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Abstract The internal structures of stars in the red-giant phase undergo significant
changes on relatively short timescales. Quasi-direct observations of these internal
structures have now been enabled by dedicated space missions such as CoRoT and
Kepler using long near-uninterrupted high-precision photometric timeseries observa-
tions. The seismic inferences from these observations are confronted with predictions
from theoretical models to improve our understanding of stellar structure and evolu-
tion. Our knowledge and understanding of red giants has indeed increased tremen-
dously, and we anticipate that more information is still hidden in the data. Unraveling
this will further improve our understanding of stellar evolution. This will also have
significant impact on our knowledge of the Milky Way Galaxy as well as on exo-
planet host stars. The latter is important for our understanding of the formation and
structures of planetary systems.

Keywords First keyword · Second keyword ·More

1 Introduction

Stars are prominent bodies formed by baryonic mass. They are an important source
of electromagnetic radiation in the universe allowing for studies of many phenomena,
from distant galaxies, to interstellar medium and extra-solar planets. However, due to
their opacity it is not trivial to study the internal structures of stars (Eddington, 1926).
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Stellar evolution 

Hekker & Christensen-Dalsgaard in prep. 
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Question? 

 
 

What physical phenomenon describes the difference 
between low and intermediate mass stars? 
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Low / intermediate mass stars 

Hekker & Christensen-Dalsgaard in prep. 
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Kippenhahn diagram 1 M! star 

Hekker & Christensen-Dalsgaard in prep. 
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Start of thick shell burning 

B

Figure 9.10. Hydrogen abundance profiles at different stages of evolution for a 1M⊙ star (left panel) and a
5M⊙ star (right panel) at quasi-solar composition. Figures reproduced from Salaris & Cassisi.

Note that stars in the approximate mass range 1.1− 1.3M⊙ (at solar metallicity) undergo a transi-
tion from the pp chain to the CNO cycle as their central temperature increases. Therefore these stars
at first have radiative cores and later develop a growing convective core. At the end of the MS phase
such stars also show a hook feature in the HRD.

9.3.3 The main sequence lifetime

The timescale τMS that a star spends on the main sequence is essentially the nuclear timescale for
hydrogen burning, given by eq. (2.37). Another way of deriving essentially the same result is by
realizing that, in the case of hydrogen burning, the rate of change of the hydrogen abundance X is
related to the energy generation rate ϵnuc by eq. (6.43),

dX
dt
= −

ϵnuc
qH
. (9.15)

Here qH = QH/4mu is the effective energy release per unit mass of the reaction chain (4 1H →
4He + 2 e+ + 2 ν), corrected for the neutrino losses. Hence qH is somewhat different for the pp chain
and the CNO cycle. Note that qH/c2 corresponds to the factor φ used in eq. (2.37). If we integrate
eq. (9.15) over all mass shells we obtain, for a star in thermal equilibrium,

dMH
dt
= −

L
qH
, (9.16)

where MH is the total mass of hydrogen in the star. Note that while eq. (9.15) only strictly applies
to regions where there is no mixing, eq (9.16) is also valid if the star has a convective core, because
convective mixing only redistributes the hydrogen supply. If we now integrate over the main sequence
lifetime we obtain for the total mass of hydrogen consumed

∆MH =
1
qH

∫ τMS

0
L dt =

⟨L⟩ τMS
qH

, (9.17)

137

Pols 2011 
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Subgiant branch 

•  thermal and hydrostatic 
equilibrium with a 
degenerate isothermal 
core 

•  core contraction 
 
•  expanding  and cooling 

envelope 

 
Mirror principle 
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Mirror principle 

  “When the region within a burning shell contracts, the 
region outside the shell expands; and when the 
region inside the shell expands, the region outside 
the shell contracts.” 

