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IntroductionIntroduction
CarbonCarbon::

EarlyEarly--typetype OB OB starsstars::

CarbonCarbon abundanceabundance OBOB--starsstars::

•• oneone of of mostmost abundantabundant ‘metals‘ in ‘metals‘ in universeuniverse
•• createdcreated in 3in 3αα reactionreaction ((evolvedevolved starsstars))
•• CNO CNO cyclecycle (H (H He massive He massive starsstars))
•• basisbasis of of organicorganic chemistrychemistry

•• luminousluminous: ~10: ~104 4 LLsunsun

•• youngyoung: ~10: ~1077 yrsyrs
•• massive: ~10 massive: ~10 MMsunsun

•• presentpresent--dayday abundancesabundances ( ≡ ISM)( ≡ ISM)
•• chemicalchemical evolutionevolution
•• stellar stellar evolutionevolution

Sun

Galactic & extragalactic
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HistoryHistory of of AbundancesAbundances εε(C(C) in ) in OBOB--typetype Stars             Stars             
•• LongLong--standingstanding problemproblem: last ~ 40 : last ~ 40 yearsyears
•• nonnon--LTELTE effectseffects: : notnot well well understoodunderstood
•• εε(C(C IIII) ) strongstrong lineslines ≠ ≠ εε(C(C IIII) ) weakweak lineslines

•• StrongStrong lineslines: : C C IIII 42674267,, 6578/836578/83 ǺǺ: : 
-- veryvery sensitive to sensitive to nonnon--LTELTE effectseffects
-- importantimportant forfor extragalacticextragalactic applicationsapplications

•• εε(C(C IIII)  ≠  )  ≠  εε(C(C IIIIII)):: no no ionizationionization equilibriumequilibrium

ε(C)=log(C/H)+12
Introduction
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IntroductionIntroduction

CarbonCarbon AbundancesAbundances of OB of OB starsstars in in thethe Solar Solar VicinityVicinity

1 dex !

Real from stellar/chemical
evolution ??

Artifact from the analysis ??

large large scatterscatter

subsub--solar solar 
Also N, O, Mg, Si, etc. 

Young OB stars: metal poor ??

Inconsistent with chemical
evolution !

1.6 dex !
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AimsAims of of thisthis workwork

Solution Solution classicalclassical nonnon--LTELTE problemproblem εε(C(C) ) OBOB--starsstars
ConstructConstruct a a reliablereliable C C II/III/IVII/III/IV modelmodel atomatom
calibratedcalibrated withwith GalacticGalactic starsstars
Special Special emphasisemphasis: : 

-- selectionselection inputinput atomicatomic datadata
-- accurateaccurate atmosphericatmospheric parametersparameters ((TTeffeff, log g, etc.), log g, etc.)

BroadBroad applicationapplication of of modelmodel atomatom to to otherother objectsobjects
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AtomicAtomic
PhysicsPhysics

Model Model 
AtomsAtoms

Stellar Stellar 
AtmospheresAtmospheres

Quantitative Spectroscopy

NonNon--trivialtrivial processprocess (at all !)(at all !)

AccuracyAccuracy dependsdepends on all on all stepssteps of of analysisanalysis

DifficultDifficult: : controllingcontrolling systematicsystematic effectseffects

SpectraSpectra

TheoryTheory: : syntheticsynthetic lineslines

ObservationsObservations

ChemicalChemical
AbundancesAbundances

• Absolute values
(Physics)

• Not relative to 
other stars or Sun

Line Line fitsfits

OurOur MethodologyMethodology
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TheoryTheory

Model Model atmospheresatmospheres:: LTE LTE hydrostatichydrostatic metalmetal--blanketedblanketed
in plane parallel in plane parallel geometrygeometry (ATLAS9: (ATLAS9: KuruczKurucz 19931993) ) 

NLTE NLTE lineline formationformation: : 
RecentRecent versionsversions ofof
DETAIL (DETAIL (GiddingsGiddings, 1981, 1981))
SURFACE (SURFACE (Butler & Butler & GiddingsGiddings 19851985))

StateState--ofof--thethe--artart modelmodel atomsatoms::
C C II/III/IVII/III/IV ((NievaNieva & & PrzybillaPrzybilla, 2006d, in , 2006d, in prepprep.).)

