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Research	  Projects	  for	  Spring	  2013:	  
Exploring	  the	  Physics	  of	  the	  Universe	  with	  White	  Dwarf	  Stars	  



InformaSon	  on	  Summer	  FRI	  
Fellowships	  

•  hTp://fri.cns.utexas.edu/student-‐resources/
fellowships	  

•  Deadline	  for	  applicaSon	  is	  March	  25th	  
•  List	  your	  RE	  (Mike	  Montgomery)	  for	  your	  
leTer	  of	  reference	  

•  Students	  in	  our	  group	  usually	  have	  half-‐Sme	  
awards,	  which	  are	  $1250	  for	  the	  Summer	  

•  You	  don’t	  have	  to	  have	  a	  fellowship	  to	  work	  
with	  us	  during	  the	  Summer,	  but	  this	  is	  the	  way	  
to	  get	  paid	  to	  do	  it!	  





How	  to	  apply	  for	  projects	  

•  send	  an	  email	  to	  
mikemon@astro.as.utexas.edu	  

•  List	  your	  top	  3	  choices	  for	  projects	  
•  List	  Smes	  during	  the	  week	  that	  you	  are	  
available	  to	  work	  on	  projects.	  The	  more	  
flexible	  you	  are,	  the	  easier	  it	  is	  us	  to	  place	  you	  
with	  other	  students	  



The UT/McDonald White Dwarf Planet Search�
•  Observations since at least 2003"

–  Two stars since the 1970s"
•  Monitor pulse arrival times for 

about a dozen DAVs (hydrogen-
atmosphere WDs)"
–  Similar to the pulsar timing 

method"
•  > 95% of all stars in our Galaxy 

(including our Sun) will be DAVs"
•  Pulsation periods 100-500 s"

–  We expect the period change in 
these pulsations to be very slow  
(< 1 μs yr-1)"

–  After 9 years we are sensitive to 
Jupiter-mass planets from 
2-10 AU"

Mullally et al. 2008, ApJ 676 573 JJ Hermes, UT-Austin, 221st AAS	  

GD 244, typical DAV in our sample"



G117-B15A: An Extremely Stable Optical Clock �

215.2 s mode"

•  Some DAVs have been observed for 35+ years, including G117-B15A"
•  The 215.2 s mode in that star produces an extremely stable rate of change 

of period with time"
•  This dP/dt is in line  

with expectations of 
cooling for this 
~12,000 K WD"

•  The influence of 
a Jupiter-mass 
planet at 5 AU  
would cause an  
unmistakable  
10 s peak-to-peak 
modulation in the  
(O-C) diagram"

S.O.	  Kepler	  2012,	  private	  communicaSon	  JJ Hermes, UT-Austin, 221st AAS	  



The	  O-‐C	  diagram	  for	  WD1354+0108,	  for	  which	  there	  is	  Sme	  series	  data	  
daSng	  back	  to	  2003,	  shows	  preliminary	  evidence	  of	  the	  presence	  of	  a	  
planet	  with	  an	  orbital	  period	  of	  about	  5	  years.	  	  We	  need	  a	  data	  point	  for	  
2013.	  	  

PG1354+0108: Our Current Best Planet Candidate�



On	  Oct.	  24th	  &	  25th,	  2011,	  JJ	  Hermes	  at	  
McDonald	  Observatory	  found	  this	  star:	  

Teff	  =	  9140	  +/-‐	  170	  K,	  log	  g	  =	  6.16	  +/-‐	  0.06,	  M	  =	  0.17	  Msun	  –	  the	  first	  ELM	  pulsator!	  
Period	  >	  4000	  sec!	  Longest	  known	  period	  in	  a	  WD	  pulsator.	   We	  want	  to	  find	  more	  

of	  these	  objects!	  





What	  is	  MESA?	  

•  A	  descripSon	  can	  be	  found	  at	  	  
	  	  	  hTp://mesa.sourceforge.net	  

•  MESA	  is	  an	  open	  source	  soqware	  package	  for	  doing	  
stellar	  evoluSon	  

•  Managed	  by	  Bill	  Paxton,	  with	  help	  from	  Lars	  Bildsten	  
and	  the	  rest	  of	  the	  MESA	  users	  community	  

•  It	  is	  designed	  to	  do	  all	  stages	  of	  stellar	  evoluSon	  using	  
state-‐of-‐the-‐art	  methods	  and	  techniques	  



What	  is	  MESA?	  

