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Abstract. The detection and analysis of oscillations in binary star systems is critical in understanding stellar
structure and evolution. This is partly because such systems have the same initial chemical composition and
age. Solar-like oscillations have been detected by Kepler in both components of the asteroseismic binary HD
176465. We present an independent modelling of each star in this binary system. Stellar models generated
using MESA (Modules for Experiments in Stellar Astrophysics) were fitted to both the observed individual
frequencies and complementary spectroscopic parameters. The individual theoretical oscillation frequencies
for the corresponding stellar models were obtained using GYRE as the pulsation code. A Bayesian approach
was applied to find the probability distribution functions of the stellar parameters using AIMS (Asteroseismic
Inference on a Massive Scale) as the optimisation code. The ages of HD 176465 A and HD 176465 B were
found to be 2.81 ± 0.48 Gyr and 2.52 ± 0.80 Gyr, respectively. These results are in agreement when compared
to previous studies carried out using other asteroseismic modelling techniques and gyrochronology.
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1 Introduction

The accomplishments of the CoRoT and Kepler space tele-
scopes have tremendously transformed asteroseismology
of solar-like oscillations into an effective tool for charac-
terising stars [7, 20]. Apart from the observation of solar-
like oscillations in several hundreds of solar-type stars, a
few binary systems with solar-like oscillations detected
separately in both components have also been observed,
e.g., 16 Cyg [18], α Cen [3, 15]. Binary star systems
play an important role in the understanding of stellar struc-
ture and evolution. This is because such systems share the
same formation history, i.e., formed from the same molec-
ular cloud therefore having the same initial chemical com-
position and approximately the same age.

Different tools are currently employed in asteroseismic
modelling of stars to derive fundamental stellar parameters
[26]. The asteroseismic inference is achieved by matching
model parameters to observed individual oscillation fre-
quencies or ratios of characteristic frequency separations,
and spectroscopic parameters such as effective tempera-
ture and metallicity [19].
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The individual frequencies and spectroscopic param-
eters for the asteroseismic binary HD 176465 obtained
with high-quality photometric observations using Kepler
are presented in [30]. In this article, we adopt this available
data set to estimate a robust set of fundamental properties
for both components in this system by using the state-of-
the-art AIMS1 optimisation tool based on a grid of evolu-
tionary models generated using MESA2.

This paper is organised as follows. Section 2 gives
a brief description of our target and defines the observ-
ables to be matched with our generated models, while our
model grid constituents and optimisation procedures are
discussed in Section 3. The results are discussed in Sec-
tion 4 including a comparison with results from other as-
teroseismic fitting algorithms. Our conclusions are given
in Section 5.

2 Target and data

HD 176465 is a nearby binary system displaying solar-like
oscillations in both components. The Kepler space tele-

1http://bison.ph.bham.ac.uk/spaceinn/aims/
2http://mesa.sourceforge.net/
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scope observed the binary system in short-cadence mode
(SC; 58.85s sampling), for 30 days during the asteroseis-
mic survey phase (20-07-2009 to 19-08-2009, i.e., Quar-
ter 2.2), and continuously from the end of the survey (37
months, Quarters 5 - 17). Refer to [14] and [10] for details
on how the SC time series were prepared from raw obser-
vations and corrected to remove outliers and jumps. Both
components in the binary system have overlapping fre-
quencies which have been extracted through detailed mod-
elling of the power spectrum and analysis of the échelle
diagram (see [30] for details).

Table 1: Spectroscopic parameters of HD 176465 A and HD
176465 B

Parameter HD 176465 A HD 176465 B

[Fe/H](dex) -0.30 ± 0.06 -0.30 ± 0.06
Teff (K) 5830 ± 90 5740 ± 90

In order to increase the precision of asteroseismic in-
ference, we adopted both the spectroscopic parameters
(i.e., metallicity (Fe/H) and effective temperature (Teff) in
Table 1) and the seismic parameters (i.e., the observed in-
dividual frequencies in [30]). A spectrum of HD 176465
was obtained from the ESPaDOnS spectrograph on the
3.6-m Canada - France - Hawaii Telescope (See [5] and
[21] for details on how the spectrum was analysed, and
the fundamental parameters and element abundances de-
rived).