 
  This is not a physical law as such, but an empirical 

observation, supported by the results of numerical 
simulations.  
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Bottom red-giant branch 

•  expanding cooling star 
approaches Hayashi line: 
locus in HRD of fully 
convective stars 

 
•  further increase of radius: 

increase in luminosity 

•  large convective region 
develops 

D

D



Saskia Hekker Asteroseismology of Red Giants & Galactic Archeology

July 21, 2016 14 

First dredge-up 

•  convective envelope 
penetrates deep into the 
star reaching regions 

 
•  processed material is 

transported by convection 
to the surface: 12C/13C 
decrease 

•  convective region reaches 
maximum depth in mass 
and recedes leaving a 
chemical discontinuity 
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Chemical discontinuity 

Salaris & Cassisi 2005 
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Luminosity bump 

•  H-burning shell moves 
outwards 

•  at chemical discontinuity 
the star readjusts to new 
composition before it 
continues its evolution 

EF 
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Luminosity bump 
On the red-giant luminosity bump 667

Figure 1. Evolution track of 1 M⊙ model. The inset shows the vicinity of
the luminosity bump, marked by the box.

shell which essentially confirms the importance of the variation in
mean molecular weight as the driving force behind the bump.

2 PRO PERTIES O F TH E BU MP

The models considered here follow the computations of Jiang &
Christensen-Dalsgaard (2014). Briefly, they use the ASTEC code
(Christensen-Dalsgaard 2008), neglecting diffusion and settling
and with no overshoot from the convective envelope and possible
convective core. The models have an initial hydrogen abundance
X0 = 0.72 and a heavy-element abundance Z = 0.02; convection is
treated with the Böhm-Vitense (1958) mixing-length formulation
with a mixing-length parameter of 1.8.

In the early phases of red-giant evolution, the mass in the convec-
tive envelope increases to a maximum and subsequently decreases.
The convective envelope is assumed to be fully mixed, leading to
the first dredge-up of nuclear-processed material, down to the max-
imum extent of the convective envelope where the mass fraction
at its base is qdis = mdis/M, mdis being the mass inside the dis-
continuity and M the total mass of the star. Owing to the neglect
of diffusion and settling the composition at the base of the mixed
region is discontinuous. Fig. 2 shows the hydrogen abundance as

Figure 2. Hydrogen abundance as a function of fractional mass, in a 1 M⊙
evolution sequence, at the times of maximum extent of the convective en-
velope (solid), and at luminosity maximum (dashed) and minimum (dot–
dashed) in the bump.

Figure 3. The top panel shows the variation of surface luminosity in the
vicinity of the bump, in solar units, as a function of age in a 1 M⊙ evolution
sequence. The lower panel shows the separation in mass fraction between
the location of the composition discontinuity and the hydrogen-burning
shell. In both panels the dashed and dot–dashed lines, as in Fig. 2, mark the
luminosity maximum and minimum, respectively.

a function of fractional mass in the 1 M⊙ sequence, at the times
of the maximum extent in mass of the convective envelope, the
maximum luminosity in the bump, and the time where the location,
at a fractional mass qϵ , of the hydrogen-burning shell reaches the
composition discontinuity; here qϵ is defined by the maximum in
the energy-generation rate. The latter time corresponds closely to
the minimum in luminosity in the bump.

The evolution with time in the luminosity in the vicinity of the
bump is illustrated in Fig. 3. The lower panel shows the separation
between qϵ and qdis, again making clear that the luminosity starts
to increase as soon as the hydrogen-burning shell crosses the dis-
continuity. Here and in the following, I ignore the fact that the age
of some of the models considered, with the assumed parameters,
exceeds the inferred age of the Universe. This has no significance
for the properties of the models.

The properties of the bump depend substantially on stellar mass
(see also Gai & Tang 2015). This is illustrated in Fig. 4, showing the
ratio between the maximum and minimum luminosity in the bump.
As shown by the lower panel, this is very strongly correlated with
the step "X in hydrogen abundance at the discontinuity. Note that
the red-giant bump only appears for stars of mass below around
2.2 M⊙. For more massive stars helium ignition occurs before the
hydrogen-burning shell reaches the composition discontinuity. In
such stars the bump can be identified during the helium-burning
phase (e.g. Cunha et al. 2015).