•  Two	  papers	  have	  come	  out	  describing	  MESA’s	  
capabiliSes:	  
– Paper	  I:	  Paxton	  et	  al.	  (2011)	  
hTp://adsabs.harvard.edu/abs/2011ApJS..192....3P	  

– Paper	  II:	  Paxton	  et	  al.	  (2013)	  (submiTed)	  
hTp://adsabs.harvard.edu/abs/2013arXiv1301.0319P	  



What	  is	  MESA?	  

From	  Paper	  I:	  
“MESAstar	  solves	  the	  fully	  coupled	  structure	  and	  
composiSon	  equaSons	  simultaneously.	  It	  uses	  adapSve	  
mesh	  refinement	  and	  sophisScated	  Smestep	  controls,	  
and	  supports	  shared	  memory	  parallelism	  based	  on	  
OpenMP.	  State-‐of-‐the-‐art	  modules	  provide	  equaSon	  of	  
state,	  opacity,	  nuclear	  reacSon	  rates,	  element	  diffusion	  
data,	  and	  atmosphere	  boundary	  condiSons.	  Each	  module	  
is	  constructed	  as	  a	  separate	  Fortran	  95	  library	  with	  its	  
own	  explicitly	  defined	  public	  interface	  to	  facilitate	  
independent	  development.”	  



Why	  are	  we	  interested	  in	  MESA?	  

•  Can	  make	  models	  prior	  to	  WD	  cooling	  track	  
•  Time-‐dependent	  diffusion	  
•  Non-‐grey	  atmospheres	  as	  boundary	  condiSons	  
•  Residual	  nuclear	  burning	  
•  Complete	  set	  of	  possible	  chemical	  species	  

– Can	  make	  models	  of	  ELM	  WDs	  
– Can	  make	  models	  of	  O/Ne	  WDs	  

•  Can	  do	  1-‐D	  hydrodynamics	  (dynamical	  velocity	  
fields)	  

•  Can	  treat	  systems	  with	  accreSon	  



There	  are	  pulsaSng	  stars	  *all	  over*	  the	  HR	  Diagram!	  

DQV 



What	  can	  you	  do	  with	  MESA?	  







MESA	  Projects	  

•  All	  WDs	  with	  masses	  &	  1.1	  M¯	  are	  believed	  to	  
have	  Oxygen/Neon	  cores	  instead	  of	  Carbon/
Oxygen	  cores.	  Modern	  stellar	  evoluSon	  codes	  
have	  great	  difficulty	  gexng	  through	  the	  C-‐
burning	  stage.	  MESA	  may	  be	  able	  to	  do	  this.	  	  

•  We	  have	  recently	  discovered	  &	  1.2	  M¯	  WD	  
that	  pulsates,	  so	  these	  models	  will	  be	  directly	  
relevant	  to	  it.	  



MESA	  Projects	  

•  JJ	  has	  discovered	  all	  5	  of	  the	  extremely	  low	  mass	  
(ELM)	  WDs	  that	  pulsate.	  We	  would	  like	  to	  make	  
models	  of	  these	  stars	  to	  beTer	  understand	  their	  
possible	  evoluSonary	  histories.	  

•  Some	  WD	  pulsators	  are	  in	  accreSng	  systems,	  and	  
we	  would	  like	  to	  use	  MESA	  to	  study	  what	  
happens	  to	  the	  pulsaSons	  as	  the	  WD	  heats	  up	  
during	  an	  outburst	  and	  then	  cools	  over	  the	  next	  
few	  years.	  



Stellar	  ConvecSon/Nonlinear	  Light	  Curves	  

ConvecSon	  is	  one	  of	  the	  largest	  sources	  of	  
uncertainty	  in	  modeling	  of	  stars,	  yet	  it	  is	  
common	  throughout	  the	  H-‐R	  diagram:	  

•  cores	  of	  Main	  Sequence	  stars	  more	  massive	  
than	  the	  Sun	  

•  Stellar	  envelopes	  of	  MS	  stars	  <	  2	  M¯	  

•  Red	  giant	  envelopes	  



Can	  we	  use	  the	  lightcurve	  shape	  itself	  to	  learn	  
about	  these	  stars?	  

