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a simple plan

testing stellar models using Gaia + 
asteroseismology + spectroscopy 

in controlled environments

1
new data for when the feast is over?

2

ideas for a space mission dedicated to 
asteroseismology of clusters
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testing stellar models

clusters as probes of the MW’s structure, chemical and dynamical evolution:

age inference via isochrone  fitting

mapping photospheric abundances to those of the ISM at birth

inferences rely heavily on models of stellar structure and evolution

e.g. 
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testing stellar models

clusters as probes of the MW’s structure, chemical and dynamical evolution:

age inference via isochrone  fitting

mapping photospheric abundances to those of the ISM at birth

inferences rely heavily on models of stellar structure and evolution

e.g. 

clusters ideal environments to expose shortcomings of stellar models
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(too) many examples to choose from, I will limit to red giant stars, considering additional 
constraints brought by the detection of solar-like oscillations

testing stellar models

key processes that are being tested/calibrated 

b. clusters as benchmarks for the asteroseismic distance, mass, and age  scale

a.
mixing from convective cores (e.g. in RC stars)

rotationmass loss

first dredge-up efficiency

extra mixing, Li production?

products of mass transfer / merger 
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convective boundary mixing

core (He burning)

Bossini et al. 2017

∆Π1 in field stars and in old-open clusters 3

He-semiconvection zone, that develops in the late phases of
HeCB, remains separate from the convective core, allowing a
larger radiative region, thus effectively decreasing ∆Π1. This
is the reason why in Fig. 1 MOV reaches higher ∆Π1 values
than HOV.

The comparison between models and stars in NGC6791
and NGC6891 supports the conclusions reached in B15,
i.e. that a moderate extra-mixed scheme reproduces well
the maximum ∆Π1 in the HeCB phase. However, while in
NGC6891 the MPC model cannot reach the small period
spacings of two stars (21 and 43), that are likely to be
early HeCB stars, the moderate overshooting scheme (MOV,
green line in Fig. 1) provides a better representation of the
data. This model starts the HeCB with a lower ∆Π1, since
the overshooting region is radiative, and reaches ∆Π1 as high
as the MPC in the late HeCB, since the overall mixed core
has ∇T = ∇a in both MOV and MPC schemes. On the other
hand, NGC6791 does not present early HeCB stars with
small ∆Π1 as predicted by the MOV scheme. A possible
cause for this may be ascribed to the limited number of
stars in the cluster, or to the three RC stars for which ∆Π1

cannot be determined (see Table 2). The tentative evidence
for such a discrepancy is supported by the general trend of
the lower limit of ∆Π1 with metallicity in field stars (see
Sec. 4 and Fig. 2). However, our sample around the cluster
metallicity does not contain a sufficient number of stars to
draw strong conclusions.

Offsets in ∆ν between models and observations may be
attributed to either small differences in the reference mass,
or to systematic shifts in the effective temperature scale (due
to e.g. uncertainties related to near-surface convection and
to outer boundary condition), which modify the predicted
photospheric radius, and hence ∆ν (∆ν ∝

√

M/R3). We no-
tice that, for the models used in this study, e.g. increasing
the solar-calibrated mixing-length parameter by ! 3% is suf-
ficient to recover a good agreement (see Fig. 1). We stress
that changing the outer boundary conditions / mixing length
parameter has no impact on the predictions related to ∆Π1,
which is determined by the near-core properties.

4 ∆Π1 OF FIELD STARS

In this section we explore the effects of mass and metal-
licity on the asymptotic period spacing of stars in the
HeCB phase. The dataset we use contains field stars
with spectroscopic constrains available from APOGEE
DR13 (SDSS Collaboration et al. 2016) and ∆Π1 reported
in Vrard et al. (2016). RC stars are selected looking for
∆Π1 greater than 200 s. The range of metallicity consid-
ered is [Fe/H] ∈ [−0.5,0.5]. We limit the mass range to
Mseism ∈ [1.0,1.7] M# in order to avoid stellar masses that
are approaching the secondary clump condition (e.g., see
Girardi 1999). Figure 2 shows the ∆Π1 of the final selec-
tion plotted against the mass (upper panel) and metallicity
(lower panel). It can be noticed that, in the interval con-
sidered, the period spacing is limited in a band between
a maximum (∆Π1,max) and a minimum (∆Π1,min) value. To
measure robustly the observed values of ∆Π1,max and ∆Π1,min

we bin the dataset in mass and metallicity and for each bin
we determine the 95th and 5th percentiles of the ∆Π1 distri-
bution (representing ∆Π1,max and ∆Π1,min, respectively). In
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Figure 1. Red-clump stars in NGC6791 and NGC6819 in a
∆Π1-∆ν diagram. Model predictions based on different near-core
mixing schemes are shown by solid lines. The vertical lines in-
dicate the range of ∆Π1 covered by each mixing scheme. The
dashed line shows MOV models computed with slightly (!
3%) increased mixing-length parameters (compared to the solar-
calibrated value). The red triangles mark the presence of buoy-
ancy glitches which, to the first order, induce a modulation in
∆Π1 with respect to the asymptotic value (Miglio et al. 2008,
Cunha et al. 2015, and Fig. 10 of Mosser et al. 2015), potentially
hampering an accurate inference of the asymptotic ∆Π1.
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Figure 2. Period spacing of HeCB stars with APOGEE DR13
spectroscopic parameters crossed with Vrard et al. (2016) plot-
ted against mass (upper panel) and metallicity (lower panel).
Black lines correspond to the 95th and 5th percentiles of the data
distribution along ∆Π1, while green and orange lines represent
the model predictions (respectively MOV and MPC schemes) for
∆Π1,min and ∆Π1,max. An indication of the typical error on the data
is visible in the top-right corner of each panel. NGC6791 (grey
dots) and NGC6819 (yellow dots) cluster stars are also shown.

order to evaluate the uncertainties on the percentiles, tak-
ing in account also uncertainties on M, ∆Π1 and [Fe/H], we
create 1000 realisations of the observed population. We use
these to calculate means and standard deviations of ∆Π1,max

and ∆Π1,min which we then compare to model predictions
(see the black lines in Fig. 2).

As evinced from the upper panel of Fig. 2, the data
show that the range of ∆Π1 is largely independent of mass,

MNRAS 000, 1–7 (2017)

see also Montalban et al. 2013, Bossini et al. 2015, Constantino et al. 2015

testing stellar physics
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NGC6791

likely products of binary interaction / coalescence

Brogaard et al. 2021

~10% overmassive stars

testing stellar physics
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NGC6819

4 R. Handberg et al.

(a)
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Figure 2. (a): Bayesian Information Criterion (BIC) for di�erent

background models. For each star, the background model with the

lowest BIC was used in the following analysis. (b): Comparison

of ‹max for di�erent background models.

tions about what will be present in the data. The result of
the test is a set of frequencies at which spikes have been
found. The criterion employed is that a feature is consid-
ered significant if there is a less than 20% probability of a
false detection over a frequency range of 3.5µHz. This range
represents a typical �‹ for a RC star.

In each zone, we find the separation in frequency of each
feature from all other features. Thus, if there were x features
identified from the statistical tests there would be x(x ≠
1) frequency di�erences. A histogram is formed from these
which gives the number of occurrences of di�erent frequency
di�erences. The features to be found in these histograms
carry information about the features within the spectrum
and are di�erent in the two zones of odd and even ¸. The
classification uses just the odd ¸ zone. The histogram of
the odd-¸ zone will show the large frequency separation but
will additionally show features that are a consequence of the
presence of mixed modes.

Core-helium burning stars tend to show several mixed
modes of similar heights over many orders with observed

period spacings that typically lie between about 100 s and
250 s. For RGB stars, the period spacing is much smaller at
around 60 s and the mixed modes have a su�ciently large in-
ertia that they are not always visible (see e.g. Bedding et al.
2011; Mosser et al. 2012b). These properties influence the
features in the frequency di�erence histogram. Furthermore,
by definition, the asymptotic period spacing is uniform in
period and not in frequency. This means that the frequency
di�erence between two mixed modes at the low-frequency
end of the spectrum is significantly smaller than the di�er-
ence at the high-frequency end. This variation influences the
width of the feature in the frequency-separations which, ex-
pressed as a function of �‹, can be used to di�erentiate the
two classes of red giants. More details on the method are
given in Elsworth et al. (2016).

Stars which have depressed dipole modes cannot be
classified in this way. Therefore, a few stars were instead
classified by their CMD positions and according to their
small spacing ”‹02, see 6.

Figure 3. Colour-magnitude diagram of the observed giants in

NGC 6819. The isochrone is from PARSEC (Bressan et al. 2012).

5 PEAKBAGGING

From a simple look at the power spectra of the stars in
NGC 6819 and in particular on the structure of the dipole
modes of these, it becomes apparent that these can be empir-
ically divided into three groups: Low RGB, RC, and “clean
dipole” stars. In Fig. 4 the power spectra of representa-
tive stars for each of the three groups are shown. The low
RGB stars, which are stars with ‹max & 60µHz, are char-
acterized by having rich spectra with many mixed dipole
modes. In some of them rotational splitting is visible, but
reasonably distinguishable from the mixed mode structure
as the rotational splittings are still smaller than the ob-
served period spacings. For the RC stars, which lie in the

c• 0000 RAS, MNRAS 000, 000–000

Handberg et al. 2017

[Fe/H]≃0

Age~ 2 Gyr

likely products of binary interaction / coalescence

testing stellar physics
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Figure 2. (a): Bayesian Information Criterion (BIC) for di�erent

background models. For each star, the background model with the

lowest BIC was used in the following analysis. (b): Comparison

of ‹max for di�erent background models.

tions about what will be present in the data. The result of
the test is a set of frequencies at which spikes have been
found. The criterion employed is that a feature is consid-
ered significant if there is a less than 20% probability of a
false detection over a frequency range of 3.5µHz. This range
represents a typical �‹ for a RC star.

In each zone, we find the separation in frequency of each
feature from all other features. Thus, if there were x features
identified from the statistical tests there would be x(x ≠
1) frequency di�erences. A histogram is formed from these
which gives the number of occurrences of di�erent frequency
di�erences. The features to be found in these histograms
carry information about the features within the spectrum
and are di�erent in the two zones of odd and even ¸. The
classification uses just the odd ¸ zone. The histogram of
the odd-¸ zone will show the large frequency separation but
will additionally show features that are a consequence of the
presence of mixed modes.

