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Asteroseismology reveals the structure of a

white dwarf

The star's core, the remnant
of a helium-fueled inferno,
Is surprisingly rich in
oxygen.

which has circled the Sun for nearly

nine years in an Earth-trailing orbit,
is best known as a planet hunter. By ob-
serving variations in the brightness of
the 150000 stars in its fixed field of view,
it can detect the telltale periodic dim-
ming caused by transiting exoplanets.
But Kepler’s observations are also a trea-
sure trove for asteroseismologists, who
analyze stars’ intrinsic pulsations to tease
out the physical properties of stellar in-
teriors. Such studies have yielded pre-
cise estimates of stellar masses, temper-
atures, and internal rotation speeds. (See
the article by Conny Aerts, PHYSICS TODAY,
May 2015, page 36.)

Now Noemi Giammichele and her
coworkers at the University of Toulouse
in France and the University of Montreal
have used asteroseismology to peer into
the heart of a white dwarf—a star in the
slow cooling phase that marks the end of
the life cycle of all but the most massive
stars. Giammichele and her colleagues
analyzed nearly two years of Kepler data
on the white dwarf KIC 08626021 to find
out how the remnants of bygone nuclear
burning —helium, carbon, and oxygen—
had mixed and settled in the star’s inte-
rior.! Their results, which reconstruct the
star’s composition with unprecedented
detail, confirm the broad contours of
stellar evolution theory but significantly
challenge the particulars.

A star grows old

Stellar evolution theory tells us that bil-
lions of years ago, KIC 08626021 was a
fiery hydrogen furnace much like our
current sun. It was powered at its hot,
dense core by the fusion of hydrogen
into helium; a surrounding shell of hy-
drogen remained too cool to react. When
the hydrogen in the core was depleted,

NASA’S Kepler space observatory,
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A WHITE DWARF undergoing
a nova explosion, as observed
by NASA's Chandra X-Ray
Observatory. The internal
structure of a white dwarf
preserves a record of the
thermonuclear and mixing
processes that prevailed
over its lifetime. Using
asteroseismology, researchers
have now teased out that
structure for one white
dwarf, KIC 08626021.

the core extinguished, contracted under
the star’s weight, and, in the process, grew
hot enough to ignite the helium that had
amassed during the preceding round of
fusion.

At that point, a rich internal stellar
structure began to develop. The core he-
lium fused into carbon, some of which
snapped up additional helium nuclei to
form oxygen. The resulting heat ignited
previously dormant hydrogen in the
regions surrounding the core. As fusion
products settled and convective currents
shuttled material between reaction zones,
the star’s chemical profile grew even more
complex.

By the time KIC 08626021’s nuclear
fires quelled, about 8 million years ago,
the star’s contents had organized into
several layers, each with its own distinct
blend of carbon, oxygen, and helium.
(The outer shell of hydrogen had been
blown away in a final nuclear flare-up.)
Stellar evolution models can't tell us the
precise nature of those layers. But, in
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principle, the star’s pulsations, manifested
as brightness fluctuations, can.

The luminosities of KIC 08626021 and
other pulsating white dwarfs are modu-
lated by gravity waves, buoyancy-driven
density fluctuations that continually
course through the stars’” interiors. Like
a ringing bell, a star can pulsate with
many resonant gravity-wave modes, or
g modes, at once. Since the periods of
those modes depend on the internal pro-
file of thermodynamic properties such as
density and heat capacity, some of the
g modes carry information about the star’s
internal stratification.

But the effects due to chemical com-
position are subtle, particularly deep in
the stellar interior. In the early 2000s,
when a group of astronomers attempted
to determine a white dwarf’s structure
using data from the ground-based Whole
Earth Telescope, the results were am-
biguous.? It wasn't until the advent of the
space-based Kepler, with its clear, contin-
uous view of the cosmos, that astronomers
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THE CHEMICAL PROFILE of the white dwarf KIC 08626021, revealed by asteroseismology.
Roughly half the mass of our sun, the star is oxygen- and carbon-rich at its center and
helium-rich at its periphery, in agreement with stellar evolution theory. (Radial distance
increases with fractional mass depth.) But the oxygen mass fraction—more than 85% at the
stellar center—is too large to be accounted for by current theories. Here, M, is the white
dwarf’s mass, M(r) is the mass within radius r, and shaded regions correspond to 10

confidence intervals. (Adapted from ref. 1.)

could hope to observe pulsations with
the sensitivity and precision needed to
reliably map out stellar interiors.

Simulating starquakes

About the size of Earth and more than
1000 light-years away, KIC 08626021
appears as just a single pixel in the
95-megapixel images captured by Kepler’s
onboard camera. Even so, the nearly
two-year light curve obtained from that
pixel contains a bounty of information.
In all, it revealed eight g modes with os-
cillation periods ranging from two to
seven minutes. Those periods could be
resolved with microsecond precision—
orders of magnitude better than mea-
surements in previous asteroseismic
studies.

To translate the observations into in-
formation about the stellar interior, one
typically uses a forward seismic model,
which takes a set of adjustable input pa-
rameters characterizing a star’s physical
properties and predicts how the star will
pulsate over time. When Kepler's data
began rolling in, Stéphane Charpinet of
Toulouse and Gilles Fontaine of Mon-
treal had already been collaborating on
such models for more than a decade.’
But, like other asteroseismology models,
theirs described stellar structure in coarse
terms. They assumed, for instance, that
the stellar interior was not layered but
uniformly mixed. The models typically
took just four or five input parameters—

any more and the numerical algorithms
could misbehave.

