andis
dravn towardbothstarsequally;sothefunctionwill minimizeattheepochwhenbothstars
have equalvisibility. A goodanalogyistoimaginethatthezoneof invisibility is “attracted”
by uncatalogedtars(and“repelled” by catalogedstars.) Therefore,uncatalogedtarsat
the leadingedgewill drav the derived epochforward in time, while uncatalogedtarsat
the trailing edgewill drav the derived epochbackward in time. The reverseis true for
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catalogedstars but therearefar moreuncatalogedtarsthancatalogednes sotheir effect
is very muchpredominant.

G6 Intherealsky, asthezoneof invisibility advancesn time, its leadingedge(in the
Crux region) is attractedby a wholelot of uncatalogedtarsalongthe Milky Way, while

its trailing edgé® (in the Phoenixregion) is attractedby only a few. So unlesswe take
suitableprecautionsthe zonewill bedravn too far forward* in epochby the presencef

themary uncatalogedtarsin the Crux region of the Milky Way. This too-forward epoch
is eventually stoppedby the covering of a catalogedstar; but eventhis nal brake will be
dampenedf theassumedatitudeof theobserer is too low.

G7 Rawlins 1982did in facttake a precautiorto avoid this problem: heignoredall the
dim stars.Thistendsto equalizethe numberof catalogedinduncatalogedtars sothatthe
“attraction” and“repulsion” effectsof the catalogedanduncatalogedtarsaremorenearly
equal. (Althoughto befair, Rawlins wasunawvare of this problem;it seemsnsteadthathe
emplogyedthis procedureasa matterof simplicity.)

G8  Schaefes procedurenot only fails to do this, it makes mattersworseby dividing

the analysisinto quadrantslumpingthe rst threequadrantsof RA togetherandkeeping
thefourth quadranseparateThefourth quadrantontainshalf of thetrailing edge andwe
recallthattheuncatalogedtarsatthetrailing edgeactasa“brake” ontheforwardadwance
of the derived epoch. With half of his brakesgone,Schaefes analysisof the rst three
quadrantsvaseven morestronglyattractedo anepochtoo far forwardin time.

G9 Meanwhile thefourth quadran{whenconsideredlone)hasno leadingedge.The
uncatalogedtarsat thetrailing edgedraw the epochof the 4th quadrantoo far backward
in time, sincethey arenot balancedy uncatalogedtarsat the missingleadingedge. If

we split the sky this way, we would expectthatsucha procedurevould falselyindicatethe
epochof rst threequadrantdoo late,andof the fourth quadrantoo early Thisis exactly
whathappenedn Schaefe2001.

H Fun with fake data

H1  SchaefeR001claimsthattheresultsobtainedare“robust”’, meaninghatthey don't
changeaunderdifferinginputassumptionsThereis aneasywayto testacomplex procedure
suchasthis,andit doesnotinvolve tweakingtheinputsto seehow muchtheoutputchanges;
insteadwe cangive theentire processadatasebf known origin, andmeasuralirectly how
well the processnds thecorrectresults.For example,givenary P function,atmosphere,
epoch,andlatitude, it is easyto generatea pseudo-catalothat might have beentaken by
a naled-g/e obserer underthoseconditions. Having sucha catalog,doesthe statistical
procedureecover the correctepochandlatitudeof the obserer?

H2 | createdour suchpseudo-catalog®r 0 AD andlatitude36 , usinganextinction
coefcient of k = :18 andusingequation2 asa P function. Knowing the correctvalue
of k andthecorrectP functionin advance,andusingall quadrant&sinput, theprocedure
did ratherwell in recoveringthelatitude,gettingthe correctresult(within 1 degree)3 out
of 4 times. It waslesssuccessfuin recoveringthe epoch gettingthe correctresult(within
acentury)only 1 outof 4 times,andgoinga centurytoo far forwardin theothercases.

H3  Butwhenl triedto recorerthelatitudeandepochusingonly the rst threequadrants
of thecatalogtheprocessventbadlyawry, for reasonsliscusse@bore atxG8. Thelatitude
wasrecoveredcorrectlyonly oneoutof fourtimes,andtheepochwasnotrecoveredcorrectly

4% In August1999,Schaefetestechis procedurdoy viewing thesky for onehourwhile onvacationin
Bermuda.Thehourchoserby Schaefefor histest(around3 AM localtime) insuredthatthetransiting
partof the sky wascenteredaroundO hoursRA, wherethereis no leadingor trailing edge. Sucha
smalltestin this restrictedregion of the sky would beincapableof detectingthe effect describechere
— andin fact, it didn't.

46 Thisis exactly whathappened®chaefe2001,not only for the ASC, but alsofor Tycho's catalog,
for which hederivedanepochof 2000AD  500.
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at all, with all resultsbeingat leastthreecenturiestoo far forward. Sincethe difference
betweerHipparchosandPtolemyis threecenturiesthe de-couplingof the quadrantslone
createsa largererrorthanthe sizeof the effectwe aretrying to measure.

H4  Equally badresultswere obtainedwhen| useda differentP functionin recovery
than| usedin creatingthe catalog. For example,when| substitutedequationl in the
recovery phaseand de-coupledhe quadrantsthe statisticalalgorithm not only failed to
recover the correctlatitudeandepochin all casesit alsorejectedthe correctlatitudeand
epochat a statisticallysigni cant level (> 2) in threeout of four cases. It is worth
mentioningthat the resultsobtainedwere both too far forward in time, andtoo low in
latitudein all cases Thereforewe shouldexpectthattheresultsobtainedoy Schaefe2001
werealsotoo low in latitudeandtoo far forwardin time thanthe actualobsenrer.

H5  Asonemightexpect,changingheassumedtmospheriextinction hasasigni cant
effect on the latituderecovered. | foundthatanincreasen k of .1 will lower the derived
latitudeby betweemt.5and5 degrees.This meanghatthedifferencebetweerthevalueof
k usedby Rawlins 1982(.15)andSchaefe2001(.23)would aloneaccounfor mostof the
latitudedifferencebetweerPtolemyandHipparchogP functionaccountdor therest).
H6  WhenrecoreringtheepochandlatitudeusingthecorrectP functionandextinction
coefcient, usinga magnitudelimit had little effect on the results. But whenusingan
incorrectP function or incorrectatmospherel found that a magnitudelimit of between
3.5and 4.5 tendedto reducethe error of the derived result. Thereare two reasonsor
this. First,assuggestedbove, thisis becausesucha magnituddimit tendsto equalizethe
numberof catalogecanduncatalogedtars. The secondreasorcanbe demonstrategvhen
welook atthe nal statisticQ whichwe aretrying to minimize. Whenexaminingall stars,
Q will typically minimizearound400or so. In suchacasewe canrejectary latitude/epoch
combinationwith Q 404 at a signi cant (2-sigma)con dencelevel. But why arewe
allowed, statistically to eliminatethatQ valueof 400from eachtotal? Becausave assume
thatminimumQ of 400representénoise” thatinfectsthe “signal” we aretrying to detect;
andwe furtherassumehatthis noiseis perfectlyrandom ,Gaussiamoise.In effect,we are
trying to detectateacups worth of signalatopa skyscrapef noise.But theassumptiorof
randomnoisecanonly betrueif starsarerandomlyplacedin thesky, andthey arenot: the
Milky Way insuresthat. Thebene t of usinga magnituddimit is thatby throwing outthe
dim starstheremainingstarsaremorenearlyrandomin their distribution acrosshe sky.
H7  Overall, the pseudodatatudyrevealsthatthe recorery of latitudeandepochfrom
this statisticaimethodis a very delicatebalancingactthatcaneasilygowrongfor anumber
of reasons.In mary ways, the procedures chaotic,i.e., thereis a sensitve dependence
uponinitial conditions— thoseconditionsbeingthe chosenatmospherel? function,and
magnituddimit. It is quite possible whenserveral of thesefactorswork togetherthatthe
statisticalprocedurewill rejectthe correctvalueat a statisticallysigni cant level. When,
asin the caseof Schaefer2001, we combinean incorrectP function, an overly opaque
atmosphereanddecouplehe quadrantgall atthe sametime), anincorrectresultis almost
impossibleto avoid.
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z2 On the Clarity of Visibility Tests

by DENNIS DUKE?

The Almagest star catalog(ASC) hasfor centuriesinvited speculationaboutwho
actuallycompiledit. Of its mary curiousfeaturesthe fact that the catalogcontainsno
starswhich arevisible in Alexandriabut notvisible in Rhodessuggestedb Delambré that
perhapghe catalogwasactuallycompiledby Hipparchuswho is known to have livedin
Rhodegqatabout36 northlatitude),andnot by Ptolemy the authorof the Aimagest who
is known to have livedin Alexandria(atabout31 northlatitude).

In 1982 Rawlins* constructeda model that, subjectto its assumptionsprovides a
quantitatve testof haw well thecatalogs southerrimit tells usthelatitudeof theobserer.
Rawlins' applicationof the modelproduceda clearsignalin favor of an obserer at the
latitudeof Rhodes.In 2001Schaefet usedRawlins' basicmodelbut with anupdatedsetof
technicalinputsto reacha substantiallydifferentconclusionpasicallyfavoringanobserer
at the latitude of Alexandriafor at leastthreequadrantsof the sky. It is the purposeof
this paperto carefully examineexactly how the modelworks, andhow conclusve arethe
resultsof eitherRawlins' or Schaefes analysis.

Hereis how themodelworks: we assumeasinputall thestarsin thesky thatarevisible
to the naked eye, anda catalog,in this casethe ASC, that containssomesubsetof these
stars.For eachsuchstar we computeits apparentmagnitudem anda probability of visual
detectiorPget, Whichis afunctionof m. Thentheprobabilitythattheith staris includedin
thecatalogis Pj = Pge, While the probabilitythata givenstaris notincludedis 1 Pget.
The productL of the P; for every staris the likelihood that the catalogwas assembled
subjectto ourassumptions.

Thedetailsof thecalculationincludethecomputatiorof theapparenmagnituden and
the probability of detectionPge: . The apparenmagnitudes determinedoy adjustingthe
tahulatedvisualmagnitudeV for atmospheri@xtinction of the star's visible light. Brie y,
weassume¢hatastaris actuallyobseredatits meridianculminatiorheghth = 90 ' + |
where is thelatitudeof the obserer and is the declinationof the star The epochT of
the obserer alsomatters,asthe star's declinationis affectedby precessionThe heighth
determineghe depthX of the Earth's atmospher¢hatthe stars light traversesandgiven
anextinction coefcient k, theapparenmagnitudds givenbym = V + kX . In practice®
the depthX is usually split into componentdor Rayleighscattering,0zoneabsorption,
andaerosolscatteringeachwith its own extinction coefcient. Givenm, the calculation
proceedswith the computationof Pger.  In general,we expect Pyet to be nearunity for
bright starsandnearzerofor very dim stars.Rawlins useda piecavise monotonicfunction
for Pget While Schaefeuseda speci ¢ functionalform Pger = 1=(1 + € (™ ™0)) which
introducegwo parameter§ andmy:

In orderto computethelikelihoodL we mustknow valuesfor the parameters, T, and
k, andin Schaefes versionof the model,alsoF andmg. We usea computerprogramto
vary the parametersintil thelikelihoodL is maximized,or equialently, until the negative
log-likelihoodS =  2In L, is minimized. Thusthe modelassigngpenaltypoints(values

! Florida StateUniversity; dduke @scri.fsu.edu

2 Ptolemys Almagest transl.by G. J. Toomer(London,1984).

% J.B. B. Delambre Histoire del'astonomieancienng2 vols, Paris,1817),ii. 261-4.

4 D. Rawlins, “An investigatiorof theancienttarcatalog”,Publicationsof the AstronomicalSociety
ofthePaci c, xciv (1982),359-73.

5 B. Schaefer‘The latitude of the obserer of the AimageststarcatalogueJournal for the History
of Astronomy xxxii (2001),1-42.

