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Dwarf Stars? 

What Are White Dwarf Stars? 



The white dwarf proposal is a poster-child for IHEDS!

Measurements of lines at White  
     Dwarf photospheric conditions  

Cosmochronology 

 Age of universe 
 Age and history  

 of the galaxy 

Asteroseismology 

Accurate Observed  
     Masses Spectra give 

    unphysical masses 

Q: How do we improve our understanding of 
white dwarf photospheres? 
A: By going from telescope to laboratory and 
back again… 



Spectral Line-Broadening in White Dwarf Photospheres PI: Winget

Fig. 14.— (left panel): The observed space density of white dwarfs (points), with the theoretical the “white
dwarf luminosity function” as a function of intrinsic luminosity. The curves are theoretical models assuming
a given age for star formation in our Galaxy. (right panel): The cooling time for a white dwarf to reach a
given luminosity (solid curve: L = 10−4.5L⊙; dashed curve: L = 10−4.3L⊙) as a function of its mass.
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Fig. 15.— Hertzsprung-Russell diagram showing the locations of pulsating stars. The regions labeled
DAV, DBV, and DQV denote the pulsating WDs. Our group was the first to find pulsations in the carbon-
dominated DQVs (Montgomery et al. 2008).
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(left panel): The observed space density of white dwarfs (points), with the theoretical 
the “white dwarf luminosity function” as a function of intrinsic luminosity. The curves 
are theoretical models assuming a given age for star formation in our Galaxy.  



Kepler et al. (2007) 

• DA (hydrogen) 
• DB (helium) 



Mean DA Mass from Gravitational Redshift 
=> this isn’t physical 



Spectral Line-Broadening in White Dwarf Photospheres PI: Winget

∆λ (Å)

Fig. 1.— (from Tremblay & Bergeron 2009): Theoretical hydrogen line profiles as a function of distance
from the line center, ∆λ. The plasma conditions assumed are T = 10,000 K and ne = 1017cm−3. The recent
calculations of Tremblay & Bergeron are shown as the solid (red) lines and the previous Vidal-Cooper-Smith
(VCS) calculations are shown as the dashed (black) lines.

2. BACKGROUND: COMPETENCE, EXPERIENCE, AND PAST

PERFORMANCE OF RESEARCH TEAM

This group has already produced experimental results demonstrating our ability to achieve the relevant
astrophysical plasma conditions and compositions on the Z-platform. Drs. G. Rochau and J. Bailey have
led the Sandia team to numerous successful astrophysical measurements with Z, including measurements of
iron opacities. This has resulted in several significant publications cited in the proposal.

Prof. Winget was a founder of the fields of WD cosmochronology and asteroseismology, and Dr. Mont-
gomery and he are experts on most aspects of WDs, including asteroseismology. Their expertise includes
observations, theory, and modeling. Ross Falcon, a graduate student at the University of Texas, and current
holder of the National Physical Science Consortium (NPSC) Graduate Fellowship, made the first measure-
ments of the mean mass of WDs using gravitational redshifts. He also leads the team in our explorations of
the hydrogen plasma appropriate to DA WDs; this will comprise the major portion of his Ph.D. thesis.

Prof. Bengtson has published laboratory measurements of hydrogen, heavier atom and ion line profiles
along with comparisons with theory. Prof. Frommhold has led all ab initio calculations of collisionally-
induced absorption (CIA) for conditions appropriate to cool WDs and giant planets. Prof. Niemann is an
expert in optical Thomson scattering diagnostics for the determination of plasma conditions in laboratory
experiments. P.–E. Tremblay is the leading expert in WD line broadening calculations for hydrogen plasmas.

3. PROPOSED RESEARCH AND TASKS

Our experiments on the Z-platform, coupled with the new plasma diagnostic we will develop for it,
will reduce errors and uncertainties to an unprecedented level for H plasmas—appropriate to the WDs with
hydrogen photospheres—significantly increasing the precision of galactic cosmochronology and, thereby,
our understanding of the history and evolution of our own galaxy. Here, we expect our experiments to make
a quantitative difference. For the He and C/O plasmas these will be the first systematic explorations of
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From Tremblay & Bergeron 2009: Theoretical hydrogen line 
profiles as a function of distance from the line center, Δλ. The 
plasma conditions assumed are T = 10,000 K and ne =1017 cm−3. 
The recent calculations of Tremblay & Bergeron are shown as the 
solid (red) lines and the previous Vidal-Cooper-Smith (VCS) 
calculations are shown as the dashed (black) lines. 



