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Asteroseismology 

aster: star 
seismo: oscillations 

logos: reasoning 
 

Study of stellar interiors  
through the analysis of  

stellar oscillations 
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Driving mechanisms 

•  convective outer layers in which stochastic 
excitation of oscillations takes place 

•  some outer layers act as a heat engine: 
    partial ionisation zones absorb and accumulate 
    energy generated in the stellar interior 
    (opacity mechanism) 
•  forced oscillations may occur due to tidal effects 
   in close binaries 
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Stars 
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Stellar evolution 

©Thomas Kallinger, UBC, Vancouver, Canada 
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Photometry: Kepler 



Asteroseismology of solar-like oscillators: recent results

KIS, Freiburg                               June 2, 2016 7 

Time series 
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Fourier transform 

νmax 
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Spherical harmonics 
l=1, m=0 l=1, m=1 l=2, m=0 

l=2, m=1 l=2, m=2 l=3, m=0 
Christensen-
Dalsgaard 
2003 
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Oscillations 

Hekker & Mazumdar 2014 
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Scaling relations 
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Testing scaling relations 

Huber et al. 2012 
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Testing scaling relations 

Themeßl et al. in prep. 

Fig. 1: Over a time span of 150 days the lightcurve of KIC 8410637 shows two eclipses. 
The inset reveals the brightness variations that occur due to pulsations. 

Fig. 4: Global oscillation parameters of KIC 8410637 derived from different datasets and 
by using different methods (left). The resulting mass and radius estimates based on the 
asteroseimic scaling relations and the binary orbit analysis (right). 

The asteroseimic scaling relations connect direct observables (νmax and Δν) 
with the following stellar parameters (e.g. Kjeldsen & Bedding (1995)): 
 
 
 
 
 
 
These relations are usually calibrated to the Sun. 

Fig. 2: Power density spectrum of KIC 8410637 (top) including background components 
(in blue) and the best fit (in red). After removing the background, only the oscillations are 
left in the spectrum (bottom). The Gaussian fit (multiplied by a factor) is shown in red. 

Asteroseismology, an independent method of deriving the 
stellar parameters of red giants in binary systems 

 
N. Themeßl,1,2 S. Hekker,1,2 G.C. Angelou,1,2 J. Southworth,3 et al. 

 
1 MPS Göttingen, DE, email: themessl@mps.mpg.de | 2 SAC Aarhus, DK | 3 Keele University, Staffordshire, UK 
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Red giants in eclipsing binary systems are ideal candidates for testing stellar 
structure and evolution. The stellar parameters in these systems can be 
determined via independent methods, either from the binary orbit analysis or 
from asteroseismology. We use four years of Kepler observations to study the 
oscillation spectra of three red giants, which provide a direct estimate of 
stellar mass, radius, mean density and surface gravity for these stars. We 
show that the asteroseismic stellar parameters are in good agreement with 
the results obtained from the binary orbit analysis. 

Introduction 

Granulation background model 

The Kepler space mission measured the flux of over 100 000 stars, among 
which a number of eclipsing binary systems with a red-giant component were 
found (e.g. Gaulme et al. 2013). Pulsating red giants exhibit solar-like 
oscillations that are stochastically driven by the turbulence in the outer 
convection zone. Their oscillation spectrum consists of several overtones of 
high-radial order (n) and low-spherical degree (ℓ ≤ 3) modes. 

The power excess is the most distinct feature in the power density spectrum 
of a red giant (e.g. at ~45 µHz in Fig. 2). The oscillation modes are 
superimposed on a background that we model with a white noise component 
and two granulation background components.  To fit the model to the data we 
use a Markov Chain Monte Carlo method. After removing the background we 
fit a Gaussian to the power excess. We consider the center of this Gaussian 
as the frequency of maximum oscillation power νmax.  

Data 
Eclipsing binary systems are characterized by dips in the photometric 
timeseries (Fig. 1). These are caused by the two components eclipsing one 
another. The original Kepler timeseries of KIC 8410637 span 1460 days of 
nearly continuous observations with one measurement every ~29.4 minutes. 
In total, the lightcurve shows 4 primary and 4 secondary eclipses. The data  
were corrected according to Handberg & Lund (2014). For the asteroseismic 
analysis all long-term trends, drifts, outliers, jumps and eclipses were 
removed. 

Deriving stellar parameters 
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1.5

The oscillation modes are visible as peaks in the power density spectrum. 
They follow a well-defined pattern which comprises modes of different 
spherical degree. To extract the frequencies, we fit a sequence of Lorentzian 
profiles to the spectrum (Fig. 3). The spacing between modes of the same 
spherical degree and consecutive order is the so-called large frequency 
separation Δν.  

Peakbagging 

Fig. 3: Oscillation region of KIC 8410637 (top) and one mode triplet between 38 and 43 
µHz with residuals (bottom). The best fit to the modes is shown in red.  