6 B. Schaefer‘Astronomyandthelimits of vision”, Vistasin Astonomy xxxvi (1993),311-61.
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of S) to an obserer who eitherincludesin his cataloga dim staror omits a bright star
Completedetailsaregivenin the papersof Rawnlins andSchaefer

First, we summarizeRawlins' analysis.He chosefor the input sampleof starsnotall
visiblestargn thesky, butinsteacasubsebf 30southerrstarghatarein aspaselypopuated
areaof the sky. Of these,16 areincludedin the ASC, 14 arenot. Assumingessentially
zeroscatteringoy atmospheri@erosolsRawlins foundS = 14:4 for Hipparchus'latitude
andepochandS = 75 for Ptolemys latitudeandepoch. The differencesn S tell usthat
in this analysisHipparchusds indicatedwith abouta 7.8-sigmasigni cancelevel. Schaefer
pointedout thatRawlins' resultdependsritically on both his sampleof selectedtarsand
onhisassumedalueof k.

Next, we summarizeSchaefes analysis. He chosefor the input sampleof stars
essentiallyall starsin the Bright Star Catalag,” combiningcloseneighborsthatwould be
visually indistinguishable Schaefealsoassumed minimumvaluefor aerosolscattering
baseduponthebestvisibility conditionsat sealevel todayin the areasaroundRhodesand
Alexandria. For threequadrantof the sky (right ascensiongh therange0 < < 270,
anddeclinationdessthan 10 ) hefoundS = 667:4 for HipparchusandS = 6155 for
Ptolemy For the fourth quadrantin right ascensiorhe found S = 176:2 for Hipparchus
andS = 1827 for Ptolemy Thedifferencesn S tell usthatfor the rst threequadrants
Ptolemyis indicatedwith abouta 7-sigmasigni cancelevel, while for thefourth quadrant
Hipparchuss indicatedwith abouta 2.5-sigmasigni cancelevel. Schaefealsofoundthat
his resultsarevery robustto a multitudeof reasonableariationsof his input assumptions,
aslong asaerosokcatteringstaysabove a minimumlevel.

| have independentlyepeatedhecalculationf bothRawlins andSchaeferandhave
con rmed that both setsof calculationsare technically correct: if you usetheir input
assumptionsyou do gettheir result. Further | have usedthe generallymorecomplicated
modelof Schaeferwhich alsoallows variationin the P4et function, to analyzeRawlins'
selectedubsebdf 30starsandl againgetsubstantiallfhesameresultasRawlins originally
published.

So what shouldwe concludefrom theseanalyses? If eitheris to be believed, we
musthave con dencein theinput assumptions! would like to point outin particularthe
following threeassumptions:

astarisincludedn thecatalogbasedxclusivelyontheprobabilitythatastarofits apparent
magnitudes visibleataspeci c latitude. Thismakesnoallowancefor thepossibilitythatan
obserer mightincludestarsreportedo him from other perhapsnoresoutherlylocations,
or thatthe obsenrer might work harderto include starsat lower altitudes. This alsodoes
not take into accountthat eachstarin the catalogwasnot only seen but its positionwas
alsomeasued Anyonewho hasevertriedit will know thatthe latteris muchharderthan
theformer.

whenanalyzinga x ed areain the sky, the modelassumeshat every starin thatarea
wasobsered at the samelatitude. In orderto nd a compositecatalogthe analystmust
carefully searchdifferentareasof the sky to seeif differentlatitudesareindicated. This
is exactly what Schaefedid, to nd his threequadrantfor Ptolemyandonequadranfor
Hipparchussolutions. But if the catalogis truly composite,as mary catalogsare, with
multiple obserersat multiple latitudes the modelcannotrevealthatfact.

the testdoesnot useary other informationwe might have abouta particularstarthat
might shedlight on who obseredthatstar

To illustratethe impactof theseassumptionslet us considerthe caseof Canopug
CarandBN892in the ASC).In 130BC Canopugulminatedataboutl.3 at' = 36 . Its
visual magnitudewas 0.72 (presumablythe sameastoday) but its apparenmagnitude
in Rhodeswvasabout5. In Alexandriain 137 AD Canopusculminatedat over 6 andits
apparenmagnitudewasaboutl.4. Sothelikelihoodfor Ptolemyis muchlargerthanfor

7 D. Hof eit, Thebright star catalag (New Haven,1997).
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Hipparchus.Yetwe know for certainthanHipparchuddid in factincluderising andsetting
informationfor Canopusn his Commentaryto Aratus® and Vogt wasableto usethese
datato deducethe coordinateghat Hipparchusmusthave hadfor Canopus.Further the
datathatHipparchugeportedmply thathis coordinate$or Canopusontainedatherarge
errorsof about5 , andamazinglyenoughwe nd thosesamdargeerrorsrepeated in the
starcoordinategor Canopughatappeatin the ASC (seeTablel andFigurel).

Thuswe have acasewherethemaximumlik elihoodtesttells usthatPtolemyis favored
over Hipparchusasthe obserer of Canopuswhile we have additionalinformationthatis
notusedby thetestthattells usexactly the opposite.

Name | BSC Baily Type | Commentary | Almagest
Number Error Error

Gem | 2540 426 1 4.06 4.04
2540 426 2 3.03 3.24

Can 3474 455 1 5.72 3.04
3474 455 2 3.17 3.61

Sgr | 7337 592 3 7.34 5.74
7337 592 4 4.92 3.94

Eri 897 805 1 2.54 2.61
897 805 2 291 3.42

897 805 3 5.75 7.06

897 805 4 6.76 8.28

Car | 2326 892 3 5.11 4.69
2326 892 4 5.03 5.25

Hya | 5287 918 1 3.48 3.07
5287 918 2 3.65 3.45
5287 918 3 6.52 7.52
5287 918 4 3.75 4.39

Cen | 5459 969 1 4.73 4.74
5459 969 2 6.79 6.33

Ara 6743 992 1 1.62 2.96
6743 992 2 2.53 3.53

Ara 6462 995 3 7.89 8.80
6462 995 4 5.91 5.84

Ara | 6461 996 3 12.72 8.69
6461 996 4 9.01 5.55

Ara 6285 997 1 1.30 1.15
6285 997 2 1.05 1.37

Tablel: Thestarscommonto boththe Commentargndthe Aimagestthateitherhave large
shareckerrorsor which play arole in thevisibility test.

In orderto seewhetherthis is a harmlesspecialcaseor amoregeneraproblemlet's
take a closelook athow thedifferencein S valuesof about52 actuallyarisesin Schaefes
analysisof the rst threequadrants— the areain the sky thatprovidesthe strongespro-
Ptolemyresult. Whenl repeatthe analysisusingmy input starcatalog(which differsin

8 Hipparchos,In Arati et Eudoxi phaenomen@ommentarioriumed. and transl. by K. Manitius
(Leipzig, 1894).

® H. Vogt, “Versucheiner Wiederstellungvon HipparchsFixsteriverzeichnis”, Astonomistie
Nachtrichten ccxxiv (1925),cols2-54.

10 G. GraBhof, Thehistoryof Ptolemys star catalayue (New York, 1990).
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Figurel: A scattemlot shaving the correlationof the Commentaryand Almagesterrors
for phenomenaf typesl-4. Thosestarswith large sharederrorsthatarediscussedn the
text aremarkedwith their Baily number(column3in Tablel).
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detailsfrom Schaefes), approximatelythe sameparameteassumptionsandmy computer
program,I nd adifferencein S valuesof about54, sowe know we arebothin general
agreemenfandothermoredetailedcomparisongon rm this completely).

Considerrst thosestarsin thesky thatdo notappeaiin the ASC. For Hipparchusand
Ptolemy thesestarscontributeto S about278and269, sothe differenceof 9 is a 3-sigma
effect in favor of Ptolemy Not negligible, but a small part of the overall differenceof
54. Therefore we seethat mostof the pro-Ptolemysignalis comingfrom starsthatwere
actuallyin the catalog,not from starsthatwereomitted.

120 4
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Figure2: Thedistribution of S differencedor thestarsthatarein the ASC.

If we look atthedifferencesn S valuesfor the 284 starsin this partof the sky thatare
alsoincludedin the ASC, on a starby-starbasis,we getthe histogramshaowvn in Figure2.
We noticethatthis histogramis nearlysymmetricaboutzero,exceptfor atail'! of starsat
positive S. Indeedwe noticethatif we computehesumof the S valuesfor all starsexcept
the13with thelargestpositive S valuesj.e. thosethatfavor Ptolemymost,thenthatsumis
very nearlyzero. This meanghatavery large part(46 out of 54) of the pro-Ptolemysignal
in thistestis in factarisingfrom 13 speci c ASC stars.Thesestarsarelistedin Table2.

1 The readermight wonderwhetherthis tail is peculiarto the caseat hand,or a generalfeature
that shouldbe expected. Monte Carlo simulationcon rms the secondpossibility Indeed,| have
generatedhundredf syntheticstarcatalogsy extractingwith probability P ge; Starsfrom the Bright
StarCatalog. Whenthesesyntheticcatalogsare analyzeddistributionsvery similar to that shavn in
Figurel alwaysresult. Indeed,it is fairly obviousthatwhenthe modelindicatesa southerrobserer,
thereasonwill alwaysbe thatthe northernobserer waspenalizedfor includingtoo mary dim, low
altitude stars. Corversely when a northernobserer is indicated,it will be becausehe southern
obserer omittedtoo mary bright stars.
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Name Baily # | Snipp | Sptol | SHipp  Setol
1195 803 3.47 | 1.76 1.71
1143 804 6.94 | 4.28 2.66
Eri* 805 5.44 | 0.19 5.26
Car 884 463 | 1.07 3.57
oVel 885 2.75| 0.96 1.79
V344 Car 887 14.80 | 8.09 6.71
N Vel 889 3.23| 0.54 2.69
Pup 893 3.60 | 0.27 3.34
Ara* 992 2.73| 1.07 1.65
"Ara 994 488 | 2.82 2.06
Ara* 995 9.74 | 2.34 7.40
Ara* 996 4.09| 0.43 3.66
Ara* 997 406 | 0.74 3.32

Table 2: A numberin column 1 gives the stars ID in the Bright Star Catalay. The
numberin column2 givesthe stars ID in the Almageststarcatalog. Syipp and Spy are
the contritutionsof thatstarto thelog-likelihoodassumindgdipparchusandPtolemyasthe
obserer, respectiely. Thestarsmarkedwith * have largeerrorssharedy theCommentary
andtheASC,andhencewe canbefairly certainthatPtolemycopiedthemfrom Hipparchus.

Of the 13 stars,5 of them, BN805, 992, 995, 996, and 9972 also appearin Hip-
parchus'Commentaryto Aratus andlike Canopuseach?® haslarge errorscommonto the
Commentanandthe ASC (seeTablel1 andFigurel). We canthereforebe pretty certain
thatthese v e stars,which are contrituting a total of 20 to S, arein fact, like Canopus,
giving us contradictorysignals: a pro-Ptolemysignal from the [Schaefer]visibility test,
but a pro-Hipparchussignalfrom the coordinateerrors. (Rememberthe only information
the visibility modeltakesfrom the ASC is whetheror not a staris included— the actual
coordinate@andmagnitudedistedin the ASC arenotusedin ary way.)

How deepdoesthis problemreach?Withoutfurtherindependenénalysiswe canonly
speculatebut thefollowing line of thoughtis notunreasonabldet usconsidemwhetherthe
othereightstarsin our signalmight have beenalsocopied. We know thatBN805( Eri)
wascopied,which atleastsuggestshatBN803andBN804,nearbyneighborsn Eridanus,
arealsogoodcandidatesor copying. We know that4 Ara stars BN992,995,996,and997
werecopied,which suggestshat BN994, alsoin Ara, might alsobe copied. Thatleaves
BN884,885,887,889,and893,all in Argo Navis. Now we know that Ptolemycopiedat
leasttwo starsfrom Argo Navis: 892 (Canopusgnd918( Hya), but thesestarsdid not
male our list of 13 “critical' stars. Still, it might be takento suggesthat Ptolemycopied
othersfrom Argo, furtherwealeningthe caseagainstHipparchus.In fact,a simplemodel
analysig* of the size of the correlationsbetweenthe Commentaryand Almagest errors
suggestshata large fraction, even up to 100%, of starscommonto the Commentaryand
the Almagestwere copied,so thesespeculationsrefar from groundless All in all, then,
we have eitherdirector circumstantialkevidencethata very large part of the pro-Ptolemy

12 ManitiusandGraRhof identi ed the rst startorisein Araas" Ara (BN994),butthesurrounding
textual and astronomicakvidencein the Commentanestablishedeyond ary reasonableloubtthat
thecorrectidenti cationis Ara (BN997).

