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Abstract. Theprimordialheliumabundance� P is importantfor cosmologyandtheratio 
�����
��
of the changesrelative to primordial abundancesconstrainsmodelsof stellarevolution. While the
mostaccurateestimatesof � P comefrom emissionlines in extragalacticH II regions,they involve
anextrapolationto zerometallicitywhich itself is closelytiedup with theslope 
�����
�� . Recently
certainsystematiceffectshave cometo light in this exercisewhich make it usefulto have an inde-
pendentestimateof 
�����
�� from fine structurein the main sequenceof nearbystars.We derive
suchanestimatefrom Hipparcosdatafor starswith ������� andfind valuesbetween2 and3, which
areconsistentwith stellarmodels,but still havea largeuncertainty.
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1. Introduction

Onesuccessof Big-Bangcosmologyhasbeento predictprimordialabundancesof
light elements(e.g.Copi, SchrammandTurner, 1995);but precisedetermination
of eachprimordialabundanceinvolvesdifficulties,bothfrom measurementsandin
extrapolatingthroughevolution thathastakenplacein themeantime.In particular,
it hasbeenpointedout by Hataet al. (1995)thatwith somewidely acceptedfig-
uresfor primordialabundances,specificallywith D/H � 3 � 10� 5 (Tytler, Fanand
Burles,1996)and

�
P � 0 � 242 or 0.243with 95% confidence(Pagelet al. 1992,

hereinafterPSTE;Olive,SkillmanandSteigman,1997),thereis actuallyinconsis-
tency with the ‘standard’Big-Bangnucleosynthesistheoryassuming3 massless
neutrinotypes.�
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2 E. HØGET AL.

This conflict canbe resolved if thereareeven quite small deficienciesin the
data.Theprimordialdeuteriumabundancecouldbehigher(e.g.Songaila,Wampler
andCowie, 1997)or the primordial helium abundancecould be higher, or both.
Recentlyseveral resultshave emerged favouring the higher helium abundance:
Hata et al. (1996) have refinedthe argumentsfrom D + 3He (cf. Yang et al.,
1984)to derive a 95%confidenceboundondeuterium,D/H � 6 � 2 � 10� 5 imply-
ing

�
P ! 0 � 243;allowancefor ionizedhydrogenassociatedwith Lyman-" forest

cloudsindicates1 �$# 10
�
4 � 1 � 5 implying 0 � 243 � �

P � 0 � 247(Weinberg et al.,
1997);andanew studyof extragalacticH II regionsby Izotov, ThuanandLipovet-
sky (1997,hereinafterITL) hasgiven

�
P = 0 � 243 % 0 � 003 (s.e.),which is more

consistentwith theabove boundsonbaryonicdensity. Theorigin of thedifference
in this latter valuefrom that of PSTEdoesnot lie in the useof differentatomic
data,nor in any significantdifferencein theheliumabundancefor objectsin com-
monwith PSTEor with SkillmanandKennicutt(1993)andSkillmanetal. (1994)
whoalsoderivedvaluescloseto 0.23,but is largely theresultof a lower

�������&�
sloperesultingfrom theirrejectionof I Zw 18whichis still theleastheavy-element
enrichedH II galaxyknown. Thejustificationfor thatrejectionis discussedbelow.
Anyway, ITL find a slope

���������
= 1 � 7 % 0 � 9, in contrastto thevalueof about

4 foundby PSTEandthis translatesdirectly into thediscrepancy betweenthetwo
valuesof

�
P. Now anestimateof

�������&�
(althoughnot of

�
P itself, becauseof

degeneracy with themixing length)canalsobeobtainedfrom fine structurein the
mainsequenceof nearbystars,andsowehaveattemptedto makesuchanestimate
aswill bedescribedlater.

2. Problems with extragalactic H II regions

Olive,SkillmanandSteigman(1997)have presenteda plot showing ITL’s helium
datain comparisonwith the othersandsuggestthat the differencearisesmainly
from the fact that ITL’s datado not go to the lowestmetallicitiesavailable,after
rejectionof IZw 18.However, in themeantime,Izotov etal. (1997)havepublished
anew analysisof anotherlow-metallicityH II galaxy, SBS0335–052,whichfits the
regressionof ITL, whereasanearlierstudyof thesameobjectbyMelnick,Heydari-
Malayeri andLeisy (1992)hadfitted that of PSTE.This givesan opportunityto
look for thecauseof thedifference.SBS0335hastwo majorcomponents,of which
onehas ' 4471stronglyaffectedby anunderlyingabsorptionline, while theother
onelooksclean.Someresultsfrom thetwo setsof authorsfor thelattercomponent
areshown in TableI.