Core-helium burning stars tend to show several mixed
modes of similar heights over many orders with observed

period spacings that typically lie between about 100 s and
250 s. For RGB stars, the period spacing is much smaller at
around 60 s and the mixed modes have a su�ciently large in-
ertia that they are not always visible (see e.g. Bedding et al.
2011; Mosser et al. 2012b). These properties influence the
features in the frequency di�erence histogram. Furthermore,
by definition, the asymptotic period spacing is uniform in
period and not in frequency. This means that the frequency
di�erence between two mixed modes at the low-frequency
end of the spectrum is significantly smaller than the di�er-
ence at the high-frequency end. This variation influences the
width of the feature in the frequency-separations which, ex-
pressed as a function of �‹, can be used to di�erentiate the
two classes of red giants. More details on the method are
given in Elsworth et al. (2016).

Stars which have depressed dipole modes cannot be
classified in this way. Therefore, a few stars were instead
classified by their CMD positions and according to their
small spacing ”‹02, see 6.

Figure 3. Colour-magnitude diagram of the observed giants in

NGC 6819. The isochrone is from PARSEC (Bressan et al. 2012).

5 PEAKBAGGING

From a simple look at the power spectra of the stars in
NGC 6819 and in particular on the structure of the dipole
modes of these, it becomes apparent that these can be empir-
ically divided into three groups: Low RGB, RC, and “clean
dipole” stars. In Fig. 4 the power spectra of representa-
tive stars for each of the three groups are shown. The low
RGB stars, which are stars with ‹max & 60µHz, are char-
acterized by having rich spectra with many mixed dipole
modes. In some of them rotational splitting is visible, but
reasonably distinguishable from the mixed mode structure
as the rotational splittings are still smaller than the ob-
served period spacings. For the RC stars, which lie in the

c• 0000 RAS, MNRAS 000, 000–000

Handberg et al. 2017

[Fe/H]≃0

Age~ 2 Gyr

likely products of binary interaction / coalescence

evidence for  
“over-massive stars”

~10% overmassive stars

testing stellar physics
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a Li-rich1.6 Msun RGB star

Handberg et al. 2017

NGC6819

4 R. Handberg et al.

will additionally show features that are a consequence of the
presence of mixed modes.

Core-helium burning stars tend to show several mixed
modes of similar heights over many orders with observed
period spacings that typically lie between about 100 s and
250 s. For RGB stars, the period spacing is much smaller at
around 60 s and the mixed modes have a su�ciently large in-
ertia that they are not always visible (see e.g. Bedding et al.
2011; Mosser et al. 2012b). These properties influence the
features in the frequency di�erence histogram. Furthermore,
by definition, the asymptotic period spacing is uniform in
period and not in frequency. This means that the frequency
di�erence between two mixed modes at the low-frequency
end of the spectrum is significantly smaller than the di�er-
ence at the high-frequency end. This variation influences the
width of the feature in the frequency-separations which, ex-
pressed as a function of �‹, can be used to di�erentiate the
two classes of red giants. More details on the method are
given in Elsworth et al. (in preparation).

Stars which have depressed dipole modes cannot be
classified in this way. Therefore, a few stars were instead
classified by their CMD positions and according to their
small spacing ”‹02, see 6.

Figure 2. Colour-magnitude diagram of the observed giants in

NGC 6819. The isochrone is from PARSEC (Bressan et al. 2012).

5 PEAKBAGGING

From a simple look at the power spectra of the stars in
NGC 6819 and in particular on the structure of the dipole
modes of these, it becomes apparent that these can be empir-
ically divided into three groups: Low RGB, RC, and “clean
dipole” stars. In Fig. 3 the power spectra of representative
stars for each of the three groups are shown. The low RGB
stars, which are stars with ‹max & 60µHz, are character-
ized by having rich spectra with many mixed dipole modes.

In some of them rotational splitting is visible, but reason-
ably distinguishable from the mixed mode structure as the
rotational splittings are still smaller than the period spac-
ings. For the RC stars, which lie in the region ‹max ¥35–
45µHz, the power spectra are also very rich in structure.
However, for these stars the asymptotic dipole structure is
not always as clear. This may simply be because rotational
splitting, which is now on the same scale as the period spac-
ings, is complicating the spectra. The last group, the “clean
dipole” stars, are stars with ‹max . 60µHz and power spec-
tra which are very reminiscent of main-sequence stars. Each
order apparently only contains a single dipole mode with
a shape similar to the radial modes, sitting roughly where
you would expect it from the asymptotic description (Eq. 1).
From stellar models we know that these dipole modes are
in fact composed of several mixed dipole modes sitting very
close together in frequency around the nominal p-mode, ‹p,
meaning the frequency where the pure p-mode would sit if
there was no mixing with g-modes. Each individual mode
is not resolved in the power spectrum, but the combined
power excess from them yields what appears as a single
clean Lorentzian mode (see e.g. Dupret et al. 2009; Mon-
talbán et al. 2010a).

For the di�erent empirical groups of stars, we opted for
slightly di�erent strategies in which modes were included in
the peakbagging. In all cases we included a single oscillation
mode for each ¸ = 0 and ¸ = 2 modes. We know that in
principle the ¸ = 2 may also contain mixed modes, but these
are in general confined close together and hence unresolved.

In the cases of the “clean dipole” stars we have elected
to fit the dipole modes with a single Lorentzian peak with
frequency, linewidth and height as free parameters, but not
including rotational splitting.

For the low RGB and RC stars, the regions between
the ¸ = 0, 2 mode pairs containing power from the dipole
modes was taken out. This was done by simply not includ-
ing these regions in the sum over all bins in the calculation
of the log-likelihood between the model spectrum and the
observed power spectrum. It is clear that we could include
the individual mixed dipole if a clear mode identification
could be obtained. In general this is very di�cult in the red
clump stars, but can be done for some of the low RGB stars.
For cases where it was possible, for low RGB stars, we chose
to include the individual dipole modes in the peakbagging,
using the asymptotic relation from Mosser et al. (2012b) for
the frequencies of mixed dipole modes, ‹mix, to set initial
guesses. The relation which needs to be iteratively solved
for ‹mix is the following:

‹mix ƒ ‹p + �‹

fi
arctan

Ë
q tan

1 1
��1‹mix

2
≠ Ág

È
, (8)

where ‹p is the nominal p-mode frequency, q is the cou-
pling, ��1 is the asymptotic dipole period-spacing and Ág

is a phase shift. In addition to this, it is essential to include
rotational splitting in order to describe the oscillation spec-
trum. We have included this following Goupil et al. (2013),
where the rotational splitting of a mixed mode at ‹mix is
given by:

”‹s ¥

A
1 ≠ 2R

1 + 4 ��1‹2
mix

�‹ cos2

!
fi

��1‹mix

" + 2R

B
”‹s,max , (9)

where R is defined as the ratio between the average rotation

c• 0000 RAS, MNRAS 000, 000–000

Anthony-Twarog et al. 2013Carlberg et al. 2015

likely products of binary interaction / coalescence

testing stellar physics
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will additionally show features that are a consequence of the
presence of mixed modes.

Core-helium burning stars tend to show several mixed
modes of similar heights over many orders with observed
period spacings that typically lie between about 100 s and
250 s. For RGB stars, the period spacing is much smaller at
around 60 s and the mixed modes have a su�ciently large in-
ertia that they are not always visible (see e.g. Bedding et al.
2011; Mosser et al. 2012b). These properties influence the
features in the frequency di�erence histogram. Furthermore,
by definition, the asymptotic period spacing is uniform in
period and not in frequency. This means that the frequency
di�erence between two mixed modes at the low-frequency
end of the spectrum is significantly smaller than the di�er-
ence at the high-frequency end. This variation influences the
width of the feature in the frequency-separations which, ex-
pressed as a function of �‹, can be used to di�erentiate the
two classes of red giants. More details on the method are
given in Elsworth et al. (in preparation).

Stars which have depressed dipole modes cannot be
classified in this way. Therefore, a few stars were instead
classified by their CMD positions and according to their
small spacing ”‹02, see 6.

Figure 2. Colour-magnitude diagram of the observed giants in

NGC 6819. The isochrone is from PARSEC (Bressan et al. 2012).

5 PEAKBAGGING

From a simple look at the power spectra of the stars in
NGC 6819 and in particular on the structure of the dipole
modes of these, it becomes apparent that these can be empir-
ically divided into three groups: Low RGB, RC, and “clean
dipole” stars. In Fig. 3 the power spectra of representative
stars for each of the three groups are shown. The low RGB
stars, which are stars with ‹max & 60µHz, are character-
ized by having rich spectra with many mixed dipole modes.

In some of them rotational splitting is visible, but reason-
ably distinguishable from the mixed mode structure as the
rotational splittings are still smaller than the period spac-
ings. For the RC stars, which lie in the region ‹max ¥35–
45µHz, the power spectra are also very rich in structure.
However, for these stars the asymptotic dipole structure is
not always as clear. This may simply be because rotational
splitting, which is now on the same scale as the period spac-
ings, is complicating the spectra. The last group, the “clean
dipole” stars, are stars with ‹max . 60µHz and power spec-
tra which are very reminiscent of main-sequence stars. Each
order apparently only contains a single dipole mode with
a shape similar to the radial modes, sitting roughly where
you would expect it from the asymptotic description (Eq. 1).
From stellar models we know that these dipole modes are
in fact composed of several mixed dipole modes sitting very
close together in frequency around the nominal p-mode, ‹p,
meaning the frequency where the pure p-mode would sit if
there was no mixing with g-modes. Each individual mode
is not resolved in the power spectrum, but the combined
power excess from them yields what appears as a single
clean Lorentzian mode (see e.g. Dupret et al. 2009; Mon-
talbán et al. 2010a).

For the di�erent empirical groups of stars, we opted for
slightly di�erent strategies in which modes were included in
the peakbagging. In all cases we included a single oscillation
mode for each ¸ = 0 and ¸ = 2 modes. We know that in
principle the ¸ = 2 may also contain mixed modes, but these
are in general confined close together and hence unresolved.

In the cases of the “clean dipole” stars we have elected
to fit the dipole modes with a single Lorentzian peak with
frequency, linewidth and height as free parameters, but not
including rotational splitting.

