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Stellar EvolutionStellar Evolution

Mass < 10  Mass < 10  MMsunsun : White Dwarf: White Dwarf

10  10  MMsunsun < Mass < 25  < Mass < 25  MMsunsun : Neutron Star: Neutron Star Mass > 25  Mass > 25  MMsunsun : Black Hole: Black Hole





Planetary NebulaPlanetary Nebula

Observed by the Hubble Space TelescopeObserved by the Hubble Space Telescope



Sirius and the White DwarfSirius and the White Dwarf

SSííriusrius BB



White dwarfs pulsate as they coolWhite dwarfs pulsate as they cool



Intensity Changes With TimeIntensity Changes With Time

Multiperiodic, P=71s to 1500s, amp=4 mma to 300 mma



Pulsating White DwarfsPulsating White Dwarfs

�� Internal structure of the white dwarf Internal structure of the white dwarf 
((SNIaSNIa progenitors)progenitors)

�� Cooling timescaleCooling timescale
�� Age of the oldest stars in our galaxy Age of the oldest stars in our galaxy 

HighHigh energyenergy andand highhigh densitydensity physicsphysics



Pulsating White DwarfsPulsating White Dwarfs

�� White Dwarfs ~ 6000 White Dwarfs ~ 6000 (doubled in 2004)(doubled in 2004)
�� Variable~ 115 Variable~ 115 (tripled in 2004)(tripled in 2004)

�� DOVDOV TTeffeff =160 000=160 000--75 000K               75 000K               
10 known, M= 10 known, M= --11

�� DBVDBV TTeffeff = 25 000= 25 000--22 000K22 000K
13 know, M= 813 know, M= 8

�� DAV   DAV   TTeffeff = 12 000K = 12 000K 
92  known, M=1292  known, M=12

Structure Structure –– SNIaSNIa progenitorsprogenitors



 Fourier Transform of GD358 data

DBV GD 358DBV GD 358



Pulsations Pulsations …… SeismologySeismology



Pulsations/Seismology: YPulsations/Seismology: Y10  10  e Ye Y1111



PulsationsPulsationsare globalare global



Observations: 1.6 m telescopeObservations: 1.6 m telescope
LaboratLaboratóório Nacional de Astrofrio Nacional de Astrofíísicasica

BrasBrasóópolis, MGpolis, MG



WholeWholeEarthEarth TelescopeTelescope



Mass determinationMass determination

�� UV UV spectraspectra

�� Optical spectra Optical spectra 

�� TTefef = 12 500K= 12 500K

�� Massa = 1,1 MMassa = 1,1 Msolsol

0,6 0,6 MMSolSol



MassMassdistributiondistribution

300 stars PG 300 stars PG surveysurvey



SDSSSDSS

WeWefitfit allall 1872 DA 1872 DA whitewhitedwarfsdwarfsin SDSSin SDSS



SDSS SDSS TTeffeff determinationdetermination



SDSS log g determinationSDSS log g determination



TransiTransiçção de fase para cristalão de fase para cristal

A parte pontilhada corresponde a P(lA parte pontilhada corresponde a P(lííquido quântico)/P(gquido quântico)/P(gáás ideal) > 1. Efeitoss ideal) > 1. Efeitos
quânticos iônicos são importantes quânticos iônicos são importantes àà direita desta linha (direita desta linha (θ=1).θ=1).
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DAV DAV instabilityinstability stripstrip

NeedNeedhighhigh S/N S/N spectraspectraofof variablesvariablesand and nonnon--variablesvariablesto refine to refine TeffTeffand and loglog gg
NeedNeedto to findfind more more variablesvariablesand and nonnon--variablesvariablesto determine to determine loglog g g dependencedependence



Most Massive Pulsating WDMost Massive Pulsating WD



BPM37093 BPM37093 –– Diamond in the SkyDiamond in the Sky!!

1010’’

22 oo = 12 = 12 x x 1010’’

17 light yr distant17 light yr distant
(40 quadrillion km(40 quadrillion km))



Light CurveLight Curve



CrystallizationCrystallization

OO

CC



Pulsations PresentPulsations Present



Period in secondsPeriod in seconds

637637

633633
614614 601601 582582

565565 548548
563563



Phase DiagramPhase Diagram



Crystallized or notCrystallized or not??





BPM37093 in 1999BPM37093 in 1999



SuperSuper--Diamond?Diamond?