The tableshows excellentagreementfor the raw measurementsof the atom-
ic He+/H+ ratio ( +, beforecorrectingfor collisionalexcitationfrom the23S level.
Thiscorrectionis proportionalto electrondensity)�* , whichwasestimatedby Mel-
nick et al. from the[S II] line ratioandby Izotov et al. by demandingconsistency
betweenthe threelines in the tableand ' 7065,resultingin smallercorrections,
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TableI
Heliumabundancesin SBS0335–052BX + (raw) X + (corr.), X ++

Melnick et Izotov et Melnick et Izotov et
al. 92 al. 97 al. 92 al. 97Y[Z (SII) = 220 Y[Z (HeI) = 150

4471 .078 .076 \ 073 ] 8 \ 072 ] 4
5876 .084 .085 \ 075 ] 2 \ 079 ] 1
6678 .082 .081 \ 080 ] 4 \ 079 ] 3

meanX + \ 075 ] 5 \ 078 ] 1X ++ \ 001 .003X \ 076 ] 5 \ 081 ] 2� \ 233 ] 16 \ 245 ] 6

TableII
Weakheliumlinesin IZw 18

theor. meas.
4388
4471 0.12 0 \ 10 ]�\ 03
4922
4471 0.26 0 \ 23 ]�\ 03

especiallyfor ' 5876 which carriesthe most weight in the final average.Both
methodsaresubjectto errors,which shouldhave beenincludedin theerrorbud-
gets.In the Izotov et al. results,thereis a significantdiscrepancy between5876
and4471,which canbeexplainedin oneof two ways:either4471is affectedby
underlyingabsorptionor their collisionalcorrectionis anunderestimate.

As waspointedoutby PSTE,theeffectof underlyingabsorptioncanbeestimat-
edby measuringtheintensitiesof weakheliumemissionlinesthatarenevertheless
strongin absorption,e.g. '�' 4026,4388and4922andcomparingwith theoretical
intensities(Brocklehurst,1972;Smits,1996).Suchmeasurementsarenot avail-
ablefor SBS0335,but someareavailablefor IZw 18, both from PSTEandfrom
ITL, thelatterbeingapparentlysomewhatmoreprecise.Their resultsareshown in
TableII.

It canbe seenfrom the table that thereis indeeda 1̂ deficiency in the line
ratios,whichprovidessomeevidencefor absorptionunderlying' 4471.For exam-
ple, given that 4922and4471have absorption-linestrengthsin a ratio of about
1:1.5(Auer andMihalas,1972),the10 percentdeficiency in their emissionratio
wouldcorrespondto abouta4 percentunderestimateof 4471.A goodquantitative
estimatewouldneedspectrawith betterresolutionandsignal:noisethanareavail-
ableatpresent,but thecorrectioncouldamountto severalpercent.Since' 5876is
unusablefor IZw 18 becauseof absorptionby Galacticsodiumand ' 6678is not
guaranteedto be free from underlyingabsorption,it is indeedquite possiblethat
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4 E. HØGET AL.

thecurrentestimatesof heliumin IZw 18 (andpossiblyothervery low-metallicity
systems)area few percenttoo low andthattheITL solutionis closerto reality. In
thenext sectionswe investigatethe

���������
slopeon thebasisof stellardata.

3. Fine structure in the main sequence

As hasbeendiscussedpreviously by Perrinet al. (1977)andFernandes,Lebreton
andBaglin(1996),thelocationof thestellarmainsequenceasa functionof metal-
licity is affectedby

�`�������
becauseconcomitantchangesin

�
and

�
pushthe

sequencein oppositedirections.This canbeseenfrom quasi-homologyrelations
of theform (CoxandGiuli, 1968;Fernandes,LebretonandBaglin,1996)ab

( c eff) dfe 0 g 32
0 h 0 g 35

0 i � 1 g 33 j (1)

wherethe energy generationconstante 0 d k 2, the opacityconstanth 0 d (1 +k
)(
�

+
�

0) with
�

0 l 0 � 01andthemolecularweight i d (3+5
knm �

) � 1 leading
to a magnitudeoffset above the zero-agezero-metallicitymain sequencewherek

=
k

0 l 0 � 76m ��o
bol = 1 � 6log

p
1
m �k

0 q 1 +
�������rWs

+0� 87
p
log t 1

m �
1 +

k
0 q 1 +

�`���� rvu + log q 1 +
��

0
rWs

+3� 33log
p
1
m 5

�
3 + 5

k
0 q 1 � 2 +

������ rWs � (2)