H (H (PrzybillaPrzybilla & Butler 2004& Butler 2004))
He He I/III/II ((PrzybillaPrzybilla 20052005))

radiative transfer & 
statistical equilibrium

for non-LTE
calculations

Hybrid non-LTE approach

(Nieva & Przybilla 2006b, A&A, accepted)
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ObservationsObservations

6 6 earlyearly--BB IIIIII--V V apparentlyapparently slowslow--rotatorsrotators
21500 < 21500 < TTeffeff < 32000 K< 32000 K
3.1 < log 3.1 < log gg < 4.3 < 4.3 dexdex
randomlyrandomly distributeddistributed in solar in solar vicinityvicinity (< 1 (< 1 KpcKpc))
fromfrom associationsassociations and and fieldfield
SpectraSpectra: : high S/N FEROShigh S/N FEROS (ESO) (ESO) datadata
SpectraSpectra: : nearnear--IRIR (FOCES, SUBARU: (FOCES, SUBARU: CalarCalar AltoAlto, , 
Hawaii) Hawaii) forfor 2 2 starsstars
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Step 2: Carbon Our Analysis
Step 1: H, He I/II

No grids ! 

Detailed analysis
for each star !

Solve the
atmosphere

Fine tunning
for atmospheric

parameters

Calibration of 
model atom

+
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M=I ?

σ[ε(C)] min?

Step 2: Carbon

Initial Teff , log g

NLTE C populations

Synthetic H/He/C profiles

Modified Teff , log g

yes

Initial Teff , log g, ξ, 
ζ, ε(He), v sin i

NLTE H/He populations

Synthetic H/He profiles

Parameter verification

Modified Teff , log g, ξ, 
ζ, ε(He), v sin i

M=I ?

Final Teff , log g, ξ, ζ, 
ε(He), v sin i

To Step 2

yes

M

I

no

M

I

no

Empirical calibration of 
C model atom

New set of atomic data

Comparison with
observed spectra

Stellar atmosphere

Comparison with
observed spectra

Parameter verification

Our Analysis

• Accurate Stellar Parameters

• Calibrated C model for 1 Star

• Accurate Carbon Abundance

Teff , log g, ξ, ζ, ε(C), v sin i

Same procedure for:

Step 1: H, He I/II

• 6 early-B III-V stars

• 21500 < Teff < 32000 K

• 3.1 < log g < 4.3 dex

Verify Step 1

No grids ! 

Detailed analysis for
each star !

Variables:

~200 levels

> 1300 radiat. transitions

> 5300 collis. transitions
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NearNear--IRIR
SimultaneousSimultaneous fitsfits to all to all mesurablemesurable H/He H/He lineslines

Nieva & Przybilla, 2006b, A&A, acceptedData: FEROS, ESO

H Balmer

He I

He II

HR 3055

VisualVisual

H Paschen

Data: FOCES, Calar Alto, Spain

He I K-Band 

Data: Subaru, Hawaii
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Abundances from line profile fits (similar values)

Nieva & Przybilla, 2006c (in prep.)

Spectra: FEROS, ESO

4267

up to 40 lines !!Carbon: quality of spectra/fits
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SensitivitySensitivity of of CarbonCarbon AbundanceAbundance to to 
AtmosphericAtmospheric ParametersParameters

TypicalTypical systematicsystematic discrepancydiscrepancy
fromfrom thethe literatureliterature in in TTeffeff

TTeffeff : : --2000 K2000 K

C C IVIV up to up to +1.1 +1.1 dexdex!!
C C III III up to up to +0.35 +0.35 dexdex!!
C C II II up to up to --0.35 0.35 dexdex!!

OurOur solutionsolution forfor HR 3055:  HR 3055:  
TTeffeff = 31200= 31200±±200 K 200 K 
log log g g = 3.95= 3.95±±0.05 0.05 dexdex

Discrepancies increase
with ≠ atomic data !!

4267

65786583

log Wλ

Weak lines Strong lines

ε(C)
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Results: NonResults: Non--LTE C abundances from individual linesLTE C abundances from individual lines

Solution to C II/III/IV and C II/III ionization 
equilibrium even for lines very sensitive to 

non-LTE effects !!

NonNon--LTE vs. LTELTE vs. LTE
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ε(C)OB*≈ ε(C)Sun

(accurate results)

AccurateAccurate PresentPresent--Day Carbon Day Carbon 
Abundances in the Solar VicinityAbundances in the Solar Vicinity

Our results vs. literatureOur results vs. literature

avoids systematic errors in 
atmospheric parameters 

and atomic data

ε(C)OB*= 8.33 ± 0.03 (only uncertainties)
ε(C)Sun = 8.39 ± 0.05 (total error)
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SummarySummary
State-of-the-art C II/III/IV model atom empirically calibrated 
(for NLTE calculations)
Critically selected input atomic data
Highly accurate stellar parameters/C abundances almost free 
of systematic errors
Metal abundances (C,N,O,Si,Mg,Al,...) of different kind of 
objects: HVS, EHS, SdBs, LMC (see References)

Solution to C II/III/IV ionization equilibrium
Solution to classical C II λλ 4267/6578-82 Ǻ problem
possible applications to fast-rotators and extragalactic objects
Unprecedent and highly uniform C abundance for 6 early B-
type stars (nearly solar!): agreement with chemical evolution 
for the first time!

ConclusionsConclusions
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