For the low RGB and RC stars, the regions between
the ¸ = 0, 2 mode pairs containing power from the dipole
modes was taken out. This was done by simply not includ-
ing these regions in the sum over all bins in the calculation
of the log-likelihood between the model spectrum and the
observed power spectrum. It is clear that we could include
the individual mixed dipole if a clear mode identification
could be obtained. In general this is very di�cult in the red
clump stars, but can be done for some of the low RGB stars.
For cases where it was possible, for low RGB stars, we chose
to include the individual dipole modes in the peakbagging,
using the asymptotic relation from Mosser et al. (2012b) for
the frequencies of mixed dipole modes, ‹mix, to set initial
guesses. The relation which needs to be iteratively solved
for ‹mix is the following:

‹mix ƒ ‹p + �‹
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where ‹p is the nominal p-mode frequency, q is the cou-
pling, ��1 is the asymptotic dipole period-spacing and Ág

is a phase shift. In addition to this, it is essential to include
rotational splitting in order to describe the oscillation spec-
trum. We have included this following Goupil et al. (2013),
where the rotational splitting of a mixed mode at ‹mix is
given by:
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(b)

Figure 8. Stellar model evolutionary tracks for varying mass and

[Fe/H] = 0. (a): Hertzsprung-Russell diagram. The insert shows

the location of the RC. (b): Deviations from density-scaling for

stellar models of selected masses.

presented in ?, where ‹n was chosen as at the reference fre-
quency.

As is well known current models su�er from an inac-
curate description of near-surface layers leading to a mis-
match between theoretically predicted and observed oscilla-
tion frequencies. These so-called surface e�ects have a size-
able impact also on the large frequency separation, and on
its average value. When utilising model-predicted �‹ it is
therefore to correct for such e�ects. As usually done, a first
attempt at correcting is to use the Sun as a reference, hence
by normalising the �‹ of a solar-calibrated model with the
observed one. We have calibrated a solar model using the
same input physics used in the tracks presented in Fig. 8a
(see Rodrigues et al. in preparation for more details). By
comparing the large frequency separation of our calibrated
solar model and that from solar oscillation frequencies (?)
we find that the predicted average (�‹mod = 136.1µHz) is a
0.8% larger than the observed one (�‹obs = 135.0µHz). We
have therefore normalised the model predicted È�‹Í to that

of the calibrated solar model, leading to a model-suggested
correction to �‹ as shown in Fig. 8b for stars positioned in
the Hertzsprung-Russell diagram according to Fig. 8a.

In Fig. 9 we compare these theoretical corrections to
empirical ones calculated from our measurements by assum-
ing the distance modulus to be (m ≠ M)V = 12.42 and
on a star-by-star basis adjusting �‹ until mass eqns. (16)
and (17) (and therefore all four mass equations) to yield the
same mass. As seen, there is a in general very good agree-
ment between the theoretical and empirical correction with
a scatter caused by errors in the measurements of ‹max and
Te� . The agreement strongly supports the theoretical correc-
tions to �‹. This also means that no correction is needed
for the other global parameter ‹max, at least not for this
metallicity. The fact that we are able, for the first time, to
observationally confirm that the size of the �‹ correction
changes with evolution up the RGB also shows that there
is no significant evolutionary state dependent correction to
‹max on the RGB. The agreement on the �‹ correction for
both the RGB and RC phases also confirms that ‹max shold
remain uncorrected, also for the RC phase of evolution. By
comparing the measured position relative to the theoretical
prediction in Fig. 9, one can determine whether the star is
on the RGB, in the RC, or an even later stage in evolution.
This has important implications for the future exploitaion of
asteroseismology of giant stars, since all that is needed is the
global asteroseismic parameters �‹ and ‹max and a distance
measurement. With the latter expected from Gaia (REF.)
in the near future, this opens up the possibillity to know
the evolutionary state of stars without measuring the more
di�cult and observationally demanding gravity mode pe-
riod spacing ?, and thus it can be done for many more stars
with less e�ort. Only one of the regular stars in NGC 6819
would be clearly misclassfied according to Fig. 9 (the RC
star which falls on the RGB relation just below 50 µHz)
while a few would be uncertain due to measurement errors.
However, the identification becomes easier for stars of lower
mass, since the �‹ correction varies more at lower masses.
This allows a very clear classification as a RC star for an
undermassive cluster member KIC 4937011, marked with a
purple cross in Fig. 9 and descibed in detail in §9.1. We em-
phasize the potential of discriminating between the RGB,
RC and AGB phases using only the asteroseismic paramters
�‹ and ‹max for any star with a known distance once fu-
ture investigations verify that we can trust the correction to
�‹ and that no correction to ‹max is needed for all masses
and metallicities that we are probing. Alternatively, for stars
with a known distance where we can determine the evolu-
tionary state independently, we can exploit the fact that we
know the �‹ correction to obtain Te� .

The mean masses of the RGB stars and RC stars in
NGC 6819 were found to be 1.61 ± 0.02 M§ and 1.64 ±
0.02 M§, respectively, independent of whether empirical or
theoretical corrections to �‹ were used. A systematic un-
certainty of at least the same level could be present, since
changing E(B ≠ V ) in our procedure by 0.01 mag (cor-
responding to about 25 K) changes the mean masses by
0.01 M§. While such systematic uncertainties on e.g. e�ec-
tive temperatures add to the uncertainties of the absolute
masses, the di�erence �M = ≠0.03 ± 0.01 is much better
defined and almost insensitive to systematics. We note in
particular that we obtain the exact same value for �M when
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will additionally show features that are a consequence of the
presence of mixed modes.

Core-helium burning stars tend to show several mixed
modes of similar heights over many orders with observed
period spacings that typically lie between about 100 s and
250 s. For RGB stars, the period spacing is much smaller at
around 60 s and the mixed modes have a su�ciently large in-
ertia that they are not always visible (see e.g. Bedding et al.
2011; Mosser et al. 2012b). These properties influence the
features in the frequency di�erence histogram. Furthermore,
by definition, the asymptotic period spacing is uniform in
period and not in frequency. This means that the frequency
di�erence between two mixed modes at the low-frequency
end of the spectrum is significantly smaller than the di�er-
ence at the high-frequency end. This variation influences the
width of the feature in the frequency-separations which, ex-
pressed as a function of �‹, can be used to di�erentiate the
two classes of red giants. More details on the method are
given in Elsworth et al. (in preparation).

Stars which have depressed dipole modes cannot be
classified in this way. Therefore, a few stars were instead
classified by their CMD positions and according to their
small spacing ”‹02, see 6.

Figure 2. Colour-magnitude diagram of the observed giants in

NGC 6819. The isochrone is from PARSEC (Bressan et al. 2012).

5 PEAKBAGGING

From a simple look at the power spectra of the stars in
NGC 6819 and in particular on the structure of the dipole
modes of these, it becomes apparent that these can be empir-
ically divided into three groups: Low RGB, RC, and “clean
dipole” stars. In Fig. 3 the power spectra of representative
stars for each of the three groups are shown. The low RGB
stars, which are stars with ‹max & 60µHz, are character-
ized by having rich spectra with many mixed dipole modes.

In some of them rotational splitting is visible, but reason-
ably distinguishable from the mixed mode structure as the
rotational splittings are still smaller than the period spac-
ings. For the RC stars, which lie in the region ‹max ¥35–
45µHz, the power spectra are also very rich in structure.
However, for these stars the asymptotic dipole structure is
not always as clear. This may simply be because rotational
splitting, which is now on the same scale as the period spac-
ings, is complicating the spectra. The last group, the “clean
dipole” stars, are stars with ‹max . 60µHz and power spec-
tra which are very reminiscent of main-sequence stars. Each
order apparently only contains a single dipole mode with
a shape similar to the radial modes, sitting roughly where
you would expect it from the asymptotic description (Eq. 1).
From stellar models we know that these dipole modes are
in fact composed of several mixed dipole modes sitting very
close together in frequency around the nominal p-mode, ‹p,
meaning the frequency where the pure p-mode would sit if
there was no mixing with g-modes. Each individual mode
is not resolved in the power spectrum, but the combined
power excess from them yields what appears as a single
clean Lorentzian mode (see e.g. Dupret et al. 2009; Mon-
talbán et al. 2010a).

For the di�erent empirical groups of stars, we opted for
slightly di�erent strategies in which modes were included in
the peakbagging. In all cases we included a single oscillation
mode for each ¸ = 0 and ¸ = 2 modes. We know that in
principle the ¸ = 2 may also contain mixed modes, but these
are in general confined close together and hence unresolved.

In the cases of the “clean dipole” stars we have elected
to fit the dipole modes with a single Lorentzian peak with
frequency, linewidth and height as free parameters, but not
including rotational splitting.

For the low RGB and RC stars, the regions between
the ¸ = 0, 2 mode pairs containing power from the dipole
modes was taken out. This was done by simply not includ-
ing these regions in the sum over all bins in the calculation
of the log-likelihood between the model spectrum and the
observed power spectrum. It is clear that we could include
the individual mixed dipole if a clear mode identification
could be obtained. In general this is very di�cult in the red
clump stars, but can be done for some of the low RGB stars.
For cases where it was possible, for low RGB stars, we chose
to include the individual dipole modes in the peakbagging,
using the asymptotic relation from Mosser et al. (2012b) for
the frequencies of mixed dipole modes, ‹mix, to set initial
guesses. The relation which needs to be iteratively solved
for ‹mix is the following:

‹mix ƒ ‹p + �‹

fi
arctan

Ë
q tan

1 1
��1‹mix

2
≠ Ág

È
, (8)

where ‹p is the nominal p-mode frequency, q is the cou-
pling, ��1 is the asymptotic dipole period-spacing and Ág

is a phase shift. In addition to this, it is essential to include
rotational splitting in order to describe the oscillation spec-
trum. We have included this following Goupil et al. (2013),
where the rotational splitting of a mixed mode at ‹mix is
given by:

”‹s ¥

A
1 ≠ 2R

1 + 4 ��1‹2
mix

�‹ cos2

!
fi

��1‹mix

" + 2R

B
”‹s,max , (9)

where R is defined as the ratio between the average rotation
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Figure 8. Stellar model evolutionary tracks for varying mass and

[Fe/H] = 0. (a): Hertzsprung-Russell diagram. The insert shows

the location of the RC. (b): Deviations from density-scaling for

stellar models of selected masses.

presented in ?, where ‹n was chosen as at the reference fre-
quency.

