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Abstract. The primordial helium abundanceyr is importantfor cosmologyandtheratio AY/AZ

of the changegelative to primordial abundancesonstrainanodelsof stellarevolution. While the
mostaccurateestimateof Yr comefrom emissionlinesin extragalacticH 1l regions,they involve

anextrapolationto zerometallicity which itself is closelytied up with theslopeAY /A Z. Recently
certainsystematieffectshave cometo light in this exercisewhich male it usefulto have aninde-
pendentestimateof AY/AZ from fine structurein the main sequenc®f nearbystars.We derive

suchanestimatdrom Hipparcosdatafor starswith Z < Z andfind valuesbetweer2 and3, which

areconsistentvith stellarmodels but still have alargeuncertainty
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1. Introduction

Onesucces®f Big-Bangcosmologyhasbeento predictprimordialabundance®f
light elementge.g.Copi, Schrammand Turner 1995); but precisedetermination
of eachprimordialalundancenvolvesdifficulties,bothfrom measurementndin
extrapolatingthroughevolution thathastakenplacein themeantimeln particular
it hasbeenpointedout by Hataet al. (1995)thatwith somewidely acceptedig-
uresfor primordialalundancesspecificallywith D/H < 3 x 107> (Tytler, Fanand
Burles,1996)andYp < 0.242 or 0.243with 95% confidencgPagelet al. 1992,
hereinaftePSTE;Olive, SkillmanandSteigman1997),thereis actuallyinconsis-
teng with the ‘standard’Big-Bang nucleosynthesitheory assuming3 massless
neutrinotypes.
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2 E.HOGETAL.

This conflict canbe resolhed if thereare even quite small deficienciesn the
data.Theprimordialdeuteriumatundanceouldbehigher(e.g.SongailaWWampler
and Cowie, 1997) or the primordial helium abundancecould be higher or both.
Recentlyseveral resultshave emeged favouring the higher helium alundance:
Hata et al. (1996) have refinedthe agumentsfrom D + 3He (cf. Yanget al.,
1984)to derive a 95% confidencébsoundon deuteriumD/H < 6.2 x 107> imply-
ing Yp > 0.243; allowancefor ionizedhydrogenassociatedavith Lyman« forest
cloudsindicatesl < n1p/4 < 1.5implying 0.243 < Yp < 0.247 (Weinbeg etal.,
1997);andanew studyof extragalactidH Il regionsby Izotov, ThuanandLipovet-
sky (1997,hereinaftedTL) hasgivenYp = 0.243 £ 0.003 (s.e.),which is more
consistentvith theabove boundson baryonicdensity The origin of the difference
in this latter value from that of PSTEdoesnot lie in the useof differentatomic
data,norin ary significantdifferencein the heliumatbundanceor objectsin com-
monwith PSTEor with SkillmanandKennicutt(1993)andSkillmanetal. (1994)
who alsoderived valuescloseto 0.23,but is largely theresultof alower AY/AZ
sloperesultingfrom theirrejectionof | Zw 18 whichis still theleastheary-element
enrichedH Il galaxyknown. Thejustificationfor thatrejectionis discussedbelow.
Anyway, ITL find aslopeAY/AZ = 1.7 £+ 0.9, in contrasto the valueof about
4 foundby PSTEandthis translateslirectly into the discrepang betweerthe two
valuesof Yp. Now anestimateof AY/AZ (althoughnot of Yp itself, becausef
degenerag with themixing length)canalsobe obtainedfrom fine structurein the
mainsequencef nearbystars andsowe have attemptedo malke suchanestimate
aswill bedescribedater

2. Problemswith extragalacticH |1 regions

Olive, SkillmanandSteigman(1997)have presented plot shawing ITL’s helium
datain comparisorwith the othersand suggesthat the differencearisesmainly
from the factthat ITL's datado not go to the lowestmetallicitiesavailable, after
rejectionof 1IZw 18. However, in themeantimelzotov etal. (1997)have published
anew analysisof anothetow-metallicityH Il galaxy SBS0335-052whichfitsthe
regressiorof ITL, whereasnearlierstudyof thesameobjectby Melnick, Heydari-
MalayeriandLeisy (1992) hadfitted that of PSTE.This givesan opportunityto
look for thecauseof thedifference SBS0335hastwo majorcomponentsyf which
onehas\ 4471stronglyaffectedby anunderlyingabsorptioriine, while the other
onelooksclean.Someresultsfrom thetwo setsof authorgfor thelattercomponent
areshavn in Tablel.