The H white dwarfs (Koester et al. ) 

He WDs have the same problem, just higher Teff  
Carbon WDs are worse! 



NPrimary Near Term Science Goal: 

•  Measure relative line shapes for Hβ, Hγ, 
and Hδ at white dwarf photospheric 
conditions 

Approach: 
•  Radiatively heat gas cells to conditions of 

 Te = 0.8-1.5 eV 
 ne = 1.e+16-1.e+18 atoms/cc 



The 24 million Ampere current on Z provides 
access to new laboratory astrophysics regimes 

40 m 

Z accelerator 

Current 2x107 Amps 

B-Field 

JxB Force 

tungsten 
wire array 4 cm 

X-ray image 
Z experiments use large magnetic 
fields or large x-ray flux to create 
extreme environments 



WD  
(surface) 

(courtesy of Greg Rochau) 



Laboratory Setup 







Comparison of the measured Hβ line profile from initial experiments 
on the Z machine (Z2090) to the Vidal-Cooper-Smith theory with ne 
and Te as free fitting parameters.  



May 2010 

Hβ Hγ Hβ Hγ 

Hβ Hγ 
comb 

comb 

Hγ 

Hβ 

•  Acquired data in emission and absorption 
•  Great signal in absorption; MCP gain at 125 V less 



Jan 2011 

Hβ Hα 
He I 

He I He I 
He I 

Hβ 
Hα 

He I He I He I 

He I 

•  Observed helium lines; many contaminants 
•  First streak camera issues 



Mar 2011 

Hβ 

Hγ comb Hα 
contaminants 

HeNe 

Hβ Hγ Hα 

•  Higher fill pressure (30 Torr) 
•  Broad lines 
•  Few contaminants 
•  Line profiles apparently 
affected by optical depth issues 

•  Streak camera issues 
•  Oscillations in intensity 
with time 



Shot Z2176 



Measuring plasma conditions using the 50 
Angstroms around the line center 



June 2011 

Hβ 
Hγ 

comb 

HeNe 

•  Higher fill pressure (30 torr) 
•  Broad lines 
•  Contaminants 
•  Distinct central dip in emission 
lines 

•  Streak camera issues 
•  Streak ending early 
•  Oscillations 

•  120mm hohlraum 
•  Modified blast shield 



Shot Z2222 









This Dynamic Field 
•  Multiple new competing theories for line 

shapes 

•  Within 2-3 years test to see which, if any, is 
most accurate or best with dual purposes: 
–  Improve astrophysics--small changes have 

large effects! 
–  Improve line-broadening theory 

•  Use new discoveries to advance the field… 



Mono-elemental surface layers 

carbon surface 

DQ 

H He C 

Three White Dwarf Flavors 



The Opportunity of  
Ultra-Low Mass White Dwarf Stars 

• New binaries 

• Eclipsing binaries 

• Gravities more than 10 times lower than 
normal mass white dwarf stars: gives a 
significant dynamic range in masses 

• Boundary conditions for comparing with 
stellar evolution codes 

• Accurate comparison points for lab 
measurements at low electron densities 



Shortest Period WD Binary Discovered 

•  The White Dwarfs are orbiting around each other at a very rapid 
speed - 1,315 km/s 

•  The orbit should be shrinking rapidly so the WDs should come in 
contact due to loss of energy through gravitational wave radiation. 

•  We expect this to happen in less than 1 million years. 

•  The change in orbital period will provide a fundamental test of 
Einstein’s General Relativity. 

•  In 1-2 years we can measure this change at the McDonald 
Observatory. 

http://mcdonaldobservatory.org/news/releases/2011/0713.html 



From: A 12 Minute Orbital Period Detached Eclipsing Binary (Brown, 
Mukremin, Hermes, Winget et al., 2011) 



Epilogue: The Human Equation 
Towards a formula for innovation 

•  Building a team: SNL scientists, University 
faculty, research scientists, postdocs, 
graduate and undergraduate students 

•  Critical skill sets and personalities 

•  Layered mentoring 

•  The value of boots on the ground 



 Pulsed Power Sciences External Review Panel 
Sandia National Laboratories 

9 June 2010 2011 Science with High-Power Lasers and 
Pulsed Power 
28 July 2011 

Thanks! 