As is well known current models su�er from an inac-
curate description of near-surface layers leading to a mis-
match between theoretically predicted and observed oscilla-
tion frequencies. These so-called surface e�ects have a size-
able impact also on the large frequency separation, and on
its average value. When utilising model-predicted �‹ it is
therefore to correct for such e�ects. As usually done, a first
attempt at correcting is to use the Sun as a reference, hence
by normalising the �‹ of a solar-calibrated model with the
observed one. We have calibrated a solar model using the
same input physics used in the tracks presented in Fig. 8a
(see Rodrigues et al. in preparation for more details). By
comparing the large frequency separation of our calibrated
solar model and that from solar oscillation frequencies (?)
we find that the predicted average (�‹mod = 136.1µHz) is a
0.8% larger than the observed one (�‹obs = 135.0µHz). We
have therefore normalised the model predicted È�‹Í to that

of the calibrated solar model, leading to a model-suggested
correction to �‹ as shown in Fig. 8b for stars positioned in
the Hertzsprung-Russell diagram according to Fig. 8a.

In Fig. 9 we compare these theoretical corrections to
empirical ones calculated from our measurements by assum-
ing the distance modulus to be (m ≠ M)V = 12.42 and
on a star-by-star basis adjusting �‹ until mass eqns. (16)
and (17) (and therefore all four mass equations) to yield the
same mass. As seen, there is a in general very good agree-
ment between the theoretical and empirical correction with
a scatter caused by errors in the measurements of ‹max and
Te� . The agreement strongly supports the theoretical correc-
tions to �‹. This also means that no correction is needed
for the other global parameter ‹max, at least not for this
metallicity. The fact that we are able, for the first time, to
observationally confirm that the size of the �‹ correction
changes with evolution up the RGB also shows that there
is no significant evolutionary state dependent correction to
‹max on the RGB. The agreement on the �‹ correction for
both the RGB and RC phases also confirms that ‹max shold
remain uncorrected, also for the RC phase of evolution. By
comparing the measured position relative to the theoretical
prediction in Fig. 9, one can determine whether the star is
on the RGB, in the RC, or an even later stage in evolution.
This has important implications for the future exploitaion of
asteroseismology of giant stars, since all that is needed is the
global asteroseismic parameters �‹ and ‹max and a distance
measurement. With the latter expected from Gaia (REF.)
in the near future, this opens up the possibillity to know
the evolutionary state of stars without measuring the more
di�cult and observationally demanding gravity mode pe-
riod spacing ?, and thus it can be done for many more stars
with less e�ort. Only one of the regular stars in NGC 6819
would be clearly misclassfied according to Fig. 9 (the RC
star which falls on the RGB relation just below 50 µHz)
while a few would be uncertain due to measurement errors.
However, the identification becomes easier for stars of lower
mass, since the �‹ correction varies more at lower masses.
This allows a very clear classification as a RC star for an
undermassive cluster member KIC 4937011, marked with a
purple cross in Fig. 9 and descibed in detail in §9.1. We em-
phasize the potential of discriminating between the RGB,
RC and AGB phases using only the asteroseismic paramters
�‹ and ‹max for any star with a known distance once fu-
ture investigations verify that we can trust the correction to
�‹ and that no correction to ‹max is needed for all masses
and metallicities that we are probing. Alternatively, for stars
with a known distance where we can determine the evolu-
tionary state independently, we can exploit the fact that we
know the �‹ correction to obtain Te� .

The mean masses of the RGB stars and RC stars in
NGC 6819 were found to be 1.61 ± 0.02 M§ and 1.64 ±
0.02 M§, respectively, independent of whether empirical or
theoretical corrections to �‹ were used. A systematic un-
certainty of at least the same level could be present, since
changing E(B ≠ V ) in our procedure by 0.01 mag (cor-
responding to about 25 K) changes the mean masses by
0.01 M§. While such systematic uncertainties on e.g. e�ec-
tive temperatures add to the uncertainties of the absolute
masses, the di�erence �M = ≠0.03 ± 0.01 is much better
defined and almost insensitive to systematics. We note in
particular that we obtain the exact same value for �M when
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• occurrence rate, formation channels of formation of these objects

comparison with interacting binary populations (a’ la Izzard et al. 2017, Leiner & Geller 2021)

use all info available (chemical composition, surface rotation, seismic inference on internal structure)

evidence for overmassive stars in the field see e.g. Fuhrmann 2011, Martig 2015, Chiappini 2015, Jofré et al 2016, 
Izzard et al. 2017, 2018, Silva-Aguirre 2018, Miglio et sl.2021
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Fig. 1 Age-mass-metallicity relation for red giants in a trile-
gal (Girardi et al. 2005) synthetic population representative of
thin-disk red-giant-branch (RGB) stars observed by Kepler. The
dashed line indicates the average power-law relation between age
and mass of RGB stars. Given their extended mass range and the
tight age-mass relations, solar-like oscillating giants (dots) probe
the full history of the Milky Way. The asteroseismic age scale is
currently being validated primarily thanks to the detection of oscil-
lations in giants belonging to open and globular clusters observed
by Kepler and K2 (Arentoft et al. 2017; Brogaard et al. 2016, 2012;
Handberg et al. 2017; Miglio et al. 2016; Molenda-Żakowicz et al.
2014; Sandquist et al. 2016; Stello et al. 2016). Classical pulsators
in similar evolutionary phases (Cepheids and RR Lyrae stars) are
also indicated in the diagram.

Asteroseismology, i.e. the study and interpretation of,
and the astrophysical inference from global oscillation
modes in stars, provides the way forward. Along with en-
abling exquisite tests of stellar models, pulsation frequen-
cies of the solar-like oscillators may be used to place tight
constraints on the fundamental stellar properties, includ-
ing radius, mass and evolutionary state (see, e.g., Chap-
lin & Miglio 2013, Christensen-Dalsgaard 2016, Hekker &
Christensen-Dalsgaard 2016, and references therein). Stel-
lar mass is a particularly valuable constraint in the case of
giants, since for these stars there is a very tight relation be-
tween age and mass. The age of low-mass red-giant stars
is largely determined by the time spent on the main se-
quence, hence by the initial mass of the red giant’s progen-
itor (⌧MS / M/L(M) / M�(��1), with � ⇠ 4, where L is the
typical luminosity of the star on the main sequence, e.g. see
Kippenhahn et al. 2012). With asteroseismic constraints on
the stellar mass, it is now possible to infer the age of thou-
sands of individual stars, spanning the entire evolution of
the Milky Way (see Fig. 1).

One of the most convincing (and highly-regarded) state-
ments about the importance of asteroseismology for Galac-
tic archaeology can be found in the ESO-ESA Working
groups Report 4 on Galactic populations, Chemistry and
Dynamics (Turon et al. 2008). This working group was re-

quested by ESO and ESA to consider projects that would
complement the Gaia mission. One of the recommenda-
tions made to ESA was: “Asteroseismology: this is a major
tool to complement Gaia with respect to age determinations.
ESA should encourage the community to prepare for a next-
generation mission, which would sample the di↵erent popu-
lations of the Galaxy much more widely than CNES-ESA’s
CoRoT and NASA’s Kepler”: PLATO is the mission that can
deliver long-sought constraints to models of the Milky Way
assembly and evolution.

The combination of Gaia and spectroscopic surveys will
be able to tell us the di↵erence between photometrically de-
fined thick and thin disks vs. chemically defined ↵-rich and
↵-poor disks (for a discussion regarding the various defini-
tions of the thick and thin disks see e.g. Kawata & Chiap-
pini 2016; Minchev et al. 2015). Age information of turn-o↵
stars will be available in the Gaia era. However, these stars
are intrinsically faint, preventing a large volume coverage
of the Galaxy (e.g. see Cacciari et al. 2016). For giants the
current age estimates are very uncertain (for instance those
based on C and N spectral features, e.g. Martig et al. 2016;
Masseron & Gilmore 2015) and more precise age estimates
mainly rely on relatively small asteroseismic data sets from
Kepler (Borucki et al. 2010), K2 (Howell et al. 2014) and
CoRoT (Baglin et al. 2006; CoRoT Team 2016). What is
needed is more reliable and homogeneously derived age in-
formation for a much larger number of stars, covering larger
volumes of the Milky Way.

It has now been demonstrated that precise and more ac-
curate (although still stellar-model dependent) ages can be
inferred for the solar-like pulsating red giants observed by
the space-borne telescopes CoRoT, Kepler, and K2 (see e.g.
Anders et al. 2017b; Casagrande et al. 2016; Miglio et al.
2013; Rodrigues et al. 2017). The combination of chemi-
cal compositions from spectroscopic surveys with distances
and motions from Gaia and ages from asteroseismic data,
on large samples of stars, will allow us to comprehensively
study chemodynamical distributions and their time evolu-
tion in di↵erent directions of the Milky Way.

A recent application demonstrating the potential of such
a combination was recently presented by Anders et al.
(2017a), where around 400 stars from just two of the CoRoT
fields that have measurements with APOGEE spectra (and
hence velocity and chemical information) have been used
to estimate the evolution of the abundance gradients in the
thin disk in the last 6-8 Gyrs, a long-sought constraint to the
chemical evolution of the Milky Way. A further example is
given by the discovery of the so-called young-↵-rich stars
(Chiappini et al. 2015; Martig et al. 2015), i.e. stars with
masses implying young ages, but which feature an over-
abundance in ↵-elements, typical of old stars. It is still un-
clear whether the large numbers of young-↵-rich stars found
so far is compatible with the assumption of them being just
blue stragglers, rather than genuine young stars (Fuhrmann
et al. 2017; Jofré et al. 2016). In addition, it will finally be
possible to map the thick and thin disk components also
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Fig. 1 Age-mass-metallicity relation for red giants in a trile-
gal (Girardi et al. 2005) synthetic population representative of
thin-disk red-giant-branch (RGB) stars observed by Kepler. The
dashed line indicates the average power-law relation between age
and mass of RGB stars. Given their extended mass range and the
tight age-mass relations, solar-like oscillating giants (dots) probe
the full history of the Milky Way. The asteroseismic age scale is
currently being validated primarily thanks to the detection of oscil-
lations in giants belonging to open and globular clusters observed
by Kepler and K2 (Arentoft et al. 2017; Brogaard et al. 2016, 2012;
Handberg et al. 2017; Miglio et al. 2016; Molenda-Żakowicz et al.
2014; Sandquist et al. 2016; Stello et al. 2016). Classical pulsators
in similar evolutionary phases (Cepheids and RR Lyrae stars) are
also indicated in the diagram.

