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Dwarf Stars? 

What Are White Dwarf Stars? 



Mono-elemental surface layers 

carbon surface 

DQ 

H He C 

Three White Dwarf Flavors 



Why are they interesting? 
•  Representative (and personal) 

–  Archeological history of  star formation in our galaxy 
  => White Dwarf Cosmochronology: from ages of 
coolest white dwarf stars 

•  A way to find Solar Systems dynamically like ours 

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

chance to study important and  exotic physical processes: 
•  plasmon neutrinos test electro-weak theory at low-energies 
•  turbulent energy transport in high gravity environments 
•  dark matter in the form of axions and/or WIMPS  
•  study EoS for hot dense matter and the physics of crystallization of a dense 

Coulomb plasma … 
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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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The observed space density of white dwarfs (points), with the theoretical  white dwarf 
luminosity function (WDLF) as a function of intrinsic luminosity. The curves are 
theoretical models assuming a given age for star formation in our Galaxy.  



Observations of Coolest WDs 





Crystallization Visualization  
by M.H. Montgomery 





Conclusions from NGC 6397 and M4 
•  Confirm that crystallization occurs in WDs 
•  Confirm that Debye cooling occurs in WDs 
•  We can measure the Gamma of crystallization 
•  Low metallicity clusters may not produce 

significant O in cores of some of the 0.5Msun 
stars (unlikely) … or the C/O mixture has 
       xtal = Ecoul /kT = 230 - 260 

•  We found the first empirical evidence that  
  Van Horn’s 1968 prediction is correct:  

  Crystallization is a first order  
    phase transition! € 

Γ



Current techniques for studying 
white dwarf stars: 

Precision Asteroseismology 

Photometry 

The Key: Spectroscopy  
=>Mass and Temperature  



Kepler et al. (2007) 

• DA (hydrogen) 
• DB (helium) 

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



Mean DA Mass From GR 



White Dwarf Photospheres in the Laboratory PI: Winget

Fig. 3.— (from Falcon et al. 2010a) Distributions of spectroscopic masses (histograms) gives significantly
different mean values (orange, black, green vertical lines; ∼ 0.57M⊙) than that derived from gravitational
redshift (blue, vertical line; ∼ 0.65M⊙).

The situation is much worse, as we pointed out for line profiles in the DB (Helium) WDs and the DQ
(C/O) WDs (Dufour et al. 2009; Kowalski 2010). Here there are no gravitational redshift results to-date to
establish the mean masses of either of these types of WDs, but Kepler et al. (2007) have shown that the
mean mass of the DB WDs, as determined spectroscopically, runs away rapidly to very high mass as surface
temperatures drop below T = 16,000 K. Thus the mean mass of the DB WDs is poorly constrained and the
mean mass of the hot DQ stars is essentially unconstrained. If our experiment yields sufficient accuracy—
especially when coupled with the 3D hydrodynamic calculations described below, they will allow us to
determine masses of individual objects and allow us to bring the full force of asteroseismology to bear on
the understanding of these objects and their interiors. At any accuracy, we will be able to better constrain
the mean mass of the DBs and the DQs. The different surface compositions of the DB and DQ WDs, from
the DAs, raises questions about the nature of their progenitors. Determining their mean masses will provide
important clues to the physical origin of these enigmatic objects.

3.2. Project Objectives

3.2.1. Scientific and Technical Soundness

We demonstrate in Falcon et al. (2010) that we have a viable platform for creating hydrogen plasmas
with astrophysically relevant conditions and that we can measure the emergent spectroscopic line profiles.
Furthermore, these plasmas are unique, because they are macroscopic and quiescent—invaluable properties
afforded to us by the capabilities of the Z pulsed-power accelerator (Matzen et al. 2005). However, there is
much work to be done to mature our experiment to benchmark-quality status and to fully explore the secrets
harbored within our unique plasma, which concern not only white dwarf photospheres, but fundamental
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Mean DA Mass From GR 
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∆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! 



The 26 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 



High Energy Density Regime 
ε > 1011 J/m3 = 1 Mbar 

Experiments on Z access a large region of the 
energy density phase-space 



High Energy Density Regime 
ε > 1011 J/m3 = 1 Mbar 

Z 

Experiments on Z access a large region of the 
energy density phase-space 



ZAPP 

Z Astrophysical Plasma Properties (ZAPP): 
Experiment Purpose: Advance knowledge of four astrophysical plasmas: 
stellar interior opacities, spectral line broadening in White Dwarf 
photospheres, AGN warm absorbers, and plasmas surrounding accretion 
powered objects 

Four Experiments carried out simultaneously on each shot: 

1)  Develop stellar interior opacity measurements 
 (w/Ohio State, LLNL, CEA, LANL)  

2)  Measure photo-ionized plasma kinetics 
 (w/ U. Nevada, LLNL, and Swarthmore) 

3)  Measure spectral line profiles for White Dwarf atmospheres 
 (w/ U. Texas, Weizmann Institute, & UCLA) 

4)  Measure self emission to examine Resonant Auger Destruction in black 
hole accretion disk plasmas (w/ LLNL, U. Nevada, Swarthmore)  



Primary Near Term Science Goal of 
White Dwarf Photosphere Project: 

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

photospheric/atmospheric conditions 

Approach: 
•  Radiatively heat gas cells to conditions of 

 Te = 11,400 K ~ 1eV 
 n = 1016-1019 atoms/cc 



Measuring Hydrogen line-shapes 
Relevant Diagnostics 
•  Streaked Visible 
Spectrometer 

•  2.3 – 3.0 eV 

Fielded by UT students Ross Falcon, 
Thomas Gomez and Jennifer Ellis.  