ρ∝Δν 2

g∝νmax ⋅Teff
0.5
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The system KIC 8410637 has been well studied. While the global oscillation 
parameters (νmax and Δν) are in good agreement between the different 
analyses, the resulting masses and radii are more scattered with a trend 
visible (Fig. 4). Our asteroseismically determined stellar parameters are in 
agreement with the precise mass and radius estimates from the binary orbit 
analysis. 
 

Results 

Binary orbit 
analysis 

νmax 
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Huber, D., 2014, preprint 
Kjeldsen H., Bedding T. R., 1995, A&A, 293 
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Results scaling relation 

Silva Aguirre et al. 2015 
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Oscillations 

Hekker & Mazumdar 2014 
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Christensen-Dalsgaard Diagram 
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Christensen-Dalsgaard Diagram 

age mass 

Bellinger et al. submitted 
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Random forest 6 Bellinger & Angelou et al.
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Figure 3. A schematic representation of a random forest regressor for inferring fundamental stellar parameters. Classical
observables such as temperature and global asteroseismic observables like h�⌫

0,2i are input on the left side. These quantities
are then fed through to some number of hidden decision trees, which each independently predict attributes like age and mass.
The predictions are then averaged and output on the right side. All inputs and outputs are optional. For example, surface
gravities, luminosities, and radii are not always available (e.g. with the KOI stars). In their absence, these quantities can be
predicted instead of being supplied. In this case, those nodes can be moved over to the “prediction” side instead of being on the
“observations” side. Also, in addition to potentially unobserved inputs like stellar radii, other interesting model properties can be
predicted as well, such as core hydrogen mass fraction or surface helium abundance.

2.3.1. Feature Importance

A random forest is an ensemble regressor, meaning that
it is composed of many individual components that each
perform statistical regression, and the forest subsequently
averages over the results from each component (Breiman
2001). The components of the ensemble are decision trees,
each of which learns a set of decision rules for relating the
observations to the model parameters. Each decision tree
is given a random subset of the evolutionary models and
a random subset of the observable quantities, a process
known as statistical bagging (Hastie et al. 2005, Section
8.7), which prevents the random forest from over-fitting
the training data.
The decision trees use information theory to decide

which rule is the best choice for inferring quantities like
age and mass from the supplied information (Hastie et al.
2005, Chapter 9). At every stage, the rule that creates
the largest decrease in mean squared error (MSE) is
crafted. A rule may be, for example, “all models with L
< 0.4 L� have M < M�.” Rules are created until every
data point that was supplied to that particular tree is
fully explained by a sequence of decisions. We moreover
use a variant on random forests known as extremely
randomized trees (Geurts et al. 2006), which further
randomize the attribute splittings (e.g. split on L) and
the location of the cut-point (e.g. split on 0.4 L/L�) used
when creating decision rules.
This process presents an opportunity for not only in-

Bellinger et al. submitted 
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Result “Kepler” data Sun 
12 Bellinger & Angelou et al.

Figure 8. Predictions from machine learning of initial (top six) and current (bottom three) stellar parameters for degraded solar
data. Labels are placed at the mean and 3� levels. Dotted lines indicate the median and quartiles. Relative uncertainties ✏ are
shown beside each plot. Note that the overshoot parameter applies to all convective boundaries and is not modified over the
course of evolution, so a non-zero value does not imply a convective core.

Table 3. Means and standard deviations for initial conditions of the KOI data set inferred via machine learning.

The values obtained from degraded solar data predicted on these quantities are shown for reference.

KIC M/M� Y
0

Z
0

↵
MLT

↵
ov

D

3425851 1.15 ± 0.053 0.28 ± 0.020 0.015 ± 0.0028 1.9 ± 0.23 0.06 ± 0.057 0.5 ± 0.92

3544595 0.91 ± 0.032 0.270 ± 0.0090 0.015 ± 0.0028 1.9 ± 0.10 0.2 ± 0.11 4.9 ± 4.38

3632418 1.39 ± 0.057 0.267 ± 0.0089 0.019 ± 0.0032 2.0 ± 0.12 0.2 ± 0.14 1.1 ± 1.01

4141376 1.03 ± 0.036 0.267 ± 0.0097 0.012 ± 0.0025 1.9 ± 0.12 0.1 ± 0.11 4.0 ± 4.09

4143755 0.99 ± 0.037 0.277 ± 0.0050 0.014 ± 0.0026 1.77 ± 0.033 0.37 ± 0.071 13.4 ± 5.37

4349452 1.22 ± 0.056 0.28 ± 0.012 0.020 ± 0.0043 1.9 ± 0.17 0.10 ± 0.090 7.3 ± 8.82

4914423 1.19 ± 0.048 0.274 ± 0.0097 0.026 ± 0.0046 1.8 ± 0.11 0.08 ± 0.043 2.3 ± 1.6

5094751 1.11 ± 0.038 0.274 ± 0.0082 0.018 ± 0.0030 1.8 ± 0.11 0.07 ± 0.041 2.3 ± 1.39

5866724 1.29 ± 0.065 0.28 ± 0.011 0.027 ± 0.0058 1.8 ± 0.13 0.12 ± 0.086 7.0 ± 8.38