13 G. GraRhof, op.cit. (ref. 10),331-34.

14 D. Duke,“Associationdbetweertheancienstarcatalogues”Archivefor History of ExactSciences
56(2002)435-450,D. Duke,“The Depthof AssociatiorbetweerntheAncientStarCatalogue$,Journal
for the History of Astonomy(forthcoming[hassinceappearedJHA, 34 (2003)227-230]).
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signalissuedby thevisibility testis, in fact,contradictedy the coordinateerrordata.

How shouldwe resole this dilemma?Oneway outwasrecentlyofferedby Schaefer®
who pointsoutthatwe needmerelyassumehatPtolemydid everythingheclaims,i.e. look
atthesky andmeasurehe positionsof the stars but thenperhapsomparesis resultswith
old recordshehadfrom Hipparchusaandfor somereasorincludedHipparchus'coordinates
for a subsebf the starsinsteadof his own measurements the ASC. This scenariathus
usesin a crucialway the modelassumptiorthatthe only issuebeingtested andhencethe
only conclusiorthatcanfollow, is whetheragivenstarwasobservedtaparticuladatitude.
It would beinterestingto try andfurthertestthis scenarioput I don't presentlyknow how
to dothat.

Anotheroptionis to incorporateinto the maximumlik elihoodcalculationthe a priori
knowledgethatsomestarswverede nitely obseredandmeasuretyy Hipparchusindcopied
by Ptolemy Forthosestarst maleslittle senseo blindly applythebasicmodelassumption
thatevery staris includedin the catalogwith probability Pget. Indeed,for thosestarsthe
statisticallysoundproceduravould beto saythatPge; is simply unity for Hipparchusand
zerofor Ptolemy(or perhapausea gaussiamprobability distribution sharplypealed at the
parametergmplied by Hipparchusasthe obserer). In thatcase however, thelik elihood

will obviously be sharplymaximizedfor Hipparchusno matterwhatthe contritutions of

theotherstars(unlesssomeone&an nd astarthatis knownto bemeasuredy Ptolemyand
not by Hipparchus— sofar, nota singlesuchstaris known). Thereademightcomplain,
correctly that this makes the whole questiondefault to Hipparchus but the real reason
this happenss the modelassumptiorthatall the starswith a x edregion of the sky were
measuredt the sameatitude. Soin fact, thedefaultis built into the model.

It appeargo methatwe mustaskwhich conclusiordo we trustthemost,whichin turn
meanswhich setof underlyingassumptiongs mostlikely to betruein this speci c case |
know of noreasorto mistrusttheevidencefrom thelarge sharecerrors,but we mustadmit
thatonly v e of the crucial 13 starsarevirtually certainto be of Hipparcharnorigin. The
evidencefor the remainingeight s, strictly speaking,circumstantialand statistical. On
the otherhand,the discussiorabose malesit clearthatthe fundamentahssumptionshat
underliethevisibility testmaynotbenearlysosolid, atleastin thecaseathand.Certainly
the simplestresolutionis thatthe visibility test,asimplementedjust doesnt work for the
ASC. It would be interestingif someoneould nd anobjective way to distinguishthese
options.
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by DENNIS DUKE*

| suggesthatthe correctstandardnodelof early Greekstellarastronomyis:
Someone perhapsHipparchus,measured fairly completestar catalogin equatorial
coordinates.
Thatcatalogwasthebasigfor theresultspresenteih HipparchusCommentaryo Aratus?
Analog computationvasusedto convert mostof the catalogto ecliptical coordinates.
It is thiscorvertedcatalogwith longitudesshiftedby 2 40°, thatwe havereceiedthrough
Ptolemyandthe Aimagest

Thesupportingargumentin brief is:

Thestarcoordinatesn Hipparchus'Commentaryo Aratusareclearly equatoriakight
ascensionanddeclinations Althoughwe have no surviving hint howthosecoordinates
weremeasuredor evenwhomeasuredhem,it is reasonabléo assumehatthecoordinates
weremeasuredn the sameway they were presented:equatorialcoordinates.Ecliptical
stellarcoordinatesreconspicuousn their absence.

The correlationsbetweenthe errorsin the Alimagest dataand the Commentarydata
shaw thatthosetwo datasetsareassociateéh someway. Thisis substantiatetyy”

severalstarswith largecommonerrorsin eachdataset,
detailedstatisticalanalysisof the errorcorrelationshetweerthetwo setsof data,and
similar systematicerrorsin thetwo datasets.

Thesefactsaremosteasilyreconciledby assuminga catalogin equatoriakoordinates
thatwasusedto calculatehe Commentarylata,andwaseventuallyusedn substantiapart
for theAlmagestcatalog.Strictly speakingthiscatalogneednotoriginatefrom Hipparchus.

The starcoordinatesn the Almagestareecliptical longitudesandlatitudes which are
clearlythemostconvenientform for ary astronomein theeraHipparchus-Ptolemyhose
primary interestwould likely be lunar and planetarypositions. Ptolemyclaimsthat he
measuredhe starcoordinatewith a zodiacalarmillary sphereput several analyseshav
that his claim mustbe largely not true, and that he musthave copiedmostif not all the
coordinatesrom someothercatalog® adjustingthe longitudesto accountfor precession.

Wenow invoke Newton'sfractionalendingobsenationto concludethatthecatalogthat
Ptolemycopiedfromwas,atthetime he did the copying, alsoin eclipticalcoordinatesbut
with excesse®f 00° endingsin bothlongitudeand atitude. This impliesthatthe catalog
Ptolemycopiedfrom waseithertheresultof

directmeasurements eclipticalcoordinatesor
corversionfrom equatoriakcoordinatedy somemethodthatresultedin excessest 00°
endingsin longitudeandlatitude.

! Florida StateUniversity; dduke @scri.fsu.edu

2 HipparchusCommentarypn the Phenomenaf Aratusand Eudoxustrans. RogerT. Macfarlane
(private communication).Until thisis published theinterestedeademustuseHipparchus)n Arati
etEudoxiphaenomenaommentarioriumed.andtrans.by K. Manitius(Leipzig, 1894),whichhasan
editedGreektext andanaccompaying Germartranslation.

3 D. Duke, “Hipparchus' CoordinateSystem”, Archive for History of Exact Sciences6 (2002)
427-433.
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However, direct measurementf the ecliptical position of eachstarwould give co-
ordinateerrorsthat were statistically uncorrelatedwith the equatorialcoordinateerrors
mentionedabore, andsois hardto reconcilewith the clearandstrongcommonheritage
of the Commentaryand the Almagestdatasets. This suggeststherefore,that the most
likely scenarids that someonecorvertedthe original equatorialcoordinatego ecliptical
usingsomeform of analogcomputation.Hipparchususinga celestialglobeis anobvious
candidaté.

SUPPORTING DISCUSSION

The conclusionthat Hipparchususedequatoriakcoordinatess basedon thefollowing
obserations’
in the CommentanHipparchusactually guotesthe positionsof humerousstarsdirectly
in right ascensiomr declination(or moreoftenits complementpolardistance),
polarlongitudesarenot directly measurablesincethe measuremerdf ary longitudeis
alwayswith respecto someother previously measuredongitude,andthereis no way to
measurenepolarlongitudewith respecto anothempolarlongitude.
polarlongitudesarein factnever quoteddirectly for a singlestarin the Commentaryand
sinceHipparchuglid notmeasuréherising, setting,andculminationnumberdirectlyin
thesky, hemusthave computedhenumberssomehuwy, usingsomeothersetof numbersas
inputto the calculation.Hipparchuggivesanexplicit example,andthatexampleusesright
ascensiomnddeclinationastheinitial input data.

The statisticalevidencethattherising/settingphenomenalatain the Commentaryand
the Almagestcoordinatesharea commonheritageis substantial. Figure z3 shavs cases
of starswith large and similar errorsin both datasets. It is unlikely that independent
obserationsof all thesestarswouldresultin essentiallthesamdargeerrors.Omittingthe
outlier casesandanalyzingthe correlationshetweerthe smallererrorsin the Commentary
andthe Almagestalsoshaws thatthe datasetsmostlikely have a commonheritage. The
correlationsare quantitatvely understoodby meansof a simple model: the Almagest

errorsare"i, where" hasmeanzeroandvariance f\, while the Commentaryerrorsare

"i + i, andthesehave meanzeroandvariance 2. The" and errorsarecompletely

uncorrelatedwhile theadded errorsaccountfor the empiricalfactthatthe variance 2
in the Commentanerrorsis largerthanthevariance 3 in the Almagesterrors. A simple
extensionof the modelallows an estimateof the fraction of starscopiedby Ptolemyand
concludeghatthe fractionis large, andnot inconsistentwith unity. Finally, it is possible
to estimatethe systematicerrorsin the Commentaryphenomenalata, and they shav a
clearsimilarity to thesystemati@rrorsobseredin the AlmagestcoordinatesAlthoughthe
comparisorof the Almagestand Commentarystatisticalerrorsis limited to the 134 stars
commonto both catalogsthe clearassociatiorbetweerthe systemati@rrorsimplies that
the associatioris more broadly based,sincethe systematicerrorsare relatively smooth,
few-parametercollective effectsthatpermeatehe entiredatasetsin boththe Commentary
andthe Almagest catalog. Theseobsenationstaken togetherthus strongly suggesthat
the Commentaryataandthe AlImagestcoordinateshare atleastin large part,acommon
heritage.In thecaseof the Commentaryve alsoknow, asdiscusse@bove, thattheheritage
comesfrom a catalogexpressedn equatoriakcoordinates.

Are the positionsof the starsincludedin the Almagest catalogconsistentvith mea-
surementith anarmillary? Comparingthe numberof starscataloguedwvith the number

6 R. Nadaland J.-R Brunet,“Le Commentaired'Hipparquel. La sphere mobile”, Archive for
History of ExactSciences29 (1984),201-36and“Le Commentaired'Hipparquell. Positionde 78
étoiles”, Archive for History of ExactSciences40 (1989),305-54. And, of course Ptolemytells us
explicitly in AlImagestVIl.1 thatHipparchushada globe.

7 D. Duke, op.cit. (ref. 3) givescompletedetails.
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Figurel: A scatterploshaving thecorrelationof the CommentarandAlmagesterrorsfor
phenomenaf typesl-4. Starswith largesharederrorsaremarkedwith their Baily number
(thenumberof the starin the AlImagestcatalog).
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easilyseerin thesky (i.e. thosewith visualmagnituddessthan5) revealsthatthecataloger
included?25 of the 28 stars(89%) within 15 of the ecliptic pole, and 12 of the 20 stars
(60%) within 15 of the equatorialpole. Nearthe centerheincluded?7 of 86 stars(90%)

within 3 of the ecliptic, and 39 of 59 stars(66%) within 3 of the equator Overall, he

included442 of the 730 stars(61%) north of the ecliptic and 444 of the 744 stars(60%)

north of the equatoy correspondingo a cataloglimiting magnitudé& of justunderV = 5.

Thusthe stardensitiesearthe equatorandits pole areconsistentith the overall density
of inclusion,while thedensitiemearthe ecliptic andits polearesubstantiallyelevated.

However, whenusinganarmillary spheregitherzodiacalbr equatorialjt is particularly
dif cult to accuratelymeasurestarsneareitherthe pole or the equatorof thesystent The
statisticalerror'® distributions of the Almagest coordinatesare shawn in Figsz3-z3, and
they donotrevealary anomaloubehaiorsneareitherequatoor pole. Thefactthatthestar
positions especiallythe latitudesnearthe ecliptic or equatorandthelongitudesneareither
pole, arerelatively well measureds hardto understandf the measureusedanarmillary
of ary sort.

Ontheotherhand measuringhestarpositiondn equatoriatoordiratesdoesnotrecuire
anarmillary. Indeed,one plausiblescenariais that the declinationswere determinedby
measuringhe altitude (or zenithdistance)of the starsat meridiantransit, while theright
ascensionsould be determinecby measuringhe distanceof the starfrom the standard
starclock star positionsthat Hipparchusnotedin Book 3 of the Commentary! Indeed,
thereis amucholder (ca. 700 BC at the latest)Babyloniantradition of zigpu starclock
obserations!? soit would not be surprisingthat Hipparchusmight have useda similar
stratgy. In ary event, suchmeasuremennethodsoffer an essentiallyunobstructediiew
of the ecliptic, theequatorandbothassociategoles,andthusaremucheasietto reconcile
with theselectiorof cataloguedtarsthantheideathatanarmillary spherevasusedfor the
measurements.