•  Need	  a	  mechanism	  for	  producing	  non-‐lineariSes	  	  
–  convecSon	  zone	  is	  most	  likely	  candidate	  
–  can	  change	  thickness	  by	  »	  10	  during	  pulsaSons	  



) Assumes	  all	  the	  nonlinearity	  is	  caused	  by	  the	  
convecSon	  zone:	  

Hybrid	  Approach	  
	  (Montgomery	  2005,	  ApJ,	  633,	  1142),	  based	  on	  work	  of	  Brickhill	  

(1992),	  Wu	  &	  Goldreich	  (1998),	  and	  
Ising	  &	  Koester	  (2001)	  

linear	  interior	  
(sinusoidal)	  

nonlinear	  convecSon	  
zone	  (non-‐sinusoidal)	  



Non-‐radial	  Modes	  
l=1,m=0	  

(traveling	  wave)	  



Non-‐radial	  Modes	  
l=1,m=1	  

(standing	  wave)	  



PG	  1351+489	  (DBV)	  
Whole	  Earth	  Telescope	  (WET)	  –	  1995	  

Single	  site	  data	  –	  May	  2004	  



PG	  1351+489	  (DBV)	  
Whole	  Earth	  Telescope	  (WET)	  –	  1995	  

Single	  site	  data	  –	  May	  2004	  

τC=	  86.7	  sec	  
N=22.7	  
θi=57.8	  deg	  
l=1,m=0	  
Amp=0.328 



PG	  1351+489	  (DBV)	  
Whole	  Earth	  Telescope	  (WET)	  –	  1995	  

Single	  site	  data	  –	  May	  2004	  

τC=	  86.7	  sec	  
N=22.7	  
θi=57.8	  deg	  
l=1,m=0	  
Amp=0.328 

τC=	  89.9	  sec	  
N=19.2	  
θi=58.9	  deg	  
l=1,m=0	  
Amp=0.257 





MODE IDENTIFICATION FROM COMBINATION FREQUENCY AMPLITUDES IN ZZ CETI STARS

Celeste M. Yeates,1 J. Christopher Clemens,1 S. E. Thompson,2 and F. Mullally3,4

Received 2005 June 17; accepted 2005 August 31

ABSTRACT

The light curves of variable DA stars are usually multiperiodic and nonsinusoidal, so that their Fourier transforms
show peaks at eigenfrequencies of the pulsation modes and at sums and differences of these frequencies. These
combination frequencies provide extra information about the pulsations, both physical and geometrical, that is lost
unless they are analyzed. Several theories provide a context for this analysis by predicting combination frequency
amplitudes. In these theories, the combination frequencies arise from nonlinear mixing of oscillation modes in the
outer layers of the white dwarf, so their analysis cannot yield direct information on the global structure of the star as
eigenmodes provide. However, their sensitivity to mode geometry does make them a useful tool for identifying the
spherical degree of the modes that mix to produce them. In this paper we analyze data from eight hot, low-amplitude
DAV white dwarfs and measure the amplitudes of combination frequencies present. By comparing these amplitudes
to the predictions of the theory of Goldreich & Wu, we have verified that the theory is crudely consistent with the
measurements. We have also investigated to what extent the combination frequencies can be used to measure the
spherical degree (‘) of the modes that produce them. We find that modes with ‘ > 2 are easily identifiable as high ‘
based on their combination frequencies alone. Distinguishing between ‘ ¼ 1 and 2 is also possible using harmonics.
These results will be useful for conducting seismological analysis of large ensembles of ZZ Ceti stars, such as those
being discovered using the Sloan Digital Sky Survey. Because this method relies only on photometry at optical
wavelengths, it can be applied to faint stars using 4 m class telescopes.

Subject headinggs: stars: individual (GD 66, GD 244, G117-B15A, G185-32, L19-2, GD 165, R548, G226-29) —
stars: oscillations — stars: variables: other — white dwarfs

1. INTRODUCTION

There are three known classes of pulsating white dwarf stars
in three different instability strips: the pulsating PG 1159 stars at
about 100,000 K, the DBV (He i spectrum, variable) stars at
25,000 K, and the DAV (H) stars at 12,000 K. In spite of the dif-
ferences in temperature and surface composition, the pulsation
periods and the appearance of the light curves are similar. The
DAVand DBV stars in particular (with periods between 100 and
1000 s) have distinctive nonsinusoidal variations at large am-
plitude and more linear behavior at small amplitude (McGraw
1980). As a consequence, the Fourier transforms (FTs) of DAV
and DBV light curves generally show power at harmonics and at
sum and difference frequencies. These ‘‘combination frequencies’’
are not in general the result of independent pulsation eigenmodes,
but rather of frequency mixing between eigenmodes (Brickhill
1992b; Goldreich & Wu 1999; Ising & Koester 2001; Brassard
et al. 1995, hereafter BFW95). In this paper we explore combi-
nation frequencies in the small-amplitude DAV (ZZ Ceti) white
dwarf stars. The combination frequency peaks are smaller, and
therefore harder to detect, than the combination frequencies in
large-amplitude pulsators like G29-38, but they are more stable
and therefore more likely to yield understandable and repeatable
results. The small-amplitude DAVs are also the pulsators in which
the origins of the combination frequencies are most uncertain:
they might arise from convective effects (Brickhill 1992b) or

from nonlinearities in the radiative flux alone, as proposed by
BFW95.