Asteroseismology, i.e. the study and interpretation of,
and the astrophysical inference from global oscillation
modes in stars, provides the way forward. Along with en-
abling exquisite tests of stellar models, pulsation frequen-
cies of the solar-like oscillators may be used to place tight
constraints on the fundamental stellar properties, includ-
ing radius, mass and evolutionary state (see, e.g., Chap-
lin & Miglio 2013, Christensen-Dalsgaard 2016, Hekker &
Christensen-Dalsgaard 2016, and references therein). Stel-
lar mass is a particularly valuable constraint in the case of
giants, since for these stars there is a very tight relation be-
tween age and mass. The age of low-mass red-giant stars
is largely determined by the time spent on the main se-
quence, hence by the initial mass of the red giant’s progen-
itor (⌧MS / M/L(M) / M�(��1), with � ⇠ 4, where L is the
typical luminosity of the star on the main sequence, e.g. see
Kippenhahn et al. 2012). With asteroseismic constraints on
the stellar mass, it is now possible to infer the age of thou-
sands of individual stars, spanning the entire evolution of
the Milky Way (see Fig. 1).

One of the most convincing (and highly-regarded) state-
ments about the importance of asteroseismology for Galac-
tic archaeology can be found in the ESO-ESA Working
groups Report 4 on Galactic populations, Chemistry and
Dynamics (Turon et al. 2008). This working group was re-

quested by ESO and ESA to consider projects that would
complement the Gaia mission. One of the recommenda-
tions made to ESA was: “Asteroseismology: this is a major
tool to complement Gaia with respect to age determinations.
ESA should encourage the community to prepare for a next-
generation mission, which would sample the di↵erent popu-
lations of the Galaxy much more widely than CNES-ESA’s
CoRoT and NASA’s Kepler”: PLATO is the mission that can
deliver long-sought constraints to models of the Milky Way
assembly and evolution.

The combination of Gaia and spectroscopic surveys will
be able to tell us the di↵erence between photometrically de-
fined thick and thin disks vs. chemically defined ↵-rich and
↵-poor disks (for a discussion regarding the various defini-
tions of the thick and thin disks see e.g. Kawata & Chiap-
pini 2016; Minchev et al. 2015). Age information of turn-o↵
stars will be available in the Gaia era. However, these stars
are intrinsically faint, preventing a large volume coverage
of the Galaxy (e.g. see Cacciari et al. 2016). For giants the
current age estimates are very uncertain (for instance those
based on C and N spectral features, e.g. Martig et al. 2016;
Masseron & Gilmore 2015) and more precise age estimates
mainly rely on relatively small asteroseismic data sets from
Kepler (Borucki et al. 2010), K2 (Howell et al. 2014) and
CoRoT (Baglin et al. 2006; CoRoT Team 2016). What is
needed is more reliable and homogeneously derived age in-
formation for a much larger number of stars, covering larger
volumes of the Milky Way.

It has now been demonstrated that precise and more ac-
curate (although still stellar-model dependent) ages can be
inferred for the solar-like pulsating red giants observed by
the space-borne telescopes CoRoT, Kepler, and K2 (see e.g.
Anders et al. 2017b; Casagrande et al. 2016; Miglio et al.
2013; Rodrigues et al. 2017). The combination of chemi-
cal compositions from spectroscopic surveys with distances
and motions from Gaia and ages from asteroseismic data,
on large samples of stars, will allow us to comprehensively
study chemodynamical distributions and their time evolu-
tion in di↵erent directions of the Milky Way.

A recent application demonstrating the potential of such
a combination was recently presented by Anders et al.
(2017a), where around 400 stars from just two of the CoRoT
fields that have measurements with APOGEE spectra (and
hence velocity and chemical information) have been used
to estimate the evolution of the abundance gradients in the
thin disk in the last 6-8 Gyrs, a long-sought constraint to the
chemical evolution of the Milky Way. A further example is
given by the discovery of the so-called young-↵-rich stars
(Chiappini et al. 2015; Martig et al. 2015), i.e. stars with
masses implying young ages, but which feature an over-
abundance in ↵-elements, typical of old stars. It is still un-
clear whether the large numbers of young-↵-rich stars found
so far is compatible with the assumption of them being just
blue stragglers, rather than genuine young stars (Fuhrmann
et al. 2017; Jofré et al. 2016). In addition, it will finally be
possible to map the thick and thin disk components also
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Figure 1. Colour magnitude diagram of M4 stars based on the dataset de-
scribed in D’Antona et al. (2009). Magnitudes and colour were corrected
for di↵erential reddening following Milone et al. (2012). The solid line rep-
resents a isochrone (from BaSTI, see Sec. 3.1.1 for details) fit to the CMD.
The large coloured open circles mark the stars with detected solar-like os-
cillations (the corresponding oscillation spectra are plotted in Fig. 2).

the Kepler space telescope (during its nominal mission) and by
CoRoT explored the metal-rich regime only, and did not provide
a test of the metal-poor population.

Globular clusters are the oldest stellar systems for which it is
possible to make reliable age estimates, and are hence benchmarks
to test other age determinations. Previous e↵orts to detect solar-
like oscillations in globular clusters have been made, but either no
oscillations were detected (Frandsen et al. 2007), or only marginal
detections were made (Stello & Gilliland 2009). However, K2—the
re-purposed Kepler mission (Howell et al. 2014)—has now begun
a survey of the ecliptic plane, which contains bright clusters includ-
ing the globular cluster M4. In this Letter we report the detection of
solar-like oscillations in K2 data of K giants belonging to M4, and
compare the measured global oscillation properties against those
expected from well-constrained, independent distance and mass es-
timates.

2 M4 DATA REDUCTION AND ANALYSIS

M4 was observed in K2 Campaign 2 for a total of 78.8 days. A frac-
tion of the cluster’s total angular area on the celestial sphere was
covered by sixteen 50-by-50 pixel superstamps. Masks for indi-
vidual targets within the superstamps were defined using the K2P2

(K2-Pixel-Photometry; Lund et al. 2015) pipeline. Each mask was
constructed from a summed image (over time) that allowed for the
apparent motion of the stars on the CCD due to the drift of the
spacecraft (Howell et al. 2014). Time-dependent positions of stars
on the CCD were estimated from the 2D cross-correlation of a
given superstamp, instead of estimated centroids for individual tar-
gets. A set of unsupervised machine learning techniques was then
applied to define the final masks, from which lightcurves were then
produced.

Changes in measured flux due to spacecraft roll were corrected
by utilising the strong correlation of those changes with the stellar
position on the CCD, using procedures similar to those described in
Vanderburg & Johnson (2014). The resulting, corrected lightcurves
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Figure 2. Solar-like oscillation spectra of eight K giants observed by K2.
The bottom star is in the RHB. Stars (from top to bottom) are ordered by
increasing ⌫max. Vertical lines show the position of radial (dashed lines)
and quadrupole (dash-dotted lines) oscillation frequencies as expected by
the pattern of oscillation modes in red-giant stars described in Mosser et al.
(2011). The expected granulation power and the combined granulation
and oscillation power is represented by dashed and solid thick lines.
The insets show the power spectrum of the power spectrum (PSPS) of
each star, computed from the region around ⌫max. In each PSPS the
prominent peak at �⌫/2 (vertical gray line) is the detected signature of
the near-regular spacing of oscillation peaks in the frequency spectrum.

were then cleaned for artifacts using the KASOC filter (Handberg
& Lund 2014); time scales of ⌧long = 1 days and ⌧short = 0.25 days
were adopted for the median filters. We refer to Handberg & Lund
(2014) for additional details on the KASOC filter.

Among the sources identified by the K2P2 pipeline we se-
lected those that could be unambiguously identified as K giants
from the D’Antona et al. (2009) catalogue and the Marino et al.
(2008, 2011) membership studies. Moreover, we retained only stars
with V < 14 and B � I > 1.7, i.e. we avoided RR Lyrae pulsators,
blue-horizontal-branch stars, and stars that would be too faint to
have detectable oscillations (see Fig. 1).

We then searched the frequency-power spectra of the chosen
set of 28 lightcurves for evidence of solar-like oscillations using
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Figure 1. Colour magnitude diagram of M4 stars based on the dataset de-
scribed in D’Antona et al. (2009). Magnitudes and colour were corrected
for di↵erential reddening following Milone et al. (2012). The solid line rep-
resents a isochrone (from BaSTI, see Sec. 3.1.1 for details) fit to the CMD.
The large coloured open circles mark the stars with detected solar-like os-
cillations (the corresponding oscillation spectra are plotted in Fig. 2).

the Kepler space telescope (during its nominal mission) and by
CoRoT explored the metal-rich regime only, and did not provide
a test of the metal-poor population.

Globular clusters are the oldest stellar systems for which it is
possible to make reliable age estimates, and are hence benchmarks
to test other age determinations. Previous e↵orts to detect solar-
like oscillations in globular clusters have been made, but either no
oscillations were detected (Frandsen et al. 2007), or only marginal
detections were made (Stello & Gilliland 2009). However, K2—the
re-purposed Kepler mission (Howell et al. 2014)—has now begun
a survey of the ecliptic plane, which contains bright clusters includ-
ing the globular cluster M4. In this Letter we report the detection of
solar-like oscillations in K2 data of K giants belonging to M4, and
compare the measured global oscillation properties against those
expected from well-constrained, independent distance and mass es-
timates.

2 M4 DATA REDUCTION AND ANALYSIS

M4 was observed in K2 Campaign 2 for a total of 78.8 days. A frac-
tion of the cluster’s total angular area on the celestial sphere was
covered by sixteen 50-by-50 pixel superstamps. Masks for indi-
vidual targets within the superstamps were defined using the K2P2

(K2-Pixel-Photometry; Lund et al. 2015) pipeline. Each mask was
constructed from a summed image (over time) that allowed for the
apparent motion of the stars on the CCD due to the drift of the
spacecraft (Howell et al. 2014). Time-dependent positions of stars
on the CCD were estimated from the 2D cross-correlation of a
given superstamp, instead of estimated centroids for individual tar-
gets. A set of unsupervised machine learning techniques was then
applied to define the final masks, from which lightcurves were then
produced.