The table shawvs excellentagreemenfor the raw measurementsf the atom-
ic He*/H* ratio y*, beforecorrectingfor collisional excitationfrom the 23S level.
Thiscorrectionis proportionato electrondensityn., whichwasestimatedy Mel-
nick etal. fromthe[S 1] line ratio andby Izotov etal. by demandingonsisteng
betweenthe threelinesin thetableand A 7065, resultingin smallercorrections,
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PRIMORDIAL HELIUM AND AY/AZ 3

Tablel
Helium abundancesn SBS0335-052B
y* (raw) y" (corr),y™"
Melnick et 1zotov et Melnick et Izotov et
al. 92 al. 97 al. 92 al. 97
ne(SI) =220 ne(Hel)= 150
4471 .078 .076 .073+8 072+ 4
5876 .084 .085 075+ 2 079+ 1
6678 .082 .081 .080+ 4 079+ 3
meany* .075+5 .078+1
y'r .001 .003
y .076+5 .081+2
Y 233+ 16 245+ 6
Tablell

Weakheliumlinesin 1Zw 18

theor meas.
4388
7 012 010+.03

422 026 023+.03

especiallyfor A 5876 which carriesthe mostweightin the final average.Both
methodsare subjectto errors,which shouldhave beenincludedin the error bud-
gets.In the lzotov et al. results,thereis a significantdiscrepang between5876
and4471,which canbe explainedin oneof two ways: either4471is affectedby
underlyingabsorptioror their collisionalcorrectionis anunderestimate.

As waspointedoutby PSTE theeffectof underlyingabsorptiorcanbeestimat-
edby measuringheintensitieof weakheliumemissiorlinesthatarenevertheless
strongin absorptiong.g. A\ 4026,4388and4922andcomparingwith theoretical
intensities(Brocklehurst,1972; Smits, 1996). Suchmeasurementare not avail-
ablefor SBS0335,but someareavailablefor 1Zw 18, bothfrom PSTEandfrom
ITL, thelatterbeingapparentlysomevhatmoreprecise .Theirresultsareshavnin
Tablell.

It canbe seenfrom the table that thereis indeeda 1o deficieng in the line
ratios,which providessomeevidencefor absorptiorunderlyingh 4471.For exam-
ple, given that 4922 and 4471 have absorption-linestrengthsin a ratio of about
1:1.5(AuerandMihalas,1972),the 10 per centdeficieng in their emissionratio
would correspondo abouta 4 percentunderestimatef 4471.A goodquantitatie
estimatewould needspectrawith betterresolutionandsignal:noisehanareavail-
ableatpresentput thecorrectioncouldamounto severalpercent.Sincel 5876is
unusabldor IZw 18 becausef absorptiorby Galacticsodiumand A 6678is not
guaranteedo be free from underlyingabsorptionjt is indeedquite possiblethat
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4 E.HOGETAL.

thecurrentestimate®f heliumin 1IZw 18 (andpossiblyothervery low-metallicity
systemspreafew percenttoolow andthatthe ITL solutionis closerto reality. In
the next sectionsve investigatehe AY /A Z slopeon the basisof stellardata.

3. Finestructurein the main sequence

As hasbeendiscussedgbreviously by Perrinetal. (1977)andFernanded, ebreton
andBaglin (1996),thelocationof thestellarmainsequencasa functionof metal-
licity is affectedby AY/AZ becauseoncomitantthangesn Y and Z pushthe
sequencén oppositedirections.This canbe seenfrom quasi-homologyelations
of theform (CoxandGiuli, 1968;Fernanded,ebretonandBaglin, 1996)

L
T o 032,035,133 1)

wherethe enegy generatiorconstantey < X?2, the opacity constantkg o< (1 +
X)(Z + Zo) with Zy ~ 0.01 andthemoleculaweighty o (3+5X — Z)~! leading
to a magnitudeoffset abore the zero-agezero-metallicitymain sequencevhere
X :_Xb ~ 0.76

Z AY

Z AY Z
+0.87 [Iog{l— e (1+ E)} +log <1+ 70)]

57 AY
+3.33log [1 ~3re% (1.2 + E)] . )

For high metallicities,around0.7Z; < Z < 1.5Z;, the effectsof Y andZ
cancelout for AY/AZ ~ 5.5 (Fernande®t al., 1996), but this is not the case
for lower metallicities(e.g. Cayrel,1968).Perrinet al. (1977)and Fernande®t
al. (1996)testedstellarmain sequencederived from ground-basegarallaxesfor
relatively metal-richstarsagainstheoreticaimain sequencesoughly correspond-
ing to Eq. (2). Perrinetal. found no correlationwith metallicity, suggestingjuite
a high AY/AZ, but with a large uncertainty whereasFernandet al., lacking
metallicity dataandexaminingjustthe scatterdeducednly thatAY/AZ > 2.In
thisinvestigatiorwe useHipparcogarallaxes(ESA,1997)to investigatea sample
of mainly metal-poorstarsbasedon a proposalsubmittedby oneof us (BEJP)in
1982.