The systematicerrorsin right ascensioranddeclinationareshavn in Figuresz3&z3,

8 D. Rawlins, op. cit. (ref. 5); B. Schaefer“The latitude of the obserer of the Almageststar
catalogueJournal for the history of astonomy 32 (2001),1-42.

® Primarily becaus¢heringsthemselesobstructheview of astarneareitherthepoleor theequator
of theinstrument.

101 usethe methodof Dambis-Efremu to estimatetheseerrors. SeeA. K. Dambisand Yu. N.
Efremov, “Dating Ptolemys starcataloguehroughpropermotions: the Hipparcharepoch”,Journal
for thehistoryof astonomy 31(2000),115-134.SeealsoD. Duke, “Dating thealmagesstarcatalogue
usingpropemotions:areconsideration”Journalfor thehistoryof astonomy 33 (2002)45-55,which
explainsin detailhow to separatehe statisticalandsystematierrors.

11 Oneway that Hipparchusmight have usedis to construcia V-shapednstrumentwith two pieces
of wood, perhapsa meterlong, with a string acrossthe top of the V, perhapsmarked with equal
incrementf 1/18" thelengthof the chord. He would adjustthelengthof the chordsothattheangle
is 15 , somethinghe de nitely knew how to do. Then,assuminche hashis star-clod table at hand
he waits until a startransits,and keepinghis instrumentlevel, measureshe distance ,or numberof
1/18" incrementsto the nearesstarclock star If thetamget staris nearthe equator he is done. If
it is at somenon-ngjligible distancefrom the equator he would have to correctfor whatwe call the
cos factor but we know from the Commentaryhe knew how to do that, too. Usingthe chordas
describeds equialentto linearinterpolationin atableof chords,but he mighthave gured outhow
to do better For all we know, somereasonindike this led him to the tableof chords.How did he get
the starclock table?He only needsonestarto start,thenhe canusethe above procedureo bootstrap
his way aroundthe equator Presumablyhe cangetthat onestarfrom anobseration duringa lunar
eclipse.Certainlyhis solartheorywasadequatéo getthe accurag we know he eventuallypublished
in the Commentarystarclock lists. Or perhapshe usedthe moonand his lunar theory which was
probablyaccurateenoughneara full moon.

12 3. Schaumbaeger, Zeitsdrift fur Assyriolaie, 50 (1942),42; B. L. van der Waerden,Science
Awaleningll; the Birth of Astonomy(1974)77-79;D. PingreeandC. Walker, “A BabylonianStar
CatalogueBM 78161",A Scienti cHumanist: Studiesn Memoryof AbrahamSatis(1988),313-322.
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Figure2: The statisticalerrorsin longitude(reducedo great-circlemeasurepf the 1,028
Almageststarpositions.
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Figure3: Thestatisticalerrorsin latitudeof the 1,028 Almageststars. Figure4: Asin Figurez3 but looking closeto the ecliptic.
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Figure5: The statisticalerrorsin right ascensiorfreducedo the greatcircle) of the 1,028

Almageststars. Figure6: Thestatisticalerrorsin declinationof the 1,028 Almageststars.
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Figure 8: The systematicerrorsin right ascensionweightedby cos . The larger light
circlesarethe errorsin right ascensioror the Hipparchanclock-starswith visualmagni-
tude brighterthan4, which might have beenusedasreferencestarsto measurehe right

Figure7: Asin Figurez3 but looking closeto the equator ascensionsf tamgetstars.
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Figure9: Systemati@rrorsin zenithdistancez, wherez =
zodiacal,andsoutherrconstellationgreshavn separately

2002 Sept DIO 12 z3

. Thestarsn thenorthern,
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separatetby the northern,zodiacalandsoutherrconstellationasgroupedby Ptolemy It
is possible of coursethatsomeothergroupingwould revealmoreinterestingnformation.
A comparisorof thesystemati@rrorsin right ascensionf the Alimageststarpositionswith
theerrorsin Hipparchus'starclockpositionss shavn in Figurez3. If thedeclinationsvere
determinedby measuringhe zenith distancez at meridiantransitusing the relationship
' z, where' is the geographicalatitude of the obserer, thenit is possiblethat
analysisof thedatain Figurez3, perhapsalongthelinessuggestetby Rawlins,*® will yield
interestingnformation.

Newton'sanalysisof thedistribution of fractionalendingssuggestshatsomeonedded
n 40°, with n aninteger, to eacheclipticallongitude. Thusif theoriginaleclipticallongitude
endingshad excessest 00° thenthe Almagestlongitudeendingswould have excessest
40P, asNewtonindeedobseredto bethecase.Oneoptionis thatPtolemyhadacatalogthat
Hipparchushadhimselfconvertedto eclipticalcoordinatesAnotheroptionis thatsomeone
did theconversionfrom equatoriato ecliptic atalaterdate perhapsven Ptolemyhimself.
Thesheeguantityof computatiorwould beagoodreasorto resortto analogcomputation,
nomatterwhodid it. In ary event, Ptolemytells usdirectly that*

“one hasa readymeansof identifying thosestarswhich are described
differently [by others];this canbe doneimmediatelysimply by comparing
therecordedpositions.

therebyimplying thathewasnotthe rst to useeclipticalcoordinatesn astarcatalogué?®

Table 1 givesthe distribution of fractionalendingsfor several groupingsof stars. In
preparingthe table| have subtractec® 40° from the Almagestlongitudefor eachstar If
the original longitudeswerebinnedlik e thelatitudes,.e. in binsof 00°%, 10°, 15°, 20°, 3¢°,
40°, 45°, and50°, thenthe subtractionwill unfortunatelynot recover the original ending
distributions, sincethe original casesof 15° and45° cannotoccurin the reverseprocess.
Thisaddsalayerof compleity to theanalysisof eachcase . NewtonsuggestethatPtolemy
roundedhe15°+ 40° = 55° casego 00° andthe45°+ 40° = 25° casedo 20°. If so,when
wereversetheprocesgshe00°  40° = 20° casesandthe20® 40° = 40P caseswill shav
elevatedpopulations sincesomeof their membersshouldreally bein the nearby15° and
45° bins. This shouldbe keptin mind wheninspectinghe distributionsin Table1.

Ontheotherhand,underthescenaricsuggesteth this paperthedeclinationsandright
ascensiongreremeasuredvith two differentinstrumentsandsoit is not obviousthatwe
shouldexpectthe samebinning of obsered valuesin eachcase. It is also possible,of
course that the equatorialto ecliptical conversionwasa mixture of processes.The fact
that the excessof 00° and 30° endingsin latitude occursfor northernand zodiacalstars
but not for southernstars®® whoseendingsare consistentwith randomdistribution, was
the basisfor Rawlins' conclusioft’ that the southernstarswere measuredn equatorial
coordinatedy Hipparchusand then transformedto ecliptical using trigonometry That
may well be the case,andis worthy of furtherinvestigation. Whatis important,though,
for the scenaricsuggestedn this paperto be true, is that peaksat 00° endingsappearin
longitudeandlatitudeafterthe corversionprocess.Thiswould de nitely notbethecassf
the corversionwasdoneexclusively usingtrigonometry soit is essentiathat someform
of analogconversionwasused atleastfor mostof the catalog.

13 D. Rawlins, DIO 4.1(1994)33-47.

14 Ptolemys Almagest trans.by G. J. Toomer(London,1984),p. 340.

15 And further, sincehe saysthe comparisormay be done immediately' and “simply’, Ptolemyis
perhapsalsotelling usthatotherstarcataloguesn ecliptical coordinatesverereadily available,both
for hisreadersandfor himself(Noel Swerdlav, privatecommunication2001).

16 M. Shavchenlo, An analysisof errorsin the starcatalogue®f PtolemyandUlugh Beg”, Journal
for the history of astonomy 21 (1990),187-201.

17 D. Rawlins, op.cit. (ref. fn 13).
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The scenariosuggestedn this paperdiffers from previous interpretationsn various
ways:

Someprevious interpretationsof Hipparchus'catalogare thatif he had oneat all, it
was expressedn a mixed systemof non-orthogonatoordinates:declinationsand polar
longitudes®

Someauthorsthoughtthat the analysisof Vogt!® provided conclusie proof that the
Almagestcoordinatesareoriginal to Ptolemy at leastin large part°

Someauthorshave suggestedhat oneway to understandhe structureof the Almagest
catalogis to assumeertainreferencestarswereusedto measurgheecliptical coordinates
onaconstellation-by-constellatidmasis?

Someauthorshave suggestedhat Hipparchusmeasuredis catalogof starcoordinates
directly in ecliptical longitudeand latitude, probablyusinga zodiacalarmillary sphere?
A partialexception,mentionedabove, is thesuggestiorf Rawlins? thatthesoutherrstars
weremeasuredn equatoriakoordinates.

Hopefullyit will befairly straightforvardto nd or cite additionalevidencethateither
strengthensr refutesthe suggestednodel. The following list of questions,while no
doubtincomplete,representissuesthat would likely bene t from additionalthoughtful
consideration:

When,where andhow weretheoriginalequatoriameasuementsnade?Alsointeresting,
but perhapshardto answey is whetherit wasHipparchusor someoneslsewho madethe
measurements.

Canoneidentify ary Almagestcatalogstarsthatwerelikely not measuredn equatorial
coordinates?How mary independensourcesof coordinatesio we nd in the Almagest
catalog?

Whatwasthe precisionof the coordinategjuotedin the original equatoriakcatalog?And
related how did the 10 bin sizesin the Almagestarise?

Whenandhow wasthe transformatiorfrom equatorialto ecliptical coordinatesaccom-
plished?

Wasa zodiacalarmillary ever usedby ary ancientastronomerThescenaricuggested
in this papercertainly doesnot requirethat either Hipparchusor Ptolemyever usedone
for measuringstarpositions. It is quite possible though,thatonewasusedfor measuring
elongationsnearthe zodiac betweenstars, planets,and the Moon. We have numerous
recordsof an Arabic tradition of the zodiacalarmillary,?* probablyinspiredby Ptolemys
descriptionin the Almagest but we have no surviving recordsof ary substantialset of
measurementmadewith one beforethe time of Ulugh Beg (ca. 1437). Applying the

18 See for example,O. Neugebauer history of ancientmathematicahstonomy (3 vols., Berlin,
1975),p. 277-80;G. J. Toomer Hipparchus Dictionary of Scienti ¢ Biography15 (1978),p. 217;
J. Evans, The History and Practice of AncientAstonomy(New York, 1998),p. 103; G. Grafl3haf,
“Normal starobserationsin late Babylonianastronomicatliaries”, Ancientastonomyand Celestial
Divination (1999),ed. N. Swerdlav, p 127 andfootnote23.

19 H. Vogt, “Versucheiner Wiederstellungvon HipparchsFixsteriverzeichnis”, Astonomiste
Nadrichten 224(1925),cols2-54.

20 0. Neugebaueop.cit. (ref. 18), p. 280-4;G. J. Toomer op.cit. (ref. 18),p. 217;N. M. Swerdlav,
“The enigmaof Ptolemys cataloguef stars” Journalfor thehistoryof astonomy 23(1992),173-183;
J.Evans,“The Ptolemaicstarcatalogue” Journal for the History of Astronomy 23 (1992),64-68.

21 J.Evans,"On theoriginsof thePtolemaicstarcatalogue”Journalfor theHistory of Astonomy 18
(1987),155-172233-278;M. Sherchenlo, op.cit. (ref. 16);J.W odarczyk,‘Notesonthecompilation
of Ptolemys catalogueof stars”,Journal for the History of Astonomy 21 (1990),283-95.

22 R.R. Newton, op.cit. (ref. 5) 255-6;D. Rawlins, op.cit. (ref. 13); K. Pickering, DIO 9.1(1999),
26-29.

% D. Rawlins, op.cit. (ref. 13).