The spectroscopic measurements of Greenstein (1976, 1982)
showed that the ZZ Ceti stars lie within a narrow range of ef-
fective temperatures, and Fontaine et al. (1982) reasoned that
most, if not all, DA white dwarfs are variables as they cool
through this instability strip. The low-amplitude pulsators we
consider in this paper lie at the high-temperature end of the in-
stability strip and have short, stable pulsation periods (Winget
& Fontaine 1982; Clemens 1994). The variations we observe
arise from the temperature changes associated with nonradial
gravity-mode pulsations (Robinson et al. 1982). At some am-
plitude, these pulsations will appear nonsinusoidal because of
the T 4 dependence of the measured flux. The combination fre-
quencies thatwemeasure in the low-amplitudeDAVwhite dwarfs
discussed in this paper are larger than those expected from the
T 4 nonlinearity and require an additional nonlinear process in
the surface layers of the white dwarf.

The first attempt to identify the nonlinear process was
Brickhill (1983, 1990, 1991a, 1991b, 1992a, 1992b), who ex-
plored the time-dependent properties of the surface convection
zone. Using a numerical model of the surface convection zone,
Brickhill (1992a) calculated the first nonsinusoidal theoretical
shapes of ZZ Ceti light curves. In his model, the nearly isentropic
surface convection zone adjusts its entropy on short timescales,
attenuating and delaying any flux changes that originate at its
base. As the convection zone changes thickness during a single
pulsation cycle, the amount of attenuation and delay changes as
well, distorting sinusoidal input variations and creating combi-
nation frequencies in the Fourier spectrum of the output signal.

Goldreich & Wu (1999) repeated and expanded Brickhill’s
work using an analytic approach. Wu (2001) was able to derive
approximate expressions for the size of combination frequencies
that depend on the frequency, amplitude, and spherical harmonic

1 Department of Physics and Astronomy, University of North Carolina, CB
3255 Phillips Hall, Chapel Hill, NC 27599; yeates@physics.unc.edu, clemens@
physics.unc.edu.

2 Department of Physics, Colorado College, 14 East Cache La Poudre,
Colorado Springs, CO 80903; sthompson@coloradocollege.edu.
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We	  can	  apply	  these	  techniques	  to	  the	  stars	  and	  data	  in	  this	  
sample	  of	  objects…which	  is	  based	  on	  Argos	  data!	  



FRI	  Spring	  2013:	  
Evalua5ng	  the	  ProEM	  Camera	  

Mentor:	  Samuel	  Harrold	  



About	  the	  new	  camera	  



Tasks	  

• Determine	  whether	  or	  not	  we	  can	  detect	  an	  object	  using	  
this	  camera	  on	  a	  telescope.	  

• What	  magnitude?	  
• What	  amplitudes?	  
• What	  frequencies?	  
• Similar	  analysis:	  
hTp://www.apo.nmsu.edu/arc35m/Instruments/AGILE/
#3p3	  	  

• Can	  we	  detect	  a	  pulsar	  from	  the	  82-‐inch?	  
hTp://www.youtube.com/watch?v=_grWV6c_3_o	  



Research	  with	  Michel	  Breger:	  	  
Studying	  Modes	  of	  PulsaSon	  in	  

	  Delta	  ScuS	  Variable	  Stars	  	  



Delta	  ScuS	  Variable	  Stars	  

•  What	  is	  a	  Delta	  ScuS	  
Variable	  Star?	  
–  Exists	  where	  the	  
instability	  strip	  and	  main	  
sequence	  cross	  

–  Low	  Amplitude,	  Short	  
Period	  (.03	  -‐	  .3	  days)	  

–  About	  1.5	  –	  2.5	  Solar	  
Masses	  



Kepler	  Spacecraq	  

•  Designed	  to	  discover	  
Earth-‐like	  planets	  orbiSng	  
other	  stars	  

•  We	  reduce	  the	  raw	  data	  
sent	  from	  the	  Kepler	  
spacecraq	  to	  a	  form	  
workable	  for	  
asteroseismology	  

•  We	  use	  Short	  Cadence	  
data	  (30	  second	  intervals)	  
and	  Long	  Cadence	  data	  
(30	  minute	  intervals)	  –	  
Extremely	  accurate!	  
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Findings	  

•  Three	  equidistant	  frequency	  triplets	  are	  found	  
in	  the	  star,	  each	  with	  different	  separaSons	  	  
– Not	  sure	  which	  one	  results	  from	  rotaSon	  