Changes in measured flux due to spacecraft roll were corrected
by utilising the strong correlation of those changes with the stellar
position on the CCD, using procedures similar to those described in
Vanderburg & Johnson (2014). The resulting, corrected lightcurves
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Figure 2. Solar-like oscillation spectra of eight K giants observed by K2.
The bottom star is in the RHB. Stars (from top to bottom) are ordered by
increasing ⌫max. Vertical lines show the position of radial (dashed lines)
and quadrupole (dash-dotted lines) oscillation frequencies as expected by
the pattern of oscillation modes in red-giant stars described in Mosser et al.
(2011). The expected granulation power and the combined granulation
and oscillation power is represented by dashed and solid thick lines.
The insets show the power spectrum of the power spectrum (PSPS) of
each star, computed from the region around ⌫max. In each PSPS the
prominent peak at �⌫/2 (vertical gray line) is the detected signature of
the near-regular spacing of oscillation peaks in the frequency spectrum.

were then cleaned for artifacts using the KASOC filter (Handberg
& Lund 2014); time scales of ⌧long = 1 days and ⌧short = 0.25 days
were adopted for the median filters. We refer to Handberg & Lund
(2014) for additional details on the KASOC filter.

Among the sources identified by the K2P2 pipeline we se-
lected those that could be unambiguously identified as K giants
from the D’Antona et al. (2009) catalogue and the Marino et al.
(2008, 2011) membership studies. Moreover, we retained only stars
with V < 14 and B � I > 1.7, i.e. we avoided RR Lyrae pulsators,
blue-horizontal-branch stars, and stars that would be too faint to
have detectable oscillations (see Fig. 1).

We then searched the frequency-power spectra of the chosen
set of 28 lightcurves for evidence of solar-like oscillations using

c� 2010 RAS, MNRAS 000, 1–6

K2 observations

Miglio et al. 2016

clusters as BENCHMARKS



AST E RO
CHRONOMETRY

AST E RO
CHRONOMETRY

Logo on white background Logo on dark background

Asteroseismology of old open clusters 2079

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

13

14

15

16

17

18

19

20

V

B−V

NGC6791

 

 
Stetson et al. photometry
RGB stars used in this study
RC stars used in this study

0.4 0.6 0.8 1 1.2 1.4

12

12.5

13

13.5

14

14.5

15

15.5

16

16.5

V

B−V

NGC6819

 

 
Hole et al. photometry
RGB stars used in this study
RC stars used in this study

Figure 1. CMD of NGC 6791 (left-hand panel) and NGC 6819 (right-hand panel). Photometric data are taken from Stetson, Bruntt & Grundahl (2003) and
Hole et al. (2009), respectively. RGB stars used in this work are marked by open squares and RC stars by open circles. See Section 3.2 for a description of the
target selection.

et al. 1991; Kjeldsen & Bedding 1995; Mosser et al. 2010; Belkacem
et al. 2011), and therefore

νmax ! M/M"
(R/R")2

√
Teff/Teff,"

νmax," , (2)

where νmax," = 3100 µHz and Teff," = 5777 K.
These scaling relations are widely used to estimate masses and

radii of red giants (see e.g. Stello et al. 2008; Kallinger et al. 2010;
Mosser et al. 2010), but they are based on simplifying assumptions
that remain to be independently verified. Recent advances have been
made on providing a theoretical basis for the relation between the
acoustic cut-off frequency and νmax (Belkacem et al. 2011), and
preliminary investigations with stellar models (Stello et al. 2009)
indicate that the scaling relations hold to within ∼3 per cent on the
main sequence and RGB (see also White et al. 2011).

Depending on the observational constraints available, we may
derive mass estimates from equations (1) and (2) alone, or via their
combination with other available information from non-seismic ob-
servations. When no information on distance/luminosity is avail-
able, which is usually the case for field stars, equations (1) and (2)
may be solved to derive M and R (see e.g. Kallinger et al. 2010;
Mosser et al. 2010):
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In the case of clusters, we can use the distance/luminosities esti-
mated with independent methods (i.e. via isochrone fitting or eclips-
ing binaries) as an additional constraint. Including this information
allows M to be estimated also from equation (1) or equation (2)

alone (see equations 5 and 6, respectively), or in combination lead-
ing to a mass estimate with no explicit dependence on Teff (as in
equation 7):
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In the following sections, we use equations (3)–(7) directly to
estimate M (and R) without adding any extra dependence on stellar
models. As illustrated in detail e.g. by Gai et al. (2011), additional
(so-called ‘grid-based’) methods to estimate M and R can be de-
signed. These procedures are also based on equations (1) and (2)
but, by searching solutions for M and R in grids of evolutionary
tracks, have the advantage of reducing uncertainties on the derived
mass and radius, at the price of some model dependence that we
prefer to avoid in this study.

2.1 Error estimates

The formal uncertainties (σ i) on the masses (Mi) of the stars were
used to compute a weighted average mass for stars belonging to the
RGB and for stars in the RC:

M =
∑N

1 Mi/σ
2
i∑N

1 1/σ 2
i

.
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Figure 1. CMD of NGC 6791 (left-hand panel) and NGC 6819 (right-hand panel). Photometric data are taken from Stetson, Bruntt & Grundahl (2003) and
Hole et al. (2009), respectively. RGB stars used in this work are marked by open squares and RC stars by open circles. See Section 3.2 for a description of the
target selection.

et al. 1991; Kjeldsen & Bedding 1995; Mosser et al. 2010; Belkacem
et al. 2011), and therefore

νmax ! M/M"
(R/R")2

√
Teff/Teff,"

νmax," , (2)

where νmax," = 3100 µHz and Teff," = 5777 K.
These scaling relations are widely used to estimate masses and

radii of red giants (see e.g. Stello et al. 2008; Kallinger et al. 2010;
Mosser et al. 2010), but they are based on simplifying assumptions
that remain to be independently verified. Recent advances have been
made on providing a theoretical basis for the relation between the
acoustic cut-off frequency and νmax (Belkacem et al. 2011), and
preliminary investigations with stellar models (Stello et al. 2009)
indicate that the scaling relations hold to within ∼3 per cent on the
main sequence and RGB (see also White et al. 2011).

Depending on the observational constraints available, we may
derive mass estimates from equations (1) and (2) alone, or via their
combination with other available information from non-seismic ob-
servations. When no information on distance/luminosity is avail-
able, which is usually the case for field stars, equations (1) and (2)
may be solved to derive M and R (see e.g. Kallinger et al. 2010;
Mosser et al. 2010):
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In the case of clusters, we can use the distance/luminosities esti-
mated with independent methods (i.e. via isochrone fitting or eclips-
ing binaries) as an additional constraint. Including this information
allows M to be estimated also from equation (1) or equation (2)

alone (see equations 5 and 6, respectively), or in combination lead-
ing to a mass estimate with no explicit dependence on Teff (as in
equation 7):
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In the following sections, we use equations (3)–(7) directly to
estimate M (and R) without adding any extra dependence on stellar
models. As illustrated in detail e.g. by Gai et al. (2011), additional
(so-called ‘grid-based’) methods to estimate M and R can be de-
signed. These procedures are also based on equations (1) and (2)
but, by searching solutions for M and R in grids of evolutionary
tracks, have the advantage of reducing uncertainties on the derived
mass and radius, at the price of some model dependence that we
prefer to avoid in this study.

2.1 Error estimates

The formal uncertainties (σ i) on the masses (Mi) of the stars were
used to compute a weighted average mass for stars belonging to the
RGB and for stars in the RC:

M =
∑N

1 Mi/σ
2
i∑N

1 1/σ 2
i

.
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Figure 1. CMD of NGC 6791 (left-hand panel) and NGC 6819 (right-hand panel). Photometric data are taken from Stetson, Bruntt & Grundahl (2003) and
Hole et al. (2009), respectively. RGB stars used in this work are marked by open squares and RC stars by open circles. See Section 3.2 for a description of the
target selection.

et al. 1991; Kjeldsen & Bedding 1995; Mosser et al. 2010; Belkacem
et al. 2011), and therefore

νmax ! M/M"
(R/R")2

√
Teff/Teff,"

νmax," , (2)

where νmax," = 3100 µHz and Teff," = 5777 K.
These scaling relations are widely used to estimate masses and

radii of red giants (see e.g. Stello et al. 2008; Kallinger et al. 2010;
Mosser et al. 2010), but they are based on simplifying assumptions
that remain to be independently verified. Recent advances have been
made on providing a theoretical basis for the relation between the
acoustic cut-off frequency and νmax (Belkacem et al. 2011), and
preliminary investigations with stellar models (Stello et al. 2009)
indicate that the scaling relations hold to within ∼3 per cent on the
main sequence and RGB (see also White et al. 2011).

Depending on the observational constraints available, we may
derive mass estimates from equations (1) and (2) alone, or via their
combination with other available information from non-seismic ob-
servations. When no information on distance/luminosity is avail-
able, which is usually the case for field stars, equations (1) and (2)
may be solved to derive M and R (see e.g. Kallinger et al. 2010;
Mosser et al. 2010):
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In the case of clusters, we can use the distance/luminosities esti-
mated with independent methods (i.e. via isochrone fitting or eclips-
ing binaries) as an additional constraint. Including this information
allows M to be estimated also from equation (1) or equation (2)

alone (see equations 5 and 6, respectively), or in combination lead-
ing to a mass estimate with no explicit dependence on Teff (as in
equation 7):
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In the following sections, we use equations (3)–(7) directly to
estimate M (and R) without adding any extra dependence on stellar
models. As illustrated in detail e.g. by Gai et al. (2011), additional
(so-called ‘grid-based’) methods to estimate M and R can be de-
signed. These procedures are also based on equations (1) and (2)
but, by searching solutions for M and R in grids of evolutionary
tracks, have the advantage of reducing uncertainties on the derived
mass and radius, at the price of some model dependence that we
prefer to avoid in this study.

2.1 Error estimates

The formal uncertainties (σ i) on the masses (Mi) of the stars were
used to compute a weighted average mass for stars belonging to the
RGB and for stars in the RC:

M =
∑N

1 Mi/σ
2
i∑N

1 1/σ 2
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.