24 Aydin Sayili, TheObservatonyin Islam (1960).
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fractionalendingtestto Ulugh Beg's catalogseemso indicatethathis dataweremeasured
in ecliptical coordinate$® but we alsoknow that he had mary otherinstrumentso use,
andwe have little informationabouthow ary of his measurementaeremade. We know
that Tycho Brahebuilt onebut foundit sodif cult to usethathe quickly abandonedising
it.2® It is possiblethat Ulugh Beg's catalogmight provide a usefultestcasefor further
investigationof someof theissuegaisedin this paper
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z4 Theinstruments usedby Hippar chos

by KEITH A.PICKERING

A Arevealinggap

Al  More than 2000 yearsafter its compilation, it is nov possibleto determinewith
somecon dencethekindsof instrumentghatwereusedto obsenre the starsof the Ancient
Star Catalog,andin which partsof the sky the variousinstrumentsvereemplo/ed. The
factthatthereweremultiple instrumentsandthatthe ASC wasnot, asstatedby Ptolemy
obsered with a singleecliptical astrolabedoesmorethanprovide yet-anotheproof that
the catalogwasobsered by Hipparchogqfor we have morethanenoughof thosealready);
it alsoallows usaglimpseinto thehithertounknavn workingsof astronomyandinstrument
manubctureasthey werepracticedat a critical point of ancientGreekscience.
A2  The Almagestdividesthe ASC into threesectionsfor the northern,zodiacal,and
southerrpartsof thesky. Looking atthenorthernsky, gure 1 plotstheabsoluteerrorsin
longitudefor eachnorthernstarin the ASC, accordingto its actuallongitudeat the epoch
of the catalog(whichwe will taketo be 128.0). In looking at the plot, noteparticularly
thatthereis anodd gapin the plottedstarsat about70 ecliptic longitude. Note alsothat
thereis asimilar gapat about250 ecliptic longitude,exactly 180 away. This gapcanbe
more easily seenif we overlay the secondhalf of the longitudes(180-360)on top of the
rst half,aswehavedonein gure 2. Noteparticularlythatthelongitudeerrorsincreasen
absolutemagnitudeaswe getcloseto the gap. For purpose®f comparison,gure 3 plots
theabsoluteerrorsin right ascensiomy right ascensionthegapdisappears.
A3  Thisgapis signi cant becausé shavs us, rst, thatthenorthernsky wasobsered
primarily with a singleinstrument;second thatthe instrumentwas an ecliptic astrolabe;
andthird, thatthe astrolabevasof a somevhatdifferentdesignfrom the descriptiongiven
by Ptolemy andindeeddifferentfrom ary previously known to have existed.

Figurel: Errorsin longitudeby longitude for northernstarsin the ASC. Noteverticalgaps
in thedata.

B The astrolabe

B1 Thearmillary astrolabeusedin ancientGreekastronomyis, at rst glance,a be-
wildering mazeof nestedrings, tted closely inside eachother that rotatein comple
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Figure2: Errorsin longitudeby longitude,with longitudesoverlain. Note vertical gapin
thedata.

Figure3: Errorsin right ascensioiy right ascensionfor northernstarsin the ASC. Note
lack of verticalgapsin thedata.

ways. Let's look attheway an armillary astrolabés contructedfrom theinsideout. The

innermosting (Ring 1) containsa pair of sightingholesor pinnules diametricallyopposite
eachother throughwhich the staris sighted. ImmediatelysurroundingRing 1 is Ring 2,

whoseinside diameteris fractionally larger thanthe outsidediameterof Ring 1. Ring 1

is constrainedsothatit rotatesinsideRing 2, in the sameplane,their edgegust touching.
Ring 2 hasa scaleof degreeson its edge,indicatingthe rotationalpositionof the pinnules
onRing 1. (See gure 4.) If we wished,we couldmountRing 2 onthe meridian,andthen
usethe Ring 1&2 assemblyasa transitinstrument. To do this, we would have to orient
Ring 2 sothatit pointsnorth-south,andso thatits zero-dgreepointson the scalewere
horizontal,and90-degreepointswerevertical.

B2  Butto make theRing 1&2 assemblymoreuseful,we will mountit differently We

constructan outerring, Ring 3, setvertically so that the whole Ring 1&2 assemblycan
pivot within it, arounda vertical axis. We run axle pinsfrom the 90-degyreepolesof Ring

2 into theinneredgeof Ring 3; sonow Ring 1&2 canrotateto ary azimuth.To determine
theazimuthatwhich Ring 1&2 is pointing,we addRing 4, whichis x edhorizontallyand
atright anglesto Ring 3. Ring 4 carriesanotherscaleof degrees,ndicatingthe rotational
position of Ring 2. Rings3&4 now form a cage,within which Ring 2 rotatesfreely in
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azimuthwhile Ring1 rotatedreelyin altitudewithin Ring2. (Seegure 4). Theinstrument
cannow be usedasa theodolite,sincewe candeterminethe altitude andazimuthof ary
starwith it. Wewill call this arrangemenithe 4-ringinstrument.

Figure4: The four-ring instrument. Ring 1 (innermostwhite) carriespinnulesthrough
which the staris sighted. Ring 2 (dark gray) hasa scaleof degrees.Ring 3 (outerwhite)
holdsthepolaraxis. Ring 4 (light gray)containghe secondscaleof degrees.WhenRing 4
is horizontal,the instrumentcanbe usedasa theodolite;whenmountedto rotatewith the
sky, it is anastrolabe.

B3  The 4-ring instrumentis capableof pointing to almostary point in the celestial
spheremakingit quite useful. In fact, thereis only one y in the ointmentto this whole
arrangementat certainrotationalpositions Ring 2 becomesocloselyalignedwith Ring 3
thata starcannotbe seenthroughthe pinnules becausering 3 getsin theway. Thereare
two suchrotationalpositions,exactly 180 apart. For the samereasonit is impossibleto
obsere very nearto the horizon,becausdring 4 getsin theway:*

B4 A largerissuewith the4-ringinstruments oneof orientation.With Ring 4 oriented
horizontally it makesa ne theodolite but horizon-base@oordinatesreof limited utility

in astronomybecauseahe sky movesasthe earthrotates. It is muchbetterto mountthe

! Areasneartheaxisarealsoblocked by bothRing 3 andRing 2.
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4-ring instrumentsothatit rotatestoo, following the sky.

B5 Recallthatthepurposeof Ring3is entirelystructural:it holdstheaxisaroundwhich
Rings1&2 rotate. Sothemostobviousarrangemeris to simply extendthataxis,andorient
theaxistowardthecelestialpole. Thentheentire4-ring instrumentcould be rotatedalong
with thesky. Theastrolabeif mountedhisway, wouldreadequatoriatoordinateslirectly,
becausdring 4 would be permanenthalignedwith thecelestialequator All thatwould be
neededvould beaway to aligntheinstrumentin right ascension.

B6  Althoughequatoriakoordinatesareusedextensvely today in ancienttimeseclip-

tical coordinatesvere morewidely used. Soin practice,what wasreally neededvasa

way to mountthe 4-ring instrumentsothat: (a) it couldrotatewith the sky; and(b) Ring 4

would bealignedwith theeclipticinsteacbf thecelestialequator And in the AlmagestV.1,

Ptolemydescribediow thiswasdone:asecondaxiswasdrilled in Ring 3 (thiswould have

been23 51° from the rst). Thenthe 4-ring instrumentwas mountedso thatthe second
axiswaspointedto the celestialpole. The entireinstrumentcould thenrotate(aroundthe

polar axis) to follow the sky; while the coordinatereadingsfrom Ring 2 andRing 4 are
stuckin a differentcoordinateframe, tilted in exactly the samemannerasthe ecliptic is

tilted to theequator And therewe have it; theeclipticarmillary astrobalenearlythesame
asdescribedy Ptolemyin the Almagest?

B7  Exceptfor onebig thing. Whenwe drilled the polaraxisin Ring 3, atthatmoment
we permanentlyx edthe ecliptic longitudeof Ring 3 alongthe 90 -270 solstitial colure.
Thisis the greatcircle in the sky throughwhich both the ecliptic polesandcelestialpoles
run,andnow this coluremustalsorunthroughRing 3 too, sincebothinstrumentabxesrun

throughRing 3. Now we know thatRing 3 will getin the way of someobsenrations,so

if we build anastrolabehis way — asdescribedy Ptolemy— we shouldexpectthereto

beagapin obseredstarsat90 and270 ecliptic longitude. As we have seenthereis a

longitudinalgap,but it is notat90 -270 ; it isat 70 -250 . Thismeanghattheastrolabe
which Hipparchosactually usedto obsere the ASC was built in a somevhat different
mannerthanthe onedescribedy Ptolemyin the AlImagest

B8 Insteadf drilling asecondsetof axisholesin Ring 3, Hipparchogor hisinstrument
maler) musthave usedseparatdearingjournalsto hold the polar axis. Therewould be
two suchjournalsclampedor af x ed to oppositesidesof Ring 3 at the celestialpoles
(see gure 5). Sincethe solstitial colure (which de nes 90-270ecliptic longitude) must
containbothaxes,thecolurenolongercontainsking 3; rather it is offsetby someamount.
In the instrumentactually usedby Hipparchos this amountwas about20 degrees. This

arrangemenhasa structuraladwantage becauset avoids putting anothersetof holesin

Ring 3, which hasalreadybeenwealenedby the holesfor the ecliptic axis.

B9 If hehadusedmorethanoneastrolabgor observingthe Northernsky, Hipparchos
couldhave arrangedo have the journalson astrolabe#2 mountedon the oppositesidesof
Ring 3 thanthearrangementn astrolabe#1; sothe blind spotof astrolabe?2 would be at
110-290,andthe blind spotof oneinstrumentcould be coveredby the other Thereforeit
is apparenthatlarge partsof the northernsky wereobsered with a singleinstrument—
or nearlyso.

B10 Yourecallthatthereis anotherblind spot,alongRing 4. This ring falls right on
the ecliptic, sowe might expectto seea gapin the datahere,too, just aswe foundin the
longitudes.In the northernsky, only oneconstellation(OphiuchusYipsall theway down
to the ecliptic; but thereis no suchgapalongthe eclipticin Ophiuchus.In fact,thereis no
suchgapamongthe starsof the zodiacalconstellationseither

2 For purpose®f simplicity, we have left out Ring 5, which is usedonly asan aid to orientation.
Ring 6, whichis x edto the earthasa strutcturalsupportfor the whole instrumentholdsthe second
axis,which pointstoward the North CelestialPole.
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Figure5: Thefour-ring instrumentviewedfrom above thepoles.Ring 2 (darkgray) pivots
aroundtheNorth Ecliptic Pole(NEP),while theentire4-ring instrumentotatesaroundthe
North CelestialPole (NCP)to follow the sky. (TheNCP axisis af x edto anouterRing 6,
which is not shawvn in the diagram.) Accordingto the Almagest the NCP axisis drilled
in Ring 3 (top); in the astrolabeusedby Hipparchosthe NCP axisis carriedon a separate
bearingjournal (bottom). The 90-270solsticial colureis the greatcircle joining the two
axes— alongRing 3 (top) or offsetfrom it (bottom).
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B11 Sotheremusthave beena differentinstrumentor a differenttechnique(or both)
for observingright at the ecliptic. One possibility is a secondset of pinnules® The
primary pinnuleswould be mountedon Ring 1 at diametrically oppositepositions, as
alreadydescribedwhile the secondsetwould be mountedabove these a little morethan
onering-width away. Thus, the sightlinethroughthe rst setwould be exactly parallel
to the sightlinethroughthe secondset. Whenthe rst setwastoo closeto the ecliptic to
obsere, the secondsetwould still beableto seeover thetop of Ring 4.

B12 | havebeenunableto nd similargapsin eithertheZodiacor the Southsectionsof
the ASC. This impliesthatthe instrumentusedin the North wasdifferentthanthe one(s)
usedin otherpartsof the sky.