In the caseof anold stellarpopulation directapplicationof Eq. (2) is notvery
usefulin practice(aswell asnot beingvery accuratepecausehe effectsof stel-
lar evolution increasesharplywith luminosity above, say My ~ 5.5,sothatthe
sequencesannotbe expectedto run straightand parallel over a wide rangeof
luminosities It is moreusefulto translateEg. (2) into arangeof log T atafixed
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PRIMORDIAL HELIUM AND AY/AZ 5

absolutemagnitudeusingthe slopeof the evolved mainsequenceyhich is about
20 magnitudeperdex in Ter. We thusderive

Z AY
—Alog Tes = 0.08log [1— X (1+ ﬁ)]

z AY 7z
+0.0435[Iog{1— e (1+ AZ)} +10g (1+ Z_o>]

57 AY
+0.167log [1 ~3%5%, (1.2 + E)] . (©))

Sincethetermsin Z aresmall,apartfrom (1 + Z/Z,), we canexpandtheloga-
rithms,alsomakinguseof Xy ~ 0.765,to give

Alog Tes ~ 0.017 +0.117(1 + AY/AZ) — 0.044log(1 + Z/ Z). 4

Theolderquasi-homologyelationgivenby Faulkner(1967):
L o< (X +0.4Y1(Z + Zo)**® f (Ter) (5)
leadsto a very similarrelation
Alog Tes ~ 0.1247(1 + AY/AZ) — 0.057log(1 + Z/ Zy). (6)

Theseelationsprovide aroughguideto thebehaiour of numericallycomputed
isochronesor starsfainterthanMy, ~ 5.5 asafunctionof AY/AZ; qualitatively,
thespreadn themainsequencess a decreasingunctionof this parameter

4. Thedata

Fromtheinitial sampleof about1000starsproposedor this programmewe have
selectedh subsampldor which the Hipparcosparallaxeshave errorsbetterthan6
percent,andeffective temperatureandmetallicitiesaregivenin eitheror both of
the cataloguedy Cayrelde Strobeletal. (1992)andCarng etal. (1994).Where
available,the catalogueeffective temperaturegold’ Tes's with anestimatedms
error +100K) have beenreplacedwith temperatureslerived usingthe infra-red
flux methodof D.E. Blackwell by Alonsoetal. (1996);these'new’ temperatures
do not seemto differ systematicallyfrom the ‘old’ ones,but arevery muchmore
accurategonsisteng amongthreedifferentinfra-redcoloursindicatesa precision
closeto £50K. Tablelll givesthedatafor thoseof the subsample¢hatarefainter
than My = 5.5; effective temperaturesind metallicitiesfrom Alonso et al. are
denotedby T4 and[Fe/H}" respectiely.

An importantfactorin comparingstellardatawith theoreticaisochroness the
relationshipbetweenthe metallicity [Fe/H] andthe heary-elementmassfraction
Z. In mostcasesve have usedtheformulaby Salaris Chiefii andStranierq(1993)

7 = 70(0.638f, +0.362) @)
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6 E.HOGETAL.
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Figure 1. 13Gyrisochronesleducedrom Padova evolutionarytracksshiftedby -0.009in log Ter for
AY/AZ = 0. Stellardataare plottedwith ‘new’ effective temperaturesihereavailable. The ‘star’
symbolrepresent$iD 19445.Thevaluesof Z for the 5 isochronestogethemwith the corresponding
[Fe/H], areindicatedon top of the plot.
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Figure 2. 13 Gyr isochronedrom Padora evolutionarytracksasin Fig. 1, but for AY/AZ = 6.
Stellardataasin Fig. 1.
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PRIMORDIAL HELIUM AND AY/AZ 7

Tablelll
The sampleof lower main-sequencstars
HIC HD vV My =+ Tt T4 [FeH] [Fe/H* logZ
5031 6348 9.15 6.18 0.10 4998 -0.67 -2.31
5336 6582 5.17 5.78 0.03 5210 5315 -0.61 -0.67 -2.31
10138 13445 6.12 593 0.01 5067 -0.24 -1.99