�� DiamondDiamond
�� C crystalC crystal

�� FCCFCC

�� 3,08A between atoms3,08A between atoms

�� 2 shared electrons2 shared electrons

�� T < 8000 KT < 8000 K

�� 10 K atm < P < 1,2x1010 K atm < P < 1,2x1088 atmatm

�� BPM37093BPM37093
�� C C crystalcrystal
�� BCCBCC
�� 0,01A between nucleons0,01A between nucleons
�� all electrons are free all electrons are free 

(degenerate)(degenerate)
�� T = 7 million KT = 7 million K
�� P = 5x10P = 5x101818 atmatm
�� ρ ρ = 36 Ton/cm= 36 Ton/cm33

�� EEionsions> 2kT  (quantized)> 2kT  (quantized)

�� metallic quantum crystalmetallic quantum crystalmetallic quantum crystalmetallic quantum crystalmetallic quantum crystalmetallic quantum crystalmetallic quantum crystalmetallic quantum crystal

oo
oo



DBV DBV instabilityinstability stripstrip

BBáárbara Castanheira rbara Castanheira -- IUEIUE



181 periodicities detected181 periodicities detected

�� Mass of each layerMass of each layer

�� M(R): Luminosity M(R): Luminosity --> distance> distance

(1/10 uncertainty of parallax)(1/10 uncertainty of parallax)

�� Rotation law(r) [splitting (k)]Rotation law(r) [splitting (k)]

�� Magnetic field limit (6000 G)Magnetic field limit (6000 G)

�� 66thth order harmonics and combinationsorder harmonics and combinations



Nuclear Nuclear reactionreactionraterate

••QuantityQuantity ofof 22 22 Ne dependes Ne dependes mainlymainly onon

σ [C12(α,γ)Ο16(α,γ)Ne20(α,γ)Mg24(α,γ)]

NonNon
ResonantResonant
ReactionReaction

T > 108 K and  ρ > 10 5  g/cm3

UncertaintyUncertainty is is aroundaround 50%!50%!





C(C(α,γα,γα,γα,γα,γα,γα,γα,γ)O)O

SS300300



ModeModeidentificationidentificationwithwith HSTHST
Chromatic amplitude changes



GD358 GD358 modemodeidentificationidentificationHSTHST

�� BBáárbara Castanheira rbara Castanheira 
�� l = l = 1 for k=8 1 for k=8 andand 9 in 19969 in 1996
�� probablyprobably l = l = 1 for 1 for otherother modesmodes in 2000in 2000



GD358 GD358 modemodeidentificationidentificationHSTHST

�� BBáárbara Castanheira rbara Castanheira 
�� l = l = 1 for k=8 1 for k=8 andand 9 in 19969 in 1996
�� probablyprobably l = l = 1 for 1 for otherother modesmodes in 2000in 2000



PNNV PNNV –– DOV DOV instalibilityinstalibility stripstrip



Period (sec)Period (sec)

PG1159PG1159--035035



Frequency (µHz)

All

PG1159-035



PG1159PG1159--035: 035: 101 pulsations detected101 pulsations detected

�� TTeffeff = 140 000K= 140 000K

�� Total mass : (0.586 +/Total mass : (0.586 +/-- 0.001) M 0.001) M SunSun

�� M(R): Luminosity M(R): Luminosity --> distance> distance

�� Mass of external layersMass of external layers

�� no harmonics or linear combination no harmonics or linear combination 

(no convection zone)(no convection zone)



PG1159PG1159--035 035 modesmodesdetecteddetected

k=14 - 42
∆ P=21.43s

M=M=M=M=0.586+0.001MMMMSun

J. Edu S. Costa
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P=516s

dP/dt=(12.8+0.1)x10-11 s/s

DirectDirect MethodMethoddPdP//dtdt



ButBut periodperiod increasesincreaseswithwith time!time!

1s/300 1s/300 yearsyears



MostMoststablestableopticaloptical clockclockknownknown



MostMoststablestableopticaloptical clockclockknownknown

DAVDAV



G117G117--B15A                       2004B15A                       2004

P=215s

P=215s



Stable?Stable?

Time Time scalescale = = .

P

P ≅ 2.2 Gyr

Pulsars with dP/dt = 10-18 s/s have timescale 0.1 Gyr, but
PSR B1885+09, with P=5.3 ms and  dP/dt=1.8x10-20 s/s 
has timescale of 9.5 Gyr.



AxionsAxions

mmax ax cos2cos2β β << 4 4 meVmeV
EEvvacuumacuum>>2,5GeV2,5GeV

&



AxionsAxions

mmaxax > 1 > 1 µµeVeVoror ΩΩaxax > 1> 1
tantan β: β: ratioratio ofof thethevacuumvacuumenergyenergyofof thethetwotwo HiggsHiggsfieldsfields



Gravitons? Gravitons? 

BiesadaBiesada& & MalecMalec (2002) Phys Rev D, 65(2002) Phys Rev D, 65
dP/dtdP/dt: the string mass scale : the string mass scale 

MMs s >> 14,3 TeV/c14,3 TeV/c22 for 6 dimensionsfor 6 dimensions
for for KaluzaKaluza--Klein gravitons.Klein gravitons.

The limit is negligible for higher dimensionsThe limit is negligible for higher dimensions



Variable G?Variable G?