For high metallicities,around0 � 7�xw � � � 1 � 5�yw , the effectsof
�

and
�

cancelout for
��������� l 5 � 5 (Fernandeset al., 1996),but this is not the case

for lower metallicities(e.g.Cayrel,1968).Perrinet al. (1977)andFernandeset
al. (1996)testedstellarmainsequencesderived from ground-basedparallaxesfor
relatively metal-richstarsagainsttheoreticalmainsequencesroughlycorrespond-
ing to Eq. (2). Perrinet al. foundno correlationwith metallicity, suggestingquite
a high

���������
, but with a large uncertainty, whereasFernandeset al., lacking

metallicitydataandexaminingjust thescatter, deducedonly that
��������� ! 2. In

this investigationweuseHipparcosparallaxes(ESA,1997)to investigateasample
of mainly metal-poorstarsbasedon a proposalsubmittedby oneof us (BEJP)in
1982.

In thecaseof anold stellarpopulation,directapplicationof Eq. (2) is not very
usefulin practice(aswell asnot beingvery accurate)becausetheeffectsof stel-
lar evolution increasesharplywith luminosityabove, say,

o{z l 5.5,so that the
sequencescannotbe expectedto run straightand parallel over a wide rangeof
luminosities.It is moreusefulto translateEq.(2) into a rangeof log c eff at afixed
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absolutemagnitudeusingtheslopeof theevolvedmainsequence,which is about
20magnitudesperdex in c eff . We thusderivem �

log c eff = 0 � 08log
p
1
m �k

0 q 1 +
����&��rWs

+0� 0435
p
log t 1

m �
1 +

k
0 q 1 +

�`���� rvu + log q 1 +
��

0
rWs

+0� 167log
p
1
m 5

�
3 + 5

k
0 q 1 � 2 +

����&� rWs � (3)

Sincethetermsin
�

aresmall,apartfrom (1 +
�}�2�

0), wecanexpandtheloga-
rithms,alsomakinguseof

k
0 l 0 � 765,to give�

log c eff l 0 � 01
�

+ 0 � 11
�

(1 +
���������

)
m

0 � 044log(1 +
�}�2�

0) � (4)

Theolderquasi-homologyrelationgivenby Faulkner(1967):a d (
k

+ 0 � 4)2 g 67(
�

+
�

0)0 g 455 b ( c eff) (5)

leadsto averysimilar relation�
log c eff l 0 � 124

�
(1 +

���������
)
m

0 � 057log(1 +
�}�2�

0) � (6)

Theserelationsprovidearoughguideto thebehaviour of numericallycomputed
isochronesfor starsfainterthan

o z l 5 � 5 asafunctionof
���������

; qualitatively,
thespreadin themainsequencesis adecreasingfunctionof thisparameter.

4. The data

Fromtheinitial sampleof about1000starsproposedfor this programme,wehave
selecteda subsamplefor which theHipparcosparallaxeshave errorsbetterthan6
percent,andeffective temperaturesandmetallicitiesaregivenin eitheror bothof
thecataloguesby CayreldeStrobelet al. (1992)andCarney et al. (1994).Where
available,thecatalogueeffective temperatures(‘old’ c eff ’s with anestimatedrms
error % 100 K) have beenreplacedwith temperaturesderived usingthe infra-red
flux methodof D.E. Blackwell by Alonsoet al. (1996);these‘new’ temperatures
do not seemto differ systematicallyfrom the ‘old’ ones,but arevery muchmore
accurate;consistency amongthreedifferentinfra-redcoloursindicatesa precision
closeto % 50 K. TableIII givesthedatafor thoseof thesubsamplethatarefainter
than

o z
= 5 � 5; effective temperaturesand metallicitiesfrom Alonso et al. are

denotedby c�~eff and[Fe/H]~ respectively.
An importantfactorin comparingstellardatawith theoreticalisochronesis the

relationshipbetweenthe metallicity [Fe/H] andthe heavy-elementmassfraction�
. In mostcaseswehaveusedtheformulaby Salaris,Chieffi andStraniero(1993)�

=
�

0(0 � 638
b��

+ 0 � 362)j (7)
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3.8 3.75 3.7 3.65

