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Solar-Like Oscillations in a

Massive Star
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Seismology of stars provides insight into the physical mechanisms taking place in their interior,
with modes of oscillation probing different layers. Low-amplitude acoustic oscillations excited by
turbulent convection were detected four decades ago in the Sun and more recently in low-mass
main-sequence stars. Using data gathered by the Convection Rotation and Planetary Transits
mission, we report here on the detection of solar-like oscillations in a massive star, V1449 Aql,
which is a known large-amplitude (B Cephei) pulsator.

tars burn hydrogen into helium through

nuclear fusion during most of their life.

Once the central hydrogen gets exhausted,
the helium core starts contracting, and hydrogen-
shell burning takes over as the main energy source.
The subsequent evolution depends mostly on a
star’s mass at birth but also on the physical mech-
anisms occurring during the hydrogen-burning
phase. For instance, transport of chemical ele-
ments determines the helium core size, which is
crucial for the evolution of stars. Transport pro-
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cesses such as turbulence and those induced by
rotation are not fully understood and are still
poorly modeled, but stellar seismology can pro-

vide important constraints provided that the modes
that probe the relevant regions are excited, de-
tected, and identified. This will be the case for stars
oscillating over a large range of oscillation modes
probing different layers of the star.

Here, we report on the detection of solar-like
oscillations (high-frequency acoustic modes that
are damped but excited by turbulent convection
and probe superficial convective regions) in a
10—solar mass star, V1449 Aql, already known to
be a B Cephei (it oscillates on unstable low-
frequency modes of high amplitude, also re-
ferred to as opacity-driven modes, which probe the
deepest regions of stars) (7).

The largest-amplitude mode in the Fourier
spectrum of V1449 Aql has been detected from
the ground (/, 2) at a frequency of 63.5 uHz. Those
pulsations are excited by a thermal instability known
as the k-mechanism (3), which in the present case
is related to the existence of an iron-opacity bump
located in the upper layers of massive stars. The

Fig. 1. Fourier spectrum 6x10°
of prewhitened light curve
obtained from the quasi-
uninterrupted 150 days
of observations, with a
duty cycle of 90%, of
the star V1449 Agl by
CoRoT, showing structures
that are reproduced over
the 100- to 250-uHz in-
terval. (Inset) Enlarged
part of the spectrum show-
ing a typical solar-like
structure. Below 100 pHz,
we enter the bulk regime 0
of unstable modes (fig. 100
S1), and the possible exis-

tence of many such modes
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in this frequency domain then makes the deciphering of unstable versus stable modes quite delicate. Hence, to
remain conservative we restrict the discussion to frequencies above 100 uHz.
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iron-opacity bump in such a massive star induces
the existence of a convective zone in the upper
layers (4), which could be responsible for the ex-
citation of the detected modes.

Our results are based on the quasi-uninterrupted
(meaning, a duty cycle of 90%) light curve obtained
over 150 days with the Convection Rotation and
Planetary Transits (CoRoT) (5—7) Centre National
d'Etudes Spatiales (CNES) space mission (Fig. 1).
The dominant opacity-driven mode is located at
63.5 uHz with an amplitude of 3.9 x 10* parts per
million (ppm). We looked for stochastically excited
modes with frequencies above 100 uHz; below this
limit, the existence of several opacity-driven modes
makes the analysis more difficult. No signal is found
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above 250 puHz. In the frequency range 100 to
250 uHz, there are broad structures with a width
of several uHz, with low amplitudes of hundreds
of parts per million and well above the noise
level, which is around 1 ppm.

These structures are not the result of instru-
mental effects [supporting online material (SOM)
text]. To verify that they are not related to the ex-
istence of the opacity-driven modes, we carried out
prewhitening (SOM text), which suppresses the
influence of the dominant peaks and their harmon-
ics in the relevant frequency domain as well as
related aliases because of the observational inter-
ruptions. We validated our prewhitening method
through numerical simulations (SOM text).

91.9 122.5 153.1

Time (days)

193
192
191
190

Frequency (uHz)

189

0.0

30.6

61.2

91.9 122.5 153.1

Time (days)

Fig. 2. Time-frequency diagram, using a Morlet wavelet with a 20-day width (8). (Top) Solar-like
mode in the prewhitened light curve shown in the inset of Fig. 1, which exhibits a time-dependent
behavior and a spreading over several uHz. (Bottom) For comparison, the second harmonic of the
dominant peak, associated with the opacity-driven mode in the unprewhitened light curve.