Asteroseismological bound on G/G  from pulsating white dwarfs
Omar G. Benvenuto, Enrique García-Berro, and Jordi Isern

PHYSICAL REVIEW D 69, 082002 (2004)

.



Why do pulsation periods changeWhy do pulsation periods change??

...

R

R
b

T

T
a

P

P +−=

•R = 9,6 x 108 cm, dR/dt = 1 cm/yr
•Tnucleus=12 million K, dT/dt = 0.05 K/year

..
025,0

T

T

R

R =

DAV

Cooling dominates!



PhotonPhotonvsvsneutrino neutrino emissionemission





The Feynman diagramThe Feynman diagram

−e−e

γ

νν



Plasma neutrino (Plasma neutrino (WeakWeakinteractioninteraction))



Two keysTwo keys……

�� To excite the plasmon we must haveTo excite the plasmon we must have

�� The plasma frequency is much higher The plasma frequency is much higher 
for a degenerate gas, and increases for a degenerate gas, and increases 
with increasing densitywith increasing density……

kTh o ≤ω



EC 20058

GD 358



DBVsDBVs: : dP/dtdP/dtand Plasmon Neutrinos:and Plasmon Neutrinos:33--4!4!



Luminosity Function and Age of the GalaxyLuminosity Function and Age of the Galaxy

Age of the disk:Age of the disk: 99 ±± 2 yr2 yr
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Age of the UniverseAge of the Universe

Age = (11,5 Age = (11,5 ±± 2,7) 2,7) billion yearsbillion years

Age of UniverseAge of Universe= = 

Age of disk + Halo + Formation of galaxyAge of disk + Halo + Formation of galaxy

9 9 ±± 22 1,5 1,5 ±± 1,51,5 1 1 ±± 1 1 billion  yrbillion  yr



HST: HST: Galaxies formed 1 Galaxies formed 1 GyrGyr after after 
BigBig--BangBang



White White dwarfsdwarfsin globular cluster  M4in globular cluster  M4

2002 2002 –– 8 8 daysdaysofof exposureexposurewithwith HSTHST
Age= 12.7Age= 12.7+ 0.7 0.7 GyrGyr

Disk corrected

wewewillwill do do otherotherglobularsglobularswithwith SOARSOAR





Age of Age of thetheUniverseUniversein 2004in 2004

••CMB CMB -- WMAP = WMAP = (13.7(13.7++0.2) 0.2) GyrGyr
••Hubble Hubble constantconstant: 1/H =   : 1/H =   (12 (12 ++ 1) 1) GyrGyr
••Globular clusters:          Globular clusters:          (13.2 (13.2 ++ 1.5) 1.5) GyrGyr
••RadiactiveRadiactive decaydecay:             :             (12.5 (12.5 ++ 3) 3) GyrGyr
••CoolingCooling ofof whitewhite dwarfdwarf stars:stars: (12.7 (12.7 ++ 0.7) 0.7) GyrGyr
••DistancesDistances to to SNIaSNIa:                                   :                                   14.914.9++ 1.4 (0.63/h)Gyr,1.4 (0.63/h)Gyr,ΛΛ

10 10 yearsyears agoago onlyonly whitewhite dwarfsdwarfs gavegave ageage
smallersmaller thanthan 15 15 billionbillion yearsyears::

SN1987ASN1987ANGC6903NGC6903 CenACenA SNIaSNIa



Spectra of DA, DB and DOSpectra of DA, DB and DO



ModeModeidentificationidentificationwithwith SOAR SOAR 



Find more variablesFind more variables

Frequency (Hz)Frequency (Hz)
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P=647s; A=48mmaP=647s; A=48mma

(V=18.6)(V=18.6)

P=329s; A=22mmaP=329s; A=22mma



Detection of extraDetection of extra--solar planets solar planets 

Spectroscopy: detection of radial velocity variation around the center of mass



G117G117--B15A                       2004B15A                       2004

P=215s

P=215s



JupiterJupiteraroundaroundG117G117--B15A?B15A?

P=11.86 years, a=5.2 UA



SaturnSaturnaroundaround??

P=29.46 years, a=9.5 UA



Search for planetary companions Search for planetary companions 

monitoring changes in pulse arrival time monitoring changes in pulse arrival time 
due to motion of star around due to motion of star around barycenterbarycenter..

Orbit around 
center of mass with 
planetary companion



Doppler Sectroscopic Method

(Current Limits)

Pulsating White 
Dwarf  Method 
(Current Limits)



Region of Planet DetectionRegion of Planet Detection

Quantitative
Theoretical 
Limits of Stability?

Time
Squared















PMTPMT

CCD CCD vsvsPMTPMT



CCD CCD vsvsPMTPMT



Measured Amplitude DifferenceMeasured Amplitude Difference



Change in AmplitudesChange in Amplitudes



Amplitude Amplitude vsvsWavelengthWavelength





CCD Data AnalysisCCD Data Analysis



ThatThat’’ s all folkss all folks!!



MusicMusic??


