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

by KEITH A. PICKERING1

A Full speedaheadinto the fog
A1 The Ancient StarCatalog(ASC) appearsin books7 and8 of ClaudiusPtolemy's
classicwork Mathematike Syntaxis, commonlyknown as the Almagest. For centuries,
wellinformedastronomershave suspectedthat thecatalogwasplagiarizedfrom anearlier
starcatalog2 by thegreat2ndcenturyBC astronomerHipparchosof Nicaea,who worked
primarily on the island of Rhodes. In the 20th century, thesesuspicionswere strongly
con�rmed by numericalanalysesput forwardby RobertR. NewtonandDennisRawlins.
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 BatonRouge])announceda result that was instantlyhailed from the �oor
as“truly stunning”by JHA AssociateEditor OwenGingerich. Schaeferhadshown, to a
very high statisticallikelihood,thattheASC wasobservedmostlyby Ptolemy. According
to Schaefer, the �rst threequadrantsof right ascensionin thesouthernsky werecertainly
observed by Ptolemy(Hipparchosbeingcompletelyruledout); while the fourth quadrant
wasprobablyHipparchos',althoughPtolemycouldnot beruledout. Schaeferhadarrived
at this resultby applyinga complex anddelicatestatisticaltestto thesouthernlimit of the
ASC — thosestarsthat transit the meridianjust above the southernhorizon. Sincethe
southernlimit of observability changesmarkedly with the observer's latitude,andsince
PtolemyandHipparchoswere�v e degreesapartin latitude,this kind of testshouldbean
easyway to determineauthorshipof thecatalog.
A3 I �e w to Atlanta speci�cally to hearBrad's lecture,becauseof my longstanding
interestin the problem. My interesthad beenpiquedby Schaefer's pre­postingof an
abstractof his methodson HASTRO3 in the weeksleadingup to the meeting. After his
lecture,I raisedto him a questionaboutGammaArae, oneof the very southernstarsin
the HipparchosCommentaryon Aratos and Eudoxosthat is also in the ASC; I pointed
out that underSchaefer's proposedatmosphere,afterapplyingthe effectsof atmospheric
extinction,it wouldhaveamagnitudeof 6.7fromRhodes— makingobservationimpossible
for Hipparchos.In a privatechatafter the lecture,I warnedSchaeferthat that therewas
morethanjust onestarthatwould give him problemsin this regard. Sowhenno paperon
thesubjectwaspublishedin themonthsthat followed, I �gured thathehadtakena good
look at theCommentary, realizedtheobvious,andquietly let thewholethingdrop.

1 Editor, DIO, Box 999,Watertown, MN 55388.
2 The Hipparchanoriginal is now lost, but is attestedto have existed by Pliny — and also (by

implication)attestedby Ptolemyhimself: Almagest7.1states“the �x ed­starobservationsrecordedby
Hipparchus,whichareourchiefsourcefor comparisons,havebeenhandeddown to usin athoroughly
satisfactoryform.” (Toomer1998,321.) The“thoroughlysatisfactoryform” referredto cannotbethe
Commentary, becausePtolemyimmediatelygoeson to attestabout80 starsobservedby Hipparchos,
and39of themdonotappearin theCommentary.

3 The internetdiscussiongroup on the history of astronomy, HASTRO­L, can be subscribedby
sendinganemailto listserv@WVNVM.WVNET.EDU andin thebodyof themessage,put “subscribe
HASTRO­L”. Thediscussionarchivescanbefoundat
http://www.wvnet.edu/htbin/listarch?hastro­l&a:scmcc.archives.
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A4 It turnedout thatmy optimismwasunjusti�ed. In February2001,theJournal for
theHistory of AstronomypublishedSchaefer's paperon thesouthernlimit of theASC as
its leadarticle,a Titanic pieceof 42 pages,4 bouyedby Unsinkablestatisticalresults.And
not oncein thosepagesdid SchaefermentiontheHipparchosCommentary, muchlessthe
very seriousimplicationsit holdsfor thesouthernlimit of theASC. But theCommentary
hasbeenwaiting for 22centuries,like aniceberg unseenin thefoggynight.

B Why the Southern Limit is Firmly Hippar chan

B1 The problem here is both simple and unevadable. There is 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 almost exactly the sameas the southernlimit of Hipparchos'
Commentary(see�gure 1). Therefore,both works must have beenobserved from the
samelatitude. And sincewe know without doubt5 that theCommentarywasobservedby
Hipparchoson Rhodes,the ASC musthave beenobserved from there,too. Or, to put it
anotherway: if theCommentaryandtheASCwereindeedobservedfrom �v edegreesapart
in latitude,thenwe shouldexpectto see— glaringly in �gure 1 — a �v e­degreegapin
thesouthernlimits of the two works. Thereis no �v e­degreegap;theactualgapis zero.
Therefore,any procedurethateliminatesHipparchosastheobserver of theASC,basedon
astatisticalanalysisof thesouthernlimit, will alsoeliminateHipparchosastheobserver of
theCommentary, too: aknown incorrectresult.
B2 After his lecture,Schaeferpostedmy commentaboutGammaArae on HASTRO
(2000­1­27),andrefutedit by (a) wildly mis­computingits probability of observation at
1.5%,and(b) incorrectlyspeculatingthat“therearelikely to beof order50starsalongthe
southernhorizonthathavecomparableprobabilities,” makingit likely thatat leastonesuch
wasseen. In fact, usingSchaefer's atmosphereandprobability function (equation1) for
the�rst threequadrantsof RightAscension,GammaAraehasapost­extinction magnitude
� = 6:7, giving an observation probability of .0008,or about20 timeslesslikely6 than
thenumberhequoted;andif we take “comparableprobabilities”to meanany probability
betweenhalf andtwice thatof 
 Arae,thereareonly 13 stars(in declinationsbelow � 45�

in the �rst threequadrants)that qualify for this 1­in­1400chance.Thus
 Arae aloneis
suf�cient to rejectSchaefer'satmosphereand­orprobabilityfunctionfor Hipparchos,at the
99%con�dencelevel.
B3 But GammaArae is not theonly starthatgivesusproblems;similar problemscan
be foundwith mostof the far southernstarsin Hipparchos'Commentary. Usinga cutoff
declinationof � 45� at epoch� 140.0,andthe identi�cations of K.Manitius' edition (z2
fn 8), thereare13 starsmentionedin theCommentarythatappearin this region of thesky.

4 Thismustbesomekind of record.JHAhasnow devoted3 leadarticlesandover100pagesduring
thepast15years,largelyattemptingto refutejustone­halfof onepaper, Rawlins 1982.(Thelatesttry
totally ignorestheotherhalf of thatsamepaper.) If theconclusionsof Rawlins 1982werewrong,this
might bejusti�ed; but sincethoseconclusionsarein factcompletelycorrect,thehonorof beinglead
authorin JHAis becomingsomethingof anembarrassment,at leastwhenwriting aboutPtolemy.

5 The latitudeof theCommentarycanbe �rmly �x ed,becausethework containsseveral hundred
positionsof starsdescribedaccordingto thedegreeof theecliptic thatrisesor setssimultaneouslywith
the rising or settingof thestar. It is not disputedthat thesehorizon­basedphenomenarigidly tie the
work to aparticularhorizon,i.e.,aparticularlatitude— in thiscase36� North,thelatitudeof Rhodes.

6 Declinationof 
 Araeat Commentaryepoch� 140is � 50� .494;truealtitude= 3� .106,apparent
altitude= 3� .331,which (by Schaefer's atmosphere)gives14.2RayleighairmassesZ (at .1066m/Z,
=1.51m); 10.2ozoneZ (at 0.031m/Z, =.32 m) and16.6aerosolZ (at 0.0924m/Z, = 1.53m) for a
totalextinctionof 1.51+ .32+ 1.53= 3.36,whichcombineswith 
 Arae's pre­extinction M of 3.31to
yield post­extinction magnitude� = 6.67. (Schaefer's airmassformulaegive slightly highernumbers
thanthoseof fn 39,which just makesmattersworse.)Following eq1 below, P= .000758.
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Figure1: Thesouthernlimit of Hipparchos's Commentaryon AratosandEudoxos, com­
paredto thesouthernlimit of theAncientStarCatalogin Ptolemy'sAlmagest. Positionsof
catalogedstarsarefor epoch� 140.
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All 13 of thesestarsarein the �rst threequadrants7 of right ascensionat this epoch(the
sameareaof thesky Schaefer�nds wasobservedby Ptolemyin theASC).Therefore,we
will con�ne thisanalysisto just the�rst threequadrantsof RA from now on.
B4 Ideally, we would now determineHipparchos's personalequationor P function:
that is, the probability of him observingany starbasedon its magnitude(after applying
atmosphericextinction). However, thisfunctionis dif�cult to determinewithoutacomplete
catalog.If astardoesnotappearin theCommentary, therearetwo possiblereasons:(A) it
maynothave beenvisible to Hipparchos;or, (B ) it wasvisible,but heleft it outbecauseit
wasnotimportanttohimatthetime. Herewewill makethehighlyconservativeassumption
(A) in all cases.
B5 Using an equationin the form usedby Schaefer2001,we startby determininga
probability function basedentirely on the Commentary(without referenceto the ASC).
For anobserver at � 140.0andlatitude36� , usingall starswithin the�rst threequadrants
betweendeclination0� and� 30� , theprobabilityof observationfor theCommentaryis:

Pc = 1=(1 + e1:72( � � 3:23) )

where� is the post­extinction magnitudeof the star. If we combinethis equationwith
Schaefer's assumedatmosphericextinction (k = :23 magnitudesper airmass),andrun a
repeated­trialleastsquarestest to determinethe authorof the Commentary(in the same
mannerthatSchaefer2001determinestheauthorof theASC), we �nd that the �rst three
quadrantsof the Commentarywere observed from latitude 30� North in 600 AD, and
Hipparchoscanbe eliminatedas the authorof his own work at a 99% con�dencelevel.
Whichquickly givesusanideaof how badlythingscangowronghere.
B6 Clearly thereis a problem,and the P function seemsa likely culprit. We need
a P function for Hipparchosthat will increasethe computedprobability of observation.
Sucha functionmorenearlymatcheswhathewouldhavegottenhadheobservedanentire
catalog.As a�rst approximation,let ususeSchaefer'sderivedP functionfor the�rst three
quadrantsof the ASC (which might be Hipparchanin any case,given the overwhelming
evidencethatHipparchoswasin facttheASC'sobserver). Thisequationis:

P = 1=(1 + e3:3( � � 4:49) ) (1)

In thisequation,theconstant4.49(calledmlim) is themidpointof thefunction(thatis, the
magnitudeatwhich theprobabilityof observationis 50%);andtheconstant3.3(calledF )
is ameasureof thefunction's steepness.
B7 As a quick test of this function, we can �nd the probabilitiesof observation for
these13 stars,usingSchaefer's atmosphereandP function for the �rst threequadrants.
For epoch� 140at latitude36� .4 thesestarsandtheir probabilitiesare: � Cen,.9907;�
Cen,.9899;� Cru, .9787;� Vel, .6114;� Ara, .0536;o Vel, .0520;� Pup,.0248;� Car,
.0213; � Ara, .0190; � Ara, .0142; � Eri, .0063; � Car, .0023; and 
 Ara, .0007. The
probability thatHipparchossaw all 13 of thesestarsundertheseconditionsis theproduct
of the probabilities,or 2:6 � 10� 18 , which is rejectionat aboutthe 9­sigmacon�dence
level. In otherwords,thesameassumptionsthatrejectedHipparchosastheobserverof the
ASC's �rst threequadrantsat the7­sigmacon�dencelevel (in Schaefer2001)canalsobe
usedto rejectHipparchosastheobserver of theCommentaryat aboutthesamelevel. And
sincewe know thatthis resultis falsefor theCommentary, wehave goodreasonto believe
thatat leastoneof theunderlyingassumptionsmustbewrong.

7 This �ts with Schaefer's observationthattherearedifferencesin thesouthernsky betweenthe�rst
threequadrantsandthefourth,althoughit alsoshows thatthesedifferencesgobackin timeat leastto
Hipparchos.However, thereis amuchsimplerexplanationfor thesedifferencesthantheoneSchaefer
proposes:seexC8.
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B8 Of course,the kind of probability­multiplicationin xB7 is very simplistic, since
it ignoresother starsnot observed, i.e., it doesnot accountfor the numberof chances
Hipparchoswouldhavehadfor theseobservations.Wecanmakeourresultformalby using
astandard� 2 test.Usingequation1 andSchaefer'satmosphere,wecanderiveatheoretical
distributionof thenumbersof starsthatHipparchosshouldhaveobservedin this region8 of
thesky, andcompareour theoreticaldistribution to theactualdistributionof observedstars
in the Commentary, andrun a � 2 test. Sinceour P functionwasderived from theASC,
whichhas1025stars,andweareapplyingit to theCommentary, whichhas400,wewould
expectthatthefunctionwill overstatethenumberof starsin theCommentaryateverypoint
in thesky. But thatis notwhatactuallyhappenswhenwe look at thesouthernlimit:

� range N stars N found 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 TheimportantcolumnstocompareareN found(numberof starsin theCommentary)
against“PredictedN found” (numberof starsthatshouldbein theCommentary, underthe
assumedatmosphereandP function). As youcansee,thetheoreticaldistributiondoesnot
muchlook like theactualdistribution; theCommentarycontainsfar too many dim starsto
have beenobservedthroughthisatmosphere.Further, eventhoughwe wouldexpecttheP
function to predictmorestarsthanareactuallyin the Commentary, the functionactually
predictsless. Not only is � 2 out of whack,it is out of whackin the wrong direction. In
this case,the � 2 valueis a huge97, which implies that Schaefer's atmosphereand/orP
functioncanberuledout for Hipparchosata veryhigh con�dencelevel.9

B10 Forany theoreticalanalysissuchasRawlins1982orSchaefer2001tobebelievable,
the Commentarystarsmust be visible to Hipparchos,becausewe know that Hipparchos
observed thesestars. Therearethreewayswe cando this: we canalter the atmosphere;
we canalter theP function;or we canmove thelatitudeof Hipparchos.This laststrategy
(moving Hipparchos)doesnot work, becauseof the constraintdiscussedabove (fn 5).
Therefore,we musteithercleanup the atmosphereor alter the P function; and in fact,
we will needto to both. But makingtheCommentaryvisible to Hipparchoshasobvious
implicationsfor theASCaswell.
B11 As any observer knows, the clarity of the atmospherediffers widely from night
to night. This is causedprimarily by the large variability in the amountof suspended
aerosol10 in the atmosphere(suchasdustandair pollution). So we can improve the �t
betweenthe actualandtheoreticaldistributionsby lowering the amountof aerosolin the
theoreticalatmosphereuntil the� 2 valueminimizes.Againusingequation1, the� 2 value
for Commentarystarsminimizesat null aerosol:

8 HereI take thesouthernmost10degreesof thesky, betweenaltitudes0� (apparent)and10� (true),
assuminglatitude 36� .0 for Hipparchos. The same10­degreeswath is alsousedfor Tycho (from
Wandsbeck,xD10)andfor Hevelius(from Gdansk,xD11).

9 For 5 degreesof freedom,a � 2 of 97 implies a probability P = 2 � 10� 19 . Substitutingthe
Commentary­derivedequationB5 for Schaefer's equation1 justmakesmattersworse;the� 2 becomes
157.

10 Therearethreecomponentsof atmosphericextinction: Rayleighscatteringby gasmoleculesin
theatmosphere;Mie scatteringfrom suspendedaerosols;andmolecularabsorbtionin thevisibleband
from thestratosphericozonelayer. Computationalproceduresusedin thispapercanbefoundin fn 39.
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� range N stars N found 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, andgive a � 2 valueof 1.9at a total extinction
coef�cent k = :136magnitudesperairmass.But thisvalueis solow — almostnoaerosol
— thatsomemight suspectthatmorethanjust theatmosphereis wronghere.
B12 Alternatively, wecanminimizethe� 2 by leaving theatmospherealoneandaltering
the P function. Here the critical parameterfor visibility is mlim, the post­extinction
magnitudeatwhichprobabilityof visibiliy is 50%. Thesimplestprocedureis to holdtheF
parameter(functionsteepness)constant,while allowing mlim to vary; this yieldsanmlim
of 5.34(� 2 = 2:29), nearlya magnitudedeeperthanequation1. But if this P functionis
valid for Hipparchos,thattoowould invalidatetheresultsof Schaefer2001.

C The probability of catalogingstars

C1 Therearethreeimportantdifferencesin theanalysesof Rawlins 1982andSchaefer
2001thatareresponsiblefor theirdifferingconclusions.Theseare:theprobabilityfunction,
atmosphericextinction, andthe selectionof stars. All threeareimportantto the method
usedby bothRawlins andSchaeferin determiningthesouthernlimit.
C2 Brie�y , the methodis this: start by assuminga given atmosphere,P function,
latitude,andepochfor theobserver. Then,for eachstarin thesouthernsky, �nd its post­
extinctionmagnitude� andusetheP functionto determineits probabilityof beingseen.If
thestaris notactuallyobserved(i.e.,if it' snot in theASC),addthisprobabilityto arunning
total; but if it is in thecatalog,subtractits probabilityfrom 1, andaddthedifferenceto the
runningtotal. After checkingevery starin the sky, you have a �nal total of probabilities
for this setof assumptions,which Schaefercalls Q. Thenyou repeatthe whole process
usinga differentlatitudeand/orepoch.Therewill beonelatitudeandepochfor which the
�nal total Q is at a minimum,andthat is the indicatedlatitudeandepochof thecatalog's
observer.
C3 Schaeferbeginsby identifyingthemodernstarsthatappearin theASC,by reference
to Peters& Knobel(1915)andToomer(1998). For thethreestarsnot identi�ed by P&K,
Schafer(withoutsayingso)followsGraßhoff 1990in adopting78Cetfor PK716,73Cetfor
PK717,andHR859for PK788.But thislasthasapre­extinctionmagnitudeof 6.34,making
the identi�cation unbelievable. For betteridenti�cations of theseandotherquestionable
stars,seez5 laterin this issue.
C4 Our �rst problemis to derive theP function. When�tting his function,Schaefer
usedthestars'raw (un­extincted)visualmagnitudesV (Schaefer2001,15;V de�nedonp.
6). Thisisacolossalblunderwhichinvalidateseverythingthatfollows,becausethestatistic
Q iscomputedusingthestars'extinctedmagnitudes.In otherwords,Schaeferstartswith the
implicit assumptionthatastarof V = 4:49hasa50%probabilityof observation;but when
heactuallycomputestheprobabilityof thatverysame4.49star, headds(for anaveragestar
viewedat analtitudeof 30� , through1.5atmospheres).35magnitudesof extinction to get
� = 4:84, meaningthatthecomputedprobabilityfor thatallegedly50%starbecomesonly
25%. In the samemanner, a starwith an allegedly 25% probability dropsto 10% under
the sameconditions. Even if the startransitsat the zenith,the derived probability of an
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allegedly50%starbecomesonly 32%. In otherwords,Schaefer's no­extinction front­end
presumptionviolatesthestatisticalrequirementsof his back­endcomputationalscheme.
C5 Equally inexplicable is the way Schaeferderives this function. To begin with,
he derives the two key function parameters(F , function steepness;and mlim, function
midpoint) separately. To �nd mlim, Schaeferputsall starsinto magnitudebins,andthen
�nds a � 2 for a given magnitudedistribution; then he minimizes� 2 to get mlim. The
F parameteris determinedasa freeparameterin his �nal probability computation.This
might work in principle, but it is muchsimpler to derive both F andmlim beforehand,
usinga simultaneousleast­squares�t. Not only doesthis avoid the very realproblemof
inadvertantlyinducedbiasfrom thechoiceof bins,but it alsoreducesby 1 thenumberof
freeparametersthatmustbevaried(anddetermined)in the�nal compuatation.
C6 But this straightforward proceduredoesnot give the samebimodality in F and
mlim which is oneof Schaefer's primary results. This raisesthequestionof whetherthe
bimodality is real, or merelya computationalartifact. What we seeinsteadis moreof a
bipolardistributionwith thedeepestvaluesin quadrant4 (matchingSchaefer's �nding) and
theshallowestoppositein quadrant2, with quadrants1 and3 intermediatebetweenthese.
C7 If weweretryingtoreplicateSchaefer, wewouldignoreextinctionin thisstep,which
gives the resultsbelow, usingall starsbetweendeclinations� 10� to � 30� at Ptolemy's
epoch.(This is Schaefer's sample,with thederivedparametersgiven�rst, andtheslightly
differentresultsbasedon thestaridenti�cationsof 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)
3rd quadrant 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
Schaefer's (they wouldbedeeperstill usingextinction);andalthougha few changesin star
identi�cation have little effect on mlim, they canhave a largeeffect on F , asthe function
canshallow out markedly while trying to make someallegedly­seenultra dim starappear
at leastsomewhatmorereasonable.
C8 Thereasonfor differing valuesamongthe four quadrantscertainlyhasmoreto do
with the positionof the galacticplanethanSchaefer's explanationof multiple observers.
The star­poor region aroundthe SouthGalacticPole is in the fourth quadrant,while the
galacticplanecutsright throughtheheartof thesouthernsky in thesecondquadrant.We
cancon�rm thisbyusingaleast­squarestesttoderivethevaluesfor mlimatvaryinggalactic
latitudes.HereI do so for theabsolutevalueof galacticlatitude,for starsat epoch� 140
with declinations> � 30� :