Fig. 3. Autocorrelation
of the power-density
spectrum associated with
V1449 Aql. The red curve
corresponds to the auto-
correlation smoothed with
a boxcar average width of
0.60 pHz. The autocor-
relation has been com-
puted between 130 and
300 pHz The domain be-
low 130 pHz is not consid-
ered to avoid the low-order
modes, which in general
depart from the regular

spacing expected with the

0.4
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0.2

0.1

high-order p modes.
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The modes associated with the broad structures
have a finite lifetime, in contrast with opacity-
driven modes, which are coherent oscillations
and therefore appear as sinus cardinal functions
in the Fourier spectrum. The amplitudes of these
oscillations vary stochastically in time, again in
contrast with the stationary property of the domi-
nant opacity-driven mode and its harmonics.
Their power is intermittent in time and dispersed
in terms of frequency (Fig. 2). Such behavior, typ-
ical of solar-like modes (&), confirms the stochastic
nature of the structures. In contrast, the temporal
behavior of the second harmonic of the funda-
mental opacity-driven mode, which lies in the
same frequency interval, is centered on a single
frequency (Fig. 2, bottom). The widths of the de-
tected high-frequency modes show that they are
damped, which is a signature of modes excited
by turbulent convection.

We looked for regularly spaced patterns in the
Fourier spectrum, which are a characteristic
signature of those modes. An autocorrelation of
the Fourier spectrum shows periodicities centered
around 5, 14, and 27 uHz (Fig. 3), indicating the
existence of periodicities in the power spectrum.

Theoretical calculations show that these prop-
erties, interpreted as damped acoustic modes ex-
cited by turbulent convection, are compatible with
solar-like oscillations of a massive main sequence
star. We carried out numerical simulations using a
10-solar mass stellar model that is appropriate
for V1449 Aql in that it corresponds to the obser-
vational constraints obtained from ground-based
observations (9). A comparison between the the-
oretical and observational autocorrelations shows
that the observed frequency spectrum is compat-
ible with the presence of modes of angular degrees
1=0, 1, and 2, characterized by a large frequency
separation around 27 uHz, with 1-uHz widths and
a rotational splitting of 2.5 uHz related to a
rotation with an axis inclined by 90° with respect
to the line of sight (SOM text).

Mode amplitudes obtained from theoretical
computations of the line width (/0) and the en-
ergy supplied in the mode by turbulent convec-
tion (/1) reach several tens of parts per million,
which is well above the CoRoT detection threshold
and in agreement with observations. Our calcula-
tions show that excitation by the turbulent convec-
tive motions associated with the iron-opacity bump
in the upper layers of the star is efficient. This
driving is operative when the convective time scale
of energy-bearing eddies is close to the modal pe-
riod, which explains why modes in the frequency
range of 100 to 250 pHz are observed.

In summary, we showed that the broad struc-
tures at high frequencies detected in the CoRoT
Fourier spectrum of the star V1449 Aql are not
the result of instrumental effects, are indepen-
dent of the opacity-driven modes, and present
regularly spaced patterns that are characteristic
of high-frequency acoustic modes. These struc-
tures have the theoretically expected properties
of solar-like oscillations: modes excited by turbu-
lent convection.
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Colloidal Quantum-Dot Photodetectors
Exploiting Multiexciton Generation

Vlad Sukhovatkin, Sean Hinds, Lukasz Brzozowski, Edward H. Sargent*

Multiexciton generation (MEG) has been indirectly observed in colloidal quantum dots, both in solution
and the solid state, but has not yet been shown to enhance photocurrent in an optoelectronic device.
Here, we report a class of solution-processed photoconductive detectors, sensitive in the ultraviolet,
visible, and the infrared, in which the internal gain is dramatically enhanced for photon energies Eghoton
greater than 2.7 times the quantum-confined bandgap Epanggap- Three thin-film devices with different
quantum-confined bandgaps (set by the size of their constituent lead sulfide nanoparticles) show
enhancement determined by the bandgap-normalized photon energy, Ephoton/Ebandgap: Which is a clear
signature of MEG. The findings point to a valuable role for MEG in enhancing the photocurrent

in a solid-state optoelectronic device. We compare the conditions on carrier excitation,
recombination, and transport for photoconductive versus photovoltaic devices to benefit from MEG.