When Giammichele joined Fontaine’s
group as a graduate student, she used
techniques from computational aerody-
namics to equip the models for handling
the additional parameters required to
describe a star’s layered composition.
Because the new model has more than a
dozen adjustable parameters but Kepler
identified just eight of KIC 08626021’s
g-mode periods, it isn’t theoretically
guaranteed to produce a unique solu-
tion. In trial runs on hypothetical stars,
however, the researchers showed that
even in some cases where only five g
modes are known, the model yields a
solution that can be numerically verified
as unique.

“But the star has to cooperate,” says
Giammichele. That is, the detected g
modes should each probe different re-
gions and provide complementary infor-
mation about the stellar interior. It’s
helpful, for instance, if the observed pul-
sations include both dipole and quadru-
pole g modes; many stars exhibit only
one or the other. KIC 08626021, one of
just six white dwarfs detected during
Kepler’s initial four-year run, turned out
to be cooperative.

Devil in the details

When Giammichele and her coworkers
applied their asteroseismic model to
KIC 08626021, the results, shown in the
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figure on page 17, largely jibed with the
predictions of stellar evolution models:
At its heart, the star is a dense sphere of
carbon and oxygen; with increasing ra-
dial distance from the center, oxygen lev-
els ramp downward, helium levels ramp
up, and carbon levels rise and fall.

It'’s in the particulars of that profile
that the asteroseismology result and
stellar evolution theory disagree. In the
asteroseismic model, the star’s center is
more than 85% oxygen—some 15% more
than predicted by leading stellar evolu-
tion models. The oxygen-to-carbon ratio,
averaged over the entire star, is nearly
four to one; stellar evolution models pre-
dict a two-to-one ratio.

The overabundance of oxygen sug-
gests that somehow the chain of reac-
tions that powered the star during its
helium-burning phase progressed further
than stellar evolution theory predicts—
either because the theory underestimates
the carbon-to-oxygen reaction rate or be-
cause mixing processes are unexpectedly
efficient at replenishing the burning core
with fresh helium.

“Stellar evolution theory has to be
missing something,” says Conny Aerts
of the University of Leuven in Belgium.
“The theory that for the past 30 years we
thought was great is actually not good
enough.”

An improved understanding of white-
dwarf structure could help refine meth-
ods for estimating the stars’ ages and
help astronomers more accurately inter-
pret the light curves of type la super-
novae, the violent explosions that occur
when a matter-accreting white dwarf
surpasses a critical mass. But how much
can one infer from a single study of a
single star?

The question may soon be rendered
moot. Kepler’s follow-up mission, K2, ini-
tiated in 2014, is finding pulsating white
dwarfs at a furious pace. “K2 is a gold
mine,” says Giammichele. “There are al-
ready something like 60 white dwarfs
that I can analyze. I'm not saying every
one of them will give results, but a good
portion of them, yes, they're cooperating.”

Ashley G. Smart
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Supercooled water goes supercritical

X-ray scattering experiments point the way to water’s

elusive second critical point.

than the simple solid, liquid, and gas

of everyday experience. The low-
temperature, high-pressure portion of
the diagram, for example, contains a spi-
derweb of solid-solid phase transitions
between various stable crystalline struc-
tures. And a 25-year-old theory predicts
that deep in the supercooled regime, lig-
uid water, too, undergoes a phase transi-
tion between two structurally distinct
forms. Experiments have hinted at that
liquid-liquid phase transition (see, for
example, PHYSICS TODAY, December
2013, page 16). But it's never been di-
rectly observed.

Now Stockholm University’s Anders
Nilsson and his colleagues have pro-
duced some of the strongest evidence
yet in support of the two-liquid theory.!
The researchers scattered femtosecond
x-ray pulses off a stream of water mi-
crodroplets that had been evapora-
tively cooled under vacuum to as low
as 227.7 K, or —45.4 °C. From different
portions of the scattering curves, they
extracted four thermodynamic and cor-
relational quantities. All four peaked

There’s more to water’s phase diagram

at similar temperatures, just above
229 K.

Those previously unseen peaks don't
mark the phase transition itself—that
would have been characterized by a di-
vergence in the measured quantities, not
a simple maximum. But they are a sign
of a so-called Widom line, a hallmark of
a supercritical fluid. The results support
a phase diagram like figure 1, in which
the liquid-liquid phase-transition line
exists only at high pressures—hundreds
of atmospheres—and terminates at a
critical point similar to the one that ter-
minates the line separating water’s lig-
uid and gaseous phases; the Widom line
is an extension of the phase boundary
past the critical point and into the super-
critical regime. At the same time, the new
experiment argues against competing
theories in which the phase-transition
line either continues all the way to zero
pressure or doesn't exist at all.

Into no-man’s-land

Experimenters have long known that it's
possible to maintain water in its liquid
state below 273 K. Freezing at that tem-

Stable liquid water

FIGURE 1. A PHASE
DIAGRAM of water and its
metastable states. Deep in the
supercooled regime, water is
hypothesized to exist in two
distinct liquid phases: high-

Supercooled

density liquid (HDL) and
low-density liquid (LDL), in
analogy to the well-known
high-density amorphous

water
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(HDA) and low-density
amorphous (LDA) ices. New
experiments suggest that the
liquid-liquid phase boundary
ends at a critical point. The

Amorphous ice

HDL Widom line that extends past
the critical point is characterized
by maxima in the correlation
length and several thermo-
dynamic response functions.
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