AbsoluteGalacticLatitude mlim

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

It is clearthatmlim valuesaresubstantiallylower in theMilk y Way (at galacticlatitudes
< 30� ). So it seemsthat the catalogersimply missedmorestarsin areaswherestarsare
dense,andhastaken morein areaswherestarsaresparse.In fact, the catalogertells us
explicitly ontwo occasionsthatheis engagingin exactlythispractice:for boththePleiades
andthe Comacluster, the catalogernotesthe positionsonly of the edgesof the clusters,
leaving their starrycentralmassesto our imagination.
C9 Basedonhis �nding of bimodality, Schaefer�nds 12 constellations(outof 48) that
show a “Hipparchan”­styledeeplimiting magnitude.It is no coincidencethat10 of the12
(83%)arelocatedin thathalf of thesky morethan30degreesfrom thegalacticequator.
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C10 Theimplication: sincethecatalogerlooksdeeperwherestarsaresparse,thenthefar
southernhorizonshouldalwaysbeconsideredsparse,becauseof theeffectsof atmospheric
extinction. This idea— thatHipparchoslooks moredeeplyin the far southernsky — is
alsosuggestedby an interestingobservation: while theCommentaryasa wholementions
about400 stars,or 40% of the ASC total, it contains8 out of the 10 southernmostASC
stars,doubletheusualratio. Therefore,whenrunningour statisticaltestfor thesouthern
limit, we arefully justi�ed usinga P function that is basedon a star­poorregion11 of the
sky. (Rawlins 1982did exactly this.)
C11 It is alsological that the catalogerwould look deeperin areasof the sky that he
�nds useful,speci�cally theecliptic. Usingthesamesampleof starsasabove, I �nd:

AbsoluteEcliptic Latitude mlim

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

Herethedeepestpartis closestto theecliptic,asexpected.Therefore,theverydeepestpart
of thesky shouldbe thoseareasof theecliptic thatarefar from thegalacticequator, and
choosingthoseareasfor oursampleshouldgiveusthedeepestpossiblelimiting magnitude,
whichwe needfor Hipparchosto seetheCommentarystars.
C12 Wemustalsoconsidertheveryimportantquestionof whetherafunctionof theform
chosenby Schaeferaccuratelyrepresentsthe true probabilitiesof a starbeingcataloged.
Schaefer's functionis inverselysymmetricalaroundthe50%magnitude,by which I mean
that for a typical mlim valueof 5, thechancesof cataloginga magnitude7 starwould be
exactlythesameasthechancesof missingamagnitude3 star. But thiscannotbetrue,since
thereis onemagnitude3 starmissingfrom the ASC (� Tauri) out of abouttwo hundred
possibilites,while thereisnotasinglemagnitude7starin thecatalogoutof severalthousand
possibilities. Therefore,therealprobability function is slightly assymetricfrom the50%
magnitude,andwe canaccountfor this by addinganexponentto theP function. We will
�nd this exponentasanadditionalindependentvariablein our leastsquares�t.
C13 To recap,in orderto derive a correctP function for Hipparchos,we will: 1) use
post­extinction magnitudes;2) determineF , mlim, andtheexponentsimultaneouslyusing
a 3­dimensionalleast­squares�t; and3) sampleonly areasof thesky far from thegalactic
equatorandneartheecliptic. Our samplewill beall starsmorethan60� from thegalactic
equatorand lessthan30� from the ecliptic, above declination� 30� , for latitude36� at
epoch� 140. This samplecomprises355starsof V < 6.9,of which 58 arein theASC.12

Usingthissampleandanextinctioncoef�cient of .182(justi�cation for this in fn 18),I �nd:

P = 1=(1 + e1:69( � � 6:53) )10 (2)

It turnsout that theexponentis only weakly recoveredbecausethereis a large family of
nearlyidenticalcurvesfor which thesumof squaresis not muchdifferent. Theabsolute

11 Thiswill alsoallow usto usea slightly thicker atmospherethanotherwise.
12 Of the355, twenty­ninearein theCommentary. But aswe have seenabove in fn 9, our taskof

makingthe Commentaryvisible will be mucheasierif we usea P function derived from the ASC.
Somemayobjectthat,if PtolemyobservedtheASC,thenwewouldexpecthisP functiontodiffer from
thatof Hipparchos.But sincetheoverwhelmingweightof evidence(e.g. �gure 1)pointstoHipparchos
astheASC'sobserver, weareentitledto provisionallyassumethisasbeingtrue. If, asSchaeferasserts,
thedebateon theastrometricevidencehascometo astandstill,it is only becausePtolemy's defenders
have completelysurrenderedon that front. The resoundinglyconclusive astrometricevidencesof
Newton 1977,Rawlins 1982,Graßhoff 1990,Rawlins 1994,andnow Duke 2002have inspiredno
worthwhilecounter­argumentsfrom any Ptolemyapologist,signi�cantly includingSchaeferhimself.
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least­squaresvalueoccursat very high exponents,13 but the uncertaintyin the exponent
alsogrows unacceptablylarge at thesevalues. Holding the exponentto 10 resultsin an
easiercomputationwith little changein the�tnessof thefunction. Equation2 yieldsa50%
probabilityof observationat � = 4:97, nearlythevaluewe would have gottenwithout the
exponent(� = 4:93).

D Atmospheric extinction

D1 Rawlins 1982 supposeda very clear atmosphereon the bestnights of observing
(k = :15 magnitudesperairmass)while Schaeferputstheatmosphereconsiderablymore
opaqueon the bestnights (k = :23 magnitudesper airmass). This is important,since
southernstarsareall observed at low altitudes(that is, througha lot of air anddust),and
smallchangesin opacityhave largeeffectson visibility whenobservingnearthehorizon.
A moreopaqueatmospheremovesthecatalog's observer southward (puttingthesouthern
starshigherin thesky to compensatefor atmosphericextinction; seexH5.)
D2 But it is easyto show that Hipparchos(andotherpre­industrialastronomers)ob­
servedthrougha very clearatmosphere.By usingdatain theCommentary, we canderive
theclarity of Hipparchos'atmosphereby examiningthesouthernlimit of thiswork, whose
latitude(36� North)andepoch(ca. 140BC) areknown; andwecanapplythesameproce­
duresto thenaked­eye catalogsof TychoBrahe(1601)andJohannesHevelius(1660).We
will employ two independentmethodsto do this.
D3 Our �rst methodwill applyatmosphericextinction to thestarsin theCommentary,
andcheckfor differencesin brightnessbasedon their position in the sky. Suppose,for
example,that we assumea too­thick atmosphere.In that case,the catalogedstarsin the
very southernpartof thesky will beextinctedfar too much;they will have post­extinction
magnitudesgreater, onaverage,thanthanthosefarthernorth. But it is silly to expectthatan
astronomerwouldseeverydim starsonly nearthehorizon,while ignoringthemelsewhere.
Thereshouldbe no differencein post­extinction magnitudesbasedon location14 in the
sky, andwe canadjustthe aerosolfraction until this conditionis met. This will give us
theaerosolfraction(andtherefore,theextinction coef�cient) underwhich thecatalogwas
observed.
D4 We testfor this conditionby computingthecorrelationcoef�cient r between� , the
post­extinction magnitude,andX a, thenumberof aerosolairmassesthroughwhich a star
is viewed (seefn 39). For a given star, the numberof airmassesdoesnot changewith
the aerosolextinction coef�cient (which is a function solely of the star's altitude),but �
does,quite signi�cantly for low stars. So X a is a goodway to weight eachstar's datum
by theamountof aerosolinformationit contains. If starsarerandomlydistributedin the
sky, the correlationr betweenthesevariablesshouldbe zero, indicatingno relationship
betweenpost­extinctionmagnitudeandpositionin thesky. In practice,however, theremay
beslightbiasesatvariouslatitudesandepochsbecausetheactualstarsatsouthernlimit for
a given observer may be distributednon­randomlyin magnitude.For example,Canopus
is thesecond­brighteststarin thesky, andit is right at thesouthernlimit for Hipparchos.
Its presencein the Commentary(andin the ASC) drivesthe expectedvalueof r slightly
negative, becauseit is viewed throughvery many airmasses.I testedfor this effect by
creating100 pseudo­catalogsof starsfor the latitudesand epochsof several naked­eye
astronomers,15 atvariousvaluesof aerosolextintion k a , andderiving themeancorrelation
coef�cient for eachk a . Theresult(�g 2) showsthattheexpectedvalueof r is indeedclose

13 This formally con�rms that theP functionis inverselyassymetrical,sinceonly anexponentof 1
resultsin asymmetricfunction.

14 This testwas�rst suggestedin Rawlins 1993(DIO 3 xL10).
15 I con�ned thesecatalogsto apparentaltitudes< 30degrees,becauseseelctionof starshigherthan

thatis not dueto atmosphericeffects.
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Figure2: ExpectedcorrelationbetweenX a andV undervariousassumptionsof extinction,
for variousobservers.

to zerofor TychoandHevelius,andslightly negative for HipparchosandPtolemy.
D5 For the Commentary, thecorrelationbetweenairmassZ andmu matchedthe ex­
pectedvalueof � .045at an aerosolextinction coef�cient of ka = 0:012 � 0:01, which
impliesa total extinction coef�cient of .145magnitudesperairmass.I repeatedthesame
testwith othernaked­eye catalogs,andwith theASC16 undertwo differentassumptionsof
authorship;theresultsarein Table1. All thepre­industrialcatalogsimply a consistently
low ka, except for the ASC underthe Ptolemaicassumption.Note particularly that the
ASC undertheHipparchanassumptiongivesa similar resultto thatwe obtainedfrom the
Commentary, while underthePtolemaicassumptiontheASChasanaerosolfractionmany
timeslarger17 thantheCommentary.

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

Table1: Derivedvaluesof aerosolandtotal extinctionka andk, usingmethod1.

16 For Tycho, I assumedthe latitude of his observatory at Hven, and eliminatedfour Centaurus
starslikely observed from Wandsbeck(seeDIO 2.1 z4 xG2, also DIO 3 xM5 (D1001­1004)and
fnn 95&156.)

17 Even if we con�ne ourselvesto observationsoutsideof theASC, thereis evidencethatPtolemy,
too,observedundervirtually aerosol­freeskies:seePickering2002below atz5 fn 8.
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D6 Our secondmethodfor determiningthe extinction coef�cient of the Commentary
will usetheP functionwe obtainedabove18 in xC13.
D7 We proceedasbeforein xB3, this time usingequation2, (with thesamesampleof
Commentarystars)andvaryingtheaerosolcomponentof theatmosphereto minimizethe
� 2 value.Theminimumvalueoccursat k = :182magnitudesperairmass:

� range N stars N found 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 associatedwith this � 2 = 1:8 is 87%, far out of the rejectionregion.
Keepingthisbest­�t atmosphere(k = :182) but substitutingequation1 givesa � 2 of 22.7,
allowingusto rejectequation1 for Hipparchosatthe3­sigmacon�dencelevel. Ontheother
hand,the best­�t P function (equation2) combinedwith Schaefer's atmosphere(k=.23)
givesa � 2 of 97,whichallowsusto rejectSchaefer's atmospherefor Hipparchosatahuge
con�dencelevel (P = 2 � 10� 19 ). Soonly a combinationof very clearatmosphereand
deepP functionwill allow Hipparchosto observe theCommentary,aswe know hedid.
D8 Recallthatequation2 (likeequation1) wasderivedfrom theASC,with 1025stars,
and is being appliedto the Commentarywith 400. When � 2 minimizes,the predicted
and actualdistributions are close; but we shouldreally expect that the numberof stars
predictedby theASC­derivedfunctionto bemuchgreaterthantheactualnumberseenin
theCommentary. In otherwords,theseverelyconservativeassumptionA (seexB4) implies
that thederivedextinction coef�cient of k = :182 is anupperlimit only; so from this we
canrejectthek = :23 of Schaefer2001,but wecannotrejectthek = :15 of Rawlins 1982.
D9 In addition,we note that a very clearatmospherewasnot uncommonin the pre­
industrialera. For example,from his homein Knidos(36� 400 North), Eudoxos(ca. 360
BC) observed Canopus,which at that time and placewas transitingthe meridianat an
altitudeof lessthan1 degree.UnderSchaefer'satmosphere,thestarwouldhavehadapost­
extinction magnitudeof 7, makingobservation impossible.Undera k = :18 atmosphere
(ka = :04), its magnitudewould have beenareasonable4.7.
D10 Whenwe look at thesouthernmoststarsin TychoBrahe's nakedeyecatalog,19 we
�nd thatunderSchaefer'satmosphere,anumberof themwouldlie beyondtheconventional
6­magnitudenaked eye limit, even assumingthat they wereseenfrom his southernmost
observatory at Wandsbeck.When I repeatthe above � 2 test for the southernmoststars
in Tycho's catalog,I �nd thathewasobservingthroughaneven cleareratmospherethan

18 Thereis a possibleobjectionat this stagefor circularreasoningfrom usingthis function. Recall
thatwe neededa valueof k = :182 to determinetheP function,yet now we will usetheP function
to determinek. Thissituationis easilysolvedby aniterative process,similar to solvingM in Kepler's
equation: we startby assumingsomevalue of k (I startedwith k = :2, but any valuewill do) to
determineP function. Then,weusetheP functionto derive theextinctioncoef�cient k from our � 2

test;thenusethederivedk to re­derive theP function,andsoon. In practice,it only takesabouttwo
or threeiterationsuntil thevaluefor k converges.

19 Rawlins (1993)DIO 3. Theepochof thecatalogaspublishedis 1601,but I have used1590.0as
theepochof observation for computationalpurposes.I have alsoconservatively assumedthatTycho
observedtheentirecatalogfrom Wandsbeck(latitude53.567N), eventhoughprobablyonly ahandful
of starsweretakenfromthere,ratherthanfromhisobservatoryatHven(56.907N). Usingthenortherly
Hvenlocationwould have madeTycho's atmosphereevenclearerthantheresultpresentedhere.
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Hipparchos(k = :158). Oddly, in Schaefer's analysisof Tycho's catalog,heomittedthe
southernmoststarin thatcatalog(2 Cen).Hemayhavehadgoodreasonfor doingso,20 but
it seemsoddthathefailedevento notethefact of this omission.Because2 Cenis sodim
(V =4.19),it is likely that includingeventhis singlecritical datumwould have thrown his
derivedlatitudefor Tychointo a cockedhat.
D11 A comparablyclearatmosphereis foundwhenwe examinethenakedeye catalog
of JohannesHevelius (Baily 1843). Although the epochof his catalogis 1660,after the
invention of the telescope,Hevelius preferredthe naked eye for astrometricwork, and
publisheda completecatalogon thebasisof his nakedeye observationsalone. Thesame
� 2 testfor thesouthernmoststarson Hevelius's cataloggivesa total extinction coef�cient
k = .170,similar to otherpre­industrialobservers.
D12 For the record,Tycho's southernmoststar (2 Cen, V = 4:19) transitsat 2� .0
apparent;Hevelius' southernmoststar (� Sgr, V = 1:81) transitsat 1� .5; Hipparchos'
southernmoststar, in both the CommentaryandASC (Canopus,V = � 0:72) transitsat
1� .3;andEudoxos'southernmoststar(Canopus)transitsat0� .9. Comparethesevalueswith
thesouthernmoststarin theASC underthePtolemaictheory(Acrux,21 V = 1:28): 6� .1.
ThusSchaefer's claim thata Hipparchanobservationof Canopuswould be“unreasonable
in light of Tycho's limit” (Schaefer2001,28) is doublyridiculous: �rst becausewe know
thatHipparchosdid in factseeCanopus— it' s right therein theCommentary; andsecond,
given the dimnessof 2 Cen, Tycho's extinction limit is actually lower than Hipparchos
would needto seeCanopus.It would be far moreaccurateto saythat Ptolemy's missed
observation of (to take just themostobvious example)� Car (V = 1:86) at altitude4� .6
is unreasonablein light of Tycho's limit, andin light of Hevelius's limit: neitherof those
astronomersmisseda starthatbright anywherein thesky, includingthebottom5 degrees.
D13 Thedimmestlow starin thecatalogof Heveliusis � 1 Eridani,with apre­extinction
magnitudeof 4.51; with an extinction coef�cient of .23, it would appearat a magnitude
of 6.8,makingobservation impossibleeven for the legendaryvisualacuityof theGdansk
brewer. In orderfor this starto bewithin thestandard6 magnitudepost­extinction limit,
theextinctioncoef�cient for Hevelius,on onenight at least,musthave beenk � :153.

E How clear can it get?

E1 Schaefer2001characterizesas“ludicrous” (p. 21) and“absurd” (p. 2) any claim
that an extinction coef�cient aslow as.15 could occurat a sea­level site. Well, Barrow,
Alaskais at sealevel, andNOAA hasbeencollectingaerosoldatatheresince1977. The
ten­yearaverageaerosolopticaldepth(AOD— seefn 22)for Barrow in Juneisabout.0022;
which givesan aerosolextinction coef�cient of .0024,anda total extinction coef�cient 22

of k < :14 — andthat's not thebestnights,that's anaveragefor thewholemonth. July,
AugustandSeptemberarenearlyasgood,andall easilyabsurdin Schaefer's estimation.

20 In a phoneconversation,SchaefercitedRawlins 1992(DIO 2.1)asjusti�cation, claimingthestar
wasfaked. But it seemsclear[ibid xC7] thatonly oneof thetwo coordinateswasfaked,andtheother
wasactuallyobserved[presumablyat Wandsbek:seeibid xC8].

21 Or, undertheidenti�cationsproposedbelow at z5xC, � Centransitsat 5� .7.
22 For summarydata, seeJohnA. Ogren, “EnhancedAerosol Measurementsat NOAA's Base­

lineObservatoryatBarrow, Alaska”athttp://www.cmdl.noaa.gov/aero/pubs/abs/ogren/ARM97 BRW/
ARM97 brw abstract.html;ordoyourownprocessingontheraw dataathttp://wwwsrv.cmdl.noaa.gov/
info/ftpdata.Ogren's �gure showstotalscattering(sigmasp)< 1 Mm� 1 , andtotalabsorbtion(sigma
ap)< 0:1 Mm� 1, for a total aerosolextinction of < 1:1 Mm� 1; normalizingto a 2 km scaleheight
givesAerosolOpticalDepth= .0022;dividing by theconstant.921convertsAOD into theastronom­
ical extinction coef�cient for aerosol,ka. To gettotal extinction,addin thecomponentsfor Rayleigh
scatteringof .102(Frölich & Shaw 1980)andozoneabsorbtionof .03,yieldingk = :134 magnitudes
perairmass.
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E2 And Barrow is not alone;in fact, it' s not eventhebestsite I could �nd. Thesame
NOAA programhasalsobeencollectingAOD dataat Samoafor thesameperiod,andthe
AODsthereareevensmaller. After removing theanomalousdatafor themonthsfollowing
theEl ChichonandPinatuboeruptions,Samoa'syear­roundaverageAOD is .01,andabout
half of all monthshave a meanAOD of zero.
E3 How do Barrow and Samoaget suchclear skiesat sealevel? The most likely
answer:they arevery far away from sourcesof industrialpollution (includingagriculture,
a signi�cant contributor of dust). By contrast,the easternMediterranean,from which
Schaefertakeshisdata,isdownwindfromwesternEurope,oneof theworld'smostextensive
sourcesof air pollution. Figure3 is the NOAA satelliteAOD compositefor two weeks
in 2001: February8­15andMay 2­10. Becauseof theway thedataaregathered,aerosol
opticaldepthcanonly berecoveredoveroceans;landareasareblack,andoceanregionsof
very low aerosols(AOD < :033) aregray. I took theseweeklyimagesat random,but note
that it' s not that unusualfor oceanareasremotefrom industrialpollutantsto go a whole
weekunder“ludicrous” averageconditions. In this image,grayaccountsfor 2.5%of the
oceanicareain February, and6.7%of theoceanicareain May.23

Figure3: Oceanicsurfaceareaswith weeklyaverageaerosolopticaldepth� .033(gray),
for theweeksof February8­15,2001(top)andMay 2­10,2001(bottom).