ultiexciton generation (MEG) refers to
Mthe creation of two or more electron-

hole pairs per absorbed photon in a
semiconductor (7). Colloidal quantum-dot mate-
rials in which MEG has been reported experi-
mentally include PbS and PbSe (2), PbTe (3),
CdSe (4), and Si (9). In bulk semiconductors,
carrier multiplication has been observed repeat-
edly over the past five decades, both in elemental
semiconductors such as germanium (6) and sili-
con (7) and also in lead chalcogenides (8), includ-
ing the infrared-bandgap bulk semiconductor PbS
(9). In the past year, experiments that carefully
account for processes such as photoionization of
nanoparticles during spectroscopic studies have
evidenced the production of more than one ex-
citon per photon (/0) in colloidal quantum dots,
with yields ranging from 1.1 to 2.4 excitons per
photon (/0) when the photon energy exceeds the
MEG threshold near ~Eppoton/Evandgap > 2.7 (11),
where Eppoton 18 the photon energy and Epandgap 1
the quantum-confined bandgap.

MEQG has been reported, based on all-optical
spectroscopic data, not only in solution but also
in thin solid films; however, in spite of numerous
attempts with materials systems and photon en-
ergies reported to manifest MEG, neither the ex-
ternal quantum efficiency (EQE) nor the internal
quantum efficiency (IQE) of the photocurrent in a
device has been shown to exceed 100% (12-20).

Department of Electrical and Computer Engineering, Univer-
sity of Toronto, Toronto, ON M5S 3G4, Canada.
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In particular, one careful and systematic study
(21) recently explored whether a key signature of
MEG—an IQE of greater than unity—was ob-
servable in the photocurrent of a low-bandgap
PbSe colloidal quantum-dot photovoltaic device.
Once reflection and absorption were carefully taken
into account, IQEs approaching, but not exceed-
ing, 100% were reported.

Recent reports (22) suggest that in some of the
earlier spectroscopic studies, the apparent quantum
yield of MEG was enhanced by photoionization in
the presence of multiple excitons. The sequence
of steps is depicted in Fig. 1. The generation of
two excitons within one quantum dot (Fig. 1B)
produces efficient Auger recombination; one exci-

T T Ec-Et:
0.1eV o
EBuui 0.44«

Eg, 1.4 eV

A Energy levels B 2-exciton generation

C Auger reexcitation

ton recombines, and one carrier associated with the
other exciton is excited high within its band (Fig.
1C). Photoionization, in this instance known as
Auger-assisted ionization (AAI), may occur when
this excited charge carrier becomes trapped at or
near the quantum dot’s surface, resulting in a nano-
particle that possesses a long-lived net charge (Fig.
1D). The energetic Auger electron has a higher
probability of being captured to a trap than does
an already-thermalized electron (23) because it
can more easily surmount the energetic barrier
(such as a thin oxide on the nanoparticle surface),
restricting access to a surface trap state.

Subsequent photogeneration of even a single
exciton then results in the presence of a trion (an
exciton plus a charge) that recombines rapidly,
masquerading as MEG in recombination dynamics—
based studies. Thus, MEG’s time-resolved spectro-
scopic signatures are enhanced by photoionization.
It should be emphasized that, at the low intensities
of interest in MEG investigations, photoionization
alone cannot masquerade as MEG and serves only
to amplify the apparent quantum yield if MEG is
already present.

Unfortunately, MEG combined with photo-
ionization provides no advantages over MEG
alone in the harvest of photovoltaic energy. Indeed,
because trions resulting from photoionization ac-
celerate recombination, they render even more
challenging the extraction of MEG photocurrent
from a photovoltaic device. To observe the bene-
fits of MEG in the current extracted from a photo-
voltaic device, charge separation must occur before

D Auger-assisted trapping

Fig. 1. MEG accompanied by photoionization. (A) Bands and trap levels for the quantum dots that were
used. E. is the quantum-confined conduction band edge, E; is the trap energy, E4qq is the quantum-
confined bandgap, and Egp, is the constituent semiconductor’s bulk bandgap. (B) Generation of a pair of
excitons via photon absorption followed by carrier multiplication. (C) Auger-induced excitation of an
electron to a higher-lying level concomitant with recombination of the other exciton. (D) Efficient
trapping of the excited electron.

19 JUNE 2009 VOL 324 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on June 19, 2009


http://www.sciencemag.org