C Gap Characteristics

Cl Aretherebrightstarsin thegapthatHipparchoausuallywould have taken,or is the
reasorfor the lack of catalogedstarssimply thatthereareno bright starsin this region of
the sky? In otherwords,is the gapreal? As it turnsout, thereareonly v e starsin the
Northernsky brighterthanmagnitude3.9thatHipparchodeft out of thecatalog: UMa,
Lac,46 LMi, 109Her, and Sct. Two of thesev e (109Herand Sct)arein thegap.
Sincethegaprepresentsnly about5% of the sky, thisis clearlya signi cant number
C2 Thegapis causedy the physicalpresenc®f Ring 3, which hasa constanphysical
width. But thelongitudinalwidth of Ring 3 increasesowardthe ecliptic pole,becaus¢he
lines of longitudecorverge there. We candeterminethe relative thicknessof Ring 3 by
closeexaminationof the edgesof the gap. In gure 6, | have plottedthe region nearthe
gapin latitudeand“folded” longitude,alongwith linesindicatingthe positionthatthe gap
would have if Ring 3 wascenteredat 69.5- 249.5andhada width of 3.7 degrees. These
parameters theactualgapquitewell (althoughsmallerwidths cannotbe excluded).
C3  Similarly, in gure 7, | have plottedall starsof magnitude4.5 or brighterthatare
missingfrom the catalog,with the samegap limits. Note particularly that thereare no
missingstarsthis bright above latitude 75. This is a goodindicationof the polarlimits of
theastrolabeandshawvstheregionin whichadifferentinstrumentvasprobablyused.This
alsoexplainswhy thereare a coupleof holdoutstarspresentn the gap: the holdoutsare
bothatvery high latitudes.
C4  Theedgesof the gaparebetweend and5 degreesapartat the ecliptic. The exact
edgesdependon how far north one choosesto assumewas obsered with this single
instrument. The gapis actually two adjacentgaps: onein which the lower pinnuleis
blockedby Ring 3, andonein whichthe upperpinnuleis blocked. Thereforethe 5-degree
width of thegapimpliesthatthe physicalwidth of Ring 3 wasbetweer? and2 .5degrees.
Theexactcenterof thegapis abit tricky to pin down, but it seemgo bevery closeto 69 .5
of ecliptic longitude.
C5  Further betweerthesetwo adjacengaps.at the very centey thereis a very narrav
“gap within thegap’, wherea starlying at thatpreciseongitudeshouldbevisible. Thisis
becausewhenRing 2 is exactlyalignedwith Ring 3, neitherpinnuleon Ring 1 is blocked
by Ring3: theline of sightpassesalongtheedgeof Ring 3justasif it wereawide extension
of Ring 2. As it turnsout, thereis in facta catalogedstarlying almostexactly atthecenter
of thegap: UMi. But sinceit alsolies ata very high latitude,thereis no guaranteehat
it wasobsened throughthe “gap within the gap; ratherthanin the samemannerasother
starsneartheecliptic pole.
C6 A ring about2 degreeswide is rathernarraw, structurallyspeakingwhichin turn
placeslimits on the materialusedto constructthe astrolabe.For example,if Ring 3 was
50 cmin diameterit couldbe no morethanaboutl cm (perhapdess)in width. | tendto

3 Ptolemydoesnot mentiona secondsetof pinnulesin the Almagest but given the foregoing, he
cannotbetakenasawholly reliablesourceon the constructiorof astrolabes.
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Figure6: Closeview of thegapin catalogedstars. Thelines shav thelimits of agap3.7
degreeswide centeredat 69.5- 249.5degreedongitude.

doubtthatawoodeninstrumenbf this narrav aspectatio couldbestiff enoughagainsthe
weightit mustsupportto bevery accuratebronzeseemsa morelik ely material.

D Epochof the Northern Catalog

D1  Thesingle-instrumenhypothesismpliesthatthe northernsky wasobseredall at
once beforetheinstrumentadtime to becomewnorn or damagedin otherwords,a matter
of monthsor a few years ratherthandecadesCarefulanalysiswill allow usto determine
theepochof this northernobsenrationaleffort.

D2  After subtractingPtolemys 2 2=; falseprecessionatonstantwe canreconstruct
the actuallongitudesof thesestarsas obsered by Hipparchos. Dueto precessionstars
adwancefrom westto eastparallelto the ecliptic, maintainingtheir sameecliptic latitudes,
but increasingheir ecliptic longitudesat a rateof about83° percentury So,asa rst cut,
we cansimply take thesereconstructedHipparcharongitudesandassumehatthey were
(on average)correctasmeasuredthen nd the epochat which suchanassumptiorwould
betrue. For thenorthernstars thisworksoutto 157 59years.

D3  Thereis a problemwith this procedurehowever, becausehe longitudesobsered
by Hipparchosverenotactuallycorrect,on average.Thereis a systematierrorwhichwe
mustaccountfor. The longitudeof the starsis determinedultimately by referenceo the
Sun. The Sunis obsenredjust beforesunsetpn a dayjust afternev Moon. Thelongitude
of the Sunis known from theory andthe differencebetweerthe SunandMoon givesthe
Moon's longitude;then,aftersunsebf the sameday, thedifferencebetweerthe Moonand
afundamentastaris obsered,to give thelongitudeof thefundamentastar;and nally , the
longitudesof individual starsare obsered by their differencefrom the fundamentaktar
But eachof thesestepsrequiresthe astrolabeo be brie y clampedin positionwhile the
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Figure7: Starsbrighterthan magnitude4.5 missingfrom the northernpart of the ASC.
Note thatnonearemissingabove latitude75 , possiblyindicatingthata differentkind of
instrumentwasusedin this smallregion of the sky.

measurementrebeingmade;andthesesuccessie clampingstendto pushthelongitudes
lowerthantrue,becausé¢heearthrotatesduringthesebrief intervals. In otherwords,there
is asystematirrorin rotationof the astrolabearoundthe equatoriabxis.

D4  Rawlins 1982 hasshavn that misrotationof the astrolabewith respectto the real
sky will make itself known by thepresencef a cosineerrorwave in the obseredlatitudes.
Further the amplitudeof this cosineerrorwave is proportionalto the amountof astrolabe
misrotation. And in factthereis just suchan errorin the latitudesof the northernstars.
This error wave hasan amplitudeof 10.6 1.8 arcmin,implying that the astrolabewas
systematicallymisrotatedby 24.2 4.2 arcmin. It took precessior29.2 yearsto move a
starthatfarin longitude meaninghattheactualepochof obserationfor thenorthernstars
was 128 59years. Thisis very nearlythe epochimplied by Ptolemys precessional
constant.
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Z5 A Re-identi cation of someentriesin the Ancient
Star Catalog

by KEITH A.PICKERING

A Intr oduction

Al  Therealizationthatthe Ancient StarCatalog(ASC) is in facta precessedersion
of the earlier catalogof Hipparchosleadsresearchin somefruitful directions. It has
alreadybeenshavn® thatsomeentriesin theASCwereoriginally obseredusingequatorial
coordinatesandit hasbeenshavn? thatatleastsomeentriesin Hipparchoss Commentary
on Aratus and Eudoxuswere originally obsered using ecliptical coordinates;and we
alsoknow® thatthereis a strongcorrelationbetweerpositionalerrorsin the Commentary
and errorsin the ASC. The emeging picture tendsto supportGraRhof's supposition
thatthe Commentanandthe ASC were both derived from a common“proto-catalog”of
obserations, but this proto-catalogwas obsenred with variousinstrumentsrecordedin
variousco-ordinatesandperhapsalsoobseredfrom variouslocationsat varioustimes.
A2  Thisrealizationallows usto broaderour perspectie whenidentifying certainstars
in theASCwhich have hadtroublesomedenti cationsin thepast. Thenumberof possible
errorsthatmight have beenencounterethetweerthe recordatiorof a datumat thetime of
obsenration,andthecenturies-laterecordatiorin extantmanuscriptshasgrowvn larger, and
so hasthe rangeof likely possibilitesto explain sucherrors. In particular the possibility
thatstarsmayhave beerobseredandoriginally recordedn equatorial coordinategrather
thanthe ecliptical coordinateof the ASC aswritten) expandsthe rangeof likely scribal
errors.

B Commonerrors

B1 Ancient Greekwas written in uncial (single case)charactersand numberswere
written usingletters,in thefollowing fashion:

A 1 z 7
B 2 H 8
3 9
4 10
5 20
& 6 30

So, for example,32 would bewritten:  B. Fractionsarewritten usingreciprocalintegers
andtheir sums,indicatedby appendinghe integer with a prime symbol('). Thus,1/2is
B', 1/6is & and3/4isB' '. In addition,therewerea variety of specialsymbolsin use
for commonfractions,especiallyl/2, 1/3, and 2/3, whoseusagevariedamongtimesand
places.

! Rawlins 1994,Duke 2002(DIO 12 z3 in thisissue).

2 Pickering 1999.

3 GraRhoff 1990.

4 Obviously, evidenceof suchequatorialobseration strikes yet anotherblow againstthe theory
that Ptolemyobsenred the ASC. Ptolemyclaimednot only thathe obsered all the starshimself, he
alsoclaimedto have doneso with an ecliptic astrolabe— an instrumentthat recordsonly ecliptical
coordinates.
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B2  The mostcommonscribal error is mistaking“A” (1) for “ " (4), or vice-versa.
Mistakes between” " (5) for “ " (9) is also common,as are instancesof dropped(or

inadwertantly added)' signs. Peters& Knobel (1915) have alreadycorrectedthe most
obvious suchoccurrances.

B3 In the discussiorbelown, we usethe standardastronomicakymbols for ecliptic

latitude, for ecliptic longitude, for declination,and for right ascensionWe assume
throughouthatthe longitudesappearingn the Almagestare precessefrom original Hip-

parchancoordinatesby adding2%=; degrees. Further whereappropriatewe also may
assumehat the Hipparchanecliptic coordinatesverein turn derived (via sphericaltrig)

from earlier coordinatesn the equatorialreferenceframe. The ASC star numberspre-

x ed“PK” arethoseoriginally of Baily, andadoptecby Peters& Knobel? indicatingthe
numberof the starin the Ancient StarCatalog. Starnumberspre xed “HR” areHanard

Revisednumbersusedin the Yale Bright Star Catalag, 5th edition. | have takenthe star
identi cations of Baily, Pierce,andSchjellerupfrom Peters& Knobel (P&K).

C Star Identi cations

Cl PK18:Commonlythoughttobe UMa,basednverbaldescriptionrandlongitude;
but this may be a hybrid with  UMa, usingits latitude (41) which was very early on
misreadfor 44.

c2 PK40,PK41,& PK42: Thesehreeinformata(unformedstars,.e., notforming part
of the “picture” of the constellation)in UrsaMajor have causeda lot of head-scratching,
becauselthoughPK40is fairly near10 LMi, thereis nothing muchnearthe cataloged
positionsof PK41andPK42,especiallyconsideringhatthe systemati@rrorin this partof
thesky is southor southeastOurinterestis piquedby theobsenationthatthesethreestars
lie nearlyon the sameline; andthat this line would be on Hipparchoss westernhorizon
asthesestarsaresetting. In otherwords,thesestarshave nearlythe samePhenomenod,
andthis Phenomenoiis compellinglyintegral: both PK41andPK42 setwith degree137
of the ecliptic, while PK40 setswith degree135.5. This value,whencombinedwith the
HipparchanPhenomenorb (polar longitude), would be enoughto determinethe star's
position, after corversionto ecliptical coordinates.A simplescribalerrorin this process
could accountfor the misplacmenbf all threestars: the polarlongitudesof thesewould
be written as 16, 11%=; , and 10'=, degreesof Libra respectiely, all of which start(in
ancientGreek)with theletter . If this smallletterhadbeeninadwertantlyadded(perhaps
aspartof acolumndivider),justprior to corversionto eclipticalcoordinatesall threestars
would (afterremaving theerroneous) slidenorthwestendegreesalongthewesterrsetting
horizonline, andbecomeplacednicely nearHR3579,HR3508,andHR3422.

C3 PK98: 48 Boo (HR5676), agreeingwith Baily and Schjellerup,is four times
closerto the catalogedositionthanthan CrB, givenby P&K andToomer The easterly
systematicerror in this part of the sky is not hugely compellingfor thesedimmer stars;
nearbyPK102beinga goodcountergample.

C4 PK191: NGC869, the westernhalf of the double clusterin Perseus. For error
analysigpurposesl usea bright starin the center(HD14134)for its position.

C5 PK233:4! Aur (HR1592)is demandedy the descriptie position,agreeingwith
Baily andPierce.Thisbetterthan14 Aur givenby P&K andToomer whichis not“overthe
left foot” asdescribed.Theidenti cation helpsusto sortout thevariationsin coordinates
byusing = 16 (in the Greektradition) andagreeingwith Toomeron = 50°=; (which
is aHipparchar48).