The variation of "X with mass arises from a somewhat complex
interaction between the extent of the convectively mixed regions and

MNRAS 453, 666–670 (2015)
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Christensen-Dalsgaard 2015 

•  qε fractional mass of 
hydrogen-burning shell 
(maximum energy 
generation) 

•  qdis fractional mass of 
chemical discontinuity 

•  at  qdis – qε = 0 luminosity 
starts to increase again  
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Luminosity bump 182 R.G. Gratton et al.: Mixing along the red giant branch in metal-poor field stars

Fig. 10. Run of the abundance of Li, of
the abundance ratios [C/Fe], [N/Fe], [O/Fe]
and [Na/Fe], and of the isotopic ratio
12C/13C with luminosity for stars with
−2 <[Fe/H]< −1. Filled symbols are ac-
tual measures; arrows are upper (for Li) or
lower (for 12C/13C) limits. Typical error bars
for the various quantities are shown. Dahed
lines separate various evolutionary phases
(MS and TO stars; lower-RGB stars; upper-
RGB stars). Results for RHB stars are plot-
ted separately for clarity

Table 7. Average abundances in different evolutionary phases for stars with −2 <[Fe/H]< −1

Element MS and TO lower-RGB upper-RGB RHB
log ϵ(Li) 12 2.40 ± 0.04 0.10 13 1.15 ± 0.03 0.12 < 0.0 < 0.0
[C/Fe] 15 −0.09 ± 0.02 0.08 14 −0.14 ± 0.03 0.11 15 −0.58 ± 0.03 0.12 7 −0.44 ± 0.05 0.14
[N/Fe] 4 −0.11 ± 0.12 0.23 6 −0.21 ± 0.02 0.06 8 +0.39 ± 0.07 0.21
[O/Fe] 16 +0.34 ± 0.03 0.12 21 +0.34 ± 0.02 0.09 8 +0.47 ± 0.06 0.17
[Na/H] 25 −0.09 ± 0.03 0.15 22 −0.02 ± 0.03 0.15 10 +0.05 ± 0.03 0.11

computations (VandenBerg & Smith 1988; Charbonnel 1994),
the C abundance declines only marginally at first dredge up: we
obtain an average value of [C/Fe]=−0.14 ± 0.03, based on 14
stars on the lower-RGB, with σ = 0.11 dex. While the differ-
ence of 0.05 dex between MS and lower-RGB C abundances
coincides with theoretical expectations, this difference is small
and not statistically significant.

A much more significant decrease of the C abundance oc-
curs when stars evolve off the RGB-bump: the average value for
our group of upper-RGB stars is [C/Fe]=−0.58±0.03 (15 stars).
While the σ is quite low in the [C/Fe] ratios of upper RGB stars
(0.12 dex), systematic trends are still present within this group.
We in fact obtained the lowest [C/Fe] ratios for themost evolved
and/or most metal-poor stars in this group (however there is a
large spread in the [C/Fe] ratios for stars with [Fe/H]< −2; see

below). Metallicity might play a role: while the average value
of the [C/Fe] ratio for upper-RGB stars is even lower than that
provided by more evolved RHB stars ([C/Fe]=−0.44 ± 0.05, 7
stars with σ = 0.14 dex), these two groups of stars seem to fol-
low a similar correlation between [C/Fe] and [Fe/H] (see lower
panel of Fig. 11, where also stars out of the metallicity range
considered in the present discussion are plotted). A metallicity
dependence of deepmixing along theRGBwas indeed predicted
by Sweigart & Mengel (1979), although no clear quantitative
prescription could be given on the basis of their models alone.
From Fig. 11 we see that mixing might apparently be a function
of metallicity, being less efficient in more metal-rich stars and
reaching a maximum value for [Fe/H]∼ −1.5. Similar results
are obtained using the N abundances, although for this element
the result has less statistical strength due to the small number of

Gratton et al. 2000 
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Onset of He-core burning: He-flash 

•  degenerate core: P does 
not depend on T 

 
•  ~108 K start 3α process 
 
•  thermal run away process 

for a very short time 
 
•  energy absorbed by non-

degenerate layers 

G

G
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He-flash 

Figure 10.7. The helium flash. Evolu-
tion with time of the surface luminosity
(Ls), the He-burning luminosity (L3α)
and the H-burning luminosity (LH) dur-
ing the onset of He burning at the tip of
the RGB in a low-mass star. Time t = 0
corresponds to the start of the main he-
lium flash. Figure from Salaris & Cas-
sisi.

of their mass, giving rise to a horizontal branch in the HRD.