H Gas Cell 

Ti
m

e 

Wavelength 

Hβ	

Hγ	





Measuring Hydrogen line-shapes 
Relevant Diagnostics 
•  Streaked Visible 
Spectrometer 

•  2.3 – 3.0 eV 

H Gas Cell 

Hβ Line Shape 

Fielded by UT students Ross Falcon, 
Jennifer Ellis, and Thomas Gomez  
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Laboratory Setup 





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 



Measuring plasma conditions using the 50 
Angstroms around the line center 



White Dwarf Photospheres in the Laboratory PI: Winget

Fig. 9.— Absorption spectrum (left) of a 200 ns integration from streaked data that clearly shows Hβ

through H�. These recently obtained data are not yet fully reduced, and the feature at ∼ 4600 Å is an artifact
from the data reduction. Spectrum of a typical white dwarf star (right).

WDs (e.g., Shipman & Mehan 1976; Bergeron et al. 1991; Rohrmann et al. 2002; Tremblay & Bergeron
2009) as well as in general stellar astrophysics (e.g., Hummer & Mihalas 1988; Rogers & Iglesias 1992;
Seaton et al. 1994; Stehle 1994). The motivation for our experiments comes from the belief that they can
have an impact similar to or greater than that of the pioneering work by Wiese et al. (1972).

The right-hand panel of Figure 8 plots the Hβ profiles obtained from our initial shots with the results of
Wiese et al. (1972) over-plotted; we give the plasma conditions inferred by them. This demonstrates that we
can produce astrophysically interesting plasmas for application to WD photospheres; it also demonstrates
that we can produce a signal-to-noise (S/N) in our spectroscopic measurements that will be useful from even
a single shot. We will improve our S/N through a number of means, including: (1) improving the collection
efficiency of our optical design, (2) adding additional lines of sight through the plasma, (3) increasing the
time period of integration while using a gated camera, and (4) combining data from multiple experiments.

Our proposed experiment differ significantly from those of Wiese et al. (1972), but are they better?
First, we briefly examine their experiment. They expressed, at the time, “The ideal plasma for radiation
studies should be homogeneous and stationary. Since this is not yet technologically feasible for high-density,
moderate-temperature plasmas. . . ” They opted for the best method available at the time: a wall-stabilized
arc. This filled half the bill. The advantage was that the source is stationary, allowing for accumulation of
great quantities of data, thereby achieving high S/N. The disadvantage is the inhomogeneous character of the
sample; plasma conditions depend on the relative position in the arc and vary greatly over short distances—
producing a very inhomogeneous sample. Another disadvantage of this technique, unavoidable at the time,
was that the plasma conditions could not be independently determined. The temperatures were determined
from line-to-continuum intensity ratios using Hβ and a continuum point near the ultra-violet; electron densi-
ties were derived from absolute intensity measurements. Fitting the data in this way to determine the plasma
parameters runs into a problem with a partial T – ne degeneracy, as pointed out by Tremblay & Bergeron
(2009). These authors conclude that the Wiese et al. experiments cannot strongly constrain broadening
theories because of the large range of acceptable plasma conditions and possible effects of non-uniformity.
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“Typical” WD Spectrum 



August 2011: A Spectrum from a 
White Dwarf Plasma in the Lab 



Lab WD plasma  
vs  

Observed WD 







3.5 cm plasma path length 



6.5 cm plasma path length 





Cool DQ White dwarfs 



This Dynamic Field 
•  White Dwarf photospheric plasmas in the 

lab in absorption and emission 
•  Multiple new competing theories for line 

shapes—significant disagreements for H! 
•  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  Newly Discovered 
Extremely Low Mass (ELM) 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 

• A chance to study core He EoS, role of residual 
 time-dependent nuclear burning 



JJ Hermes’ new ELM Pulsator: 
ELMV1 



ELMV2 



ELMV3 



The Pulsational H-R Diagram 

DQV	

log g ~ 8 

log g ~ 4.2-4.4 
log g ~ 5-6 



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. 

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

•  The change in orbital period, coupled with direct gravity wave 
measurements will provide a fundamental test of Einstein’s General 
Relativity.  This object should have a high signal to noise and be easily 
detected with LISA or ELISA. 

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



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



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… 



Video from Aug 19 shot on Z 



Z   
A painting by Leah Flippen 



 Pulsed Power Sciences External Review Panel 
Sandia National Laboratories 

9ne 2010 

Dedicated to the memory of two mentors and friends: 
Carl J. Hansen and Francois Wesemael 

Thanks! 


