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Cepheiddistanceto the vir gocluster
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Abstract. HST dataonCepheidvariablesin oneVirgoClusterspiralgalaxyis re-analyzed,taking
into accountflux-limited incompletenessin thesampleandcalibrationof theperiod–luminosityrela-
tion in therelevantperiodrange.Distanceto theVirgoClusteris estimatedto be ����� ���	�
� � (random)
�
��� � (systematic)Mpc.
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1. Intr oduction

A measurementof thedistanceto theVirgo Clusterby a directmethodalongwith a real-
istic errorestimatewould go a long way to settlethepresentdebateover thevalueof the
HubbleConstant.Ferrareseet al [1] obtaineda distanceof �
����������� � Mpc from Cepheid
observationsin M100,a nearlyface-onspiralgalaxyin theVirgo Clusterwith theHubble
SpaceTelescope(HST).This work is a re-analysisof theHSTdataon Cepheidsin M100,
basedon our studyof GalacticCepheids.Two majoraspectsof this analysisarethecali-
brationof theCepheidperiod–luminosity(PL) relation( � 2) andcorrectionfor flux-limited
incompleteness( � 3) in theobservedsample.

2. Slopeand zero point of the Cepheidperiod–luminosity relation

Normally, a singlePL relationis usedfor the entirerangeof Cepheidperiodsfrom �� �
daysto above60 days,anda slopeof ��������� is accepted.However, this is untenablewhen
we useCepheidsasstandardcandles,becausewhile the local PL relation is essentially
governedby the numerousshortperiodCepheids,thesearepreferentiallymissedin the
distanttargetgalaxiesdueto their lowerbrightness.

We determinetheslopeof thePL relationfrom severalindependentanalyses,whichare
summarizedin table1. Taking all the resultsinto account,we concludethat thereis a
definiteincreaseof theslopeof thePL relationaswe go from shortperiodsto  "!�#%$'&)(+*
�����
, . At therange���"�-,)./ �!�#0$'&)(1.���� 23, , which is therelevantperiodrangefor theM100
Cepheids,the slopehasa valuebetween�4��� 5 and �4����, . We adoptthe canonicalvalue
of �4�6� ��,��/5�����, . However, in view of thescatterin thereportedvalueof colorsbetween
variousgroups,wecannotdeterminetheslopeto furtheraccuracy.
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Table1. Variousmethodsfor determiningtheslopeof theperiod–luminosityrelation.

Galaxy Sourceof data Methodof analysis Slope Error

Milky Way Gierenet al (1998)[2] Barnes–Evanstechnique 798
: 8�;=<>;
: 8�;
LMC Variousobservers Withoutextinction correction 798
: ?�?=<>;
: ?�;

With extinction correction 798
: ?�@=<>;
: ?�@
IC4182 Sahaet al (1994)[3] With andwithout extinction correction 798
: ?�;=<>;
: ?�;

Our adoptedvaluefor A�:�AB@DCFE�G�HJI�KMLNCOA�: P�@ 798
: ?�@=<>;
: ?�@

Table2. Variousestimatesof thezeropointof theperiod–luminosityrelation.

Source Methodof determination QSR at KOTUAB; d Error

FeastandCatchpole[5] HIPPARCOSparallaxes 7WV-: ?XV <>;
:�AB;
Feast,PontandWhitelock[6] HIPPARCOSpropermotions 7WV-: ?�P <>;
:�AB8
Gierenet al [2] Barnes–Evanstechnique 7WV-: ;�Y <>;
: ;�8
MadoreandFreedman[7] LMC distance 7WV-:�ABY
(same+ Beaulieuet al) [4] Metallicity correction 7WV-: 8�;

Ouradoptedvalue 7WV-: ?XV <>;
:�AB;

Conventionally, the zero point of the PL relation is determinedby estimationof the
LMC distancemodulus. However, the LMC distancemodulusderived throughdifferent
methodsvary between18.3and18.7mag. Also, the metallicity dependenceof the zero
point of the PL relation [4] addsto the uncertaintyin the estimationof LMC distance
throughCepheids.Thuswepreferadditionalcalibrationsof thezeropoint throughseveral
independentandcomplimentarymethods.Theseincludethe recentparallaxandproper
motion measurementsof nearbyCepheidsby the HIPPARCOSsatelliteandthe infrared
Barnes–Evanssurfacebrightnesstechnique,whichis insensitiveto Cepheidmetallicityand
reddening.Thevariousmethodsandour adoptedvalueof thezeropoint aresummarized
in table2.

