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Standard Stellar Evolution Theory
H=10-4M*

He=10-2M*

C/O C/O

Optically thick. 

Ph t h 1 k ( 10 14M )Photosphere ~ 1 km (~10-14M*)

Teff = 12,510 K    log g = 8.03 Teff = 21,660 K    log g = 8.16



Rauch & Werner 1995



Outline
•• A brief introduction: stellar evolution and whiteA brief introduction: stellar evolution and whiteA brief introduction: stellar evolution and white A brief introduction: stellar evolution and white 

dwarf starsdwarf stars
•• Carbon (and oxygen) in white dwarf starsCarbon (and oxygen) in white dwarf stars•• Carbon (and oxygen) in white dwarf starsCarbon (and oxygen) in white dwarf stars

-- white dwarfs with traces of carbonwhite dwarfs with traces of carbon
b d i t d t h hit d fb d i t d t h hit d f-- carbon dominated atmosphere white dwarfscarbon dominated atmosphere white dwarfs

-- Future research directionsFuture research directions
•• Planets and abundance determinationsPlanets and abundance determinations

-- white dwarfs with traces of metalswhite dwarfs with traces of metals



Dufour et al., 2005

ApJ, 627, 404
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Stars with Unusual Compositions: Carbon and Oxygen in Cool White Dwarfs

P DufourP. Dufour

Review chapter to be published in “White Dwarf Atmosphere and Circumstellar 
Environments” D W Hoard (Ed ) Wiley-VCH ISBN 978-3-527-41031-6Environments , D. W. Hoard (Ed.), Wiley VCH, ISBN 978 3 527 41031 6

He=10-2M*He 10 M*

C/OC/O





Pure Helium

Log C/He = 0

Log C/He= 1

Pure Carbon



Once you have eliminated the impossible, 
whatever remains however improbable must bewhatever remains, however improbable, must be 
the truth.
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Standard Stellar Evolution Theory
H=10-4M*

He=10-2M*

C/O C/O

C/O ?

M /N /O?Mg/Ne/O?

Fe ?



Bl k H l ~97%Black Hole 97%

Neutron star



IFMR : Relationship between the progenitor’s mass on MS and 
the final mass as a white dwarfthe final mass as a white dwarf

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

C t l t l 2008Catalan et al., 2008

Log g ~ 9.0g g

Log g ~ 8.0



Model Atmosphere GridsModel Atmosphere Grids
Teff = 16,000 to 25,000 K in steps of 1,000 KTeff  16,000 to 25,000 K in steps of 1,000 K

Log g = 7.5 to 10.0 in steps of 0.5

Several grids calculated for various H He and O abundances (traces)Several grids calculated for various H, He and O abundances (traces)



MMT (6.5 m), Mont Hopkins, Arizona

(10 nights)(10 nights)



14 carbon atmosphere White Dwarfs known      
(out of ~30,000 catalogued WD)(out of 30,000 catalogued WD)

Keck













Stark Damping ConstantStark Damping ConstantStark Damping ConstantStark Damping Constant
Classical approximation:In collaboration with:In collaboration with:Classical approximation:

 = Ne*10-8 n ff
5, n ff

2 = RZ ff
2 /(i -  )

In collaboration with:In collaboration with:
Sylvie Sahal-Brechot, Observatoire Paris-Meudon, France

Milan S Dimitrijevic Astronomical Observatory Belgrade Serbia∫ H dTeff
4 /4s  Ne 10 neff ,  neff  RZeff /(ion upper)

which is a fit by Peytremann (1972) to detailed calculations by Sahal-Bréchot 
& Segre (1971)

Milan S. Dimitrijevic, Astronomical Observatory, Belgrade, Serbia

Nabil Ben Nessib, Institut National des Sciences Appliquées et de Technologie, 
Tunisie

∫ H d Teff /4

& Segre (1971)

Width and Shift:

Tunisie

-Mahmoudi, Ben Nessib and Sahal-Bréchot, Physica 
Scripta, Volume 70, Issue 2, pp. 142-152 (2004).