7.5

7

6.5

6

5.5

5

Figure1. 13Gyr isochronesdeducedfromPadovaevolutionarytracksshiftedby -0.009in log � eff for
x���<
�� = 0. Stellardataareplottedwith ‘new’ effective temperatureswhereavailable.The‘star’
symbolrepresentsHD 19445.Thevaluesof Z for the5 isochrones,togetherwith thecorresponding
[Fe/H], areindicatedon top of theplot.
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Figure 2. 13 Gyr isochronesfrom Padova evolutionarytracksasin Fig. 1, but for 
�����
�� = 6.
Stellardataasin Fig. 1.
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TableIII
Thesampleof lowermain-sequencestars

HIC HD V M � ] � eff ���eff [Fe/H] [Fe/H]� log Z

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 5.93 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 5.91 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 5.87 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 -3.32 �
74235 134439 9.07 6.73 0.09 4883 4974 -1.57 -1.52 -3.32 �
94931 — 8.84 6.10 0.07 4859 5004 -0.87 -0.42 -2.13 �
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 5.56 0.05 5232 -0.28 -2.02� [ � ] = [Fe/H]� [ � ] = [Fe/H]� BD +413306

where
�

0 is thesolar
�

(
�xw

= 0 � 019)scaledaccordingto [Fe/H] and
b �

is thefac-
tor by which oxygenand " -particleelementsareenhancedrelative to iron, takingb �

from PagelandTautvaišiene(1995).Thusfor [Fe/H] � m
1,
�

= 2
�

0. However,
in thecaseof HD 134439and134440wetake

�
=
�

0, following King (1997).

5. Comparison with theoretical isochrones

We have usedtwo setsof isochrones,one computedfrom Padova evolutionary
tracksnormalizedto theSunandshiftedby

m
0 � 009in log c eff tofit solar-metallicity

stars,theothercomputedby oneof us(JM) normalizedto low-metallicitystarsand
shiftedby

m
0 � 01 in log c eff to fit the low-metallicity starsof our sample.For our

purpose,anyway, it is only thespreadof theisochronesthatcounts,not theirabso-
luteposition.

In Figures1 to4,wecomparetheseisochronesfor thelowermainsequencewith
thestellardata,basedon‘new’ effectivetemperatureswhereavailable.Comparison
of the Padova isochroneswith the datasuggeststhat

���������
= 0 is excluded,

+-,�.0/21435/�687:92/<;>=@?<A0B<C0A2BED
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Figure3. 13Gyr isochronesfrom MacDonaldevolutionarytracksandshiftedby -0.01in log � eff for
x���<
�� = 2. Stellardataasin Fig. 1.
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Figure4. As Fig. 3, but for 
����<
�� = 4,
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-0.02 -0.015 -0.01 -0.005 0

Figure 5. Maximum-likelihoodregressionfor Padova 13 Gyr isochronesand‘old’ effective tem-
peraturesfor starswith 5 \ 5 ������� 7 \ 5 assuming��� eff = 100 K and � [Fe� H] = 0 \ 1. The slope
correspondsto 
����<
�� = 6 \ 2 ] 2 \ 8.

becausethe spreadof the isochronesis too great,whereas
���������

= 6 is too
large. (With the ‘old’ temperatures,

���������
= 6 actuallygivesthebestfit.) The

MacDonaldisochronesaremorewidely spacedin metallicity andcover a smaller
rangein

�`�������
; a value of 4 seemsto give a slightly betterfit than a value

of 2. However, thesevisual impressionsarelargely basedon the extremesin the
abundancerange,andthe intermediate-metallicity starsaretoo scatteredto allow
any choiceof

���������
from inspection.In thenext sectionweshalltry to improve

on thesequalitative impressionsby applying a maximum-likelihood calculation
basedonanextensionof theideaof quasi-homology.

6. Statistical analysis using quasi-homology relations

In orderto be ableto apply maximum-likelihood linear regressiontechniquesto
the data,we have carriedout numericalexperimentsusingMathematicato find
quasi-homologyrelationsanalogousto Eq.(6) applicableto thetheoretical13Gyr
isochronesin a limited rangeof absolutemagnitude,specifically5 � 5 � o{z � 7 � 5,
of theform�

(
o�z

)
�

log c eff + � log(1 +
�}�2�

0) = � � (1 +
���������

) j (8)

+-,�.0/21435/�687:92/<;>=@?<A0B<C0A2BED
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-0.02 -0.015 -0.01 -0.005 0