23 Figure3 datafrom http://psbsgi1.nesdis.noaa.gov:8080/PSB/EPS/Aerosol/Aerosol.html, andthen
click on the link for the latest“AerosolOpticalDepthWeeklyCompositeColor Image.” The image
changesevery week. In the original images,AOD is shown on a color scale;I have processedthe
imagesfor publicationhere.
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E4 Another aspectof the problem that has beeninsuf�ciently considered(not just
by Schaefer, but by any astronomer)is theway theatmospherechangesbetweendayand
night. Nearlyall of Schaefer'sobservationsof aerosolweretakenbyatmosphericscientists.
Therearea numberof standardmethodsto do this in theatmosphericcommunity, suchas
pyroheliometerandsolarphotometer, which dependon sunlightto work. This meansthat
nearlyall of Schaefer's measurementsweretaken during thedaytime. But the nighttime
atmosphereis differentfrom thedaytimeatmosphere,especiallywhenit comesto aerosols.
In the daytime, the sun warmsthe surfaceof the earth,and this causesformation of a
turbulentconvectionlayer that reachesto a heightof typically .2 to 5 km. In this diurnal
boundarylayer, aerosolsfromthesurfacearetrappedandthoroughlymixed.But justbefore
sunset,theenergy balanceon theearth's surfacereverses,asthe incomingsolarenergy is
nolongergreaterthantheenergy lossfrom surfaceradiation.Thisshutsoff convectionand
causesthediurnalboundarylayertoquickly collapse;it is replacedbyanocturnalboundary
layerof only about20 to 500metersin thickness.24 A residualdiurnal layeris still present
for several hoursaftersunset,andcanstill bedetected.It is asyet anopenquestionhow
muchthecollapseof thediurnallayerto atenthof its formerheightalsocausestheaerosols
in thatlayerto dropto theground;I know of nostudiesthathave investigatedthediffering
optical propertiesof either the residualboundarylayer or the nocturnalboundarylayer.
But it is possible,perhapsevenlikely, thatonemaynot have to getparticularlyhigh above
thesurroundingterrainto get low­aerosolseeingat night: just a coupleof hundredmeters
might do.25 This meansthat on a clif f above the ocean,onemight get sucha view on
almostany night. Thereareanumberof suchclif fs onRhodes,includingCapePrasonessi,
from which thereis evidenceHipparchosdid in factobserve far southernstars.26 Thereis
alsothepossibilitythatHipparchosmayhaveobservedfrom MountAttabyrion,thehighest
point on the island; at 1215meters,it is higher thanany of the Mediterraneanlocations
Schaefercites. In ancienttimestherewasa shrineto Zeuson thetop of themountain,that
wasstill27 frequentedby visitorsaslateasthe1stcenturyBC. Themodernobservatoryat
Siding Spring,Australia,at a slightly lower altitude,hasrecordedan averagek = :160,
with thebestnightsevenclearer.28

F Ancient Data

F1 So Schaefer's 27,294measurements,all taken in the 20th century(62% in urban
areas,andapparently99% during daytime)don't necessarilyhave much to do with the
nighttimeconditionsin pre­industrial,pre­urban140 BC. That's why it' s betterto derive
theextinctioncoef�cient for ancienttimesfrom ancientdata,insteadof usingmoderndata
asa guess.And I creditSchaeferfor trying to do this,usingsomesparseancientdatafrom
theprepublicationof Pickering1999.
F2 The Pickering 1999referencedby Schaefer2001wasa DIO preprint that did not
actuallyappearin DIO 9.3 asintended. Its dataandtext areincorporatedandexpanded
hereasxF. Giventheveryfew dataactuallyin thepreprint,it mightseemoddthatSchaefer
choseto ignoresomeof them.Thedataheomits(thosefor acronychalrisings)areexactly
thosedatathatarguestronglyagainsta long­heldbelief of Schaefer's on how theancients
de�ned theheliacalrising of aplanet.
F3 Accordingto Ptolemy, a heliacalrising is the �rst dayon which a planetor bright
starcanbeseento riseon thehorizonaftersolarconjunction(Almagest13.7)In fact,not

24 Arya 1988,2.
25 And perhapsevenless:seehttp://www.bts.gov/itt/urban/14­4a­1.html for onescientist's measure­

mentof anocturnalboundarylayeronly 18metersthick.
26 Rawlins 1994,DIO 4.2
27 DiodorusSicilus5.59;seeOldfather(1939)3:258­9.
28 Sung& Bessell2000, 246. In their �gure, the medianseemsto be about.15, andnumberof

observationshover nearthezero­aerosollevel.

Pickering Hipparchos StarCat South Limits 2002 Sept DIO 12 z1 17

only doesPtolemystateexplicitly thatthis occurson thehorizon,healsodraws a diagram
in theAlmagestshowing theplaneton thehorizon;andthenhedoessphericaltrig on the
diagram,duringwhich heusesthesaidhorizonline asa greatcircle on thesphere.All of
whichseemsquiteexplicit.
F4 But that's not what some(including Schaefer)believe. The alternative is that a
heliacalrising occurson the�rst daythatthestaror planetis visibleat anyaltitudebefore
dawnafterthesolarconjunction.Thismovestheplanetseveraldegreesupfromthehorizon.
By moving the planetup off the horizon,you canadd in a whole lot moreatmospheric
extinction andstill getthesamearcusvisionisasstatedby Ptolemyandothers.Of course,
you alsoget the ancientvaluesof arcusvisionis if you usea cleareratmospereandput
the heliacalrising on thehorizon,asstatedby Ptolemy. Thus,Schaefer's analysisof the
heliacalrisingsto determineancientvaluesfor k is also,in averyesotericmanner, basedon
modernmeasurements.Whentakenat facevalue(i.e., on thehorizon),theheliacalrising
datasupporta valueof k in therangeof .14to .16,right in line with Rawlins.
F5 Theseancientdatacan be found primarily in Ptolemy's reportsof what he calls
“phases”of theplanets,asexplainedin Book13.7of theAlmagest. HerePtolemydescribes29

the limits of visibility of theplanetsunderthemostdif�cult conditionspossible:right on
the horizon, and during twilight. Ptolemysaysthat the critical parameterfor visibility
is the arcus visionis (AV), or the anglein degreesof the Sunbelow the horizon (which
turns out to be correct); and he provides this angle for eachof the planetsnearsolar
conjunction. Ptolemycomputesthesephasesfor the latitudeof Phoenicia,implying that
theseobservationscamemostlyfrom there.
F6 In his shorterwork PlanetaryHypotheses, Ptolemygives the AV for eachplanet
again,30 althoughthe valuesherediffer somewhat from thoseof the Almagest. Ptolemy
alsoincludesthevaluesfor a �rst magnitudestar31 on theecliptic. In thecasesof Venus
andMercury, Ptolemyprovidesvaluesfor superiorconjunctionand inferior conjunction
(althoughthesetwo valuesarethesamefor Mercury). Thesearefoundin our table2.
F7 Ptolemy'sminorworkPhaseiscontainsin BookI thevaluesfor both�rst andsecond
magnitudestars;in theonly surviving fragment32 of Book I, a �rst magnitudestarhasan
AV of 12degrees,anda secondmagnitudestaris 15degrees.
F8 Table2 alsocontainsthearcusvisionisof acronycal risingsthe threeouterplanets
(Mars, JupiterandSaturn). At many timesof the year, it is possibleto seea planetor
brightstarwhenit risesatnight;but astheSunmovesthroughthecelestialsphere,youwill
eventuallycometo a certainday on which the twilight is sobright whentheplanetrises,
that your �rst glimpseof the planetis no longeron the horizon,but somesmall distance
above it. Thedateon which this occursis calledthe“acronychal” rising of theplanet,and
it alwaysoccursjustbeforethetimeof solaropposition.For afew daysaroundopposition,
you cannotseethe planetrise or set,becausetwilight intervenesin both cases;but after
a few days,you canthenbegin to seethe planetset. The dateon which the �rst setting
canbeobservedis calledthe“cosmical” settingof theplanet(alsooftencalledacronychal
setting.)For theouterplanetsnearopposition,Ptolemysaysthat theAV is abouthalf that
for nearconjunction.
F9 Goingevenfartherbackto about400BC, theGreekphysicianHippocrates33 divided
theyearinto medicalseasons,notingin passingthedatesof theacronycalrisingof Arcturus
(59 daysafterwinter solstice)andthe acronychal settingof the Pleiades(44 daysbefore

29 Toomer1998,639­640.
30 Goldstein1967,9.
31 HughThurstonhasalreadysuggestedthatancientskieswereclearerthantodayonthebasisof this

datum:Thurston1994,173.
32 Morelon1981,4.
33 HippocratesDevictu3.68.Thechaptercanbefoundin Jones4. My thanksto RobertH. vanGent

for bringingthereferenceto my attention.
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winter solstice).Fromthese,we cancomputetheangleof theSunbelow thehorizonfor
anobserver at Kosin the�fth centuryBC at thetimesof thesephenomena.34

Source/ Object Ar cusVisionis Elongation Magnitude

Almagest
Mercury 10 12 � 1.63
Venus 5 6 � 3.94
Mars 11.5 13.8 1.02
Jupiter 10 12 � 2.06
Saturn 11 13.2 � 0.01

PlanetaryHypotheses
Mercury, superiorconj. 12 14.4 � 1.71
Mercury, inferior conj. 12 14.4 � 1.79
Venus,superiorconj. 5 6 � 3.94
Venus,inferior conj. 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 4.5 175.5 � 2.94
Saturn,opposition 6.5 173.5 � 0.48

Phaseis
Aldebaran 12 14.4 0.87
Antares 15 18 1.06

Table2: Summaryof ancientrecordationsof heliacalandacronychalrisings.

F10 Our �rst stepin analyzingthesedatais to computethemagnitudesof thevarious
planetsat thesenear­conjunctionconditions.For convenienceandconsistency, we assume
thattheelongationof theplanetis 1.2� AV whennearconjunction,and180� � AV near
opposition. All magnitudesarecomputed35 at planetperihelion. Saturnis computed36 at
maximumring­tilt (which wasquite nearperihelionin ancienttimes,andstill is today.)
TheAlmagestvaluesfor VenusandMercuryarecomputedfor superiorconjunction.The
�rst magnitudestaron theecliptic mentionedby Ptolemyin a genericfashion,is assumed
to beAldebaran,thebrighteststarin thezodiac;andthesecondmagnitudestaris assumed
to beAntares,thebrighteststarthatis listedassecondmagnitudein theAlmagest. Wegive
thesevaluesin table2.

34 Hippocrates(460­377BC) livedatKos,but traveledwidely. For purposesof computation,I chose
four yearsearlyin hiscareer(443­440BC) andfour yearslatein hiscareer(403­400BC). I computed
thedateof solsticefor eachyear, added59 daysandcomputedthealtitudeof theSunat theapparent
riseof Arcturus.Sincethis dayrepresentedthe�rst dayof invisibility, I repeatedthecomputationfor
thepreviousday, thelastdayof visibility. Takingtheaverageof all 16observationsgivesthethreshold
for visibility in termsAV : 10.95degrees.Thecomputationfor thePleiadeswassimilar, exceptthatI
subtracted44daysfrom thesolstice,andI computedpositionsonthebasisof 17Tauri,the�rst bright
Pleiadto setat this latitude. For the Pleiades,the thresholdwas16.06degreesbelow the horizon.
Thesevaluesareincreasedby half adegreeeachwhencomputingonthebasisof observingatazenith
distanceof 89� .5 insteadof 90� .

35 Accordingto thealgorithmsof Duffet­Smith1988,for all planetsexceptSaturn.
36 UsingtheBASIC programof Olson1995.
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Figure 4: Visibility limits for acronychal risings, for a true horizon (zenith distance
Z = 90� ). Curvesaremoderncomputations,diamondsareancientobservations.

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: Impliedk for ancientacronychalrisings,for two horizontypes.

F11 We must realizethat (unlike the heliacalrising andsetting)thereis no point of
maximumvisibility for theplanetrising acronychally; thevisibility of theplanetincreases
steadilyasit rises,becausetheeffectsof atmosphericextinction andsky brightnesswork
in tandemto make it so. Therefore,it simplydoesnotmake senseto speakof anacronycal
rising or a cosmicalsettingunlessthe staror planetis actually visible on the horizon in
twilight. WhenHippocratessaysthattheacronychalrisingof Arcturusoccurs59daysafter
thewinter solstice,theremustbesomeobviousdifferencebetweentherising of Arcturus
on day 58 comparedto day 59; andthe only possibledifferencecanbe thanon day 58,
Arcturuscanbe seento rise (on the horizon),while on day 59, Arcturuscannotbe seen
until it hasalreadyrisen (above the horizon). This conformsto the ancientde�nition37

of acronychal rising, andit is theonly readydistinctionthat canbemadeby an observer
without instrumentation,suchasHippocrates.This impliesthatin ancienttimesaplanetor
bright starcouldactuallybeseenon thehorizonasa matterof routine— andthis in turn
suggestsa clearersky thansomemightexpect.

37 In theAlmagest8.4,Ptolemyusestheterm“eveningvisible later rising,” meaningthat the rising
of theplanetor staris visible,andoccursaftersunset.
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Figure5: Visibility limits for acronychalrisings,for aclutteredhorizon(Z = 89� .5). Curves
aremoderncomputations,diamondsareancientobservations.

F12 Theseancientvisibility limit datacanbecomparedagainstmoderncomputations
of visibility limits underthesameconditionsof twilight sky andplanetbrightnesson the
horizon.Hereweusethealgorithmsprovidedin Schaefer1998,with a few enhancements.
F13 The standardvisibility thresholdfunction is that of Hecht1947,which is a two
domain(day­night)least­squares�t throughthe dataof Knoll 1946. The Hechtfunction
hasa sharpcuspright in the twilight areathat we are concernedwith; the Knoll data
shows a cusp,but it is notassharpasHecht's functionmakesit, nor quitein theplacethat
Hecht's functionputsit. A betterleast­squares�t throughKnoll' s datacanbedonewith a
three­domainfunction(day­twilight­night). Theimprovedfunction�ts Knoll' s dataabout
threetimesbetter38 thanHecht,andtheimprovementis greatestin thetwilight region that
wearemostconcernedwith here.I �nd thethresholdT (in footcandles)for apoint source
againsta givenbackgroundbrightnessB in nanoLamberts,whenlog B > 6:74 :

T = 2:725� 10� 8(1 +
p

1:114� 10� 7B )2

When6:74 > log B > 2:63 :

log T = :0684(K log B )2 � :256(K log B ) � 8:44

And whenlog B < 2:63 :

log T = :0828(K log B )2 + :194(K log B ) � 9:73

HeretheconstantK = :4343; andwe shouldnotethatthefunctiongivesincorrectresults
at abackgrounddarker than0.1nL, which doesnot occuroutdoors.
F14 In �gure 4, I have computed39 theacronychal rising of Mars,Jupiter, Saturn,and
Arcturus,andthecosmicalsettingof thePleiades,accordingto datagivenby Ptolemyand

38 AlthoughusingtheHechtfunctionwould not producedifferentconclusionsthanthosepresented
here,for theobviousreasonthatbothfunctionsare�t to thesamedata.

39 My procedurefor refraction,for sealevel,1013mBand15C:determinestar'struealtitudeattransit
from H = 90� � � + � (where� is theobserver's latitudeand� is thestar'sdeclination);andcompute
paramterv = H + (9:23=(H + 4:59)) degrees.Refractionin arcsecis thenr = 58:7 � cosv=sin v,
andapparentaltitudeh = H + r . Thisform of refractionequationis takenfrom Rawlins 1982,but the
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Figure6: Visibility limits for heliacalrisings, for a true horizon(Z = 90� ). Curvesare
moderncomputations,diamondsareancientobservations.

Figure7: Visibility limits for heliacalrisings,for a clutteredhorizon(Z = 89� .5). Curves
aremoderncomputations,diamondsareancientobservations.
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Hippocrates;andat thesametime I have plottedthetheoreticalvisibility limits40 for three
differentaerosollevels in theatmosphere.Thelowestthick line is thevaluecomputedfor
an aerosolextincion coef�cient ka = :10 magnitudesper airmass;thenarrower lines are
for ka = :05 andka = 0, respectively. In �gure 4 I assumethattheobserver waswatching
therising or settingagainsta perfectseahorizon,with a zenithdistanceZ = 90 degrees.
Undertheseconditions,the best�t atmosphereis ka = :006 � :012 andtotal k = :138
magnitudesperairmass.
F15 It is possiblethat ancientobservers did not always have a perfectseahorizon;
if insteadtheseobservationsweremadeon slightly clutteredland horizon, the apparent
horizonwould likely be somesmall angleabove the true horizon; therefore,in �gure 5
I have re­computedfor the conditionof zenithdistanceZ = 89� .5 degrees. Underthese
conditions,thebest�t atmosphereis ka = :027� :022, andk = :159.
F16 I haveplottedvisibility limits for heliacalrisingsin �gures 6 and7 andtable4 in a
similarway. Themostdiscordantdatumis thatfor Marsfrom theAlmagest. It is likely that
this value(anAV of 11.5degrees)is a scribalerror, sincethePlanetaryHypothesesgives
the AV of Mars as14.5degrees,andthe numerals1 and4 areeasilyconfusedin ancient
Greek(seez5xB laterin this issue.)
F17 Three important facts are now apparent. First, the Z = 90� values(for both
acronychalandheliacalrisings)clusterstronglyaroundtheRayleigh­plus­ozonevaluefor
clearair, which is not requiredby theobservationsthemselves.
F18 Second,thevaluesfor k fromheliacalrisingarevirtually identicalto thoseobtained
from acronychalrising underthesameconditions(bothfor a perfecthorizonZ = 90� , and
for aclutteredhorizonZ = 89� .5). Third, thescatterof thedatais signi�cantly lowerunder
theancientde�nition of on­the­horizonvisibility thanunderSchaefer's modernde�nition,
by 3 to 7 times. Ptolemytells us that the Almagestobservations,at least,wereall taken
aroundthesummersolstice,in partbecausetheair at thattime of yearis “thin andclear”.
Weshouldthereforeexpectthatthederivedvaluesfor k shouldbe(a)low; and(b)somewhat
consistentwith eachother. The ancientde�nition of heliacalrising meetsboth of these
criteriabetterthanSchaefer's modernde�nition.
F19 In addition to ancientattestationsof astronomicalvisibility, thereis at leastone
usefulancientrecordof surfacevisibility — andit comesfrom Rhodesitself, the home
of Hipparchos. The GreekhistorianApollodorus,41 a contemporaryof Hipparchos(but
writing of a time aroundtheTrojanWar),statedthatfrom thetopof Mount Attabyrion(at
1215m, thehighestpoint on Rhodes),the islandof Cretecouldbeseen.Thesamestory,
with thesameattestationof Crete'svisibility from Mt. Attabyrion,canalsobefoundin the

constantshave beenre�ned by a least­squares�t to resultsderivedfrom theonion­skinmethodfound
in Schaefer1989for sealevel at 15� C and60% relative humidity; althoughI modi�ed Schaefer's
programto usedoubleprecisionthroughout,andto use10 timesthe numberof atmosphericlayers
(each.1 times the thickness). That programis in turn basedon the physical theory of Gar�nkel
1967.Therefractive index for Gar�nkel's theoryis determinedfor thecenterof thevisualrange(550
nm) andthe statedatmosphericconditionsfrom the Starlink algorithmsof RutherfordLaboratories
(http://star­www.rl.ac.uk/star/docs/sun67.htx/sun67.html). Theequationpresentedhere�ts Gar�nkel's
theoryaboutthreetimesbetterthantheequationof Schaefer1998.

My procedurefor determiningRayleigh(molecularatmosphere)airmass:afterdeterminingapparent
altitudeh in degrees(seeabove),X r = 1=sin(h + 244=(165 + 47 � h1:1 )) . For aerosolairmass(at
2 km scaleheight),X a = 1=sin(h + 20=(31 + 32 � h1:1)) . This form of airmassequationis taken
from Rawlins 1992,but theconstantshavebeenre�ned by a leastsquares�t to theresultsof thesame
onion­skinmethoddescribedabove. Theseequationsarejust ascompactasthosefound in Schaefer
1998,but they �t the Gar�nkel theoryaboutten timesbetter;andthe �t is improved mostnearthe
horizon,theareawearemostconcernedwith in this paper. For ozoneairmass,Schaefer's equationis
fully adequate:X o = (1 � (sin( z)=(1 + (20=6378)))2 )� :5 , wherez = 90� � h.

40 For anobserver with a Snellenratio of 1 (i.e., 20­20vision), usinga temperatureof 15� C, 40%
relative humidity, atsealevel, latitude33� , moonlesssky, andayearnearminimumsolaractivity.