18915 25329 8.51 7.17 0.04 4828 4842 -1.56 -1.64 -3.04
19849 26965 4.43 591 0.01 5040 5040 -0.28 -0.17 -1.94
23080 31501 8.19 5.59 0.08 5254 -0.33 -2.06
38541 64090 8.31 6.05 0.07 5369 5441 -1.78 -1.82 -3.22
39157 65583 6.99 587 0.03 5305 5242 -0.61 -0.60 -2.27
57939 103095 6.44 6.63 0.02 5032 5029 -1.36 -1.35 -2.75
58949 104988 8.16 5.59 0.07 5247 -0.23 -1.98
62607 111515 8.15 5.55 0.07 5354 -0.81 -2.37
73005 132142 7.77 5.88 0.03 5090 5098 -0.55 -0.55 -2.22
74234 134440 9.45 7.08 0.11 4756 4746 -1.52 -1.57 -332 ¢
74235 134439 9.07 6.73 0.09 4883 4974 -1.57 -1.52 -332 °

94931 — 8.84 6.10 0.07 4859 5004 -0.87 -0.42 -213 °
98020 188510 8.83 5.85 0.10 5418 5564 -1.78 -1.80 -3.20
99461 191408 5.32 6.41 0.01 4893 -0.32 -2.06
104214 201091 5.20 7.49 0.03 4364 4323 -0.05 -0.05 -1.80
106122 204814 7.93 556 0.05 5232 -0.28 -2.02
@ [Z] = [FelH]

b [Z] =[Fe/H]

¢ BD +413306

whereZy isthesolarZ (Z; = 0.019)scaledaccordingo [Fe/H] andf,, is thefac-
tor by which oxygenanda-particle elementsareenhancedelative to iron, taking
fa from PagelandTautwaiSiene(1995).Thusfor [Fe/H] < —1, Z = 2Z,. However,
in thecaseof HD 13443%nd134440wetake Z = Zy, following King (1997).

5. Comparison with theoretical isochrones

We have usedtwo setsof isochronespne computedfrom Padova evolutionary
tracksnormalizedo theSunandshiftedby —0.009in log T tofit solarmetallicity
starstheothercomputedy oneof us(JM) normalizedo low-metallicity starsand
shiftedby —0.01 in logTes to fit the low-metallicity starsof our sample For our
purposearyway; it is only the spreadf theisochroneshatcounts nottheir abso-
lute position.

In Figuresl to 4, wecomparghesdsochrone$or thelowermainsequencwith
thestellardatabasedn‘new’ effective temperatureshereavailable.Comparison
of the Padova isochroneswith the datasuggestshat AY/AZ = 0 is excluded,
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Figure 3. 13 Gyrisochronegrom MacDonaldevolutionarytracksandshiftedby -0.01in log Tes for
AY/AZ = 2. Stellardataasin Fig. 1.
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Figure4. AsFig.3,butfor AY/AZ =4,
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—0.02

ot =

L s old T, s _

eff

®(M,)*D(log T,) + k*log[(Z+Z,)/(Zy+7Z,)]

S S S S S P S S RS S
-0.02 -0.015 -0.01 -0.005 0

Figure 5. Maximume-likelihoodregressionfor Padosa 13 Gyr isochronesand‘old’ effective tem-
peraturedor starswith 5.5 < My < 7.5 assumingrresr = 100K andojre i) = 0.1. The slope
correspondso AY/AZ = 6.2+ 2.8.

becausehe spreadof the isochroneds too great,whereasAY/AZ = 6 is too
large. (With the‘old’ temperatures)AY/AZ = 6 actuallygivesthe bestfit.) The
MacDonaldisochronesaremorewidely spacedn metallicity andcover a smaller
rangein AY/AZ; a value of 4 seemsto give a slightly betterfit than a value
of 2. However, thesevisual impressionsrelargely basedon the extremesin the
alundanceange,andthe intermediate-metalligit starsaretoo scatteredo allow
ary choiceof AY/AZ from inspectionIn thenext sectionwe shalltry toimprove
on thesequalitatve impressionsoy applying a maximume-likelihood calculation
basedn anextensionof theideaof quasi-homology

6. Statistical analysisusing quasi-homology relations

In orderto be ableto apply maximum-likelihood linear regressiontechniqueso
the data,we have carriedout numericalexperimentsusing Mathematicato find
guasi-homologyelationsanalogouso Eq. (6) applicableto thetheoreticall3 Gyr
isochronesn alimited rangeof absolutenagnitudespecifically5.5 < My < 7.5,
of theform