3 Modelling

MESA version 7624 [22–24] was used to construct a grid
of stellar models for each of the individual component in
the binary system HD 176465. The stellar models used
opacities from OPAL tables [13] for temperatures above
104 K. At lower temperatures, tables from [8] were used.
Nuclear reaction rates were obtained from tables pro-
vided by the NACRE collaboration [1]. Specific rates for
14N(p, γ)15O were described by [12] and for 12C(α, γ)16O
by [16]. The standard grey Eddington atmosphere was
used to integrate the atmospheric structure from the photo-
sphere to an optical depth of τ = 10−4. The mixing length
theory [4] was used to describe convection. No convec-
tion overshooting or semiconvection was included, how-
ever diffusion was included to cater for gravitational set-
tling of heavy elements according to the method of [28].

The stellar grid contained a mass range M ∈ [0.7, 1.15]
in steps of 0.05 M�, a mixing length parameter range α ∈
[1.5, 2.2] in steps of 0.1 and a metal abundance range Z
∈ [0.005, 0.021] in steps of 0.001. For every combina-
tion of M, Z, and α, stellar evolution tracks were evolved
by MESA from the pre-main sequence to the end of the
main sequence. Over 60 models at different ages along
each evolution track were generated. The oscillation fre-
quencies for each model were calculated using GYRE3

3https://bitbucket.org/rhdtownsend/gyre/

[29]. The surface effects in the model frequencies were
corrected using the two-term correction described by [2]
and implemented in AIMS.

AIMS uses a Bayesian approach to find the probability
distribution functions (PDFs) of the stellar parameters. By
interpolating in the grid of models calculated by MESA,
AIMS generates a representative sample of models using
Monte Carlo Markov Chain (MCMC) approach based on
the Python package emcee.py4 [9]. The results of the de-
rived stellar parameters are presented in Figures 1 and 2,
and Tables 2 and 3.

4 Discussion

Our results are compared with findings obtained using
other modelling procedures and tools. These include the

Figure 1: Comparison of our results with those obtained by sev-
eral pipelines in [30]. The red box corresponds to 1σ-error inter-
val in our results.

Asteroseismic Modelling Portal (AMP), the Aarhus STel-
lar Evolution Code (ASTEC) Fitting method (ASTFIT), the
Bayesian Stellar Algorithm (BASTA), and MESA code.
Refer to [30] and references therein for details on the dif-
ferent tools. MESA can also be used for optimisation
purposes because it contains a module capable of fitting
a set of asteroseismic constraints (results in Tables 2 and

4http://dan.iel.fm/emcee/current/
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scope observed the binary system in short-cadence mode
(SC; 58.85s sampling), for 30 days during the asteroseis-
mic survey phase (20-07-2009 to 19-08-2009, i.e., Quar-
ter 2.2), and continuously from the end of the survey (37
months, Quarters 5 - 17). Refer to [14] and [10] for details
on how the SC time series were prepared from raw obser-
vations and corrected to remove outliers and jumps. Both
components in the binary system have overlapping fre-
quencies which have been extracted through detailed mod-
elling of the power spectrum and analysis of the échelle
diagram (see [30] for details).

Table 1: Spectroscopic parameters of HD 176465 A and HD
176465 B

Parameter HD 176465 A HD 176465 B

[Fe/H](dex) -0.30 ± 0.06 -0.30 ± 0.06
Teff (K) 5830 ± 90 5740 ± 90

In order to increase the precision of asteroseismic in-
ference, we adopted both the spectroscopic parameters
(i.e., metallicity (Fe/H) and effective temperature (Teff) in
Table 1) and the seismic parameters (i.e., the observed in-
dividual frequencies in [30]). A spectrum of HD 176465
was obtained from the ESPaDOnS spectrograph on the
3.6-m Canada - France - Hawaii Telescope (See [5] and
[21] for details on how the spectrum was analysed, and
the fundamental parameters and element abundances de-
rived).