5 | adoptthis pre x not to slight Baily, whosework | admire,but becausethe work of Peters&
Knobeldeseresrecognitionasunmatchedn the eld, andbecauséB” seemdoo shortandcryptica
pre X.
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C6 PK251: 390 Oph (HR6424/5),as suggestedy Rawlins 1992 (DIO 2.1 z4 xC5).
Hipparchos'original = 2112 wasmisreadas24'=, by Ptolemywhoadded??=; getting
27'= asseenin the Almagest The negative sign of the latitudewas alsodroppedalong
theway.

C7 PK371:63Ari (HR1015)is notonly brighterthanToomers Ari, it is alsomuch
closerto the catalogedosition.

C8 PK405: Basedonrelative position,shouldbe41 Tau(HR1268),not44 Tauasgiven
by othersources.The otherthreestarsin this quadrilaterabreall in errorto the southeast
by 20to 60 arcmin. But 44 Tauwould bein errorto thewest,while 41 Tauis in errorto the
south.It is also.3 magbrighterthan44 Tau.

C9 PKA410: 17 Tau (HR1142),agreeingwith Manitius, ts both the descriptve and
numericalpositionsbetterthanMerope,asgivenby P&K, Baily, andToomer

C10 PK417,418: Thebrightestcandidatestting the descriptve positionsare119Tau
(HR1845)and 126 Tau (HR1989), respectiely, althoughall identi cations are un rm.
The numerical position of PK417 is badly wrong in both coordinates. Basedon the
frequeng of integerlongitudesall of the TaurusinformatamaybePtolemysobserations,
not Hipparchos'. Anotherpossibility is that Hipparchosmay have precesseaarly (and
therefore,more likely inaccurate)obsenrations by 1=3 degreeto the later epochof his
catalog; Ptolemys additionof 2 ?=; would then restorethe integer fractions. In this
contet, the error in PK417 can be mostly explainedif, in corverting from equatorial
coordinatedo ecliptical, Hipparchosinadwertently usedthe star's polar longitude (55 )
insteadof its right ascensior{52 .5). The remainderof the positionerroris aboutl too
highin declination.

Cll PK432:63Gem(HR2846)agreeingvith Manitius. Thelargestpartof theposition
erroris amissingnegative signin thelatitude,which we restore.P&K andToomergive 58
Gem,but atvisualmagnitudev = 6:17, thisis mostunlikely.

Cl12 PK448: Cncis OK (agreeingwith all othersources).Theerrorin longitudeis
probablya slip in sphericaltrig, sincethe given position(88 Hipparchanepoch)is two
degreeswestof the solsticalcolure,while the actualstarwasvery nearlytwo degreeseast
of thesolsticalcolure.

C13 PK457: Cncis correct,agreeingwith othersources.The three-dgreeerrorin
positionis dueto a scribalerrorin zenithdistance.The starwasobsened equatorially:the
obseredzenithdistanceof 211 =¢ wasmisreacas24! =;, andcombinedwith acorrectpolar
longitudeto arrive atthereportedposition. This erroris possibleonly from the latitude of
RhodesCity (36 24°).

Cl4 PKA458: The descriptve position (“above the joint of the claw”, i.e., the part of
the claw closestto the body) demands620 Cnc (HR3561), agreeingwith P&K, not
Cncasgivenby Toomer Baily, Schjellerup Pierce andManitius. 62 Cncis alsobrighter
especiallyvhencombinedwith nearby63Cnc. WeadoptPeters' = 15°=; astheoriginal,
whichis entirelyreasonabléespiteToomers doubts:this is themostlogical startingpoint
from which all textual variantscanbe simpletranscriptiorerrors.

C15 PKA482: 81 Leo (HR4408), agreeingwith Toomer is ne here. Most of the
longitudeerror is easily accountedor: Hipparchoswrites 14?=;, Ptolemymisreadsas
11%=;, thenadds2?=; to get14' =; asgivenin the Almagest

Cl6 PK504: P&K, Toomer Baily, andPierceall give 46 Vir (HR4925)atV = 5:99;
but44Vir (HR4921)atV = 5:80is morelikely seenandthepositionis slightly bettertoo.
C17 PK512-515Vir 16-19): The“quadrilaterain theleft thigh” of Virgo,whichunder
thepreviousidenti cation (sharedby P&K, Manitius,andToomer)is nota quadrilateraht
all. Thereis aquadrilateraln thesky, howvever, formedby 74 Vir, 80 Vir, 82 Vir, and76 Vir
(HR number$095,5111,5150,and5100);but the positionsanddescriptiondiave become
corrupt. Thelatitude of dim PK513,given as'=s in Toomer hasan Arabic tradition of 6
whichwe adopt;atsomeearlytime, theoriginal 6 wasincorrectlycopiedas1/6 by ascribe.
(Thisis still in errorby morethana degree,but giventhe dimnessof the star, the erroris
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notunreasonable)But thatwould have madePK513notthe northernmosof theleadpair,
asdescribedput the southernmostTherefore the samescribeor a later one“corrected”
thetext by switchingthe north-southdescriptionf PK512andPK513,while leaving the
magnitudesalone. Finally, the latitude of PK515,givenas 3 in Toomer hasan Arabic
traditionof 1/3whichwe alsoadopt,andthe quadrilaterals complete.

C18 PK541-542:P&K andToomergive HR5810for PK542atV = 5:82; sincethe
Almagestmagnitudeis 4, this seemsunlikely. Betteris Lib (HR5838,V = 4:75) for
PK541,agreeingvith P&K, andthenfor PK542,42Lib (HR5824)atV = 4:95. Theerror
in positionof PK542is justa 1-for-4 scribalslip in thelatitude( 1'=; becomes 41=,),
ascon rmed by thedescriptve position.

C19 PK567:GrahdfgivestheopenclustetM7 (NGC6475) called‘Ptolemy'scluster”
for thisreasonputatabout3 degreesaway from thecatalogegbosition thisis mostunlikely.
Much betteris HR6630,agreeingwith P&K, Manitius,andToomer which is muchcloser
in positionandbrighter The “nebulous” magnitudeis dueto adjacentNGC 6441,a dim
glohular cluster AssigningPK567to M7 makesHR6630oneof the brighteststarsin the
sky notin the catalog.

C20 PK586: Toomerand Manitius give 57 Sgr, apparentlyon the basisof magnitude
alone(Ptolemygives6, while 57 Sgris V = 5:90 by modernmeasurement)But 56 Sgr
(HR7515),agreeingwith P&K, is muchbetterin position,andatV = 4:88 is morelikely
to beseen.Theone-magnitudérightnes=erroris not unusual.

C21 PK595:Toomergives 1+ 2 Sgr,apparenthamisprintfor 1+ » Sgr(HR7623
andHR7624).

C22 PK657:Toomerhas 3 Aqr, butbrighter » Agr (HR8858)is morelikely to have
beentaken,andis alsomuchbetterin position. Theslighterrorin magnitudds unimportant.
C23 PK658: ToomerhasHR8598, which is awful. In spite of the longitudeerror,
brighter ts the descriptve position better and hasthe correctlatitude. Thereare two
possibilitiesfor the longitude error  First: Hipparchos'original longitude was 15%=3,
which is aboutright for his epoch. This wasmisreadby Ptolemy(or an earlierscribe)as
19%=; in the commontheta-forepsilonslip; Ptolemyadded2?=; degreesto this, getting
22'=3, writtenin Greek B ', which wasmisread(or miswritten)as B' ', or 20°=¢ as
recorded. Second: Hipparchos'original longitudewas 15' =, to which Ptolemyadded
22=3, getting18'=s. Then,shortlyafterward, Ptolemyinadwertantlyadded??=; a second
time, getting20° = asrecorded.

C24 PK699-700:P&K'sandToomersidenti cations of 68 Pscand67 Pscareuncon-
vincing dueto the extremedimmnessof 67 Psc(V = 6:08). Better ts for visibility and
the descriptve positionsare Pscand68 Psc. The errorin PK699 (aboutthreedegrees)
canbe explainedif, in conversionfrom equatorialcoordinatesthe computermistook a
zenithdistanceof 16°=; for a declinationof 16°=;. Of course this only makessensdor
anobserer atthelatitudeof Hipparchos.

C25 PK707:An inconvenientorphan.Thedescriptve positiondemand$1 3 Psc,but
thereis no obvious explanationfor the 3 degreelongitudeerror.

C26 PK728-PK731:StarPK729is arepeanf PK728(bothare , Ceti);andPK731is
arepeabf PK730(bothare ; Ceti). Eachrepeathasthe samemagnitudeasthe previous
entry, and eachis 1 degreesouthin latitude and 1/3 degreewestin longitudefrom the
previous entry This is almostdirectly southin declinationby 1 degree,implying that
the positionswere corvertedfrom equatorialcoordinates.(In eachcasethe rst postion
sharegheerrorcommonto otherstarsin this partof the sky, while secondositionis more
accurate.)Alternateidenti cations aretoo dim andtoo misplacedo be corvincing. Note
thatthe Almagestdescriptionof this asterismasa “quadrilateral”’indicatesthatthe author
of the descriptionwasworking from a list of stellarpositions,andwasa differentperson
from theactualobsenrer of thesestars— sinceno suchquadrilaterakxistsin thesky. This
impliesthatPtolemymaybethe authorof thedescriptve positions,in atleastsomecases.
Thereare a numberof scenarioghat can accountfor the doubleentry The starsmay
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simply have beenre-obsered equatoriallyandre-computedat a latertime. For example,
» Cetmayhave beenoriginally obseredat =345'=,, = 21!z, andcorvertedto
ecliptical coordinates. This would producethe value for PK728. At the sametime, 1
Cetwasobseredat = 343=;, = 21'=; andconvertedthe sameway to produce
PK730. Thenat somelatertime, the starswerere-obsered (more accurately)in zenith
distanceproducingdeclinationof 22!=¢ for bothstars.Usingthesamerightascensions,
Hipparchosecomputesindarrivesat the positionsgiven for PK729andPK731. Similar
multiple obserationsarecommonin Hipparchos'Commentaryhis only surviving work;
a clerical error put both positionsin the catalog. Yet anotherpossibility: they may have
beenobsened onceequatorially thencorvertedincorrectlyto ecliptic coordinateslueto
a confusionbetweerordinalandcardinalnumbers.E.g., , Cetwasrecordedasbeingat
the 58th degreeof the zenith. The computersubtracts8 from the latitude 35° =, getting
adeclinationof 22'=¢; but sincethe rst degreeof the zenithis thesameasZ =0 , the
computeshouldhavesubtracte®5°=s 57= 21'=. A recomputatiomyave Hipparchos
the correctcoordinatesbut bothnumbersendedup in the catalog.
C27 PK787,PK788:Theseare ; Eri (HR917)and Eri (HR874). Themagnitude®f
PK787andPK788have beenreversed causinga numberof uncorwincing identi cations;
e.g. P&K give HR859for PK788,butatV = 6:31 thisis hardto accept.
C28 PKB802,803,804:Bestt for positionareHR1214HR1195andHR1143 agreeing
with P&K. Thelargelatitudeerrorin PK804maybeartrig slip, since2crd52 34° (which
roundsto thelatitudegivenin the Aimages) is 95 18° in theancientsystemof chordsof a
circlewith aradiusof 60. Meanwhile2crd55 (theactuallatitude)is 99 18°. The5 and9
digits areeasilyconfusedn Greek.
C29 PKB859: This staris describedn the Commentaryasthe triple starunderthe tail
of the dog (CanisMajor); while in the Almagestit becomeghe northernof the two stars
in thestern-leel of Argo (thesoutherrof whichis  Pup). This rmly identi es PK859as
a combinationof HR2819,HR2823,andHR2834,0f which the latteris the brightestand
closesto the Almagestposition.
C30 PK870: ToomerhasHR3439atV = 5:21. Basedon the catalogedmagnitude
(< 4) andpossiblescribalerrors,mostlikely is HR3591atV = 4:46. Thepositionerror
isthenaA-for- slipin thelatitude( 51'=, shouldbe 54'=,), and-oran -for- slipin
Ptolemyslongitude(125=; shouldbe 129 =3, whichis Hipparchos127). Theremaining
error putsthe catalogedposition northwestof the stat matchingthe errorsof PK871and
PK872.
C31 PK882: ToomerhasHR3055atV = 4:11; from both magnitudeand position,
muchbetteris HR2998atV = 5:05 (sincethe Alimagestmagnitudehereis 6).
C32 PKB887:P&K andToomerbothgive f Car(HR3498)whichatV = 4:50is fartoo
dim for a stardescribedassecondmagnitude Betteris Car(HR3699,V = 2:21), which
is the only second-magnitudstarin the region unaccountedor, andwhich alsomatches
boththe descriptve positionandthelatitudequite well. The hugethirteen-dgreeerrorin
longitude( v e degreesalongthegreatcircle) canbe explainedif Hipparchosnis-recorded
thelongitudeinterval by onestep® (Theastrolabevasgraduatedn stepintenalsof fteen
degrees.)
C33 PK905: Hyais of coursecorrect,asgivenby all others. But the latitude error
proposedy P&K andendorsedy Toomerhasno textual support,andthe allegedscribal
error (23 readas 20 1=,) is weak. The erroris actually dueto a droppedminus sign
in declinationprior to corversionto ecliptical coordinategseePK920belav for another
exampleof this in Hydra.) The starwas accuratelyobsered with a declinationof 1
anda polar longitudeof 113.5(or aright ascensiorof 115.5). After droppingthe minus
signin declination,and using the Hipparchanobliquity of 23 51° the position corverts
to = 117'=;, = 20'=, afterancientrounding. ThenaddingPtolemys 22=; to the