H(My)Alog Teg + klog(l+ Z/Zo) = aZ(1+ AY/AZ), (8)
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—0.01
T T

o e

—0.02
ol
T

2 gl

—0.03
T T

,
new T/ s

®(M,)*D(log T,) + k*log[(Z+Z,)/(Zy+7Z,)]

—0.04
T T

P S R S S S P S S RS S
-0.02 -0.015 -0.01 -0.005 0

Figure 6. Maximume-likelihoodregressionfor Padova 13 Gyr isochronesand ‘new’ effective tem-
peraturedor starswith 5.5 < My < 7.5 assumingrr,; = 50 K andojre/ryp = 0.1. The slope
correspondso AY/AZ =20+ 1.7.

where¢(My/) is a normalizationto allow for the corvergenceof the Padova iso-
chronegowardslow luminosities.The specificrelationsthatwe foundare

Alog Teg
1-0.234(My — 6.0)

+0.054log(1 + Z/Zo) = 0.147Z(1+ AY/AZ)

Zo = 0.0015 (9)
for Padovaisochronesand
Alog Teg +0.059l0g(1 + Z/Zp) = 0.1287%(1+ AY/AZ)
Zo = 0.0025 (10)

for MacDonaldisochronesThe coeficientsare quite similar to thosein Eq. (6),
but Z, turnsoutto be muchlower thanthe widely quotedvalueof 0.01.

Figs.5 and 6 shav plots of the left-handside of Eq. (9), normalizedto solar
metallicity, againstZ for the ‘old’ and‘new’ effective temperaturesespectiely,
with themaximum-lilelihoodfit computediusingaversionof the programof Pagel
andKazlauska$1992).Fromthefiguresit appearshatthe‘old’ temperaturegive
a poorly definedregressiorwith alarge slope(i.e. large AY/AZ), while the new
onesgive a moretidy regressionwith a smallerslope,but still a large error (see
TablelV). Thevaluesof AY/AZ derived respectiely from the ‘old’ and‘new’
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PRIMORDIAL HELIUM AND AY/AZ 11

TablelV
AY/AZ fromregressioranalysiswith ‘new’ temperatures

Padora MacDonald
isochrones isochronega = 1.0)
55< My <65 31422 0.2+25
55< My <71 33420 17+21
55< My <75 20+17 26+ 1.8

temperatureare consistentvithin their combinederrors,but we considerthe one
from the‘new’ temperatureto bemuchmorereliable.

7. Discussion

TablelV gives somesolutionsderived from differentrangesof absolutemagni-
tude. The MacDonaldisochronegyive a trendwith absolutemagnitudewhich is

absenin the caseof the Padora isochronesandall the resultsare consistentvith

AY/AZ between2 and 3, but with a disappointinglylarge error To reducethe
erroroneneedsa morecompletesampleof starswith knowvn metallicities,effec-

tive temperatureand parallayes, which will becomeavailable oncethe complete
Hipparcoscatalogues published.

On thefaceof it, our stellarvalueof AY/AZ is intermediatebetweenthose
claimedby ITL andby PSTEfor extragalactidH 1l regionswith similar metallici-
ties,assuminghatin this respecthe two kinds of objectshave undegonesimilar
chemicalevolution. Our resultstendto supportthatassumptiorandto remove the
higherestimatedy PSTEwhich have inspiredchemicalkevolution modelsof dwarf
galaxiesinvolving strongeffects of metal-enhancedalacticwinds (e.qg. Pilyug-
in, 1993).0ur resultsalsosuggesthatthe primordial heliumakundancéhasbeen
somevhatunderestimately Olive, SkillmanandSteigman(1997)usingdatafrom
PSTEandotherprecedingnvestigationsprobablybecaus®f underlyingabsorp-
tion linesin someof thelowest-albindanceobjectsandthatITL'sresultYp ~ 0.24
is currentlythe bestestimateavailable.

Chiefii, Stranieroand Salaris(1995) have suggestedhat the mixing-length
parametery might vary systematicallyith metallicity If so,this couldintroduce
systematicerrorsin the estimationof AY/AZ from shiftsin the main sequence.
However, suchaneffectwassuspectefrom smalldeviationsin themain-sequence
slopewhich arenot apparenin our data,at leastwhencomparedo Padorva iso-
chronesValuesof AY/AZ expectedrom stellarmodelsarein theneighbourhood
of 2 (vandenHoek,1997),notinconsistentvith our result.
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