3 Modelling

MESA version 7624 [22–24] was used to construct a grid
of stellar models for each of the individual component in
the binary system HD 176465. The stellar models used
opacities from OPAL tables [13] for temperatures above
104 K. At lower temperatures, tables from [8] were used.
Nuclear reaction rates were obtained from tables pro-
vided by the NACRE collaboration [1]. Specific rates for
14N(p, γ)15O were described by [12] and for 12C(α, γ)16O
by [16]. The standard grey Eddington atmosphere was
used to integrate the atmospheric structure from the photo-
sphere to an optical depth of τ = 10−4. The mixing length
theory [4] was used to describe convection. No convec-
tion overshooting or semiconvection was included, how-
ever diffusion was included to cater for gravitational set-
tling of heavy elements according to the method of [28].

The stellar grid contained a mass range M ∈ [0.7, 1.15]
in steps of 0.05 M�, a mixing length parameter range α ∈
[1.5, 2.2] in steps of 0.1 and a metal abundance range Z
∈ [0.005, 0.021] in steps of 0.001. For every combina-
tion of M, Z, and α, stellar evolution tracks were evolved
by MESA from the pre-main sequence to the end of the
main sequence. Over 60 models at different ages along
each evolution track were generated. The oscillation fre-
quencies for each model were calculated using GYRE3

3https://bitbucket.org/rhdtownsend/gyre/

[29]. The surface effects in the model frequencies were
corrected using the two-term correction described by [2]
and implemented in AIMS.

AIMS uses a Bayesian approach to find the probability
distribution functions (PDFs) of the stellar parameters. By
interpolating in the grid of models calculated by MESA,
AIMS generates a representative sample of models using
Monte Carlo Markov Chain (MCMC) approach based on
the Python package emcee.py4 [9]. The results of the de-
rived stellar parameters are presented in Figures 1 and 2,
and Tables 2 and 3.

4 Discussion

Our results are compared with findings obtained using
other modelling procedures and tools. These include the

Figure 1: Comparison of our results with those obtained by sev-
eral pipelines in [30]. The red box corresponds to 1σ-error inter-
val in our results.

Asteroseismic Modelling Portal (AMP), the Aarhus STel-
lar Evolution Code (ASTEC) Fitting method (ASTFIT), the
Bayesian Stellar Algorithm (BASTA), and MESA code.
Refer to [30] and references therein for details on the dif-
ferent tools. MESA can also be used for optimisation
purposes because it contains a module capable of fitting
a set of asteroseismic constraints (results in Tables 2 and

4http://dan.iel.fm/emcee/current/

Figure 2: Comparison of our results with those obtained by several pipelines in [30]. The red box corresponds to 1σ-error interval in
our results.

Table 2: Comparison of our results (AIMS) with those obtained using other modelling strategies (AMP, ASTFIT, BASTA, and MESA
[30]) for HD 176465 A

Parameter AMP ASTFIT BASTA MESA AIMS
Mass (M�) 0.930± 0.04 0.952 ± 0.015 0.960+0.010

−0.011 0.99 ± 0.02 0.943 ± 0.011 (± 0.001)
Radius (R�) 0.918 ± 0.015 0.927 ± 0.005 0.928+0.006

−0.003 0.939 ± 0.006 0.924 ± 0.004 (± 0.0003)
Age (Gyr) 3.0 ± 0.4 3.2 ± 0.5 2.8 ± 0.3 3.01 ± 0.12 2.81 ± 0.48 (± 0.6)

Z 0.0085 ± 0.0010 0.0103 ± 0.0010 0.011 ± 0.004 0.0094 ± 0.0009 0.012 ± 0.0010 (± 0.0004)
Yi 0.258 ± 0.024 0.262 ± 0.003 0.265 ± 0.002 0.23 ± 0.02 —–
α 1.90 ± 0.18 1.80 1.791 1.79 1.78 ± 0.11(± 0.01)

Note: —– The surface helium abundance (Yi) is not determined in AIMS.

Table 3: Comparison of our results (AIMS) with those obtained using other modelling strategies (AMP, ASTFIT, BASTA, and MESA
[30]) for HD 176465 B.