The helium flash

We again take a star of 1M⊙ as a typical example of all low-mass stars. Helium ignition occurs
when Tc ≈ 108 K and ρc ≈ 106 g/cm3, so the helium core is strongly degenerate (see Fig. 10.1).
We have seen in Sect. 7.5.2 that helium burning under these conditions is thermally unstable: the
energy generated by the 3α reaction causes a temperature increase, rather than a decrease, and helium
ignition thus initiates a thermonuclear runaway. The reason is that the degenerate pressure is basically
independent of T , so that the energy released by fusion does not increase the pressure and therefore
leads to negligible expansion and negligible work done. All nuclear energy released therefore goes
into raising the internal energy. Since the internal energy of the degenerate electrons is a function
of ρ and hence remains almost unchanged, it is the internal energy of the non-degenerate ions that
increases and thus raises the temperature. As a result, the evolution is vertically upward in the ρc-Tc
diagram.3

The thermonuclear runaway leads to an enormous overproduction of energy: at maximum, the
local luminosity in the helium core is l ≈ 1010 L⊙ – similar to a small galaxy! However, this only
lasts for a few seconds. Since the temperature increases at almost constant density, degeneracy is
eventually lifted when T ≈ 3 × 108 K. Further energy release increases the pressure when the gas
starts behaving like an ideal gas and thus causes expansion and cooling. All the energy released by
the thermonuclear runaway is absorbed in the expansion of the core, and none of this nuclear power
reaches the surface. The expansion and cooling results in a decrease of the energy generation rate,
until it balances the energy loss rate and the core settles in thermal equilibrium at Tc ≈ 108 K and
ρc ≈ 2 × 104 g/cm3 (see Fig. 10.1). Further nuclear burning of helium is thermally stable.

Detailed numerical calculations of the helium flash indicate that this sequence of events indeed
takes place, but helium is not ignited in the centre but in a spherical shell at m ≈ 0.1M⊙ where T
has a maximum. This off-centre temperature maximum is due to neutrino losses during the preceding
red giant phase. These neutrinos are not released by nuclear reactions, but by spontaneous weak
interaction processes occurring at high density and temperature (see Section 6.5). Since neutrinos
thus created escape without interacting with the stellar gas, this energy loss leads to effective cooling

3This part of the evolution is skipped in the 1M⊙ model shown in Fig. 10.1, which is why a gap appears in the evolution
track. The evolution during the He flash is shown schematically as a dashed line for the 1M⊙ model in Fig. 8.4.

152

Pols 2011 

•  Ls surface 
luminosity 

•  L3α He-burning 
luminosity 

•  LH H-burning 
luminosity 
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Red-clump stars 

•  He-core burning + H-shell 
burning 

•  all stars that undergo He-
flash have similar core-
mass, i.e. very similar 
position in HRD 

 
•  stars have a convective 

core and discontinuities 
due to sub-flashes 
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Kippenhahn diagram 3 M! star 

Hekker & Christensen-Dalsgaard in prep. 
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Start of shell burning 

C

C

Figure 9.10. Hydrogen abundance profiles at different stages of evolution for a 1M⊙ star (left panel) and a
5M⊙ star (right panel) at quasi-solar composition. Figures reproduced from Salaris & Cassisi.

Note that stars in the approximate mass range 1.1− 1.3M⊙ (at solar metallicity) undergo a transi-
tion from the pp chain to the CNO cycle as their central temperature increases. Therefore these stars
at first have radiative cores and later develop a growing convective core. At the end of the MS phase
such stars also show a hook feature in the HRD.