41 ApollodorusLibrary 3.2,canbefoundatHard1997p.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: Impliedk undervariousde�nitions of HeliacalRising

works of the RomanhistorianDiodorusSicilus42 (1st cent. BC). The distancefrom Mt.
Attabyrion to Mt. Modi43 on Creteis 196 km; then,usingthe relation44 of Koschmieder
1926for surfacevisibility range,theextinctioncoef�cent musthavebeenk � :150in order
to seeCretefrom Mt. Attabyrion. This numberis right in line with thevalueswe obtained
from otherancientsources.
F20 To summarize,everypre­industrialsourcethatI havebeenableto �nd, whentaken
at facevalue,implies a muchclearerancientatmospherethanadoptedby Schaefer2001.
Usingahalf dozendifferenttechniquesanddatasources,theresultsareall quiteconsistent
with eachother, andconsistentwith the ideaof a low valueof aerosolextinction. In all

42 Diodorus5.59canbefoundin Oldfather(1939)3:258­9.
43 Mt. Modi (830m), at 35� 0803000N, 26� 0704500E, is thesizableCretanmassifnearestto Rhodes.

Mt. Attabyrionis locatedat36� 120N, 27� 520E. Distance(196.3km) is computedusingtheGRS1980
ellipsoid. Sinceboth mountainsarehigh, atmosphericclarity, ratherthancurvatureof the earth,is
theonly barrierto their intervisibility. Theislandof Karpathosnearlyintervenes,but thehigh hills of
Cretearesigni�cantly (andobviously) to theright andfartheraway thanKarpathos.Any suggestion
thatKarpathoswasmistakenfor Cretefalls to obviousrebuttals: �rst, undersuchascenariothereis no
islandthatcouldbemistakenfor Karpathos;second,theobserver (Althaemenes)wasanative of Crete
who foundedthe templeof ZeusAttabyroson the peakspeci�cally becausehe could seehis home
from there— makingmistakenidentitymostunlikely.

44 For visibility rangeV , extinctionperunit distanceB ext is foundby B ext = K =V, whereK is the
Koschmiederconstant(with 3.92beingtheusualvaluefor the limit of humanability). At a rangeof
196.3km, B ext = 2 � 10� 5 m� 1 andof this,1:15 � 10� 5 is Rayleigh(assumingkR = :1023anda
scaleheightof 8.2km; theconstant.921isappliedtoconvertbetweenastronomicalunits[mag/airmass]
andphysicalunits [attenuation/meter]).This leaves8:5 � 10� 6 m� 1 for aerosolextinction, which
becomeska = :018 at a generous2 km scaleheight. Adding standardRayleighandozonegivesa
total astronomicalextinction of k � :150 magnitudesperairmass.Usingmorerelaxedobservational
parameters,Johnson1981derived a Koschmeiderconstantof 3.0, which gives a total extinction of
k � :140 magnitudesperairmassfor ancientRhodes.



24 Pickering Hipparchos StarCat South Limits 2002 Sept DIO 12 z1

cases,we have derived ka < :05, andin many casesquite a bit less;all aresigni�cantly
lessthevalueka = :1 usedin Schaefer2001:

� minimizing � 2 for Hipparchos(xB11), Tycho (xD10), andHevelius (xD11) indicates
:004 < ka < :048;

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

� acronychal rising datafrom HippocratesandPtolemy(Table3) indicate:006 � ka �
:027;

� heliacalrising datafrom Ptolemy(Table4) indicate:002 � ka � :019;
� surfacevisibilty at ancientRhodes(xF19)indicateska � :018; and
� observationof low, dim starsby Ptolemy(below at z5 fn 8) indicateska � :010.
The implication is that two centuriesof industrial andagriculturalactivity have left the
atmosphere(especiallyin Europe)muchdirtier now thanit wasin ancienttimes.

G Recovering the Catalog'sEpoch

G1 Becausethe latitude we derive for the observer of the ASC is closely relatedto
theextinction coef�cient thatwe adopt,theforegoingexplainswhy Hipparchoscannotbe
eliminatedastheobserver of theASC's �rst threequadrantsbecauseof his latitude. But
whatabouttheobserver's epoch?Theanswerhererequiresa majordigression.
G2 Backin 1998,I �rst tooka look at thesouthernlimit asanexerciseto seeif I could
con�rm andre�ne theresultsof Rawlins1982.TheprocedureI adoptedwasquitesimilarto
thateventuallyadoptedby Schaefer2001.AlthoughI hadnoproblemreplicatingRawlins'
latitude,I found that I wasderiving an epochfor the ASC in the early middle ages,way
too far forward in time even for Ptolemy. Recognizingthat this indicateda problemwith
my procedure,but not willing to spendtheconsiderabletime neededto �nd a hidden�a w
in sucha largeandcomplex algorithm,I droppedthewhole thing andmovedon to other
interests.Thenit turnedout that Schaeferalsoderived anepochway too far forward for
the �rst threequadrants,and (more interestingly)an epochway too far backward when
consideringthe fourth quadrantonly. Whentestinghis procedureagainstthe catalogof
TychoBrahe,Schaeferagainderivedanepochcenturiestoofarforward. All theclueswere
there,andI consideredtheproblemanew.
G3 Thepositionof theSouthCelestialPoleonthecelestialspheremovesasprecession
advances.In thetimeof HipparchosandPtolemy, theSCPwaslocatedin theconstellation
Hydrusandwasmoving away from the Phoenix/Fornax/Sculptorregion and toward the
Crux/Centaurusregion. (At any given time theSCPis moving toward12hRA andaway
from 0h RA asit circlestheSouthEcliptic Pole,which alwayslies along6h RA.) And as
theSCPmoves,it carrieswith it a zoneof invisibility (for northernhemisphereobservers)
centeredon it. Sowecancall theCruxregion the“leadingedge”of theinvisiblezone,and
thePhoenixregion the“trailing edge.”
G4 This meansthat the zoneof invisibility is moving away from a star­poor region
andinto a star­denseregion alongthe Milk y Way; andthis createsa dynamicimbalance
of critical importanceto thestatisticalmethodemployedby bothRawlins andSchaeferin
determiningtheobserver's epoch.
G5 Imaginethatthereareonly two starsin thesky, of equalbrightness,andneitherone
is in thecatalog.Placeoneat the“leadingedge”of thezoneof invisibility, andoneat the
“trailing edge.” Thestatisticalprocedure“wants”thezoneto coverbothunseenstars,andis
drawn towardbothstarsequally;sothefunctionwill minimizeattheepochwhenbothstars
haveequalvisibility. A goodanalogyis to imaginethatthezoneof invisibility is “attracted”
by uncatalogedstars(and“repelled” by catalogedstars.) Therefore,uncatalogedstarsat
the leadingedgewill draw the derived epochforward in time, while uncatalogedstarsat
the trailing edgewill draw the derived epochbackward in time. The reverseis true for
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catalogedstars,but therearefarmoreuncatalogedstarsthancatalogedones,sotheireffect
is verymuchpredominant.
G6 In therealsky, asthezoneof invisibility advancesin time, its leadingedge(in the
Crux region) is attractedby a whole lot of uncatalogedstarsalongthe Milk y Way, while
its trailing edge45 (in the Phoenixregion) is attractedby only a few. So unlesswe take
suitableprecautions,thezonewill bedrawn too far forward46 in epochby thepresenceof
themany uncatalogedstarsin theCrux region of theMilk y Way. This too­forwardepoch
is eventuallystoppedby thecoveringof a catalogedstar;but eventhis �nal brake will be
dampenedif theassumedlatitudeof theobserver is too low.
G7 Rawlins 1982did in facttake a precautionto avoid thisproblem:heignoredall the
dim stars.This tendsto equalizethenumberof catalogedanduncatalogedstars,sothatthe
“attraction”and“repulsion”effectsof thecatalogedanduncatalogedstarsaremorenearly
equal.(Althoughto befair, Rawlins wasunawareof this problem;it seemsinsteadthathe
employedthisprocedureasamatterof simplicity.)
G8 Schaefer's procedurenot only fails to do this, it makesmattersworseby dividing
theanalysisinto quadrants,lumpingthe�rst threequadrantsof RA together, andkeeping
thefourthquadrantseparate.Thefourthquadrantcontainshalf of thetrailing edge,andwe
recallthattheuncatalogedstarsat thetrailing edgeactasa“brake” ontheforwardadvance
of the derived epoch. With half of his brakesgone,Schaefer's analysisof the �rst three
quadrantswasevenmorestronglyattractedto anepochtoo far forwardin time.
G9 Meanwhile,thefourth quadrant(whenconsideredalone)hasno leadingedge.The
uncatalogedstarsat thetrailing edgedraw theepochof the4th quadranttoo far backward
in time, sincethey arenot balancedby uncatalogedstarsat the missingleadingedge. If
wesplit thesky thisway, wewouldexpectthatsuchaprocedurewould falselyindicatethe
epochof �rst threequadrantstoo late,andof thefourth quadranttoo early. This is exactly
whathappenedin Schaefer2001.

H Fun with fakedata

H1 Schaefer2001claimsthattheresultsobtainedare“robust”, meaningthatthey don't
changeunderdifferinginputassumptions.Thereis aneasywayto testacomplex procedure
suchasthis,andit doesnotinvolvetweakingtheinputstoseehow muchtheoutputchanges;
instead,wecangivetheentireprocessadatasetof known origin, andmeasuredirectlyhow
well theprocess�nds thecorrectresults.For example,givenany P function,atmosphere,
epoch,andlatitude,it is easyto generatea pseudo­catalogthatmight have beentakenby
a naked­eye observer underthoseconditions. Having sucha catalog,doesthe statistical
procedurerecover thecorrectepochandlatitudeof theobserver?
H2 I createdfour suchpseudo­catalogsfor 0 AD andlatitude36� , usinganextinction
coef�cient of k = :18 andusingequation2 asa P function. Knowing the correctvalue
of k andthecorrectP functionin advance,andusingall quadrantsasinput, theprocedure
did ratherwell in recovering thelatitude,gettingthecorrectresult(within 1 degree)3 out
of 4 times.It waslesssuccessfulin recoveringtheepoch,gettingthecorrectresult(within
a century)only 1 outof 4 times,andgoinga centurytoo far forwardin theothercases.
H3 But whenI triedto recoverthelatitudeandepochusingonly the�rst threequadrants
of thecatalog,theprocesswentbadlyawry, for reasonsdiscussedaboveatxG8. Thelatitude
wasrecoveredcorrectlyonlyoneoutof fourtimes,andtheepochwasnotrecoveredcorrectly

45 In August1999,Schaefertestedhisprocedureby viewing thesky for onehourwhile onvacationin
Bermuda.Thehourchosenby Schaeferfor histest(around3 AM localtime)insuredthatthetransiting
part of the sky wascenteredaround0 hoursRA, wherethereis no leadingor trailing edge. Sucha
smalltestin this restrictedregion of thesky would beincapableof detectingtheeffect describedhere
— andin fact,it didn't.

46 This is exactly whathappenedSchaefer2001,not only for theASC,but alsofor Tycho's catalog,
for whichhederivedanepochof 2000AD � 500.
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at all, with all resultsbeingat leastthreecenturiestoo far forward. Sincethe difference
betweenHipparchosandPtolemyis threecenturies,thede­couplingof thequadrantsalone
createsa largererrorthanthesizeof theeffectwe aretrying to measure.
H4 Equally badresultswereobtainedwhenI useda differentP function in recovery
than I usedin creatingthe catalog. For example,when I substitutedequation1 in the
recovery phaseandde­coupledthe quadrants,the statisticalalgorithmnot only failed to
recover thecorrectlatitudeandepochin all cases,it alsorejectedthecorrectlatitudeand
epochat a statisticallysigni�cant level (� > 2) in threeout of four cases. It is worth
mentioningthat the resultsobtainedwere both too far forward in time, and too low in
latitudein all cases.Therefore,weshouldexpectthattheresultsobtainedby Schaefer2001
werealsotoo low in latitudeandtoo far forwardin time thantheactualobserver.
H5 As onemightexpect,changingtheassumedatmosphericextinctionhasasigni�cant
effect on the latituderecovered. I foundthatan increasein k of .1 will lower thederived
latitudeby between4.5and5 degrees.Thismeansthatthedifferencebetweenthevalueof
k usedby Rawlins 1982(.15)andSchaefer2001(.23)wouldaloneaccountfor mostof the
latitudedifferencebetweenPtolemyandHipparchos(P functionaccountsfor therest).
H6 WhenrecoveringtheepochandlatitudeusingthecorrectP functionandextinction
coef�cient, usinga magnitudelimit had little effect on the results. But when usingan
incorrectP function or incorrectatmosphere,I found that a magnitudelimit of between
3.5 and4.5 tendedto reducethe error of the derived result. Thereare two reasonsfor
this. First,assuggestedabove, this is becausesucha magnitudelimit tendsto equalizethe
numberof catalogedanduncatalogedstars.Thesecondreasoncanbedemonstratedwhen
we look at the�nal statisticQ whichwearetrying to minimize. Whenexaminingall stars,
Q will typicallyminimizearound400or so. In suchacase,wecanrejectany latitude/epoch
combinationwith Q � 404 at a signi�cant (2­sigma)con�dencelevel. But why arewe
allowed,statistically, to eliminatethatQ valueof 400from eachtotal?Becauseweassume
thatminimumQ of 400represents“noise” thatinfectsthe“signal” wearetrying to detect;
andwefurtherassumethatthisnoiseis perfectlyrandom,Gaussiannoise.In effect,weare
trying to detecta teacup'sworthof signalatopaskyscraperof noise.But theassumptionof
randomnoisecanonly betrueif starsarerandomlyplacedin thesky, andthey arenot: the
Milk y Way insuresthat. Thebene�t of usinga magnitudelimit is thatby throwing out the
dim stars,theremainingstarsaremorenearlyrandomin their distributionacrossthesky.
H7 Overall, thepseudodatastudyrevealsthat therecovery of latitudeandepochfrom
thisstatisticalmethodis averydelicatebalancingactthatcaneasilygowrongfor anumber
of reasons.In many ways, the procedureis chaotic,i.e., thereis a sensitive dependence
uponinitial conditions— thoseconditionsbeingthechosenatmosphere,P function,and
magnitudelimit. It is quitepossible,whenseveralof thesefactorswork together, that the
statisticalprocedurewill rejectthecorrectvalueat a statisticallysigni�cant level. When,
as in the caseof Schaefer2001,we combinean incorrectP function, an overly opaque
atmosphere,anddecouplethequadrants(all at thesametime),anincorrectresultis almost
impossibleto avoid.
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z2 On the Clarity of Visibility Tests

by DENNIS DUKE1

The Almagest2 star catalog(ASC) has for centuriesinvited speculationaboutwho
actuallycompiledit. Of its many curiousfeatures,the fact that the catalogcontainsno
starswhicharevisible in Alexandriabut notvisible in Rhodessuggestedto Delambre3 that
perhapsthecatalogwasactuallycompiledby Hipparchus,who is known to have lived in
Rhodes(at about36� northlatitude),andnot by Ptolemy, theauthorof theAlmagest, who
is known to have livedin Alexandria(at about31� northlatitude).

In 1982 Rawlins4 constructeda model that, subjectto its assumptions,provides a
quantitativetestof how well thecatalog'ssouthernlimit tellsusthelatitudeof theobserver.
Rawlins' applicationof the modelproduceda clearsignal in favor of an observer at the
latitudeof Rhodes.In 2001Schaefer5 usedRawlins' basicmodelbut with anupdatedsetof
technicalinputsto reachasubstantiallydifferentconclusion,basicallyfavoringanobserver
at the latitudeof Alexandriafor at leastthreequadrantsof the sky. It is the purposeof
this paperto carefullyexamineexactly how themodelworks,andhow conclusive arethe
resultsof eitherRawlins' or Schaefer's analysis.

Hereis how themodelworks: weassumeasinputall thestarsin thesky thatarevisible
to the naked eye, anda catalog,in this casethe ASC, that containssomesubsetof these
stars.For eachsuchstar, wecomputeits apparentmagnitudem andaprobabilityof visual
detectionPdet, whichis afunctionof m. Thentheprobabilitythatthei th staris includedin
thecatalogis Pi = Pdet, while theprobabilitythata givenstaris not includedis 1 � Pdet.
The productL of the Pi for every star is the likelihood that the catalogwas assembled
subjectto ourassumptions.

Thedetailsof thecalculationincludethecomputationof theapparentmagnitudem and
theprobabilityof detectionPdet . Theapparentmagnitudeis determinedby adjustingthe
tabulatedvisualmagnitudeV for atmosphericextinction of thestar's visible light. Brie�y ,
weassumethatastarisactuallyobservedatitsmeridianculminationheighth = 90� � ' + � ,
where� is thelatitudeof theobserver and� is thedeclinationof thestar. TheepochTof
theobserver alsomatters,asthestar's declinationis affectedby precession.Theheighth
determinesthedepthX of theEarth's atmospherethatthestar's light traverses,andgiven
anextinctioncoef�cient k, theapparentmagnitudeis givenby m = V + kX . In practice,6

the depthX is usually split into componentsfor Rayleighscattering,ozoneabsorption,
andaerosolscattering,eachwith its own extinction coef�cient. Givenm, thecalculation
proceedswith the computationof Pdet. In general,we expectPdet to be nearunity for
brightstarsandnearzerofor verydim stars.Rawlins usedapiecewisemonotonicfunction
for Pdet while Schaeferuseda speci�c functionalform Pdet = 1=(1 + eF ( m � m 0 ) ), which
introducestwo parametersF andm0:

In orderto computethelikelihoodL wemustknow valuesfor theparameters� , T, and
k, andin Schaefer's versionof themodel,alsoF andm0. We usea computerprogramto
vary theparametersuntil thelikelihoodL is maximized,or equivalently, until thenegative
log­likelihoodS = � 2 ln L , is minimized. Thusthemodelassignspenaltypoints(values

1 FloridaStateUniversity;dduke@scri.fsu.edu
2 Ptolemy's Almagest, transl.by G. J.Toomer(London,1984).
3 J.B. B. Delambre,Histoire del'astronomieancienne(2 vols,Paris,1817),ii. 261­4.
4 D. Rawlins, “An investigationof theancientstarcatalog”,Publicationsof theAstronomicalSociety

of thePaci�c , xciv (1982),359­73.
5 B. Schaefer, “The latitudeof theobserver of theAlmageststarcatalogue,Journal for theHistory

of Astronomy, xxxii (2001),1­42.
6 B. Schaefer, “Astronomyandthelimits of vision”, Vistasin Astronomy, xxxvi (1993),311­61.
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of S) to an observer who either includesin his cataloga dim staror omits a bright star.
Completedetailsaregivenin thepapersof Rawlins andSchaefer.

First, we summarizeRawlins' analysis.He chosefor the input sampleof starsnot all
visiblestarsin thesky, butinsteadasubsetof 30southernstarsthatarein asparselypopulated
areaof the sky. Of these,16 areincludedin the ASC, 14 arenot. Assumingessentially
zeroscatteringby atmosphericaerosols,Rawlins foundS = 14:4 for Hipparchus'latitude
andepochandS = 75 for Ptolemy's latitudeandepoch.Thedifferencesin S tell usthat
in thisanalysisHipparchusis indicatedwith abouta7.8­sigmasigni�cancelevel. Schaefer
pointedout thatRawlins' resultdependscritically on bothhis sampleof selectedstarsand
onhis assumedvalueof k.

Next, we summarizeSchaefer's analysis. He chosefor the input sampleof stars
essentiallyall starsin theBright StarCatalog,7 combiningcloseneighborsthatwould be
visually indistinguishable.Schaeferalsoassumeda minimumvaluefor aerosolscattering
baseduponthebestvisibility conditionsat sealevel todayin theareasaroundRhodesand
Alexandria.For threequadrantsof thesky (right ascensionsin therange0� < � < 270� ,
anddeclinationslessthan� 10� ) he foundS = 667:4 for HipparchusandS = 615:5 for
Ptolemy. For the fourth quadrantin right ascensionhe foundS = 176:2 for Hipparchus
andS = 182:7 for Ptolemy. Thedifferencesin S tell us that for the �rst threequadrants
Ptolemyis indicatedwith abouta 7­sigmasigni�cancelevel, while for thefourth quadrant
Hipparchusis indicatedwith abouta2.5­sigmasigni�cancelevel. Schaeferalsofoundthat
his resultsarevery robustto a multitudeof reasonablevariationsof his input assumptions,
aslongasaerosolscatteringstaysabove a minimumlevel.

I have independentlyrepeatedthecalculationsof bothRawlins andSchaefer, andhave
con�rmed that both setsof calculationsare technicallycorrect: if you use their input
assumptions,you do get their result. Further, I have usedthegenerallymorecomplicated
modelof Schaefer, which alsoallows variationin the Pdet function, to analyzeRawlins'
selectedsubsetof 30stars,andI againgetsubstantiallythesameresultasRawlinsoriginally
published.