Shot Z2219 Shot Z2219 



Shot Z2218 









Shot Z2153 



Shot Z2153 



… and this is why they are interesting! 
•  Representative (and personal) 

–  Archeological history of  star formation in our galaxy 
  => White Dwarf Cosmochronology 

•  A way to find Solar Systems dynamically like ours 

•  Exploration of Extreme physics in interiors through 
Asteroseismology 
–  Matter at extreme densities and temperatures gives us 

•  Chance to study important and  exotic physical processes:  
•  plasmon neutrinos, search for  
•  dark matter in the form of axions or, alternatively, WIMPS  
•  study the physics of crystallization … 



Observations of Coolest WDs 



Sources of energy loss in WDs 

Are Effects of 
Plasmon Neutrinos 

or Axions  
Measurable Using 
the Techniques of 

Asteroseismology? 



The first new class of pulsating white dwarf found in the last 25 years! 

Montgomery et al. (2008) 

DQV 





Current techniques for studying 
white dwarf stars: 

(Precision) Asteroseismology 

Photometry 

The Key: Spectroscopy  
=>Mass and Temperature  



The Disk Luminosity Function 

Fontaine, Brassard & Bergeron (2001) 





shows the lower left portion of 
the reduced proper motion 
diagram from SDSS Data 

Release 2.  

Going after the cool  WDs:  Mukremin Kilic …. 



HET Spectra of Cool White Dwarf Stars 



The Disk vs M4: Globular clusters are 
older than the disk…   

Hansen & Liebert (2003) 

But the  
white dwarfs  

are not! 



Data: proper motion screened sample  
from Richer et al. 2008, AJ, 135,2131 

Fixing the WD 
evolutionary 
tracks in the 

CMD by 
simultaneously 
fitting the main 
sequence and 
the WDs gives 
Z, (m-M) and E 



What advantages do Globs have 
over the disk population? 

•  The cooling sequences are “pinned” to the CMD by the main 
sequence and white dwarfs fitted together – sliding is not allowed. 

•  If we ignore the observational errors, the CMD location of a star 
uniquely determines its mass and radius: setting the mechanical 
properties of the white dwarf determined independently of the 
thermal. 

•  The mass range is very narrow. 

•  Ages provide some independent information …  
The terminus white dwarfs aren’t as old as you think! 







Tremblay and 
Bergeron 2009 







Photospheric White Dwarf Temperatures and 
Densities for log g = 8 (cgs) 

H
C

He 







Crystallization Visualization  
by M.H. Montgomery 



Ratio of Coulomb Energy to 
Ion Thermal Energy 

What is the expected value of Gamma at crystallization?  

(OCP)  = 176 (see, most especially, the work by DeWitt et al. 2001, 
also Potekhin & Chabrier 2000, and Horowitz, Berry & Brown 2007)  

(MIX)  = 230 - 260 (Horowitz, Berry & Brown 2007) 

This is at the frontier of (brute force) molecular dynamics;  
We eagerly await the upcoming work by Hugh DeWitt and  
collaborators! 



Ratio of Coulomb Energy to 
Ion Thermal Energy 

What is the value of Gamma at and near the “clump” in the 
observed CMD,  or equivalently, the value of Gamma at and 
before (rise) the peak of the Luminosity Function? 

  log rho = 6.32  log T = 6.40  
      … nearly independent of composition! 

(peak)  = 194 (carbon) = 313 (oxygen) 

(rise)    = 182 (carbon) = 291 (oxygen) 



Conclusions from NGC 6397 
•  Confirm that crystallization occurs 
•  Confirm that Debye cooling occurs 
•  We can measure the Gamma of crystallization 
•  Low metallicity clusters may not produce 

significant O in cores of some of the 0.5Msun 
stars … or the C/O mixture has 

   Gamma = 230 - 260 
•  We find the first empirical evidence that Van 

Horn’s 1968 prediction is correct: 
Crystallization is a first order phase 
transition! 



Blue Hook first predicted  
by Didier Saumon 

Oops … the CIA hook is in the wrong place! 



Adding He seems to solve our problem, but is this physical? 
 We can go to the laboratory to tell! 



The coolest white dwarf stars are badly fit … 

Temperature difference => age difference of several Gyr 



DeGennaro et al. (2008) Disk LF 
3358 new SDSS WDs (with spectra) 





Laboratory Setup 

Astrophysical Laboratory 