Figure 6. Maximum-likelihoodregressionfor Padova 13 Gyr isochronesand‘new’ effective tem-
peraturesfor starswith 5 \ 5 ������� 7 \ 5 assuming��� eff = 50 K and � [Fe� H] = 0 \ 1. The slope
correspondsto 
����<
�� = 2 \ 0 ] 1 \ 7.

where
�
(
o z

) is a normalizationto allow for the convergenceof thePadova iso-
chronestowardslow luminosities.Thespecificrelationsthatwe foundare�

log c eff

1
m

0 � 234(
o z m

6 � 0)
+ 0 � 054log(1 +

�}�2�
0) = 0 � 147

�
(1 +

�������&�
)�

0 = 0 � 0015 (9)

for Padova isochrones,and�
log c eff + 0 � 059log(1 +

���2�
0) = 0 � 128

�
(1 +

���������
)�

0 = 0 � 0025 (10)

for MacDonaldisochrones.The coefficientsarequite similar to thosein Eq. (6),
but

�
0 turnsout to bemuchlower thanthewidely quotedvalueof 0.01.

Figs.5 and6 show plots of the left-handsideof Eq. (9), normalizedto solar
metallicity, against

�
for the ‘old’ and‘new’ effective temperaturesrespectively,

with themaximum-likelihoodfit computedusingaversionof theprogramof Pagel
andKazlauskas(1992).Fromthefiguresit appearsthatthe‘old’ temperaturesgive
a poorly definedregressionwith a largeslope(i.e. large

���������
), while thenew

onesgive a moretidy regressionwith a smallerslope,but still a large error (see
TableIV). The valuesof

���������
derived respectively from the ‘old’ and‘new’

+-,�.2/01435/�6P7|92/<;>=@?<A2B�C0A2BED�A<A0FG=�D
H8I�D�JL=M3-N&O>7<=M+P7�D
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TableIV
����<
}� from regressionanalysiswith ‘new’ temperatures

Padova MacDonald
isochrones isochrones( � = 1 \ 0)

5 \ 5 �����&� 6 \ 5 3 \ 1 ] 2 \ 2 0 \ 2 ] 2 \ 5
5 \ 5 �����&� 7 \ 1 3 \ 3 ] 2 \ 0 1 \ 7 ] 2 \ 1
5 \ 5 �����&� 7 \ 5 2 \ 0 ] 1 \ 7 2 \ 6 ] 1 \ 8

temperaturesareconsistentwithin their combinederrors,but we considertheone
from the‘new’ temperaturesto bemuchmorereliable.

7. Discussion

Table IV givessomesolutionsderived from different rangesof absolutemagni-
tude.The MacDonaldisochronesgive a trendwith absolutemagnitudewhich is
absentin thecaseof thePadova isochronesandall theresultsareconsistentwith�������&�

between2 and3, but with a disappointinglylarge error. To reducethe
erroroneneedsa morecompletesampleof starswith known metallicities,effec-
tive temperaturesandparallaxes,which will becomeavailableoncethecomplete
Hipparcoscatalogueis published.

On the faceof it, our stellarvalueof
���������

is intermediatebetweenthose
claimedby ITL andby PSTEfor extragalacticH II regionswith similarmetallici-
ties,assumingthat in this respectthetwo kindsof objectshave undergonesimilar
chemicalevolution.Our resultstendto supportthatassumptionandto remove the
higherestimatesby PSTEwhichhaveinspiredchemicalevolutionmodelsof dwarf
galaxiesinvolving strongeffectsof metal-enhancedgalacticwinds (e.g.Pilyug-
in, 1993).Our resultsalsosuggestthattheprimordialheliumabundancehasbeen
somewhatunderestimatedbyOlive,SkillmanandSteigman(1997)usingdatafrom
PSTEandotherprecedinginvestigations,probablybecauseof underlyingabsorp-
tion linesin someof thelowest-abundanceobjects,andthatITL’sresult

�
P l 0 � 24

is currentlythebestestimateavailable.
Chieffi, Stranieroand Salaris(1995) have suggestedthat the mixing-length

parameter" might vary systematicallywith metallicity. If so,this couldintroduce
systematicerrorsin theestimationof

�������&�
from shifts in themainsequence.

However, suchaneffectwassuspectedfrom smalldeviationsin themain-sequence
slopewhich arenot apparentin our data,at leastwhencomparedto Padova iso-
chrones.Valuesof

���������
expectedfrom stellarmodelsarein theneighbourhood

of 2 (vandenHoek,1997),not inconsistentwith our result.

+-,�.2/01435/�6P7|92/<;>=@?<A2B�C0A2BED�A<A0FG=�D
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