So what shouldwe concludefrom theseanalyses? If either is to be believed, we
musthave con�dencein theinput assumptions.I would like to point out in particularthe
following threeassumptions:
� astaris includedin thecatalogbasedexclusivelyontheprobabilitythatastarof itsapparent
magnitudeisvisibleataspeci�c latitude.Thismakesnoallowancefor thepossibilitythatan
observermight includestarsreportedto him from other, perhapsmoresoutherly, locations,
or that theobserver might work harderto includestarsat lower altitudes. This alsodoes
not take into accountthateachstarin thecatalogwasnot only seen, but its positionwas
alsomeasured. Anyonewho hasever tried it will know thatthelatteris muchharderthan
theformer.
� whenanalyzinga �x ed areain the sky, the modelassumesthat every star in that area
wasobserved at the samelatitude. In orderto �nd a compositecatalogthe analystmust
carefully searchdifferentareasof the sky to seeif differentlatitudesareindicated. This
is exactly whatSchaeferdid, to �nd his threequadrantsfor Ptolemyandonequadrantfor
Hipparchussolutions. But if the catalogis truly composite,asmany catalogsare,with
multiple observersatmultiple latitudes,themodelcannotrevealthatfact.
� the testdoesnot useany other informationwe might have abouta particularstar that
might shedlight on whoobservedthatstar.

To illustratethe impactof theseassumptions,let us considerthe caseof Canopus(�
CarandBN892in theASC). In 130BC Canopusculminatedatabout1.3� at ' = 36� . Its
visual magnitudewas� 0.72 (presumablythe sameastoday)but its apparentmagnitude
in Rhodeswasabout5. In Alexandriain 137AD Canopusculminatedat over 6� andits
apparentmagnitudewasabout1.4. So the likelihoodfor Ptolemyis muchlarger thanfor

7 D. Hof�eit, Thebright star catalog (New Haven,1997).
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Hipparchus.Yetweknow for certainthanHipparchusdid in factincluderisingandsetting
informationfor Canopusin his Commentaryto Aratus,8 andVogt9 wasableto usethese
datato deducethe coordinatesthat Hipparchusmusthave hadfor Canopus.Further, the
datathatHipparchusreportedimply thathiscoordinatesfor Canopuscontainedratherlarge
errorsof about5� , andamazinglyenough,we�nd thosesamelargeerrorsrepeated10 in the
starcoordinatesfor Canopusthatappearin theASC(seeTable1 andFigure1).

ThuswehaveacasewherethemaximumlikelihoodtesttellsusthatPtolemyis favored
over Hipparchusastheobserver of Canopus,while we have additionalinformationthat is
notusedby thetestthattells usexactly theopposite.

Name BSC Baily Type Commentary Almagest
Number Err or Err or

� 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 � 2.91 � 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

Table1: Thestarscommonto boththeCommentaryandtheAlmagestthateitherhavelarge
sharederrorsor whichplaya role in thevisibility test.

In orderto seewhetherthis is a harmlessspecialcaseor a moregeneralproblem,let's
take acloselook athow thedifferencein S valuesof about52actuallyarisesin Schaefer's
analysisof the �rst threequadrants— theareain thesky thatprovidesthestrongestpro­
Ptolemyresult. WhenI repeatthe analysisusingmy input starcatalog(which differs in

8 Hipparchos,In Arati et Eudoxiphaenomenacommentariorium, ed. and transl.by K. Manitius
(Leipzig,1894).

9 H. Vogt, “Versucheiner Wiederstellungvon HipparchsFixsternverzeichnis”, Astronomische
Nachtrichten, ccxxiv (1925),cols2­54.

10 G. Graßhoff, Thehistoryof Ptolemy's starcatalogue(New York, 1990).
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Figure1: A scatterplot showing the correlationof the CommentaryandAlmagesterrors
for phenomenaof types1­4. Thosestarswith largesharederrorsthatarediscussedin the
text aremarkedwith their Baily number(column3 in Table1).
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detailsfrom Schaefer's),approximatelythesameparameterassumptions,andmy computer
program,I �nd a differencein S valuesof about54, so we know we areboth in general
agreement(andothermoredetailedcomparisonscon�rm thiscompletely).

Consider�rst thosestarsin thesky thatdonotappearin theASC. For Hipparchusand
Ptolemy, thesestarscontributeto S about278and269,sothedifferenceof 9 is a 3­sigma
effect in favor of Ptolemy. Not negligible, but a small part of the overall differenceof
54. Therefore,we seethatmostof thepro­Ptolemysignalis comingfrom starsthatwere
actuallyin thecatalog,not from starsthatwereomitted.

Figure2: Thedistributionof S differencesfor thestarsthatarein theASC.

If we look at thedifferencesin S valuesfor the284starsin this partof thesky thatare
alsoincludedin theASC,on a star­by­starbasis,we get thehistogramshown in Figure2.
We noticethatthis histogramis nearlysymmetricaboutzero,exceptfor a tail11 of starsat
positiveS. Indeed,wenoticethatif wecomputethesumof theS valuesfor all starsexcept
the13with thelargestpositiveS values,i.e. thosethatfavor Ptolemymost,thenthatsumis
verynearlyzero.Thismeansthatavery largepart(46outof 54)of thepro­Ptolemysignal
in this testis in factarisingfrom 13 speci�c ASCstars.Thesestarsarelistedin Table2.

11 The readermight wonderwhetherthis tail is peculiarto the caseat hand,or a generalfeature
that shouldbe expected. Monte Carlo simulationcon�rms the secondpossibility. Indeed,I have
generatedhundredsof syntheticstarcatalogsby extractingwith probabilityPdet starsfrom theBright
StarCatalog.Whenthesesyntheticcatalogsareanalyzed,distributionsvery similar to thatshown in
Figure1 alwaysresult. Indeed,it is fairly obviousthatwhenthemodelindicatesa southernobserver,
the reasonwill alwaysbe that the northernobserver waspenalizedfor including too many dim, low
altitude stars. Conversely, when a northernobserver is indicated,it will be becausethe southern
observer omittedtoo many brightstars.
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Name Baily # SHipp SPtol SHipp � SPtol

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 4.63 1.07 3.57
oVel 885 2.75 0.96 1.79
V344Car 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 4.88 2.82 2.06

 Ara* 995 9.74 2.34 7.40
� Ara* 996 4.09 0.43 3.66
� Ara* 997 4.06 0.74 3.32

Table 2: A numberin column 1 gives the star's ID in the Bright Star Catalog. The
numberin column2 givesthe star's ID in the Almageststarcatalog. SHipp andSPtol are
thecontributionsof thatstarto thelog­likelihoodassumingHipparchusandPtolemyasthe
observer, respectively. Thestarsmarkedwith * havelargeerrorssharedby theCommentary
andtheASC,andhencewecanbefairly certainthatPtolemycopiedthemfromHipparchus.

Of the 13 stars,5 of them, BN805, 992, 995, 996, and 99712 also appearin Hip­
parchus'Commentaryto Aratus, andlike Canopus,each13 haslargeerrorscommonto the
CommentaryandtheASC (seeTable1 andFigure1). We canthereforebeprettycertain
that these�v e stars,which arecontributing a total of 20 to S, arein fact, like Canopus,
giving us contradictorysignals: a pro­Ptolemysignal from the [Schaefer]visibility test,
but a pro­Hipparchussignalfrom thecoordinateerrors. (Remember, theonly information
thevisibility modeltakesfrom theASC is whetheror not a staris included— theactual
coordinatesandmagnitudeslistedin theASCarenotusedin any way.)

How deepdoesthisproblemreach?Withoutfurtherindependentanalysis,wecanonly
speculate,but thefollowing line of thoughtis notunreasonable:let usconsiderwhetherthe
othereightstarsin our signalmight have beenalsocopied. We know thatBN805(� Eri)
wascopied,whichat leastsuggeststhatBN803andBN804,nearbyneighborsin Eridanus,
arealsogoodcandidatesfor copying. Weknow that4 Ara stars,BN992,995,996,and997
werecopied,which suggeststhatBN994,alsoin Ara, might alsobecopied. That leaves
BN884,885,887,889,and893,all in Argo Navis. Now we know thatPtolemycopiedat
leasttwo starsfrom Argo Navis: 892(Canopus)and918(� Hya), but thesestarsdid not
make our list of 13 `critical' stars.Still, it might betaken to suggestthatPtolemycopied
othersfrom Argo, furtherweakeningthecaseagainstHipparchus.In fact,a simplemodel
analysis14 of the size of the correlationsbetweenthe Commentaryand Almagest errors
suggeststhata largefraction,even up to 100%,of starscommonto theCommentaryand
theAlmagestwerecopied,so thesespeculationsarefar from groundless.All in all, then,
we have eitherdirector circumstantialevidencethata very largepartof thepro­Ptolemy

12 ManitiusandGraßhoff identi�ed the�rst starto risein Ara as" Ara (BN994),but thesurrounding
textual andastronomicalevidencein the Commentaryestablishesbeyond any reasonabledoubtthat
thecorrectidenti�cation is � Ara (BN997).

13 G. Graßhoff, op.cit. (ref. 10),331­34.
14 D. Duke,“Associationsbetweentheancientstarcatalogues”,Archivefor HistoryofExactSciences,

56(2002)435­450;D. Duke,“TheDepthof AssociationbetweentheAncientStarCatalogues,” Journal
for theHistoryof Astronomy(forthcoming[hassinceappeared:JHA, 34 (2003)227­230]).
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signalissuedby thevisibility testis, in fact,contradictedby thecoordinateerrordata.
How shouldweresolvethisdilemma?Onewayoutwasrecentlyofferedby Schaefer,15

whopointsoutthatweneedmerelyassumethatPtolemydid everythingheclaims,i.e. look
at thesky andmeasurethepositionsof thestars,but thenperhapscompareshisresultswith
old recordshehadfrom Hipparchusandfor somereasonincludedHipparchus'coordinates
for a subsetof thestarsinsteadof his own measurementsin theASC. This scenariothus
usesin a crucialway themodelassumptionthattheonly issuebeingtested,andhencethe
only conclusionthatcanfollow, is whetheragivenstarwasobservedataparticularlatitude.
It would beinterestingto try andfurthertestthis scenario,but I don't presentlyknow how
to do that.

Anotheroption is to incorporateinto themaximumlikelihoodcalculationthea priori
knowledgethatsomestarswerede�nitely observedandmeasuredbyHipparchusandcopied
byPtolemy. For thosestarsit makeslittle sensetoblindly applythebasicmodelassumption
thatevery staris includedin thecatalogwith probabilityPdet. Indeed,for thosestarsthe
statisticallysoundprocedurewould beto saythatPdet is simply unity for Hipparchusand
zerofor Ptolemy(or perhapsusea gaussianprobabilitydistribution sharplypeakedat the
parametersimpliedby Hipparchusastheobserver). In thatcase,however, thelikelihood

L =
NQ

i =1

Pi

will obviously besharplymaximizedfor Hipparchus,no matterwhat thecontributionsof
theotherstars(unlesssomeonecan�nd astarthatis knownto bemeasuredby Ptolemyand
not by Hipparchus— sofar, not a singlesuchstaris known). Thereadermight complain,
correctly, that this makes the whole questiondefault to Hipparchus,but the real reason
this happensis themodelassumptionthatall thestarswith a �x edregion of thesky were
measuredat thesamelatitude.Soin fact,thedefault is built into themodel.

It appearsto methatwemustaskwhichconclusiondowetrustthemost,whichin turn
meanswhichsetof underlyingassumptionsis mostlikely to betruein this speci�c case. I
know of no reasonto mistrusttheevidencefrom thelargesharederrors,but wemustadmit
thatonly �v e of thecrucial13 starsarevirtually certainto beof Hipparchanorigin. The
evidencefor the remainingeight is, strictly speaking,circumstantialandstatistical. On
theotherhand,thediscussionabove makesit clearthat thefundamentalassumptionsthat
underliethevisibility testmaynotbenearlysosolid,at leastin thecaseathand.Certainly
thesimplestresolutionis that thevisibility test,asimplemented,just doesn't work for the
ASC. It would be interestingif someonecould �nd anobjective way to distinguishthese
options.
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z3 The MeasurementMethod of the AlmagestStars

by DENNIS DUKE1

I suggestthatthecorrectstandardmodelof earlyGreekstellarastronomyis:
� Someone,perhapsHipparchus,measureda fairly completestar catalogin equatorial
coordinates.
� Thatcatalogwasthebasisfor theresultspresentedin Hipparchus'CommentarytoAratus.2

� Analogcomputationwasusedto convert mostof thecatalogto ecliptical coordinates.
� It is thisconvertedcatalog,with longitudesshiftedby2� 400, thatwehavereceivedthrough
PtolemyandtheAlmagest.

Thesupportingargumentin brief is:
Thestarcoordinatesin Hipparchus'Commentaryto Aratusareclearlyequatorialright

ascensionsanddeclinations.3 Althoughwe have no surviving hint howthosecoordinates
weremeasured,or evenwhomeasuredthem,it is reasonableto assumethatthecoordinates
weremeasuredin the sameway they werepresented:equatorialcoordinates.Ecliptical
stellarcoordinatesareconspicuousin their absence.

The correlationsbetweenthe errorsin the Almagest dataand the Commentarydata
show thatthosetwo datasetsareassociatedin someway. This is substantiatedby4

� severalstarswith largecommonerrorsin eachdataset,
� detailedstatisticalanalysisof theerrorcorrelationsbetweenthetwo setsof data,and
� similar systematicerrorsin thetwo datasets.

Thesefactsaremosteasilyreconciledby assuminga catalogin equatorialcoordinates
thatwasusedto calculatetheCommentarydata,andwaseventuallyusedin substantialpart
for theAlmagestcatalog.Strictlyspeaking,thiscatalogneednotoriginatefromHipparchus.

Thestarcoordinatesin theAlmagestareecliptical longitudesandlatitudes,which are
clearlythemostconvenientform for any astronomerin theeraHipparchus­Ptolemy, whose
primary interestwould likely be lunar and planetarypositions. Ptolemyclaims that he
measuredthestarcoordinateswith a zodiacalarmillary sphere,but severalanalysesshow
that his claim mustbe largely not true, and that he musthave copiedmost if not all the
coordinatesfrom someothercatalog,5 adjustingthelongitudesto accountfor precession.

Wenow invokeNewton'sfractionalendingobservationtoconcludethatthecatalogthat
Ptolemycopiedfromwas,at thetimehedid thecopying, alsoin eclipticalcoordinates,but
with excessesof 000 endingsin both longitudeandlatitude. This implies that thecatalog
Ptolemycopiedfrom waseithertheresultof
� directmeasurementsin eclipticalcoordinates,or
� conversionfrom equatorialcoordinatesby somemethodthat resultedin excessesat 000

endingsin longitudeandlatitude.

1 FloridaStateUniversity;dduke@scri.fsu.edu
2 Hipparchus,Commentaryon thePhenomenaof AratusandEudoxus, trans.RogerT. Macfarlane

(privatecommunication).Until this is published,theinterestedreadermustuseHipparchus,In Arati
etEudoxiphaenomenacommentariorium, ed.andtrans.by K. Manitius(Leipzig,1894),whichhasan
editedGreektext andanaccompanying Germantranslation.

3 D. Duke, “Hipparchus' CoordinateSystem”,Archive for History of Exact Sciences56 (2002)
427­433.

4 G. Graßhoff, Thehistoryof Ptolemy's star catalogue(New York, 1990);D. Duke, “Associations
betweenthe ancientstarcatalogues”,Archive for History of ExactSciences, 56 (2002)435­450;D.
Duke, “The Depthof Associationbetweenthe Ancient StarCatalogues”,Journal for the History of
Astronomy(forthcoming[seefn 14]).

5 J.B. J.Delambre,Histoiredel'astronomieancienne(2vols,Paris,1817),ii. 261­4;R.R.Newton,
Thecrimeof ClaudiusPtolemy, (Baltimore,1977);D. Rawlins, “An investigationof theancientstar
catalog”,Publicationsof theAstronomicalSocietyof thePaci�c , xciv (1982),359­73;ibid., DIO 1.1
(1991),62­63;ibid., DIO 2.3(1992)102­113;G. Graßhoff, op.cit. (ref. 4).
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However, direct measurementof the ecliptical position of eachstar would give co­
ordinateerrors that were statisticallyuncorrelatedwith the equatorialcoordinateerrors
mentionedabove, andso is hardto reconcilewith the clearandstrongcommonheritage
of the Commentaryand the Almagest datasets. This suggests,therefore,that the most
likely scenariois that someoneconvertedthe original equatorialcoordinatesto ecliptical
usingsomeform of analogcomputation.Hipparchususinga celestialglobeis anobvious
candidate.6

SUPPORTING DISCUSSION

TheconclusionthatHipparchususedequatorialcoordinatesis basedon thefollowing
observations:7

� in theCommentaryHipparchusactuallyquotesthepositionsof numerousstarsdirectly
in right ascensionor declination(or moreoftenits complement,polardistance),
� polar longitudesarenot directly measurable,sincethemeasurementof any longitudeis
alwayswith respectto someotherpreviously measuredlongitude,andthereis no way to
measureonepolarlongitudewith respectto anotherpolarlongitude.
� polarlongitudesarein factneverquoteddirectly for asinglestarin theCommentary, and
� sinceHipparchusdid notmeasuretherising,setting,andculminationnumbersdirectly in
thesky, hemusthavecomputedthenumberssomehow, usingsomeothersetof numbersas
input to thecalculation.Hipparchusgivesanexplicit example,andthatexampleusesright
ascensionanddeclinationastheinitial input data.

Thestatisticalevidencethattherising/settingphenomenadatain theCommentaryand
the Almagestcoordinatessharea commonheritageis substantial.Figurez3 shows cases
of starswith large and similar errors in both datasets. It is unlikely that independent
observationsof all thesestarswouldresultin essentiallythesamelargeerrors.Omittingthe
outlier casesandanalyzingthecorrelationsbetweenthesmallererrorsin theCommentary
andtheAlmagestalsoshows that thedatasetsmostlikely have a commonheritage.The
correlationsare quantitatively understoodby meansof a simple model: the Almagest
errorsare" i , where" hasmeanzeroandvariance� 2

A , while the Commentaryerrorsare
" i + � i , andthesehave meanzeroandvariance� 2

C . The " and� errorsarecompletely
uncorrelated,while theadded� errorsaccountfor theempiricalfact that thevariance� 2

C
in theCommentaryerrorsis larger thanthevariance� 2

A in theAlmagesterrors. A simple
extensionof themodelallows an estimateof the fraction of starscopiedby Ptolemyand
concludesthat the fraction is large,andnot inconsistentwith unity. Finally, it is possible
to estimatethe systematicerrors in the Commentaryphenomenadata,and they show a
clearsimilarity to thesystematicerrorsobservedin theAlmagestcoordinates.Althoughthe
comparisonof the AlmagestandCommentarystatisticalerrorsis limited to the 134 stars
commonto bothcatalogs,theclearassociationbetweenthesystematicerrorsimplies that
the associationis morebroadlybased,sincethe systematicerrorsarerelatively smooth,
few­parameter, collective effectsthatpermeatetheentiredatasetsin boththeCommentary
and the Almagest catalog. Theseobservationstaken togetherthus stronglysuggestthat
theCommentarydataandtheAlmagestcoordinatesshare,at leastin largepart,a common
heritage.In thecaseof theCommentarywealsoknow, asdiscussedabove,thattheheritage
comesfrom acatalogexpressedin equatorialcoordinates.

Are the positionsof the starsincludedin the Almagestcatalogconsistentwith mea­
surementwith anarmillary? Comparingthenumberof starscataloguedwith thenumber

6 R. Nadal and J.­P. Brunet, “Le Commentaired'HipparqueI. La sph�ere mobile”, Archive for
History of ExactSciences, 29 (1984),201­36and“Le Commentaired'HipparqueII. Positionde 78
étoiles”,Archive for History of ExactSciences, 40 (1989),305­54. And, of course,Ptolemytells us
explicitly in AlmagestVII.1 thatHipparchushada globe.

7 D. Duke,op.cit. (ref. 3) givescompletedetails.
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Figure1: A scatterplotshowing thecorrelationof theCommentaryandAlmagesterrorsfor
phenomenaof types1­4. Starswith largesharederrorsaremarkedwith theirBaily number
(thenumberof thestarin theAlmagestcatalog).