9.3.3 The main sequence lifetime

The timescale τMS that a star spends on the main sequence is essentially the nuclear timescale for
hydrogen burning, given by eq. (2.37). Another way of deriving essentially the same result is by
realizing that, in the case of hydrogen burning, the rate of change of the hydrogen abundance X is
related to the energy generation rate ϵnuc by eq. (6.43),

dX
dt
= −

ϵnuc
qH
. (9.15)

Here qH = QH/4mu is the effective energy release per unit mass of the reaction chain (4 1H →
4He + 2 e+ + 2 ν), corrected for the neutrino losses. Hence qH is somewhat different for the pp chain
and the CNO cycle. Note that qH/c2 corresponds to the factor φ used in eq. (2.37). If we integrate
eq. (9.15) over all mass shells we obtain, for a star in thermal equilibrium,

dMH
dt
= −

L
qH
, (9.16)

where MH is the total mass of hydrogen in the star. Note that while eq. (9.15) only strictly applies
to regions where there is no mixing, eq (9.16) is also valid if the star has a convective core, because
convective mixing only redistributes the hydrogen supply. If we now integrate over the main sequence
lifetime we obtain for the total mass of hydrogen consumed

∆MH =
1
qH

∫ τMS

0
L dt =

⟨L⟩ τMS
qH

, (9.17)

137

Pols 2011 
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Question? 

 
 
What physical phenomenon takes place in the “hook” at the 

end of the main sequence? 
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Start of shell burning 

C

C

Figure 9.10. Hydrogen abundance profiles at different stages of evolution for a 1M⊙ star (left panel) and a
5M⊙ star (right panel) at quasi-solar composition. Figures reproduced from Salaris & Cassisi.

Note that stars in the approximate mass range 1.1− 1.3M⊙ (at solar metallicity) undergo a transi-
tion from the pp chain to the CNO cycle as their central temperature increases. Therefore these stars
at first have radiative cores and later develop a growing convective core. At the end of the MS phase
such stars also show a hook feature in the HRD.

9.3.3 The main sequence lifetime

The timescale τMS that a star spends on the main sequence is essentially the nuclear timescale for
hydrogen burning, given by eq. (2.37). Another way of deriving essentially the same result is by
realizing that, in the case of hydrogen burning, the rate of change of the hydrogen abundance X is
related to the energy generation rate ϵnuc by eq. (6.43),

dX
dt
= −

ϵnuc
qH
. (9.15)

Here qH = QH/4mu is the effective energy release per unit mass of the reaction chain (4 1H →
4He + 2 e+ + 2 ν), corrected for the neutrino losses. Hence qH is somewhat different for the pp chain
and the CNO cycle. Note that qH/c2 corresponds to the factor φ used in eq. (2.37). If we integrate
eq. (9.15) over all mass shells we obtain, for a star in thermal equilibrium,

dMH
dt
= −

L
qH
, (9.16)

where MH is the total mass of hydrogen in the star. Note that while eq. (9.15) only strictly applies
to regions where there is no mixing, eq (9.16) is also valid if the star has a convective core, because
convective mixing only redistributes the hydrogen supply. If we now integrate over the main sequence
lifetime we obtain for the total mass of hydrogen consumed

∆MH =
1
qH

∫ τMS

0
L dt =

⟨L⟩ τMS
qH

, (9.17)

137

Pols 2011 
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Hertzsprung gap 

•  non-degenerate core: no 
sufficient pressure support 

 
•  contraction on Kelvin-

Helmholtz scale to 
maintain equilibrium 

•  stars cross the HRD 
rapidly 

•  deficiency of stars  
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Onset of He-core burning 

•  core contracts and heats 
on RGB till ~108 K where 
He ignites gently 

•  Luminosity at which He 
ignites is a monotonically 
increasing function of core 
mass 

 

G

G
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Secondary clump 

•  He-core burning + H-shell 
burning 

•  more spread out in 
positions in HRD due to 
core mass dependent He-
ignition 
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Question? 

 
 

Why do stars become red giants? 
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Why do stars become red giants?   

•  mirror principle seems to play an essential role 
•  not understood what physical mechanism(s) drive the 

mirror 
•  what other physical mechanism(s) are essential? 

  
 strong gravitational field 

  mean molecular weight gradient 

  necessary but may not be sufficient 
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asteroseismology of  

red-giant stars 
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Solar-like oscillations: main sequence 

large frequency separation 

small 
frequency 
separation 

νmax 
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Asymptotic approximation: high-order p modes 
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Asteroseismic scaling relations 

€ 

Δν ∝
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Subgiant 

Hekker & Mazumdar 2014 
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Hekker & Mazumdar 2014 
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Question? 