C© 2011 The Authors, MNRAS 419, 2077–2088
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/419/3/2077/1064418 by guest on 18 N
ovem

ber 2018

Asteroseismology of old open clusters 2079

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

13

14

15

16

17

18

19

20

V

B−V

NGC6791

 

 
Stetson et al. photometry
RGB stars used in this study
RC stars used in this study

0.4 0.6 0.8 1 1.2 1.4

12

12.5

13

13.5

14

14.5

15

15.5

16

16.5

V

B−V

NGC6819

 

 
Hole et al. photometry
RGB stars used in this study
RC stars used in this study

Figure 1. CMD of NGC 6791 (left-hand panel) and NGC 6819 (right-hand panel). Photometric data are taken from Stetson, Bruntt & Grundahl (2003) and
Hole et al. (2009), respectively. RGB stars used in this work are marked by open squares and RC stars by open circles. See Section 3.2 for a description of the
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et al. 1991; Kjeldsen & Bedding 1995; Mosser et al. 2010; Belkacem
et al. 2011), and therefore

νmax ! M/M"
(R/R")2

√
Teff/Teff,"

νmax," , (2)

where νmax," = 3100 µHz and Teff," = 5777 K.
These scaling relations are widely used to estimate masses and

radii of red giants (see e.g. Stello et al. 2008; Kallinger et al. 2010;
Mosser et al. 2010), but they are based on simplifying assumptions
that remain to be independently verified. Recent advances have been
made on providing a theoretical basis for the relation between the
acoustic cut-off frequency and νmax (Belkacem et al. 2011), and
preliminary investigations with stellar models (Stello et al. 2009)
indicate that the scaling relations hold to within ∼3 per cent on the
main sequence and RGB (see also White et al. 2011).

Depending on the observational constraints available, we may
derive mass estimates from equations (1) and (2) alone, or via their
combination with other available information from non-seismic ob-
servations. When no information on distance/luminosity is avail-
able, which is usually the case for field stars, equations (1) and (2)
may be solved to derive M and R (see e.g. Kallinger et al. 2010;
Mosser et al. 2010):
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In the case of clusters, we can use the distance/luminosities esti-
mated with independent methods (i.e. via isochrone fitting or eclips-
ing binaries) as an additional constraint. Including this information
allows M to be estimated also from equation (1) or equation (2)

alone (see equations 5 and 6, respectively), or in combination lead-
ing to a mass estimate with no explicit dependence on Teff (as in
equation 7):
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In the following sections, we use equations (3)–(7) directly to
estimate M (and R) without adding any extra dependence on stellar
models. As illustrated in detail e.g. by Gai et al. (2011), additional
(so-called ‘grid-based’) methods to estimate M and R can be de-
signed. These procedures are also based on equations (1) and (2)
but, by searching solutions for M and R in grids of evolutionary
tracks, have the advantage of reducing uncertainties on the derived
mass and radius, at the price of some model dependence that we
prefer to avoid in this study.

2.1 Error estimates

The formal uncertainties (σ i) on the masses (Mi) of the stars were
used to compute a weighted average mass for stars belonging to the
RGB and for stars in the RC:

M =
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1 Mi/σ
2
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Eq. MRGB �M �
M

N MRHB

(1) 0.99 0.05 0.02 7 0.79 ± 0.10
(2) 0.78 0.09 0.01 7 0.53 ± 0.12
(3) 0.84 0.06 0.01 7 0.61 ± 0.08
(4) 0.94 0.04 0.02 7 0.73 ± 0.07

�⌫CORR

(1) 0.84 0.04 0.02 7 0.86 ± 0.11
(2) 0.84 0.09 0.01 7 0.51 ± 0.12
(3) 0.84 0.06 0.01 7 0.61 ± 0.08
(4) 0.84 0.03 0.02 7 0.78 ± 0.08

Table 2. Average mass of stars on the RGB estimated using di↵erent obser-
vational constraints and scaling relations (Equations 1 to 4). N is the number
of stars included in the average. The masses reported in the last four rows
were obtained introducing a correction to the �⌫ scaling as described in Sec.
3.1. The mass of the RHB star (S8) is reported in the last column.

DM �DM �DM N �⌫CORR

11.40 0.05 0.02 8 n
11.26 0.05 0.06 8 y

Table 3. Mean true distance modulus (DM = (m � M)0) and associated
uncertainties, with and without introducing a correction to the �⌫ scaling.

cause the former evolve more quickly. The expected mass di↵er-
ence on the RGB based on the di↵erent initial He mass fraction
(0.25 versus 0.27; see Nardiello et al. 2015) is inferred to be 0.03
M� (using BaSTI isochrones). A higher He enhancement, as sug-
gested by, for example, Villanova et al. (2012), would imply a
higher mass di↵erence (see e.g. Valcarce et al. 2014, for an exhaus-
tive review on recent results). The precision in the average mass
determined here is insu�cient to detect this di↵erence.

3.2 Radius / distance

Using a combination of seismic constraints and Te↵ , we may
also estimate stellar radii:
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Radii determined from Eq. 5 agree at the 5 % level with indepen-
dent estimates determined from L and Te↵ .

The above may also be formulated as a comparison of distance
moduli. After applying the model-predicted correction to the �⌫
scaling, we find an average distance modulus (see Table 3) that is in
excellent agreement with the independent determination obtained
from constraints on eclipsing binaries (see Sec. 3.1).

4 SUMMARY AND FUTURE PROSPECTS

We have reported the first detections of solar-like oscillations in gi-
ants belonging to a globular cluster. M4 provides what is at present
a unique set of targets for testing asteroseismic mass and radius de-
termination in low-metallicity environments. These tests are crucial
for the robustness of Galactic archeology studies, which are now
making use of solar-like oscillators (see e.g. Miglio et al. 2013b).
In the sample of RGB stars analysed in our study, we find no evi-
dence for a significant systematic o↵set between the seismic mass
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Figure 3. Mass of M4 giants as inferred from Eq. 1 to 4 with (lower panel)
and without (upper panel) applying a model-predicted correction to the �⌫
scaling relation. The last star to the right (S8) is a RHB star. The solid and
dashed lines denote the 1-� mass interval as determined from isochrone
fitting and assuming two values for the initial He mass fraction (see Section
3.1.1 for details).

and radius/distance estimates and independent determinations, pro-
vided that a correction to the �⌫ scaling relation as suggested by
stellar models is introduced. In that case, for RGB stars we find ex-
cellent agreement with the expected masses from isochrone fitting,
and using a distance modulus derived with independent methods.
The o↵set with respect to independent masses is lower, or compa-
rable with, the uncertainties on the average RGB mass (4 � 10%,
depending on the combination of constraints used).

Extracting clean light curves from these crowded images is
challenging, and further complicated by the instrumental drifts of
K2. Having demonstrated that it is possible to detect solar-like os-
cillations in M4, we are now working on producing cleaner light
curves for a larger sample of stars. A systematic analysis of as-
teroseismic detections in a larger sample of M4 giants will allow
more stringent tests of the mass determination and, by implication,
systematic corrections to the asteroseismic �⌫ scaling relation.

The detection of solar-like oscillations potentially opens the
door to the more ambitious goal of using seismology to probe mul-
tiple populations in old globular clusters. Based on results in the
literature (Marino et al. 2008 and Carretta et al. 2009), six of the
M4 stars with detected oscillations belong to the second (Na-rich,
O-poor) population, while the RHB star and S2 are likely to be first
generation (Na-poor, O-rich) stars. Again, an increase in the num-
ber of stars with detections of solar-like oscillations may allow us
to detect mass di↵erences between multiple populations, although
the systematic uncertainties described in Section 3 will need to be
borne in mind.

Looking to the future, neither the upcoming NASA TESS Mis-
sion (Ricker et al. 2014) nor the ESA PLATO Mission (Rauer et al.
2014) are optimized for the study of densely populated stellar clus-
ters. A space mission dedicated to the detection and study of os-
cillations in globular clusters should be considered. Long-duration
observations, like the multi-year observations provided by the nom-
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cellent agreement with the expected masses from isochrone fitting,
and using a distance modulus derived with independent methods.
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rable with, the uncertainties on the average RGB mass (4 � 10%,
depending on the combination of constraints used).
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K2. Having demonstrated that it is possible to detect solar-like os-
cillations in M4, we are now working on producing cleaner light
curves for a larger sample of stars. A systematic analysis of as-
teroseismic detections in a larger sample of M4 giants will allow
more stringent tests of the mass determination and, by implication,
systematic corrections to the asteroseismic �⌫ scaling relation.

The detection of solar-like oscillations potentially opens the
door to the more ambitious goal of using seismology to probe mul-
tiple populations in old globular clusters. Based on results in the
literature (Marino et al. 2008 and Carretta et al. 2009), six of the
M4 stars with detected oscillations belong to the second (Na-rich,
O-poor) population, while the RHB star and S2 are likely to be first
generation (Na-poor, O-rich) stars. Again, an increase in the num-
ber of stars with detections of solar-like oscillations may allow us
to detect mass di↵erences between multiple populations, although
the systematic uncertainties described in Section 3 will need to be
borne in mind.

Looking to the future, neither the upcoming NASA TESS Mis-
sion (Ricker et al. 2014) nor the ESA PLATO Mission (Rauer et al.
2014) are optimized for the study of densely populated stellar clus-
ters. A space mission dedicated to the detection and study of os-
cillations in globular clusters should be considered. Long-duration
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Abstract
In the last decade, the Kepler and CoRoT space-photometry missions have demon-
strated the potential of asteroseismology as a novel, versatile and powerful tool to
perform exquisite tests of stellar physics, and to enable precise and accurate char-
acterisations of stellar properties, with impact on both exoplanetary and Galactic
astrophysics. Based on our improved understanding of the strengths and limitations
of such a tool, we argue for a new small/medium space mission dedicated to gath-
ering high-precision, high-cadence, long photometric series in dense stellar fields.
Such a mission will lead to breakthroughs in stellar astrophysics, especially in the
metal poor regime, will elucidate the evolution and formation of open and globular
clusters, and aid our understanding of the assembly history and chemodynamics of
the Milky Way’s bulge and a few nearby dwarf galaxies.
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observational strategy not optimised for 
stellar / galactic science

overcoming these limitations i.e.

breakthroughs in stellar and Galactic science

obtaining Kepler-like observations in crowded stellar fields



having now a better understanding of the strengths and limitations of asteroseismology, 
we can propose a mission design that will lead to breakthroughs in three broad areas: 

assembly history and chemical evolution of the Milky Way’s 
bulge and few nearby dwarf galaxies. 

high-precision stellar astrophysics, 
especially in the metal poor regime

evolution and formation of stellar clusters

SG1

SG2

SG3

haydn: science goals
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high-precision stellar astrophysics:SG1 need to perform tests in controlled environments, 
i.e. stellar open and globular clusters

haydn: science goals

Transport of chemical elements in the stellar interior

Core rotation and transport of angular momentum 

Mass loss on the RGB

Occurrence of mergers / 
products of binary evolution  

high-precision tests of stellar 
models, especially in the metal-
poor regime (early Universe)

Tests of fundamental physics   



evolution, formation and dynamics of 
stellar clusters

SG2

haydn: science goals

Globular clusters formation from absolute ages 

Origin of multiple populations 

Measuring helium content in GCs with 
asteroseismology 

Redistribution of angular momentum from 
inclination of stellar spin axes
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Figure 2

Hertzsprung-Russell diagram showing stellar populations representative of ! Cen (left panel) and M67
(right panel). Each star in the population is coloured according to the seismic information that can be
extracted: blue, solar-like oscillations are detectable; yellow, information on the gravity-mode period
spacing can also be inferred; and green, rotationally split pulsation modes can be measured, hence
information on the internal rotational profile can also be inferred. We assume a mirror diameter is 90cm
and a duration of the observations of 2 years (! Cen) and 1 yr (M67).