38 Dennis Duke Alm Star Measurement Method 2002 Sept DIO 12 z3

easilyseenin thesky (i.e. thosewith visualmagnitudelessthan5) revealsthatthecataloger
included25 of the 28 stars(89%) within 15� of the ecliptic pole, and12 of the 20 stars
(60%)within 15� of theequatorialpole. Nearthecenterheincluded77 of 86 stars(90%)
within 3� of the ecliptic, and39 of 59 stars(66%) within 3� of the equator. Overall, he
included442 of the 730 stars(61%) north of the ecliptic and444of the 744 stars(60%)
northof theequator, correspondingto a cataloglimiting magnitude8 of just underV = 5.
Thusthestardensitiesneartheequatorandits poleareconsistentwith theoverall density
of inclusion,while thedensitiesneartheecliptic andits polearesubstantiallyelevated.

However, whenusinganarmillarysphere,eitherzodiacalor equatorial,it is particularly
dif�cult to accuratelymeasurestarsneareitherthepoleor theequatorof thesystem.9 The
statisticalerror10 distributionsof the Almagest coordinatesareshown in Figs.z3­z3, and
they donotrevealany anomalousbehaviorsneareitherequatororpole. Thefactthatthestar
positions,especiallythelatitudesneartheeclipticor equatorandthelongitudesneareither
pole,arerelatively well measuredis hardto understandif themeasurerusedanarmillary
of any sort.

Ontheotherhand,measuringthestarpositionsin equatorialcoordinatesdoesnotrequire
an armillary. Indeed,oneplausiblescenariois that the declinationsweredeterminedby
measuringthealtitude(or zenithdistance)of thestarsat meridiantransit,while the right
ascensionscould be determinedby measuringthe distanceof the star from the standard
star­clock starpositionsthat Hipparchusnotedin Book 3 of the Commentary.11 Indeed,
thereis a mucholder (ca. 700 BC at the latest)Babyloniantradition of ziqpustar­clock
observations,12 so it would not be surprisingthat Hipparchusmight have useda similar
strategy. In any event,suchmeasurementmethodsoffer anessentiallyunobstructedview
of theecliptic,theequator, andbothassociatedpoles,andthusaremucheasierto reconcile
with theselectionof cataloguedstarsthantheideathatanarmillaryspherewasusedfor the
measurements.

Thesystematicerrorsin right ascensionanddeclinationareshown in Figuresz3&z3,

8 D. Rawlins, op. cit. (ref. 5); B. Schaefer, “The latitude of the observer of the Almageststar
catalogue,Journal for thehistoryof astronomy, 32 (2001),1­42.

9 Primarilybecausetheringsthemselvesobstructtheview of astarneareitherthepoleor theequator
of theinstrument.

10 I usethe methodof Dambis­Efremov to estimatetheseerrors. SeeA. K. DambisandYu. N.
Efremov, “Dating Ptolemy's starcataloguethroughpropermotions: theHipparchanepoch”,Journal
for thehistoryofastronomy, 31(2000),115­134.SeealsoD. Duke,“Dating thealmageststarcatalogue
usingpropermotions:areconsideration”,Journalfor thehistoryof astronomy, 33(2002)45­55,which
explainsin detailhow to separatethestatisticalandsystematicerrors.

11 Oneway thatHipparchusmight have usedis to constructa V­shapedinstrumentwith two pieces
of wood, perhapsa meter long, with a string acrossthe top of the V, perhapsmarked with equal
incrementsof 1/15th thelengthof thechord.Hewouldadjustthelengthof thechordsothattheangle
is 15� , somethinghede�nitely knew how to do. Then,assuminghehashis star­clock tableat hand,
he waits until a star transits,andkeepinghis instrumentlevel, measuresthe distance,or numberof
1/15th increments,to theneareststar­clock star. If the target star is nearthe equator, he is done. If
it is at somenon­negligible distancefrom theequator, hewould have to correctfor whatwe call the
cos� factor, but we know from the Commentaryhe knew how to do that, too. Using the chordas
describedis equivalentto linear interpolationin a tableof chords,but hemight have �gured out how
to do better. For all weknow, somereasoninglike this led him to thetableof chords.How did heget
thestar­clock table?Heonly needsonestarto start,thenhecanusetheabove procedureto bootstrap
his way aroundtheequator. Presumablyhecanget thatonestarfrom anobservation duringa lunar
eclipse.Certainlyhis solartheorywasadequateto gettheaccuracy we know heeventuallypublished
in the Commentarystar­clock lists. Or perhapshe usedthe moonandhis lunar theory, which was
probablyaccurateenoughneara full moon.

12 J. Schaumberger, Zeitschrift fur Assyriologie, 50 (1942), 42; B. L. van der Waerden,Science
AwakeningII: the Birth of Astronomy(1974)77­79;D. PingreeandC. Walker, “A BabylonianStar­
Catalogue:BM 78161”,AScienti�cHumanist:Studiesin Memoryof AbrahamSachs(1988),313­322.
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Figure2: Thestatisticalerrorsin longitude(reducedto great­circlemeasure)of the1,028
Almageststar­positions.
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Figure3: Thestatisticalerrorsin latitudeof the1,028Almageststars.
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Figure4: As in Figurez3 but lookingcloseto theecliptic.
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Figure5: Thestatisticalerrorsin right ascension(reducedto thegreatcircle) of the1,028
Almageststars.
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Figure6: Thestatisticalerrorsin declinationof the1,028Almageststars.
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Figure7: As in Figurez3 but lookingcloseto theequator.
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Figure8: The systematicerrorsin right ascension,weightedby cos� . The larger light
circlesaretheerrorsin right ascensionfor theHipparchanclock­starswith visualmagni­
tudebrighterthan4, which might have beenusedasreferencestarsto measurethe right
ascensionsof targetstars.
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Figure9: Systematicerrorsin zenithdistancez, wherez = � � � . Thestarsin thenorthern,
zodiacal,andsouthernconstellationsareshown separately.
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separatedby thenorthern,zodiacal,andsouthernconstellationsasgroupedby Ptolemy. It
is possible,of course,thatsomeothergroupingwouldrevealmoreinterestinginformation.
A comparisonof thesystematicerrorsin right ascensionof theAlmageststarpositionswith
theerrorsin Hipparchus'star­clockpositionsisshown in Figurez3. If thedeclinationswere
determinedby measuringthe zenithdistancez at meridiantransitusingthe relationship
� = ' � z, where' is the geographicallatitudeof the observer, then it is possiblethat
analysisof thedatain Figurez3, perhapsalongthelinessuggestedby Rawlins,13 will yield
interestinginformation.

Newton'sanalysisof thedistributionof fractionalendingssuggeststhatsomeoneadded
n� 400, with n aninteger, toeacheclipticallongitude.Thusif theoriginaleclipticallongitude
endingshadexcessesat 000 thenthe Almagest longitudeendingswould have excessesat
400, asNewtonindeedobservedto bethecase.Oneoptionis thatPtolemyhadacatalogthat
Hipparchushadhimselfconvertedto eclipticalcoordinates.Anotheroptionis thatsomeone
did theconversionfrom equatorialto eclipticata laterdate,perhapsevenPtolemyhimself.
Thesheerquantityof computationwouldbeagoodreasonto resortto analogcomputation,
nomatterwhodid it. In any event,Ptolemytellsusdirectly that14

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

therebyimplying thathewasnot the�rst to useeclipticalcoordinatesin astarcatalogue.15

Table1 givesthe distribution of fractionalendingsfor several groupingsof stars. In
preparingthe tableI have subtracted2� 400 from the Almagest longitudefor eachstar. If
theoriginal longitudeswerebinnedlike thelatitudes,i.e. in binsof 000, 100, 150, 200, 300,
400, 450, and500, thenthe subtractionwill unfortunatelynot recover the original ending
distributions,sincethe original casesof 150 and450 cannotoccurin the reverseprocess.
Thisaddsalayerof complexity to theanalysisof eachcase.NewtonsuggestedthatPtolemy
roundedthe150+ 400 = 550 casesto 000 andthe450+ 400 = 250 casesto 200. If so,when
we reversetheprocessthe000 � 400 = 200 casesandthe200 � 400 = 400 caseswill show
elevatedpopulations,sincesomeof their membersshouldreally be in thenearby150 and
450 bins. This shouldbekeptin mindwheninspectingthedistributionsin Table1.

Ontheotherhand,underthescenariosuggestedin thispaperthedeclinationsandright
ascensionsweremeasuredwith two differentinstruments,andsoit is not obviousthatwe
shouldexpect the samebinning of observed valuesin eachcase. It is alsopossible,of
course,that the equatorialto ecliptical conversionwasa mixture of processes.The fact
that the excessof 000 and300 endingsin latitudeoccursfor northernandzodiacalstars
but not for southernstars,16 whoseendingsareconsistentwith randomdistribution, was
the basisfor Rawlins' conclusion17 that the southernstarswere measuredin equatorial
coordinatesby Hipparchusand then transformedto ecliptical using trigonometry. That
may well be the case,andis worthy of further investigation. What is important,though,
for the scenariosuggestedin this paperto be true, is that peaksat 000 endingsappearin
longitudeandlatitudeaftertheconversionprocess.Thiswouldde�nitely notbethecaseif
theconversionwasdoneexclusively usingtrigonometry, so it is essentialthat someform
of analogconversionwasused,at leastfor mostof thecatalog.

13 D. Rawlins, DIO 4.1(1994)33­47.
14 Ptolemy's Almagest, trans.by G. J.Toomer(London,1984),p. 340.
15 And further, sincehesaysthecomparisonmaybedone`immediately'and`simply', Ptolemyis

perhapsalsotelling usthatotherstarcataloguesin eclipticalcoordinateswerereadilyavailable,both
for his readersandfor himself(NoelSwerdlow, privatecommunication,2001).

16 M. Shevchenko, An analysisof errorsin thestarcataloguesof PtolemyandUlugh Beg”, Journal
for thehistoryof astronomy, 21 (1990),187­201.

17 D. Rawlins, op.cit. (ref. fn 13).
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The scenariosuggestedin this paperdiffers from previous interpretationsin various
ways:
� Someprevious interpretationsof Hipparchus'catalogare that if he had one at all, it
wasexpressedin a mixed systemof non­orthogonalcoordinates:declinationsandpolar
longitudes.18

� Someauthorsthought that the analysisof Vogt19 provided conclusive proof that the
Almagestcoordinatesareoriginal to Ptolemy, at leastin largepart.20

� Someauthorshave suggestedthatoneway to understandthe structureof theAlmagest
catalogis to assumecertainreferencestarswereusedto measuretheeclipticalcoordinates
ona constellation­by­constellationbasis.21

� Someauthorshave suggestedthat Hipparchusmeasuredhis catalogof starcoordinates
directly in ecliptical longitudeandlatitude,probablyusinga zodiacalarmillary sphere.22

A partialexception,mentionedabove, is thesuggestionof Rawlins23 thatthesouthernstars
weremeasuredin equatorialcoordinates.

Hopefully it will befairly straightforwardto �nd or citeadditionalevidencethateither
strengthensor refutesthe suggestedmodel. The following list of questions,while no
doubt incomplete,representsissuesthat would likely bene�t from additionalthoughtful
consideration:
� When,where,andhow weretheoriginalequatorialmeasurementsmade?Alsointeresting,
but perhapshardto answer, is whetherit wasHipparchusor someoneelsewho madethe
measurements.
� Canoneidentify any Almagestcatalogstarsthatwerelikely not measuredin equatorial
coordinates?How many independentsourcesof coordinatesdo we �nd in the Almagest
catalog?
� Whatwastheprecisionof thecoordinatesquotedin theoriginalequatorialcatalog?And
related,how did the100 bin sizesin theAlmagestarise?
� Whenandhow wasthe transformationfrom equatorialto eclipticalcoordinatesaccom­
plished?

Wasazodiacalarmillaryeverusedby any ancientastronomer?Thescenariosuggested
in this papercertainlydoesnot requirethat eitherHipparchusor Ptolemyever usedone
for measuringstarpositions.It is quitepossible,though,thatonewasusedfor measuring
elongationsnearthe zodiacbetweenstars,planets,and the Moon. We have numerous
recordsof anArabic traditionof thezodiacalarmillary,24 probablyinspiredby Ptolemy's
descriptionin the Almagest, but we have no surviving recordsof any substantialset of
measurementsmadewith one beforethe time of Ulugh Beg (ca. 1437). Applying the

18 See,for example,O. Neugebauer, A historyof ancientmathematicalastronomy, (3 vols.,Berlin,
1975),p. 277­80;G. J. Toomer, Hipparchus, Dictionaryof Scienti�c Biography15 (1978),p. 217;
J. Evans,TheHistory and Practiceof AncientAstronomy(New York, 1998),p. 103; G. Graßhoff,
“Normal starobservationsin lateBabylonianastronomicaldiaries”,AncientastronomyandCelestial
Divination (1999),ed. N. Swerdlow, p 127andfootnote23.

19 H. Vogt, “Versucheiner Wiederstellungvon HipparchsFixsternverzeichnis”, Astronomische
Nachrichten, 224(1925),cols2­54.

20 O.Neugebauer, op.cit. (ref.18),p. 280­4;G.J.Toomer, op.cit. (ref.18),p. 217;N. M. Swerdlow,
“Theenigmaof Ptolemy'scatalogueof stars”,Journalfor thehistoryofastronomy, 23(1992),173­183;
J.Evans,“The Ptolemaicstarcatalogue”,Journal for theHistoryof Astronomy, 23 (1992),64­68.

21 J.Evans,“On theoriginsof thePtolemaicstarcatalogue”,Journalfor theHistoryof Astronomy, 18
(1987),155­172,233­278;M. Shevchenko, op.cit. (ref. 16);J.W�odarczyk,“Notesonthecompilation
of Ptolemy's catalogueof stars”,Journal for theHistoryof Astronomy, 21 (1990),283­95.

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

23 D. Rawlins, op.cit. (ref. 13).
24 Aydin Sayili, TheObservatoryin Islam(1960).
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fractionalendingtestto UlughBeg'scatalogseemsto indicatethathisdataweremeasured
in ecliptical coordinates,25 but we alsoknow that he hadmany other instrumentsto use,
andwe have little informationabouthow any of his measurementsweremade.We know
thatTychoBrahebuilt onebut foundit sodif�cult to usethathequickly abandonedusing
it.26 It is possiblethat Ulugh Beg's catalogmight provide a useful testcasefor further
investigationof someof theissuesraisedin thispaper.
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z4 The instruments usedby Hippar chos

by KEITH A.PICKERING

A A revealinggap

A1 More than2000 yearsafter its compilation,it is now possibleto determinewith
somecon�dencethekindsof instrumentsthatwereusedto observe thestarsof theAncient
StarCatalog,andin which partsof thesky the variousinstrumentswereemployed. The
fact thatthereweremultiple instruments,andthattheASC wasnot, asstatedby Ptolemy,
observed with a singleeclipticalastrolabe,doesmorethanprovide yet­anotherproof that
thecatalogwasobservedby Hipparchos(for we have morethanenoughof thosealready);
it alsoallowsusaglimpseinto thehithertounknown workingsof astronomyandinstrument
manufactureasthey werepracticedat acritical pointof ancientGreekscience.
A2 The Almagestdividesthe ASC into threesections,for the northern,zodiacal,and
southernpartsof thesky. Looking at thenorthernsky, �gure 1 plots theabsoluteerrorsin
longitudefor eachnorthernstarin theASC, accordingto its actuallongitudeat theepoch
of thecatalog(which we will take to be � 128.0). In looking at theplot, noteparticularly
that thereis anoddgapin theplottedstarsat about70� ecliptic longitude. Notealsothat
thereis a similar gapat about250� ecliptic longitude,exactly180� away. This gapcanbe
moreeasilyseenif we overlay the secondhalf of the longitudes(180­360)on top of the
�rst half, aswehavedonein �gure 2. Noteparticularlythatthelongitudeerrorsincreasein
absolutemagnitudeaswe getcloseto thegap. For purposesof comparison,�gure 3 plots
theabsoluteerrorsin right ascensionby right ascension:thegapdisappears.
A3 This gapis signi�cant becauseit shows us,�rst, thatthenorthernsky wasobserved
primarily with a singleinstrument;second,that the instrumentwasan ecliptic astrolabe;
andthird, thattheastrolabewasof a somewhatdifferentdesignfrom thedescriptiongiven
by Ptolemy, andindeeddifferentfrom any previously known to have existed.

Figure1: Errorsin longitudeby longitude,for northernstarsin theASC. Noteverticalgaps
in thedata.

B The astrolabe

B1 The armillary astrolabeusedin ancientGreekastronomyis, at �rst glance,a be­
wildering mazeof nestedrings, �tted closely inside eachother, that rotate in complex
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Figure2: Errorsin longitudeby longitude,with longitudesoverlain. Noteverticalgapin
thedata.

Figure3: Errorsin right ascensionby right ascension,for northernstarsin theASC. Note
lackof verticalgapsin thedata.

ways. Let's look at theway anarmillary astrolabeis contructed,from theinsideout. The
innermostring (Ring1) containsapairof sightingholesor pinnules,diametricallyopposite
eachother, throughwhich thestaris sighted. ImmediatelysurroundingRing 1 is Ring 2,
whoseinsidediameteris fractionally larger thanthe outsidediameterof Ring 1. Ring 1
is constrainedsothat it rotatesinsideRing 2, in thesameplane,their edgesjust touching.
Ring 2 hasa scaleof degreeson its edge,indicatingtherotationalpositionof thepinnules
onRing 1. (See�gure 4.) If we wished,we couldmountRing2 on themeridian,andthen
usethe Ring 1&2 assemblyasa transit instrument. To do this, we would have to orient
Ring 2 so that it pointsnorth­south,andso that its zero­degreepointson the scalewere
horizontal,and90­degreepointswerevertical.
B2 But to make theRing 1&2 assemblymoreuseful,we will mountit differently. We
constructan outer ring, Ring 3, setvertically so that the whole Ring 1&2 assemblycan
pivot within it, arounda verticalaxis. We run axlepinsfrom the90­degreepolesof Ring
2 into theinneredgeof Ring 3; sonow Ring1&2 canrotateto any azimuth.To determine
theazimuthatwhichRing1&2 is pointing,weaddRing4, which is �x edhorizontallyand
at right anglesto Ring 3. Ring 4 carriesanotherscaleof degrees,indicatingtherotational
positionof Ring 2. Rings3&4 now form a cage,within which Ring 2 rotatesfreely in

Pickering Hipparchos' Instrumen ts 2002 Sept DIO 12 z4 53

azimuth,whileRing1rotatesfreelyin altitudewithin Ring2. (See�gure 4). Theinstrument
cannow be usedasa theodolite,sincewe candeterminethealtitudeandazimuthof any
starwith it. We will call this arrangementthe4­ring instrument.

Figure4: The four­ring instrument. Ring 1 (innermostwhite) carriespinnulesthrough
which thestaris sighted.Ring 2 (darkgray)hasa scaleof degrees.Ring 3 (outerwhite)
holdsthepolaraxis. Ring4 (light gray)containsthesecondscaleof degrees.WhenRing4
is horizontal,the instrumentcanbeusedasa theodolite;whenmountedto rotatewith the
sky, it is anastrolabe.

B3 The 4­ring instrumentis capableof pointing to almostany point in the celestial
sphere,makingit quiteuseful. In fact, thereis only one�y in theointmentto this whole
arrangement:atcertainrotationalpositions,Ring2 becomessocloselyalignedwith Ring3
thata starcannotbeseenthroughthepinnules,becauseRing 3 getsin theway. Thereare
two suchrotationalpositions,exactly 180� apart. For thesamereason,it is impossibleto
observe verynearto thehorizon,becauseRing4 getsin theway.1

B4 A largerissuewith the4­ring instrumentis oneof orientation.With Ring4 oriented
horizontally, it makesa �ne theodolite,but horizon­basedcoordinatesareof limited utility
in astronomy, becausethe sky movesasthe earthrotates. It is muchbetterto mountthe

1 Areasneartheaxisarealsoblockedby bothRing 3 andRing 2.
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4­ring instrumentsothatit rotatestoo,following thesky.
B5 Recallthatthepurposeof Ring3 is entirelystructural:it holdstheaxisaroundwhich
Rings1&2 rotate.Sothemostobviousarrangementis to simplyextendthataxis,andorient
theaxistowardthecelestialpole. Thentheentire4­ring instrumentcouldberotatedalong
with thesky. Theastrolabe,if mountedthisway, wouldreadequatorialcoordinatesdirectly,
becauseRing4 wouldbepermanentlyalignedwith thecelestialequator. All thatwouldbe
neededwould bea way to align theinstrumentin right ascension.