6 My thanksto DennisRawlins for this suggestion.
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longitude,we have exactly the positiongivenin the Alimagest

The descriptve positionclaimsthat PK905is “close” to PK904,but this is only true
for their catalogegositions hottheir positionsin thesky. Thisis anotheiindicationthatin
somecaseghe descriptve positionswerewritten by a personworking from the cataloged
list, notthe actualobsenrer (seexC26 above for anotherexample).

C34  PK920:Basedonthegivenmagnitudg3) anddescriptve position,this mustbe
Hya (HR3994) with amistalenplus-forminusin declinationprior to corversionto ecliptic
coordinates.Other starssuggestedy Toomer( Sex) andP&K ( Sex) arefartoo dim
and misplacedto be corvincing. Without this identi cation, Hya would easily be the
brighteststarin Hydramissingfrom the catalog.A similar erroris givenabove at xC33.
C35 PK962is Cen,whichwouldbemissingotherwiseundertheproposabelon. The
magnitudds a poor t, but thepositionis muchbetterthanthealternatve HR5172.

C36 PK963-969. The hind legs of Centaurustoday mostly part of the constellation
Crux, the SouthernCross. This areaof the sky is a mess,with all starshaving large
positionalerrors,andall identi cationsuncertain.Standarcracticehasbeento assigrthe
right hind leg (PK965andPK966)to Cruand Cru, whichmeangheleft hindleg (PK
967andPK968)becomes CruandAcrux ( Cru). This putsall starseastor northeasbf
their catalogedositionsby ahuge3 to 5 degrees.

| wasintriguedby thedescriptionof PK968asbeing“on thefrog of thehoof” (i.e.,on
the undersideof the hoof) ratherthanthe more straightforvard “on the hoof’; this is the
only placein the Aimagestwherethistermis used.My interestwasheighteneavenfurther
by theonly otherdescriptiorof this partof thesky in the Alimagest in thedelineatiorof the
Milky Way atVIl.2, wherePtolemymentions'the starson thehock™ of thisleg — aclear
distinctionfrom the frog, for two reasons:rst, becauséhe “star” on thefrog is singular
while the “stars” on the hock areplural; andsecondpecausehe frog is on the bottomof
the hoof, while the hockis just abore the hoof, betweerthe hoof andthe ankle.

Thereforel proposethatPK968,thefrog of thehoof,isreally Cen,andthe“starson
the hock” areformedby the coronaof 5th magnitude;tar§ HR4511,HR4499,HR4487,
andHR4475— a uniquefeaturenot presenin ary othercelestialequineleg. (Acrux has
no visible starsabore it to form a hock.) ThenPK967,the knee-benaf thatleg, becomes
01+ 02 Cen(HR4441+ 4442),whosecombinedmagnitudeof 4.39 ts just ne. Thisin
turn meansthat the right hind leg becomesAcrux (the hoof) for PK966and Cru (the
knee-bendjor PK965. This proposabreatlyreduceshepositionalerrorsfor all four stars.

Bright Cruand Cruarenotleft out, however; | assignthemto PK963andPK964
respectiely, describedasthe two starsunderthe belly. The magnitudesf thesetwo t
well, althoughthe positionalerrorsare quite bad; howvever, the standarddenti cations of

CenandHR5141are not muchbetter In this contet, it's interestingto note that the
catalogedoosition of PK964rises(at Rhodes)at the sametime as  Cru (i.e., it hasthe
sameHipparcharPhenomena and2), andits settingphenomengHipparcharPhenomena
3 and4) areoff by almostexactly 10 degrees. Sothis may be a scribalslip just beforea
sphericalrig conversion.

This meansthat Cen(atV = 3:12) becomeghe southernmosstarin the catalog
at Ptolemys epoch( 53 07°, comparedo 52 51° for Acrux). At Hipparchos'epoch,
Canopugemainsthe southernmostStar PK968 hasthe southernmostatalogedosition
ateitherepoch.

C37 PK971mustbe Cru(HR4700)undertheabore proposal.Thepositionalerroris
not hugelydifferentfrom otherstarsin theregion, andlessthanthestandard Cru.

" Toomer400.

8 Somemight opposethis identi cation on the groundsthatthesestarswould have post-etinction
magnitude®f 6.95,6.77,6.92,and6.81underSchaefes atmospheréseezl fn 6) atthelatitudeand
epochof Ptolemy;sothis identi cation implies that even Ptolemyobsered underan atmospheref
ka  :01. Butl have nobetterexplanationfor whatthese'starson the hock” might be.
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C38 PK982-983:P&K andToomergive Lupand Lup. | prefer Lup (HR5354)and
HR5364.Thedescriptve andnumericalpositionsareboth better althoughthe magnitudes
areworse;they mayhave beenreversed.

C39 PK987-988: We follow P&K, not Toomer as Lup (HR5883)and 1 Lup
(HR5925) here. Most positionsin this part of the sky are displacedto the westand a
bit north,which makestheseidenti cations preferable.

C40 PK1017:P&K andToomergive PsA(HR8570),extremelydimatV = 6:43;
muchbetteris HR8563atV = 5:94, whichis alsoslightly closerin position.

D The Unique Mistake of Ceti: A Datum Recovered

D1  This pair of inadwertantrepeatqcf. abose at XxC26) givesus a unigueopportunity
to determinethe original coordinatesystemusedby Hipparchosand the way positions
were cornverted. We would like to know two things: rst, the obliquity that Hipparchos
usedwhen doing coordinatecorversions® and second,whetherthe original east-west
coordinatewasmeasuredn Right Ascensioror polarlongitude. For this analysis| make
theseassumptionsthatthe starsareindeedrepeatsthat the original east-wesequatorial
coordinatesvere the samefor eachpair; andthat the original declinationsfor eachpair
differedby exactly onedegree.
D2 We would like to nd the original equatorialcoordinatesfor eachstar rounded
accordingo ancientroundingrules. Normally thisis notdif cult, sinceancientroundingis
fairly loose.In thiscasehowever, wehavetheroundedesultof two differentcompuations
with the sameeast-westoordinatewhich tightensthe t somevhat.
D3  For example,supposehat Hipparchosusedan obliquity of 23 40° andmeasured
RA (insteadof polar longitudes)asthe east-westoordinate. Looking at PK728, if we
back-computehe equatorialcoordinateswe seethe original roundedcoordinatesmust
have beencloseto = 21 10°, = 345 30°. But whenwe forward-cowert these
into theeclipticalframe(following thecomputationsve supposédor Hipparchosincluding
roundingthe nal resultaccordingto ancientrules), the resultbecomes = 13 45°,
= 338 20°. Thelongitudeis ne, but the latitude differs from that of the Almagest
whichis 13 40° Tweakingthe startingdeclinationupto 21resultsin = 13 30,
skippingright over the desiredresult. Sowe know thatthis combinationof obliquity and
Right Ascensiordoesnot work.
D4  Inpracticesuchexclusionsarerare becauseneis usuallyableto nd acombination
that computescorrectly by tweakingthe startingcoordinatesa bit. But with the addition
of a secondcorversionfor the samestar ary tweakingof the input coordinatesbecomes
lesslikely to succeedbecause¢he sametweakmustbe simultaneouslsuccessfufor both
corversionsof thatstar
Obliquity 23 40° RA: Corversionfor PK728fails. PL: Corversionfor PK728fails.
Obliquity 23 51° RA: Corversionfor PK728fails. PL: All corversionswork.
Obliquity 23 55° RA: All corversionswork. PL: The conversionfor PK728fails
at = 21 1/4,whilethealternatve ( 21 1/6)failsfor PK729.
D5 Thereareonly two possibilites: either Hipparchosused23 55° as his obliquity,
combinedwith RA asthe east-westoordinate;or, he used23 51° asthe obliquity, and
polar longitudesas the east-westtoordinate. The latter combinationhas better textual
supportin bothelementsandis thereforemuchpreferred.
D6  Althoughall corversionswork undertheseparametersthe corversionfor PK731
appearsofail at rst, giving =3351/4andnottheexpected3351/3; butthisis deceving,
becausef Ptolemys“slide & hide” procedureary Hipparcharlongitudeendingwith 1/4
wasroundedup anextra5 arcmin,to avoid disallovedfractionsin the Aimagest Thus,335

9Therearethreepossibilities: 23 40° (DIO 1.2), 23 51° (Almages),and 23 55° (Rawlins 1982,
Rawlins 1994).
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1/4is perfectlyacceptableandindeedthis becomeshe rst (andsofaronly) exampleof a
lost Hipparchanl/4-deyreefractionallongitudebeingrecovered.

E The Strange Caseof Pi Hydrae

E1 Theoddcaseof Hydrae(PK918)hasbeennotedby others(e.g.,Gralhof 1990),
who have pointedout thatnot only doesthis starhave a hugeerror— over v e degrees—
but alsothatthesameerrorappearsn this star's positionin the Commentaryproofpositive
thatthe ASC coordinatesveretakenfrom Hipparchosandnot obseredindependently
E2  But until now, therehasbeenno compellingexplanationfor the v e-deyreeerror.
The mysteryis clearedup whenwe realizedthat other starsin Hydra (PK901, PK920)
wereobsered equatoriallythencorvertedto ecliptical coordinateslt thenbecomeglear
that almostthe entire error in the positionof  Hyais in declination. Converting back
to the original equatorialcoordinateqafter subtractingPtolemys 2 2/3 precession)the
Hipparcharequatorialcoordinatesvould havte been = 20.5, = 182 .5. Theactual
declinationof Hyawasverynearly 15 .5atHipparchosepoch.Sotheerrorisasimple
scribalslip: thewrittennumber (15)wasmisreadas (20)duetoamalformedor missing
cross-strokonthe .

E3  Astoundingly Ptolemymay have obseredthis starhimself,andthenthrownaway
his own correct observationin favor of Hipparchos'hugeerror! In the AlmagestVIl.1,
Ptolemyrecord$’ that Hyais onastraightlinewith Lib and Lib. Thisobsenationis
truefor the actualstar;but it is nottruefor the erroneousgositionof Hyaasrecordedn
theASC. Justprior to this, Ptolemyclaimsthathehadobseredthis alignmenthimself,and
thatit hadnotbeenrecordecby ary previousastronomet* Of coursethereis no evidence
thatPtolemys alignmentobsenration alsoincludeda positionmeasurement.

F Stars Obsewved Equatorially

F1 Iltisclearthatanumberof starsespeciallyn thesouth wereobseredwith equatorial
instrumentsandhadtheircoordinatetransformednto eclipticalcoordnatesor thecatalog.
Thefollowing caseshave goodevidencefor this process: Cnc(PK457), Psc(PK699),

2 Cet(PK728/9), 1 Cet(PK730/1), Hya(PK901), Hya(PK918),and Hya(PK920).
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