Figure 3

Same as Fig. 2, this time for one cluster (M4) but changing the diameter of the telescope (left panel) or
the duration of the observations (right panel).

simulate the stellar population in the proposed fields, we use TRILEGAL (Girardi et al. 2005)
with literature-based estimates for the age, chemical composition, distance, and extinction for each
target. Since the seismic performance indicator is largely determined by global stellar properties
and the targets’ distance, the dependence on the details of the stellar models used to simulate
the populations is not a source of concern.

Examples of the detection thresholds obtained with a di↵erent combination of telescope size
and duration of the observations, for some of the key targets in Table 1, are illustrated in Figs. 2
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combination of 6-24 months-long runs 
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would provide only an incomplete picture if not accompanied by a precise determination of the internal 
structure. The core size and physical state, as well as the mantle viscosity and the crust-mantle interaction 
are essential to decipher its geological evolution, and understand the mystery of why Venus lacks a dynamo. 
Venus’ moment of inertia, 𝑘ଶ Love number and tidal phase lag are key measurements that a Medium 
mission to Venus must carry out to a sufficient precision to constrain the interior structure, tackling with the 
right data sets the adverse effects of the large thermal tides and the recently discovered irregularities of the 
rotation rate. 

3.1.7 High Precision Astrometry 

Astrometry has significantly contributed to our understanding of the Universe, from the smallest scales of 
planetoids in the Solar System to very distant quasars. ESA has a history of precision astrometry, beginning 
with the breakthrough mission Hipparcos, and we are currently experiencing major breakthroughs 
particularly in Galactic astronomy thanks to the global astrometric ESA space mission, Gaia. This mission is 
impacting the extent of our knowledge in many fields of astrophysics, ranging from exoplanets and star 
formation, to the formation and evolution of the Milky Way itself as well as in fundamental physics. The next 
steps in space astrometry could be either to improve by one order of magnitude the relative astrometric 
accuracy, or to extend global astrometry to a different wavelength domain, i.e. the near-IR. 

High precision relative astrometry at the level of sub-μas can probe dark matter in galactic environments 
and the detection and full characterisation of the orbital architecture of exoplanetary systems with habitable 
planets orbiting the nearest stars to the Sun.  Substantial technology developments in a number of critical 
areas would be needed in order to reach the highest required precision of 0.2 μas. 

Global astrometry in the near IR as described in Section 2.2.2 would have a much broader impact as it would 
tackle various aspects of the above questions, as well as additional important open questions regarding the 
whole Milky Way ecosystem. Such a mission, which is of Large class given its scientific breadth, will be 
difficult to scale down to fit the Medium mission cost cap given the technological developments required for 
the near-IR detectors. However, all of its science objectives could be achieved with a Medium mission led by 
ESA with a substantial contribution from other partners. Among other possibilities, the US could contribute 
with the near-IR detector following a similar scheme as in the Euclid mission. 

3.1.8 High Precision Asteroseismology 

Asteroseismology is one of the most powerful tools for probing the structure of stars. It uses the variability 
of the light from the star produced by its pulsation modes to constrain the interiors of stars. Its final aim is to 
determine the physical properties and the internal structure of stars, such as how temperature, pressure, 
density, speed of sound, and chemical composition vary with radius.  In the last decade, the research field of 
asteroseismology has experienced a revolution with the operation of several space missions whose main aim 
has been the detection of exoplanets, for example Kepler.  

A Medium mission designed to carry out pure asteroseismology would characterise stars in a wider range of 
(relatively homogeneous) stellar environments such as dwarf galaxies or the Galactic bulge, as well as Red 
Giant Branch stars that are relatively close to the Sun. Such missions would provide key information on 
stellar physics that would allow testing of stellar evolution models, especially when 2-D and 3-D modelling 
become widely implemented. Furthermore, and in combination with Gaia and large ground-based 
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spectroscopic surveys, they would provide new insights into the star formation history and different phases 
of the assembly of the Milky Way. 

3.1.9 The Role of the Multiphase ISM in Star Formation and Galaxy Evolution  

Understanding how star formation proceeds in galaxies remains one of the major goals in the theory of 
galaxy evolution. Observations of the interstellar medium (ISM) are key to deciphering the physical 
processes regulating star formation in galaxies. The physical processes that transform the overall galactic gas 
content, such as gas accretion and outflows, regulate star formation in typical nearby galaxies. The accreted 
gas from the outer regions in the form of ionized or partially ionized gas becomes neutral, cools, and 
increases its density as it is transported to the galactic inner regions, where it becomes molecular and forms 
stars, which themselves produce outflows that return material to the ISM.  Studying the multiphase 
structure of the ISM and its evolution will reveal the underlying physical phenomena that set star formation 
rates and efficiencies.  

The far-infrared is rich in atomic, ionized, and molecular spectral lines that can directly constrain the physical 
properties of the different ISM phases and reveal the physical conditions at the transitions between the 
warm ionized medium, the cold neutral medium, and the self-gravitating cores. The ability of previous far-
infrared missions to disentangle the physical properties and the kinematics of the multi-phase ISM has been 
hampered by their poor spectral resolution and limited spectroscopic mapping capabilities.  Far-IR missions 
with 2-meter class telescopes equipped with multi-beam heterodyne arrays and high resolution (> 10) 
spectrometers, can provide large-scale 3D-maps of velocity resolved lines of the dominant gas coolants (e.g. 
OI, CI, CII, and NII) in our Galaxy and nearby galaxies. The combination of these large-scale maps of key 
spectral lines will fully characterise the multiphase ISM contributing to a better understanding of the 
processes that govern star formation in galaxies. 

3.1.10 Probing the Violent and Explosive Universe at High Energies: Accretion by Compact 
Objects and Astroparticle Physics 

The physics of accretion, acceleration and high-energy particles involves phenomena of great relevance to 
fundamental physics and in understanding how the Universe was born and how it evolves.  Furthermore, 
multi-messenger astronomy calls for an enhanced synergy between electromagnetic and gravitational wave 
events.  Space-based X-ray and gamma-ray detectors, with improved capabilities with respect to the current 
generation, such as high-sensitivity, large field-of-view detectors, and/or sensitive keV–MeV 
spectropolarimetry based on new technologies, will allow us to detect and investigate the most extreme and 
violent physical phenomena in the Universe and provide a powerful and fundamental synergy with 
gravitational wave astronomy.  Unresolved questions related to explosive nucleosynthesis in stellar 
explosions, the origin of cosmic rays, accretion and ejection mechanisms in stellar and supermassive black 
holes and neutron stars, could be solved with missions with these capabilities, as well as boosting the 
discovery rate of known and unknown rare classes of transient sources throughout the Universe. 
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3 Potential Scientific Themes for Medium Missions 

Medium missions are a key component of ESA’s Science Programme and enable Europe to conduct relatively 
stand-alone missions that answer important scientific questions.  Although there might be a perceived 
hierarchy where Large missions carry a higher scientific priority, some scientific questions can be 
comfortably addressed within a Medium mission envelope and lead to breakthrough science.  Naturally, the 
cost cap limits the available launch vehicles and therefore, for example, the size of platform, diameter of 
telescope apertures, launch mass and what orbits or interplanetary targets may be reached by a Medium 
mission, and can also require compromises on payload, instrument resolution, sensitivity, or time resolution.  
By the design of the Programme, Medium missions are also limited to more mature technology. 

A past example of an ESA mission that fits comfortably within the Medium mission envelope is Mars Express, 
and its sister mission Venus Express, both of which have led to breakthrough science at these planets.  For 
example, Mars Express discovered subsurface deposits of water, hydrated minerals that are evidence of 
liquid water, localised aurorae, and identification of recent glacial landforms helping us to begin to unravel 
the climatic history of Mars.  Venus Express has returned the first indirect evidence of ongoing volcanic 
activity on Venus.  Ariel, ESA’s fourth Medium mission is dedicated to characterising the chemistry and 
thermal structure of hundreds of transiting exoplanets to move beyond the detection of exoplanets to their 
characterisation as planetary bodies. 

Medium missions also provide a route for Europe’s participation in missions with international partners.  The 
Huygens probe, whose cost of M€ 360 was of the order of a Medium mission, is a clear example of ESA 
participating as a minor partner.  Huygens was the first landing of a spacecraft on the natural satellite of 
another planet and was able to answer questions about the origin of Titan’s atmosphere, the thickest 
atmosphere of any moon in the Solar System and the only other body apart from Earth that has a thick 
nitrogen atmosphere, by examining isotopic ratios.  It also provided part of the evidence for Titan’s 
subsurface oceans via the identification of Schumann resonances in the atmosphere.  ESA’s participation in 
the James Webb Space Telescope is a prime example of where a Medium level participation will result in an 
enormous scientific return for ESA Member State scientists over a wide range of science themes. 

Within Voyage 2050, there are many examples where scientific themes can be completely encapsulated 
within a Medium class mission.  For example, and without indicating a priority, much work can be done on 
the foundations of quantum mechanics and general relativity by testing the equivalence principle and 
probing the structure of space-time.  Another example from our recommendation is to probe the 
intergalactic medium in absorption, which will search for missing baryonic matter and examine the gas cycle 
in and around galaxies, exploring the role of the galactic environment on star formation.  A Large mission 
would enable a mission to probe the intergalactic medium in emission and would reach a larger fraction of 
the hidden baryonic matter, but a Medium mission on this theme would still yield breakthrough science in 
this area.   

Below we list science themes for Medium missions that arose from discussions within the Topical Teams and 
the Senior Committee.  This list is separated into 14 themes that could be led by ESA within a typical 
Medium mission envelope and four themes where ESA could participate at the Medium mission level in 
other agencies' large missions.  The list spans the full breadth of the ESA Science Programme, and 
demonstrates that the community has more than enough excellent ideas to fill as many Medium calls as 
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