B6 Althoughequatorialcoordinatesareusedextensively today, in ancienttimeseclip­
tical coordinatesweremorewidely used. So in practice,what wasreally neededwasa
way to mountthe4­ring instrumentsothat: (a) it couldrotatewith thesky; and(b) Ring 4
wouldbealignedwith theecliptic insteadof thecelestialequator. And in theAlmagestV.1,
Ptolemydescribeshow thiswasdone:asecondaxiswasdrilled in Ring3 (thiswouldhave
been23� 510 from the �rst). Thenthe 4­ring instrumentwasmountedso that the second
axiswaspointedto thecelestialpole. Theentireinstrumentcouldthenrotate(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 therewehave it: theeclipticarmillaryastrobale,nearlythesame
asdescribedby Ptolemyin theAlmagest.2

B7 Exceptfor onebig thing. Whenwe drilled thepolaraxisin Ring3, at thatmoment
we permanently�x edtheecliptic longitudeof Ring 3 alongthe90� ­270� solstitialcolure.
This is thegreatcircle in thesky throughwhich both theecliptic polesandcelestialpoles
run,andnow thiscoluremustalsorunthroughRing3 too,sincebothinstrumentalaxesrun
throughRing 3. Now we know thatRing 3 will get in the way of someobservations,so
if we build anastrolabethis way — asdescribedby Ptolemy— we shouldexpectthereto
bea gapin observedstarsat 90� and270� ecliptic longitude. As we have seen,thereis a
longitudinalgap,but it is not at 90� ­270� ; it is at 70� ­250� . This meansthattheastrolabe
which Hipparchosactually usedto observe the ASC was built in a somewhat different
mannerthantheonedescribedby Ptolemyin theAlmagest.
B8 Insteadof drilling asecondsetof axisholesin Ring3,Hipparchos(or hisinstrument
maker) musthave usedseparatebearingjournalsto hold the polar axis. Therewould be
two such journalsclampedor af�x ed to oppositesidesof Ring 3 at the celestialpoles
(see�gure 5). Sincethe solstitial colure(which de�nes 90­270ecliptic longitude)must
containbothaxes,thecolureno longercontainsRing3; rather, it is offsetby someamount.
In the instrumentactuallyusedby Hipparchos,this amountwasabout20 degrees. This
arrangementhasa structuraladvantage,becauseit avoids putting anothersetof holesin
Ring3, whichhasalreadybeenweakenedby theholesfor theecliptic axis.

B9 If hehadusedmorethanoneastrolabefor observingtheNorthernsky, Hipparchos
couldhave arrangedto have thejournalson astrolabe#2 mountedon theoppositesidesof
Ring 3 thanthearrangementon astrolabe#1; sotheblind spotof astrolabe#2 would beat
110­290,andtheblind spotof oneinstrumentcouldbecoveredby theother. Thereforeit
is apparentthat largepartsof thenorthernsky wereobservedwith a singleinstrument—
or nearlyso.
B10 You recall that thereis anotherblind spot,alongRing 4. This ring falls right on
theecliptic, sowe might expectto seea gapin thedatahere,too, just aswe found in the
longitudes.In thenorthernsky, only oneconstellation(Ophiuchus)dipsall theway down
to theecliptic; but thereis no suchgapalongtheecliptic in Ophiuchus.In fact,thereis no
suchgapamongthestarsof thezodiacalconstellations,either.

2 For purposesof simplicity, we have left out Ring 5, which is usedonly asanaid to orientation.
Ring 6, which is �x edto theearthasa strutcturalsupportfor thewhole instrument,holdsthesecond
axis,whichpointstowardtheNorthCelestialPole.
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Figure5: Thefour­ring instrumentviewedfrom above thepoles.Ring2 (darkgray)pivots
aroundtheNorthEcliptic Pole(NEP),while theentire4­ring instrumentrotatesaroundthe
NorthCelestialPole(NCP)to follow thesky. (TheNCPaxisis af�x edto anouterRing6,
which is not shown in the diagram.) Accordingto the Almagest, the NCP axis is drilled
in Ring3 (top); in theastrolabeusedby Hipparchos,theNCPaxisis carriedon a separate
bearingjournal (bottom). The 90­270solsticialcolureis the greatcircle joining the two
axes— alongRing3 (top)or offsetfrom it (bottom).
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B11 So theremusthave beena differentinstrumentor a differenttechnique(or both)
for observingright at the ecliptic. One possibility is a secondset of pinnules.3 The
primary pinnuleswould be mountedon Ring 1 at diametrically oppositepositions,as
alreadydescribed;while thesecondsetwould bemountedabove these,a little morethan
onering­width away. Thus, the sightline throughthe �rst setwould be exactly parallel
to thesightlinethroughthesecondset. Whenthe �rst setwastoo closeto theecliptic to
observe, thesecondsetwould still beableto seeover thetopof Ring4.
B12 I havebeenunableto �nd similargapsin eithertheZodiacor theSouthsectionsof
theASC. This implies that the instrumentusedin theNorth wasdifferentthantheone(s)
usedin otherpartsof thesky.

C Gap Characteristics

C1 Are therebrightstarsin thegapthatHipparchosusuallywouldhave taken,or is the
reasonfor thelack of catalogedstarssimply thatthereareno bright starsin this region of
the sky? In otherwords,is the gapreal? As it turnsout, thereareonly �v e starsin the
Northernsky brighterthanmagnitude3.9 thatHipparchosleft out of thecatalog:� UMa,
� Lac,46 LMi, 109Her, and� Sct. Two of these�v e (109Her and� Sct)arein thegap.
Sincethegaprepresentsonly about5%of thesky, this is clearlya signi�cant number.
C2 Thegapis causedby thephysicalpresenceof Ring3, whichhasaconstantphysical
width. But thelongitudinalwidth of Ring3 increasestowardtheeclipticpole,becausethe
lines of longitudeconverge there. We candeterminethe relative thicknessof Ring 3 by
closeexaminationof the edgesof the gap. In �gure 6, I have plottedthe region nearthe
gapin latitudeand“folded” longitude,alongwith linesindicatingthepositionthatthegap
would have if Ring 3 wascenteredat 69.5­ 249.5andhada width of 3.7 degrees.These
parameters�t theactualgapquitewell (althoughsmallerwidthscannotbeexcluded).
C3 Similarly, in �gure 7, I have plottedall starsof magnitude4.5 or brighterthatare
missingfrom the catalog,with the samegap limits. Note particularly that thereareno
missingstarsthis bright above latitude75. This is a goodindicationof thepolar limits of
theastrolabe,andshowstheregionin whichadifferentinstrumentwasprobablyused.This
alsoexplainswhy therearea coupleof holdoutstarspresentin thegap: theholdoutsare
bothatveryhigh latitudes.
C4 Theedgesof thegaparebetween4 and5 degreesapartat theecliptic. Theexact
edgesdependon how far north one choosesto assumewas observed with this single
instrument. The gap is actually two adjacentgaps: one in which the lower pinnule is
blockedby Ring3, andonein which theupperpinnuleis blocked. Therefore,the5­degree
width of thegapimpliesthatthephysicalwidth of Ring3 wasbetween2 and2� .5 degrees.
Theexactcenterof thegapis abit tricky to pin down, but it seemsto beverycloseto 69� .5
of ecliptic longitude.
C5 Further, betweenthesetwo adjacentgaps,at thevery center, thereis a very narrow
“gapwithin thegap,” wherea starlying at thatpreciselongitudeshouldbevisible. This is
because,whenRing 2 is exactlyalignedwith Ring 3, neitherpinnuleon Ring 1 is blocked
byRing3: thelineof sightpassesalongtheedgeof Ring3 justasif it wereawideextension
of Ring2. As it turnsout, thereis in factacatalogedstarlying almostexactlyat thecenter
of thegap: � UMi. But sinceit alsolies at a very high latitude,thereis no guaranteethat
it wasobservedthroughthe“gap within thegap,” ratherthanin thesamemannerasother
starsneartheecliptic pole.
C6 A ring about2 degreeswide is rathernarrow, structurallyspeaking,which in turn
placeslimits on the materialusedto constructthe astrolabe.For example,if Ring 3 was
50 cm in diameter, it couldbeno morethanabout1 cm (perhapsless)in width. I tendto

3 Ptolemydoesnot mentiona secondsetof pinnulesin theAlmagest, but given theforegoing,he
cannotbetakenasawholly reliablesourceon theconstructionof astrolabes.
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Figure6: Closeview of thegapin catalogedstars.Thelinesshow thelimits of a gap3.7
degreeswidecenteredat 69.5­ 249.5degreeslongitude.

doubtthatawoodeninstrumentof thisnarrow aspectratiocouldbestiff enoughagainstthe
weightit mustsupportto bevery accurate;bronzeseemsa morelikely material.

D Epoch of the Northern Catalog

D1 Thesingle­instrumenthypothesisimplies that thenorthernsky wasobservedall at
once,beforetheinstrumenthadtimeto becomewornor damaged;in otherwords,amatter
of monthsor a few years,ratherthandecades.Carefulanalysiswill allow usto determine
theepochof this northernobservationaleffort.
D2 After subtractingPtolemy's 2� 2=3 falseprecessionalconstant,we canreconstruct
the actuallongitudesof thesestarsasobserved by Hipparchos.Due to precession,stars
advancefrom westto eastparallelto theecliptic,maintainingtheir sameecliptic latitudes,
but increasingtheir ecliptic longitudesat a rateof about830 percentury. So,asa �rst cut,
we cansimply take thesereconstructedHipparchanlongitudesandassumethat they were
(on average)correctasmeasured,then�nd theepochat which suchanassumptionwould
betrue. For thenorthernstars,thisworksout to � 157� 59years.
D3 Thereis a problemwith this procedure,however, becausethe longitudesobserved
by Hipparchoswerenotactuallycorrect,onaverage.Thereis asystematicerrorwhichwe
mustaccountfor. The longitudeof thestarsis determinedultimatelyby referenceto the
Sun.TheSunis observedjust beforesunset,on a dayjust afternew Moon. Thelongitude
of theSunis known from theory, andthedifferencebetweentheSunandMoon givesthe
Moon's longitude;then,aftersunsetof thesameday, thedifferencebetweentheMoonand
afundamentalstaris observed,to givethelongitudeof thefundamentalstar;and�nally , the
longitudesof individual starsareobserved by their differencefrom the fundamentalstar.
But eachof thesestepsrequiresthe astrolabeto be brie�y clampedin positionwhile the
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Figure7: Starsbrighter thanmagnitude4.5 missingfrom the northernpart of the ASC.
Note thatnonearemissingabove latitude75� , possiblyindicatingthata differentkind of
instrumentwasusedin this smallregion of thesky.

measurementsarebeingmade;andthesesuccessive clampingstendto pushthelongitudes
lower thantrue,becausetheearthrotatesduringthesebrief intervals. In otherwords,there
is asystematicerrorin rotationof theastrolabearoundtheequatorialaxis.
D4 Rawlins 1982hasshown that misrotationof the astrolabewith respectto the real
sky will make itself known by thepresenceof acosineerrorwavein theobservedlatitudes.
Further, theamplitudeof this cosineerrorwave is proportionalto theamountof astrolabe
misrotation. And in fact thereis just suchan error in 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 precession29.2yearsto move a
starthatfar in longitude,meaningthattheactualepochof observationfor thenorthernstars
was � 128 � 59 years. This is very nearly the epochimplied by Ptolemy's precessional
constant.
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z5 A Re­identi�cation of someentries in the Ancient
Star Catalog

by KEITH A.PICKERING

A Intr oduction

A1 The realizationthat the Ancient StarCatalog(ASC) is in fact a precessedversion
of the earlier catalogof Hipparchosleadsresearchin somefruitful directions. It has
alreadybeenshown1 thatsomeentriesin theASCwereoriginallyobservedusingequatorial
coordinates;andit hasbeenshown2 thatat leastsomeentriesin Hipparchos'sCommentary
on Aratus and Eudoxuswere originally observed using ecliptical coordinates;and we
alsoknow3 that thereis a strongcorrelationbetweenpositionalerrorsin theCommentary
and errors in the ASC. The emerging picture tendsto supportGraßhoff 's supposition
that the CommentaryandtheASC wereboth derived from a common“proto­catalog”of
observations,but this proto­catalogwas observed with variousinstruments,recordedin
variousco­ordinates,andperhapsalsoobservedfrom variouslocationsatvarioustimes.
A2 This realizationallows usto broadenourperspective whenidentifying certainstars
in theASCwhichhavehadtroublesomeidenti�cationsin thepast.Thenumberof possible
errorsthatmight have beenencounteredbetweentherecordationof a datumat thetime of
observation,andthecenturies­laterrecordationin extantmanuscripts,hasgrown larger, and
sohasthe rangeof likely possibilitesto explain sucherrors. In particular, thepossibility
thatstarsmayhavebeenobservedandoriginally recordedin equatorial4 coordinates(rather
thanthe ecliptical coordinatesof the ASC aswritten) expandsthe rangeof likely scribal
errors.

B Commonerrors

B1 Ancient Greekwas written in uncial (single case)characters,and numberswere
writtenusingletters,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 appendingthe integerwith a primesymbol('). Thus,1/2 is
B', 1/6 is &', and3/4 is B' � '. In addition,therewerea varietyof specialsymbolsin use
for commonfractions,especially1/2, 1/3, and2/3, whoseusagevariedamongtimesand
places.

1 Rawlins 1994,Duke2002(DIO 12z3 in this issue).
2 Pickering1999.
3 Graßhoff 1990.
4 Obviously, evidenceof suchequatorialobservation strikesyet anotherblow againstthe theory

thatPtolemyobserved theASC. Ptolemyclaimednot only thatheobserved all thestarshimself,he
alsoclaimedto have doneso with an ecliptic astrolabe— an instrumentthat recordsonly ecliptical
coordinates.



60 Pickering Ancient StarCat Re-identi�cations 2002 Sept DIO 12 z5

B2 The most commonscribal error is mistaking“A” (1) for “ � ” (4), or vice­versa.
Mistakes between“ � ” (5) for “ � ” (9) is also common,as are instancesof dropped(or
inadvertantly added)' signs. Peters& Knobel (1915) have alreadycorrectedthe most
obvioussuchoccurrances.
B3 In the discussionbelow, we usethe standardastronomicalsymbols� for ecliptic
latitude,� for ecliptic longitude,� for declination,and� for right ascension.We assume
throughoutthatthelongitudesappearingin theAlmagestareprecessedfrom original Hip­
parchancoordinatesby adding22=3 degrees. Further, whereappropriate,we also may
assumethat the Hipparchanecliptic coordinateswere in turn derived (via sphericaltrig)
from earlier coordinatesin the equatorialreferenceframe. The ASC starnumberspre­
�x ed“PK” arethoseoriginally of Baily, andadoptedby Peters& Knobel,5 indicatingthe
numberof thestarin theAncientStarCatalog. Starnumberspre�xed “HR” areHarvard
Revisednumbersusedin the Yale Bright Star Catalog, 5th edition. I have taken the star
identi�cationsof Baily, Pierce,andSchjellerupfrom Peters& Knobel(P&K).

C Star Identi�cations

C1 PK18: Commonlythoughtto be� UMa,basedonverbaldescriptionandlongitude;
but this may be a hybrid with � UMa, using its latitude (41) which was very early on
misreadfor 44.
C2 PK40,PK41,& PK42: Thesethreeinformata(unformedstars,i.e.,notformingpart
of the “picture” of theconstellation)in UrsaMajor have causeda lot of head­scratching,
becausealthoughPK40 is fairly near10 LMi, thereis nothingmuchnearthe cataloged
positionsof PK41andPK42,especiallyconsideringthatthesystematicerrorin thispartof
thesky is southor southeast.Our interestis piquedby theobservationthatthesethreestars
lie nearlyon the sameline; andthat this line would be on Hipparchos's westernhorizon
asthesestarsaresetting. In otherwords,thesestarshave nearlythesamePhenomenon4,
andthis Phenomenonis compellinglyintegral: bothPK41andPK42setwith degree137
of the ecliptic, while PK40setswith degree135.5. This value,whencombinedwith the
HipparchanPhenomenon5 (polar longitude),would be enoughto determinethe star's
position,after conversionto ecliptical coordinates.A simplescribalerror in this process
couldaccountfor the misplacmentof all threestars: the polar longitudesof thesewould
be written as16, 112=3 , and101=2 degreesof Libra respectively, all of which start (in
ancientGreek)with theletter � . If this small letterhadbeeninadvertantlyadded(perhaps
aspartof acolumndivider), justprior to conversionto eclipticalcoordinates,all threestars
would(afterremoving theerroneous� ) slidenorthwesttendegreesalongthewesternsetting
horizonline, andbecomeplacednicelynearHR3579,HR3508,andHR3422.
C3 PK98: 48� Boo (HR5676), agreeingwith Baily and Schjellerup,is four times
closerto thecatalogedpositionthanthan� CrB, givenby P&K andToomer. Theeasterly
systematicerror in this part of the sky is not hugelycompellingfor thesedimmerstars;
nearbyPK102beinga goodcounterexample.
C4 PK191: NGC869, the westernhalf of the doublecluster in Perseus. For error
analysispurposes,I usea bright starin thecenter(HD14134)for its position.
C5 PK233: 4! Aur (HR1592)is demandedby thedescriptive position,agreeingwith
Baily andPierce.Thisbetterthan14Aur givenby P&K andToomer, whichis not“overthe
left foot” asdescribed.Theidenti�cation helpsusto sortout thevariationsin coordinates
by using� = 16 (in theGreektradition)andagreeingwith Toomeron � = 502=3 (which
is aHipparchan48).

5 I adoptthis pre�x not to slight Baily, whosework I admire,but becausethe work of Peters&
Knobeldeservesrecognitionasunmatchedin the�eld, andbecause“B” seemstooshortandcryptica
pre�x.
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C6 PK251: 39o Oph (HR6424/5),assuggestedby Rawlins 1992(DIO 2.1 z4 xC5).
Hipparchos'original � = 211