VALD data

-Ab initio Stark broadening calculations 
performed within the Semi-Classical

Scripta, Volume 70, Issue 2, pp. 142 152 (2004).

But only for 5 lines 
performed within the Semi Classical 
Perturbation (SCP) formalism using 
TOPBASE R-matrix atomic structure.TOPBASE R matrix atomic structure.

-available soon in VAMDC (Virtual Atomic 
d M l l D t C t )and Molecular Data Center)





Log g max (Salpeter T=0)Log g max (Salpeter T 0)
(1961, ApJ, 134, 669)

There is a maximum mass, corresponding to a maximal central density, 
above which hydrostatic equilibrium is no longer possible (fermion gas 

i i Ch d kh li i )statistics → Chandrasekhar mass limit)

C12 9 91C12 →   9.91

Mg24 → 9.75g

Fe56 → 9.49

8th Serbian Conference on Spectral8th Serbian Conference on Spectral 
Line Shapes in Astrophysics
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geocoronalg



Pure Carbon, Teff = 30,000 K




P C b T 10 000 KPure Carbon,   Teff = 10,000 K

Log C/He = -3, Teff = 10,000 K



PG1159
Typical Abundance:Typical Abundance:

33% He

50% C50% C

15% O

2% Ne

Werner & Herwig 2006



H1504+65H1504+65

• Teff ~ 175,000 K – 200,000 K
• Log g = 8
• C ~ 48 %• C ~ 48 %
• O ~ 48 %%
• He < 1 %
• Combustion beyond carbon ?

O/N /M ?• O/Ne/Mg core ?



E ol tionEvolution

DA PG1159
Helium-richHydrogen-rich

H1504+65
H and He poor

DO
DA PG1159H1504+65150,000 K

DO

DB

DQDC
Hot DQ

4000 KDC DQ (2nd sequence ?)~4000 K



Pulsation ? 
Pure Hydrogen        ZZ Ceti (12,000-13,000 K)

Pure Helium            V777 Her (22,000-25,000 K)

Carbone/Oxygen     ???

Discovery of a new pulsating star class!

-Open a new window for asterosismological studies 
(information on the internal structure of the star)

McDonald Observatory, 
Texas (2.1m)



14 Hot DQ stars known/ 9 magnetic / 5 pulsating



Kuiper Telescope, Mont Bigelow, Arizona (1.6m)





ConclusionsConclusions
-New type of stars with a Carbon/OxygenNew type of stars with a Carbon/Oxygen 
surface (Dufour et al. 2007)

f ti d i i ?-formation and origin?

-High mass (progenitors ~7-10 Msun) ?g (p g sun)

-O/Ne/Mg core ?

-New generation of model atmosphere 
including state of the art Stark broadening 

-HST (COS)

-Pulsations / magnétism
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Dufour et al., 2007

ApJ, 663, 1291

H: très sensible à la 
présence d’hydrogène  

H & K (Calcium II) 
Photmetrie ugriz  Température









Statistical analysis of 142 DC et 146 DZ:

No correlation between the position of WD with and 
without metals vs Interstellar medium





Gemini (8m)



Keck (10m)
Spitzer (0.85m)

Hubble (2.4m)( )

Gemini (8m)



=0.966RTerre

Ceres

Total M > 4.3 x 1023 g





Only a few white dwarfs with several metals known so far 

----

The study of white dwarfs with extreme metalThe study of white dwarfs with extreme metal 
polution is the ONLY known technique (other than 
go there and dig!) to obtain the internal chemicalgo there and dig!) to obtain the internal chemical 
compositions of extrasolar planetesimals/planets.



Thank You



Âge de l’amas (”Turnoff”) – Âge WD (M, Teff) = Temps de vie sur séq. princ. 

Masse du progéniteurM35
