Soour final adoptedperiod–luminosityrelationis Z\[^]_�4������,6$` �!�#6$'&)(a�b�-(>�dc0� ��c .

3. Incompletenesseffectsin M100 Cepheidobservations

About 70 Cepheidvariablesin M100 wereobserved in the V andI bandsby theHubble
SpaceTelescopeundertheKey Projecton theExtragalacticDistanceScale[1]. Fromthis
sample,wehaveanalyzed60Cepheidswhich haveperiodsbetween15 and70 days.

At the low signalto noiselevels for theshortperiodM100 Cepheidsthereis possibil-
ity of only thebrighterCepheidsbeingpreferentiallydetected,thuscausinga systematic
over-estimationof the brightnessat a fixedperiod. On comparingthe numberdensityof
Cepheidsasa functionof periodof theHSTsampleof Cepheidsin M100with thereason-
ablycompletesampleof GalacticCepheids(takenfrom theGalacticCatalogueof Variable
Stars[8]), wefind thedistributionsto beverysimilarat longperiods,which is notsurpris-
ing sincewe do not expectany flux-limited incompletenessfor the brighter long period
Cepheids.However, atperiodsshorterthan30daysthenumberdensityof M100Cepheids
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Cepheid distance to the virgo cluster

shows a sharpdecreaseascomparedto the Galacticdistribution. This we attribute to a
systematicincompletenessdueto thesamplebeingflux–limited.

Wealsofind thatthebestfit slopeof thePL relationfor longperiodCepheids(  �!�#0$'&)(De
��� cf� ) in M100 is �4����� , which agreeswell within errorswith the expectedvalue. On the
otherhand,a muchshallower PL relationwith a slopeof ����� � is obtainedfor theshorter
periodCepheids(  �!�#%$g&)(	.h��� ci� ). This confirmsthe propositionthat thereexists a sys-
tematicbias(commonlyknown astheMalmquistbias)dueto flux-limited incompleteness
at shortperiods.

Basedon a simplemathematicalanalysisof the numberdensitydistribution of M100
Cepheidsanda numericalsimulationof the incompletenessproblem,we find that a cor-
rectionof 0.36magfor Cepheidswith periodsshorterthan25 daysis necessaryto offset
thebias.

4. Distanceto vir gocluster and the hubble constant

Extinction correctionfor M100 Cepheidswascarriedout on the basisof period–color–
amplituderelationsobtainedfrom analysisof GalacticCepheids.The final resultfor the
Cepheidvariablesin M100, after correctionsfor incompletenessandextinction, is given
by theperiod–j -magnituderelation:

k jSlnmo]_�4������54$g "!�#�$g&)(>�/��� c�23(Wp\��,i� ��, (1)

which givesa distancemodulusof 31.46mag,with the adoptedslopeandzeropoint of
thePL relationandtheoverallcorrectionof 0.05magdueto shift in theobservationalzero
point calibration[1]. Takinginto accountall thesystematicandrandomerrorsinvolvedin
theanalysisandthepositionof M100 relative to thecenterof Virgo Cluster, thedistance
to theVirgoCenteris estimatedto be �
q�� �4�r����� (random)�+�i� � (systematic)Mpc.

Adoptinga Virgo recessionvelocityof ���J�J5
�s2�5 km stNu , theHubbleConstantis

v mo]r��5��b,)$gwyx�z6{i!�|}(W�\2~$g���f�B����|}xJ������(W�f|/� tNu���� � tNu (2)
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