6196457 1.31 ± 0.058 0.276 ± 0.005 0.032 ± 0.0050 1.71 ± 0.050 0.16 ± 0.055 5.7 ± 2.34

6278762 0.76 ± 0.012 0.254 ± 0.0058 0.013 ± 0.0017 2.09 ± 0.069 0.06 ± 0.028 5.3 ± 2.23

6521045 1.19 ± 0.046 0.273 ± 0.0071 0.027 ± 0.0044 1.82 ± 0.074 0.12 ± 0.036 3.2 ± 1.31

7670943 1.30 ± 0.061 0.28 ± 0.017 0.021 ± 0.0045 2.0 ± 0.23 0.06 ± 0.064 1.0 ± 2.55

8077137 1.23 ± 0.070 0.270 ± 0.0093 0.018 ± 0.0028 1.8 ± 0.14 0.2 ± 0.11 2.9 ± 2.08

8292840 1.15 ± 0.079 0.28 ± 0.010 0.016 ± 0.0049 1.8 ± 0.15 0.1 ± 0.12 11. ± 10.7

Table 3 continued

Bellinger et al. submitted 
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Diffusion 
Stellar Parameters in an Instant with Machine Learning 17
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Figure 12. Logarithmic di↵usion multiplication factor as a function of stellar mass for 34 Kepler objects-of-interest. The solid
line is the line of best fit from Equation 9 and the dashed lines are the 50% confidence interval around this fit.

stellar model parameters.

5. CONCLUSIONS

Here we have considered the constrained multiple-
regression problem of inferring fundamental stellar pa-
rameters from observations. We created a grid of evo-
lutionary tracks varied in mass, chemical composition,
mixing length parameter, overshooting coe�cient, and
di↵usion factor. We evolved each track in time along
the main sequence and collected “classical properties”
such as e↵ective temperatures and metallicities as well as
global statistics on the modes of oscillations from models
along each evolutionary path. We used this matrix of
simulations to train a machine learning algorithm to be
able to discern the patterns that relate observations to
stellar properties. We then applied this method to hare-
and-hound exercise data, the Sun, 16 Cyg A and B, and
34 planet-hosting candidates that have been observed by
Kepler and rapidly obtained precise initial conditions and
current-age values of these stars.Remarkably, we were
able to empirically determine the value of the di↵usion
factor and hence the e�ciency of di↵usion required to
reproduce the observations instead of inhibiting it ad hoc.
We look forward to having a larger sample size in order
to better constrain the di↵usion factor and determine
what other variables are relevant in its parametrization.

The method presented here has many advantages over
existing approaches. First, random forests can be trained
and used in only seconds and hence provide substantial
speed-ups over other methods. Observations of a star
simply need to be fed through the forest—akin to plug-
ging numbers into an equation—and do not need to be
subjected to expensive iterative optimization procedures.
Secondly, random forests perform non-linear and non-
parametric regression, which means that the method can
use orders-of-magnitude fewer models for the same level
of precision, while additionally attaining a more rigorous
appraisal of uncertainties for the predicted quantities.
Thirdly, our method allows us to investigate wide ranges
and combinations of stellar parameters. And finally,
the method presented here provides the opportunity to
extract insights from the statistical regression that is
being performed, which is achieved by examining the
relationships in stellar physics that the machine learns
by analyzing simulation data. This contrasts the blind
optimization processes of other methods that provide
an answer but do not indicate the elements that were
important in doing so.
We note that the predicted quantities reflect a set of

choices in stellar physics. Although such biases are im-
possible to propagate, varying model parameters that
are usually kept fixed—such as the mixing length param-

Bellinger et al. submitted 



Asteroseismology of solar-like oscillators: recent results

KIS, Freiburg                               June 2, 2016 24 

Main-sequence star 

Hekker & Mazumdar 2014 
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Red giant 

Hekker & Mazumdar 2014 
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Mixed modes 

Hekker & Mazumdar 2014 

- Brunt-Väisälä frequency         
 buoyancy cavity 

-  Lamb frequency        
  acoustic cavity 
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Mixed modes 

Beck et al. 2011, Science / Bedding et al. 2011, Nature / Mosser et al. 2014 
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Period spacing 

Bedding et al. 2011; Mosser et al. 2014 

hydrogen shell burning 

helium core burning 
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Stellar structure features 

Cunha et al. 2015 
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Suppressed dipole modes 

Stello et al. 2016 
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Suppressed modes: magnetic greenhouse 

Fuller et al. 2015 



Asteroseismology of solar-like oscillators: recent results

KIS, Freiburg                               June 2, 2016 32 



Asteroseismology of solar-like oscillators: recent results

KIS, Freiburg                               June 2, 2016 33 

Rotational splitting of non-radial modes 

Beck et al. 2012, Nature 

fast core 
solid body 
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Kepler 56 

Huber et al. 2013 
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Milky Way 
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Homogeneous parameters across MW 

Mints et al. in prep. 



Asteroseismology of solar-like oscillators: recent results

KIS, Freiburg                               June 2, 2016 37 

Importance of accurate stellar parameters 

Stellar Evolution 

Planets 

Milky Way 
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