=2 wasmisreadas241=2 by Ptolemy, whoadded22=3 getting
271=6 asseenin theAlmagest. Thenegative sign of the latitudewasalsodroppedalong
theway.
C7 PK371: 63 Ari (HR1015)is not only brighterthanToomer's � Ari, it is alsomuch
closerto thecatalogedposition.
C8 PK405:Basedonrelativeposition,shouldbe41Tau(HR1268),not44Tauasgiven
by othersources.Theotherthreestarsin this quadrilateralareall in errorto thesoutheast
by 20to 60arcmin.But 44Tauwouldbein errorto thewest,while 41Tauis in errorto the
south.It is also.3 magbrighterthan44 Tau.
C9 PK410: 17 Tau (HR1142),agreeingwith Manitius, �ts both the descriptive and
numericalpositionsbetterthanMerope,asgivenby P&K, Baily, andToomer.
C10 PK417,418: Thebrightestcandidates�tting thedescriptive positionsare119Tau
(HR1845)and 126 Tau (HR1989), respectively, althoughall identi�cations are un�rm.
The numericalposition of PK417 is badly wrong in both coordinates. Basedon the
frequency of integerlongitudes,all of theTaurusinformatamaybePtolemy'sobservations,
not Hipparchos'. Anotherpossibility is that Hipparchosmay have precessedearly (and
therefore,more likely inaccurate)observationsby 1=3 degree to the later epochof his
catalog;Ptolemy's addition of 2� 2=3 would then restorethe integer fractions. In this
context, the error in PK417 can be mostly explained if, in converting from equatorial
coordinatesto ecliptical, Hipparchosinadvertently usedthe star's polar longitude(55� )
insteadof its right ascension(52� .5). The remainderof thepositionerror is about1� too
high in declination.
C11 PK432:63Gem(HR2846),agreeingwith Manitius.Thelargestpartof theposition
erroris amissingnegativesignin thelatitude,whichwerestore.P&K andToomergive58
Gem,but at visualmagnitudeV = 6:17, this is mostunlikely.
C12 PK448: � Cnc is OK (agreeingwith all othersources).Theerror in longitudeis
probablya slip in sphericaltrig, sincethe given position(88� Hipparchanepoch)is two
degreeswestof thesolsticalcolure,while theactualstarwasvery nearlytwo degreeseast
of thesolsticalcolure.
C13 PK457: � Cnc is correct,agreeingwith othersources.The three­degreeerror in
positionis dueto ascribalerrorin zenithdistance.Thestarwasobservedequatorially:the
observedzenithdistanceof 211=6 wasmisreadas241=6, andcombinedwith acorrectpolar
longitudeto arrive at thereportedposition. This error is possibleonly from thelatitudeof
RhodesCity (36� 240).
C14 PK458: The descriptive position (“above the joint of the claw”, i.e., the part of
the claw closestto the body) demands62o Cnc (HR3561),agreeingwith P&K, not �
Cncasgivenby Toomer, Baily, Schjellerup,Pierce,andManitius. 62 Cncis alsobrighter,
especiallywhencombinedwith nearby63Cnc. WeadoptPeters'� = 152=3 astheoriginal,
which is entirelyreasonabledespiteToomer'sdoubts:this is themostlogicalstartingpoint
from whichall textual variantscanbesimpletranscriptionerrors.
C15 PK482: 81 Leo (HR4408), agreeingwith Toomer, is �ne here. Most of the
longitudeerror is easily accountedfor: Hipparchoswrites 142=3, Ptolemymisreadsas
112=3, thenadds22=3 to get141=3 asgivenin theAlmagest.
C16 PK504: P&K, Toomer, Baily, andPierceall give 46 Vir (HR4925)at V = 5:99;
but 44Vir (HR4921)atV = 5:80 is morelikely seen,andthepositionis slightly bettertoo.
C17 PK512­515(Vir 16­19):The“quadrilateralin theleft thigh” of Virgo,whichunder
thepreviousidenti�cation (sharedby P&K, Manitius,andToomer)is notaquadrilateralat
all. Thereis aquadrilateralin thesky, however, formedby 74Vir, 80Vir, 82Vir, and76Vir
(HR numbers5095,5111,5150,and5100);but thepositionsanddescriptionshavebecome
corrupt. Thelatitudeof dim PK513,givenas1=6 in Toomer, hasanArabic traditionof 6
whichweadopt;atsomeearlytime,theoriginal6 wasincorrectlycopiedas1/6by ascribe.
(This is still in errorby morethana degree,but given thedimnessof thestar, theerror is
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notunreasonable).But thatwouldhavemadePK513not thenorthernmostof theleadpair,
asdescribed,but thesouthernmost.Therefore,thesamescribeor a laterone“corrected”
thetext by switchingthenorth­southdescriptionsof PK512andPK513,while leaving the
magnitudesalone. Finally, the latitudeof PK515,given as� 3 in Toomer, hasan Arabic
traditionof � 1/3whichwe alsoadopt,andthequadrilateralis complete.
C18 PK541­542:P&K andToomergive HR5810for PK542at V = 5:82; sincethe
Almagestmagnitudeis 4, this seemsunlikely. Better is � Lib (HR5838,V = 4:75) for
PK541,agreeingwith P&K, andthenfor PK542,42Lib (HR5824)atV = 4:95. Theerror
in positionof PK542is justa1­for­4 scribalslip in thelatitude(� 1 1=2 becomes� 4 1=2),
ascon�rmed by thedescriptive position.
C19 PK567:Graßhoff givestheopenclusterM7 (NGC6475),called“Ptolemy'scluster”
for thisreason;butatabout3degreesawayfromthecatalogedposition,thisismostunlikely.
Much betteris HR6630,agreeingwith P&K, Manitius,andToomer, which is muchcloser
in positionandbrighter. The “nebulous” magnitudeis dueto adjacentNGC 6441,a dim
globular cluster. AssigningPK567to M7 makesHR6630oneof thebrighteststarsin the
sky not in thecatalog.
C20 PK586: ToomerandManitiusgive 57 Sgr, apparentlyon thebasisof magnitude
alone(Ptolemygives6, while 57 Sgr is V = 5:90 by modernmeasurement).But 56 Sgr
(HR7515),agreeingwith P&K, is muchbetterin position,andat V = 4:88 is morelikely
to beseen.Theone­magnitudebrightnesserroris not unusual.
C21 PK595:Toomergives� 1 + � 2 Sgr, apparentlyamisprintfor � 1 + � 2 Sgr(HR7623
andHR7624).
C22 PK657:Toomerhas 3 Aqr, but brighter 2 Aqr (HR8858)is morelikely to have
beentaken,andisalsomuchbetterin position.Theslighterrorin magnitudeisunimportant.
C23 PK658: ToomerhasHR8598,which is awful. In spite of the longitudeerror,
brighter, �ts the descriptive position better, andhasthe correctlatitude. Thereare two
possibilitiesfor the longitudeerror. First: Hipparchos'original longitude was 152=3,
which is aboutright for his epoch.This wasmisreadby Ptolemy(or anearlierscribe)as
192=3 in the commontheta­for­epsilonslip; Ptolemyadded22=3 degreesto this, getting
221=3, written in Greek� B� ', which wasmisread(or miswritten)as� B' � ', or 205=6 as
recorded. Second:Hipparchos'original longitudewas151=2, to which Ptolemyadded
22=3, getting181=6. Then,shortlyafterward,Ptolemyinadvertantlyadded22=3 a second
time,getting205=6 asrecorded.
C24 PK699­700:P&K' s andToomer's identi�cationsof 68 Pscand67 Pscareuncon­
vincing dueto theextremedimmnessof 67 Psc(V = 6:08). Better�ts for visibility and
thedescriptive positionsare� Pscand68 Psc. Theerror in PK699(aboutthreedegrees)
can be explainedif, in conversionfrom equatorialcoordinates,the computermistook a
zenithdistanceof 162=3 for a declinationof 162=3. Of course,this only makessensefor
anobserver at thelatitudeof Hipparchos.
C25 PK707:An inconvenientorphan.Thedescriptive positiondemands81 3 Psc,but
thereis noobviousexplanationfor the3 degreelongitudeerror.
C26 PK728­PK731:StarPK729is a repeatof PK728(bothare� 2 Ceti);andPK731is
a repeatof PK730(bothare� 1 Ceti). Eachrepeathasthesamemagnitudeastheprevious
entry, and eachis 1 degreesouthin latitude and1/3 degreewest in longitudefrom the
previous entry. This is almostdirectly southin declinationby 1 degree, implying that
the positionswereconvertedfrom equatorialcoordinates.(In eachcasethe �rst postion
sharestheerrorcommonto otherstarsin thispartof thesky, while secondpositionis more
accurate.)Alternateidenti�cationsaretoo dim andtoo misplacedto beconvincing. Note
that theAlmagestdescriptionof this asterismasa “quadrilateral”indicatesthat theauthor
of thedescriptionwasworking from a list of stellarpositions,andwasa differentperson
from theactualobserver of thesestars— sincenosuchquadrilateralexistsin thesky. This
impliesthatPtolemymaybetheauthorof thedescriptive positions,in at leastsomecases.
Thereare a numberof scenariosthat can accountfor the doubleentry. The starsmay
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simply have beenre­observedequatoriallyandre­computedat a later time. For example,
� 2 Cetmayhave beenoriginally observedat � = 3451=2, � = � 211=6, andconvertedto
ecliptical coordinates.This would producethe value for PK728. At the sametime, � 1

Cet wasobserved at � = 3432=3, � = � 211=6 andconvertedthe sameway to produce
PK730. Thenat somelater time, the starswerere­observed (moreaccurately)in zenith
distance,producingdeclinationsof � 221=6 for bothstars.Usingthesameright ascensions,
Hipparchosrecomputesandarrivesat thepositionsgiven for PK729andPK731. Similar
multiple observationsarecommonin Hipparchos'Commentary, his only surviving work;
a clerical error put both positionsin the catalog. Yet anotherpossibility: they may have
beenobserved onceequatorially, thenconvertedincorrectlyto ecliptic coordinatesdueto
a confusionbetweenordinalandcardinalnumbers.E.g., � 2 Cetwasrecordedasbeingat
the58thdegreeof thezenith. Thecomputersubtracts58 from the latitude355=6, getting
a declinationof � 221=6; but sincethe�rst degreeof thezenithis thesameasZ = 0� , the
computershouldhavesubtracted355=6 � 57 = � 211=6. A recomputationgaveHipparchos
thecorrectcoordinates,but bothnumbersendedup in thecatalog.
C27 PK787,PK788:Theseare� 2 Eri (HR917)and� Eri (HR874).Themagnitudesof
PK787andPK788have beenreversed,causinga numberof unconvincing identi�cations;
e.g.P&K give HR859for PK788,but at V = 6:31 this is hardto accept.
C28 PK802,803,804: Best�t for positionareHR1214,HR1195andHR1143,agreeing
with P&K. Thelargelatitudeerror in PK804maybea trig slip, since2crd52� 340 (which
roundsto thelatitudegivenin theAlmagest) is 95 180 in theancientsystemof chordsof a
circle with a radiusof 60. Meanwhile2crd55� (theactuallatitude)is 99 180. The5 and9
digits areeasilyconfusedin Greek.
C29 PK859: This staris describedin theCommentaryasthe triple starunderthe tail
of thedog (CanisMajor); while in theAlmagest it becomesthenorthernof the two stars
in thestern­keelof Argo(thesouthernof which is � Pup).This �rmly identi�es PK859as
a combinationof HR2819,HR2823,andHR2834,of which the latter is thebrightestand
closestto theAlmagestposition.
C30 PK870: ToomerhasHR3439at V = 5:21. Basedon the catalogedmagnitude
(< 4) andpossiblescribalerrors,mostlikely is HR3591at V = 4:46. Thepositionerror
is thenaA­for­� slip in thelatitude(� 511=2 shouldbe� 541=2), and­oran� ­for­� slip in
Ptolemy's longitude(1252=3 shouldbe1292=3, whichis Hipparchos'127). Theremaining
errorputsthecatalogedpositionnorthwestof thestar, matchingtheerrorsof PK871and
PK872.
C31 PK882: ToomerhasHR3055at V = 4:11; from both magnitudeandposition,
muchbetteris HR2998at V = 5:05 (sincetheAlmagestmagnitudehereis 6).
C32 PK887:P&K andToomerbothgive f Car(HR3498),whichatV = 4:50 is far too
dim for a stardescribedassecondmagnitude.Betteris � Car(HR3699,V = 2:21), which
is theonly second­magnitudestarin the region unaccountedfor, andwhich alsomatches
boththedescriptive positionandthelatitudequitewell. Thehugethirteen­degreeerror in
longitude(�v edegreesalongthegreatcircle)canbeexplainedif Hipparchosmis­recorded
thelongitudeinterval by onestep.6 (Theastrolabewasgraduatedin stepintervalsof �fteen
degrees.)
C33 PK905: � Hya is of coursecorrect,asgiven by all others. But the latitudeerror
proposedby P&K andendorsedby Toomerhasno textual support,andtheallegedscribal
error (23 readas 20 1=2) is weak. The error is actually due to a droppedminus sign
in declinationprior to conversionto ecliptical coordinates(seePK920below for another
exampleof this in Hydra.) The starwas accuratelyobserved with a declinationof � 1
anda polar longitudeof 113.5(or a right ascensionof 115.5). After droppingtheminus
sign in declination,andusingthe Hipparchanobliquity of 23� 510, the positionconverts
to � = 117 1=3, � = 201=2 afterancientrounding. ThenaddingPtolemy's 22=3 to the

6 My thanksto DennisRawlins for thissuggestion.
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longitude,wehave exactly thepositiongivenin theAlmagest.
Thedescriptive positionclaimsthatPK905is “close” to PK904,but this is only true

for theircatalogedpositions,not theirpositionsin thesky. This is anotherindicationthatin
somecasesthedescriptive positionswerewritten by a personworking from thecataloged
list, not theactualobserver (seexC26above for anotherexample).
C34 PK920:Basedon thegivenmagnitude(3) anddescriptive position,thismustbe�
Hya(HR3994),with amistakenplus­for­minusin declinationprior to conversionto ecliptic
coordinates.Otherstarssuggestedby Toomer(� Sex) andP&K (� Sex) arefar too dim
andmisplacedto be convincing. Without this identi�cation, � Hya would easilybe the
brighteststarin Hydramissingfrom thecatalog.A similarerroris givenabove at xC33.
C35 PK962is � Cen,whichwouldbemissingotherwiseundertheproposalbelow. The
magnitudeis a poor�t, but thepositionis muchbetterthanthealternative HR5172.
C36 PK963­969. The hind legs of Centaurus,todaymostly part of the constellation
Crux, the SouthernCross. This areaof the sky is a mess,with all starshaving large
positionalerrors,andall identi�cationsuncertain.Standardpracticehasbeento assignthe
right hind leg (PK965andPK966)to 
 Cru and� Cru,which meanstheleft hind leg (PK
967andPK968)becomes� Cru andAcrux (� Cru). This putsall starseastor northeastof
their catalogedpositionsby ahuge3 to 5 degrees.

I wasintriguedby thedescriptionof PK968asbeing“on thefrog of thehoof” (i.e.,on
the undersideof the hoof) ratherthanthe morestraightforward “on the hoof”; this is the
only placein theAlmagestwherethistermis used.My interestwasheightenedevenfurther
by theonly otherdescriptionof thispartof thesky in theAlmagest, in thedelineationof the
Milk y WayatVII.2, wherePtolemymentions“the starson thehock”7 of this leg — aclear
distinctionfrom thefrog, for two reasons:�rst, becausethe“star” on thefrog is singular,
while the“stars” on thehockareplural; andsecond,becausethe frog is on thebottomof
thehoof,while thehockis just above thehoof,betweenthehoof andtheankle.

ThereforeI proposethatPK968,thefrog of thehoof, is really � Cen,andthe“starson
thehock” areformedby thecoronaof 5th magnitudestars8 HR4511,HR4499,HR4487,
andHR4475— a uniquefeaturenot presentin any othercelestialequineleg. (Acrux has
no visible starsabove it to form a hock.) ThenPK967,theknee­bendof thatleg, becomes
o1+ o2 Cen(HR4441+ 4442),whosecombinedmagnitudeof 4.39�ts just �ne. This in
turn meansthat the right hind leg becomesAcrux (the hoof) for PK966and � Cru (the
knee­bend)for PK965.Thisproposalgreatlyreducesthepositionalerrorsfor all four stars.

Bright 
 Cru and� Cru arenot left out, however; I assignthemto PK963andPK964
respectively, describedasthe two starsunderthe belly. The magnitudesof thesetwo �t
well, althoughthepositionalerrorsarequitebad;however, thestandardidenti�cations of
� CenandHR5141arenot muchbetter. In this context, it' s interestingto note that the
catalogedpositionof PK964rises(at Rhodes)at the sametime as� Cru (i.e., it hasthe
sameHipparchanPhenomena1 and2), andits settingphenomena(HipparchanPhenomena
3 and4) areoff by almostexactly 10 degrees.So this may bea scribalslip just beforea
sphericaltrig conversion.

This meansthat � Cen(at V = 3:12) becomesthe southernmoststar in the catalog
at Ptolemy's epoch(� 53� 070, comparedto � 52� 510 for Acrux). At Hipparchos'epoch,
Canopusremainsthesouthernmost.StarPK968hasthesouthernmostcatalogedposition
at eitherepoch.
C37 PK971mustbe� Cru (HR4700)undertheabove proposal.Thepositionalerroris
nothugelydifferentfrom otherstarsin theregion,andlessthanthestandard� Cru.

7 Toomer400.
8 Somemight opposethis identi�cation on thegroundsthat thesestarswould have post­extinction

magnitudesof 6.95,6.77,6.92,and6.81underSchaefer's atmosphere(seez1 fn 6) at thelatitudeand
epochof Ptolemy;so this identi�cation implies thateven Ptolemyobserved underanatmosphereof
ka � :01. But I havenobetterexplanationfor whatthese“starson thehock” might be.
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C38 PK982­983:P&K andToomergive � Lup and� Lup. I prefer� Lup (HR5354)and
HR5364.Thedescriptive andnumericalpositionsarebothbetter, althoughthemagnitudes
areworse;they mayhave beenreversed.
C39 PK987­988: We follow P&K, not Toomer, as � Lup (HR5883) and � 1 Lup
(HR5925)here. Most positionsin this part of the sky are displacedto the west and a
bit north,whichmakestheseidenti�cationspreferable.
C40 PK1017: P&K andToomergive � PsA (HR8570),extremelydim at V = 6:43;
muchbetteris HR8563at V = 5:94, which is alsoslightly closerin position.

D The Unique Mistake of � Ceti: A Datum Recovered

D1 This pair of inadvertantrepeats(cf. above at xC26)givesusa uniqueopportunity
to determinethe original coordinatesystemusedby Hipparchosand the way positions
wereconverted. We would like to know two things: �rst, the obliquity that Hipparchos
usedwhen doing coordinateconversions;9 and second,whetherthe original east­west
coordinatewasmeasuredin Right Ascensionor polar longitude.For this analysis,I make
theseassumptions:that thestarsareindeedrepeats;that theoriginal east­westequatorial
coordinateswere the samefor eachpair; andthat the original declinationsfor eachpair
differedby exactlyonedegree.
D2 We would like to �nd the original equatorialcoordinatesfor eachstar, rounded
accordingto ancientroundingrules.Normallythis is notdif�cult, sinceancientroundingis
fairly loose.In thiscase,however, wehavetheroundedresultsof twodifferentcomputations
with thesameeast­westcoordinate,which tightensthe�t somewhat.
D3 For example,supposethatHipparchosusedan obliquity of 23� 400 andmeasured
RA (insteadof polar longitudes)as the east­westcoordinate. Looking at PK728, if we
back­computethe equatorialcoordinates,we seethe original roundedcoordinatesmust
have beencloseto � = � 21� 100, � = 345� 300. But when we forward­convert these
into theeclipticalframe(following thecomputationswesupposefor Hipparchos,including
roundingthe �nal result accordingto ancientrules), the result becomes� = � 13� 450,
� = 338� 200. The longitudeis �ne, but the latitudediffers from that of the Almagest,
which is � 13� 400. Tweakingthestartingdeclinationup to � 21 resultsin � = � 13� 300,
skippingright over thedesiredresult. Sowe know that this combinationof obliquity and
Right Ascensiondoesnot work.
D4 In practicesuchexclusionsarerare,becauseoneisusuallyableto �nd acombination
that computescorrectlyby tweakingthestartingcoordinatesa bit. But with theaddition
of a secondconversionfor thesamestar, any tweakingof the input coordinatesbecomes
lesslikely to succeed,becausethesametweakmustbesimultaneouslysuccessfulfor both
conversionsof thatstar.

Obliquity 23� 400 RA: Conversionfor PK728fails. PL: Conversionfor PK728fails.
Obliquity 23� 510 RA: Conversionfor PK728fails. PL: All conversionswork.
Obliquity 23� 550 RA: All conversionswork. PL: Theconversionfor PK728fails

at � = � 21� 1/4,while thealternative (� 21� 1/6) fails for PK729.
D5 Thereare only two possibilites: either Hipparchosused23� 550 as his obliquity,
combinedwith RA asthe east­westcoordinate;or, he used23� 510 as the obliquity, and
polar longitudesas the east­westcoordinate. The latter combinationhasbetter textual
supportin bothelements,andis thereforemuchpreferred.
D6 Although all conversionswork undertheseparameters,the conversionfor PK731
appearsto fail at �rst, giving � = 3351/4andnottheexpected3351/3;but thisis deceiving,
becauseof Ptolemy's“slide & hide” procedure:any Hipparchanlongitudeendingwith 1/4
wasroundedupanextra5 arcmin,to avoid disallowedfractionsin theAlmagest. Thus,335

9 Thereare threepossibilities: 23� 400 (DIO 1.2), 23� 510 (Almagest),and23� 550 (Rawlins 1982,
Rawlins 1994).
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1/4 is perfectlyacceptable,andindeedthisbecomesthe�rst (andsofaronly) exampleof a
lost Hipparchan1/4­degreefractionallongitudebeingrecovered.

E The StrangeCaseof Pi Hydrae

E1 Theoddcaseof � Hydrae(PK918)hasbeennotedby others(e.g.,Graßhoff 1990),
who have pointedout thatnot only doesthis starhave a hugeerror— over �v e degrees—
but alsothatthesameerrorappearsin thisstar'spositionin theCommentary, proofpositive
thattheASCcoordinatesweretakenfrom Hipparchosandnotobservedindependently.
E2 But until now, therehasbeenno compellingexplanationfor the �v e­degreeerror.
The mysteryis clearedup when we realizedthat other starsin Hydra (PK901, PK920)
wereobservedequatorially, thenconvertedto eclipticalcoordinates.It thenbecomesclear
that almostthe entireerror in the position of � Hya is in declination. Converting back
to the original equatorialcoordinates(after subtractingPtolemy's 2� 2/3 precession),the
Hipparchanequatorialcoordinateswould have been� = � 20.5,� = 182� .5. Theactual
declinationof � Hyawasverynearly� 15� .5atHipparchos'epoch.Sotheerroris asimple
scribalslip: thewrittennumber�� (15)wasmisreadas� (20)dueto amalformedor missing
cross­stroke on the� .
E3 Astoundingly, Ptolemymayhave observedthis starhimself,andthenthrownaway
his own correct observationin favor of Hipparchos'hugeerror! In the AlmagestVII.1,
Ptolemyrecords10 that� Hya is onastraightline with � Lib and� Lib. Thisobservationis
truefor theactualstar;but it is not truefor theerroneouspositionof � Hya asrecordedin
theASC. Justprior to this,Ptolemyclaimsthathehadobservedthisalignmenthimself,and
thatit hadnotbeenrecordedby any previousastronomer.11 Of course,thereis noevidence
thatPtolemy'salignmentobservationalsoincludeda positionmeasurement.

F StarsObservedEquatorially

F1 It isclearthatanumberof stars,especiallyin thesouth,wereobservedwith equatorial
instruments,andhadtheircoordinatestransformedintoeclipticalcoordinatesfor 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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