•  We	  have	  managed	  to	  calculate	  almost	  exact	  
frequency	  compared	  to	  the	  data,	  but	  the	  
amplitude	  is	  misaligned.	  
–  This	  is	  caused	  by	  more	  than	  two	  years	  worth	  of	  super-‐
accurate	  data	  sSll	  being	  insufficient	  in	  length	  to	  sample	  the	  
mulStude	  of	  excited	  frequencies	  of	  similar	  values	  –	  a	  
resoluSon	  error	  
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Further	  Work	  

•  Create	  a	  beTer	  fit	  for	  the	  light	  curve	  as	  more	  data	  
is	  released	  

•  Determine	  whether	  the	  gravity	  modes	  or	  
pressure	  modes	  are	  the	  dominant	  cause	  of	  
variability	  

•  Analyze	  the	  triplets	  in	  more	  detail	  to	  beTer	  
understand	  the	  star	  

•  We	  have	  analyzed	  a	  liTle	  under	  400	  frequencies,	  
but	  there	  are	  sSll	  many	  more	  to	  be	  detected.	  



White	  Dwarf	  Project	  at	  Sandia	  

Don	  Winget,	  Mike	  Montgomery,	  Jim	  
Bailey,	  Greg	  Rochau,	  Ross	  Falcon,	  
Thomas	  Gomez,	  Travis	  Pille,	  Sean	  

Moorhead	  



White Dwarf Photospheres in the Laboratory PI: Winget

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

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 H� 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 H� 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: the Balmer Series 
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The	  Z	  Machine:	  Pulsed	  Power	  
•  The	  Z	  machine	  is	  capable	  of	  

converSng	  26	  million	  amps	  into	  a	  
peak	  X-‐ray	  emission	  of	  350	  
terawaTs,	  allowing	  us	  to	  create	  
extreme	  condiSons	  in	  a	  laboratory	  
sexng	  

•  “Z	  Machine	  Produces	  Six	  Times	  the	  
World’s	  Energy	  to	  Create	  White	  
Dwarf	  Star”	  

–  hTp://techland.Sme.com/
2012/08/10/z-‐machine-‐
produces-‐six-‐Smes-‐the-‐worlds-‐
energy-‐to-‐create-‐white-‐dwarf-‐
star/	  

•  More	  informaSon	  can	  be	  found	  at	  
www.sandia.gov/z-‐machine/	  



The	  Experiment	  
•  We	  use	  these	  extreme	  condiSons	  to	  ionize	  a	  confined	  hydrogen	  gas,	  

recreaSng	  a	  white	  dwarf	  photosphere.	  
•  We	  then	  are	  able	  to	  observe	  the	  Sme	  evoluSon	  of	  the	  gas’	  spectrum	  

(Balmer	  series)	  using	  fiber	  opSc	  cables	  and	  a	  streak	  camera.	  
•  Thanks	  to	  Ross	  Falcon’s	  ACE	  configuraSon,	  we	  are	  now	  able	  to	  measure	  

absorpSon	  and	  emission	  spectra	  as	  well	  as	  the	  background	  conSnuum	  
simultaneously!	  



Why	  is	  this	  important,	  we	  can	  just	  observe	  
actual	  white	  dwarf	  spectra	  right?	  

•  Ross	  Falcon,	  a	  grad	  student	  working	  with	  our	  
group,	  found	  that	  the	  masses	  of	  white	  dwarfs	  
as	  determined	  through	  gravitaSonal	  
redshiqing	  were	  much	  larger	  than	  those	  
determined	  spectroscopically.	  (Ask	  for	  paper)	  

•  Because	  of	  this,	  we	  have	  set	  out	  to	  create	  our	  
own	  data	  set	  at	  known	  condiSons	  in	  order	  to	  
test	  and	  constrain	  current	  spectral	  line	  
theories.	  



FRI	  Spring	  2013:	  
EvaluaSng	  the	  ProEM	  Camera	  

Mentor:	  Samuel	  Harrold	  



About the new camera 



Tasks 

•  Determine	  whether	  or	  not	  we	  can	  detect	  an	  object	  
using	  this	  camera	  on	  a	  telescope.	  
o  What	  magnitude?	  

o  What	  amplitudes?	  
o  What	  frequencies?	  

•  Similar	  analysis:	  
hTp://www.apo.nmsu.edu/arc35m/Instruments/
AGILE/#3p3	  	  

•  Can	  we	  detect	  a	  pulsar	  from	  the	  82-‐inch?
hTp://www.youtube.com/watch?v=_grWV6c_3_o	  