Parameter AMP ASTFIT BASTA MESA AIMS
Mass (M�) 0.930± 0.02 0.92 ± 0.02 0.929+0.010

−0.011 0.97 ± 0.04 0.921 ± 0.015 (± 0.002)
Radius (R�) 0.885 ± 0.006 0.883 ± 0.007 0.886+0.003

−0.006 0.899 ± 0.013 0.883 ± 0.005 (± 0.001)
Age (Gyr) 2.9 ± 0.5 3.4 ± 0.9 3.2 ± 0.4 3.18 ± 0.31 2.52 ± 0.80 (± 0.1)

Z 0.0085 ± 0.0007 0.0096 ± 0.0011 0.011 ± 0.004 0.0122 ± 0.0011 0.011 ± 0.0012 (± 0.0002)
Yi 0.246 ± 0.013 0.262 ± 0.003 0.265 ± 0.002 0.24 ± 0.04 —–
α 1.94 ± 0.12 1.80 1.791 1.79 1.79 ± 0.11 (± 0.01)

Note: —– The surface helium abundance (Yi) is not determined in AIMS.

3, under column MESA). In this study, MESA was only
used to generate a grid of stellar models as described in
Section 3. The input physics used varies across the set
of modelling tools used. Furthermore, each modelling
technique uses different stellar evolution codes, pulsation
codes and/or optimization techniques. The results in Ta-
bles 2 and 3 include only statistical uncertainties returned
by each pipeline.

The error bars in brackets under column AIMS (Tables
2 and 3) were obtained using an unreduced χ2 value in
the likelihood function. These errors are consistent from
a statistical point of view, i.e., they reflect how the obser-

vational errors propagate to the derived stellar parameters.
The main error bars used were obtained using the overall
reduced χ2 which is inconsistent from a statistical point
of view. This option, however, generates error bars com-
parable to those obtained using other optimization tools.

The different modelling tools converge on models for
HD 176465 A with a mean mass of 0.95 ± 0.02 M�
and a mean radius of 0.93 ± 0.01 R�. For HD 176465
B, they converge with a mean mass of 0.93 ± 0.02 M�
and a mean radius of 0.89 ± 0.01 R�. Figures 1 and 2
show that results from MESA are slightly higher regard-
ing the stellar masses and radii compared to results from
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other modelling tools. The initial helium abundance of
the best-fitting MESA models are lower than the primor-
dial value from standard Big Bang nucleosynthesis (Y =
0.2482 ± 0.0007)[27]. This may explain why masses and
radii of MESA models are larger compared to other mod-
eling tools.

The age of HD 176465 A and HD 176465 B was
found to be 2.81 ± 0.48 Gyr and 2.52 ± 0.80 Gyr respec-
tively. This is consistent within 1σ-error interval. All
models agree on the ages of both stars within the uncer-
tainties even when no restrictions were made on the ages
during the different modelling procedures. This is ex-
pected assuming both stars were formed at approximately
the same time and from the same molecular cloud. The
gyrochronology relations based on [11] calibrations were
used in [30] and the age of the binary was found to be 3.2
+1.2
−0.8 Gyr. This is in good agreement with results obtained
using the asteroseismic modelling tools.

The metal abundances for HD 176465 A and HD
176465 B are 0.012 ± 0.0010 and 0.011 ± 0.0012, respec-
tively. This is consistent within 1σ-error interval. This is
expected assuming that both stars were formed from the
same molecular cloud with approximately the same chem-
ical composition.

5 Conclusions

We derived precise fundamental stellar parameters using
state of the art modelling tools for the asteroseismic binary
system. The obtained results were compared with those
available from other modeling tools [30]. The methods
agree on the stellar properties in almost all cases.

Binary star systems provide important tests of stel-
lar structure and evolution. They can be used to pro-
vide important constraints in the asteroseismic modelling
techniques especially when orbital parameters are known.
For HD 176465, position measurements were made in the
Washington Double Star Catalog [17]. Unfortunately the
fraction of the orbit covered is insufficient to constrain the
total mass [30].

Only a handful of main sequence binary systems have
been made available from space missions such as CoRoT
and Kepler. Future missions such as TESS [6] and PLATO
[25] are expected to increase asteroseismic data for similar
systems. This will help in setting tight constraints on the
physics used in stellar evolution and asteroseismology.
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