 
 

Where in these diagrams can oscillations propagate? 
Where are the oscillations gravity modes? 

Where are the oscillations acoustic modes? 
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Hekker & Mazumdar 2014 

- Brunt-Väisälä frequency         
 buoyancy cavity 

-  Lamb frequency        
  acoustic cavity 
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Evolution 

Deheuvels & Michel 2011 
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Hekker & Mazumdar 2014 

- Brunt-Väisälä frequency         
 buoyancy cavity 

-  Lamb frequency        
  acoustic cavity 
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Evolution 

Hekker & Mazumdar 2014 
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Red giant 

Hekker & Mazumdar 2014 
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Asymptotic approximation: high-order g modes 
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Mixed modes 

Bedding et al. 2011 
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Period spacing 
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S:  subgiant 
R:  red giant branch star 
f:    helium subflash stage 
C:  red clump 
p2: pre secondary clump 
2:   secondary clump 
A:   stars leaving the      
      clump moving towards      
      AGB 
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Brunt-Väisälä frequency 

Hekker & Christensen-Dalsgaard in prep. 

NRGB 

NRC 

νmax 

SRGB 

SRC 
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Question? 

 
 
 
What physical phenomenon is causing the difference in N? 
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Brunt-Väisälä frequency 

Hekker & Christensen-Dalsgaard in prep. 

NRGB 

NRC 

νmax 

SRGB 

SRC 
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Individual frequencies: acoustic glitches 

Miglio et al. 2010 
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Individual frequencies: acoustic glitches 

•  (acoustic) radius and strength of He II ionisation zone 
•  possible indirect measure of He content 
 

Broomhall et al. 2014 
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Individual frequencies: buoyancy glitches 

Cunha et al. 2015 
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Individual frequencies: buoyancy glitches 

Cunha et al. 2015 

2 Cunha et al.

FIG. 1.— One solar mass red-giant models considered for a detailed anal-
ysis. (a) Position in the HR diagram: model 1a is on the red-giant branch
just below the luminosity bump and model 1b is between helium flashes.; (b)
and (c) show, respectively, the helium profile and buoyancy frequency in the
inner region of model 1a (solid curve) and model 1b (dashed curve). The
sudden decrease of the buoyancy frequency, at r/R ∼ 0.055 for model 1a
and r/R ∼ 0.135 for model 1b, marks the lower boundary of the convective
envelope in the corresponding model.

most promising from the observational point of view.

2. STRUCTURE OF THE G-MODE CAVITY
Internal gravity waves have frequencies below the buoy-

ancy (or Brunt-Väisälä) frequency and propagate only where
there is no convection. While on the red-giant branch a star
is powered by hydrogen burning in a shell surrounding an in-
nert radiative helium core. The g-mode propagation cavity
extends essentially from the stellar center to the bottom of the
convective envelope. Once stable core-helium burning starts,
the central part of the core becomes convective, reducing the
size of the g-mode cavity. For massive stars the transition
between these two phases is smooth. However, according to
current standard 1D stellar models, in lower-mass stars with a
degenerate helium core, this transition involves a succession
of off-centered helium flashes (Bildsten et al. 2012) (see also
Salaris et al. 2002, for a general overview of red-giant evolu-

tion).
The propagation speed of the gravity waves depends on the

buoyancy frequency. Consequently, variations in the buoy-
ancy frequency inside the g-mode cavity may perturb the pe-
riods of high-radial-order modes away from their asymptotic
value. Sharp variations in the buoyancy frequency during
the red-giant phase usually result from local changes in the
chemical composition. Examples of these variations are il-
lustrated in Figure 1 where we show two red-giant models
at different evolution stages (panel a), prior to and during
the helium-flash phase, respectively, and their corresponding
helium abundances (panel b) and buoyancy frequencies, N
(panel c), for the core region, whereN is defined by the rela-
tion,

N2 = g

(

1

γ1

d ln p

dr
− d ln ρ

dr

)

. (1)

Here, r is the distance from the stellar center in a spher-
ical coordinate system (r,θ,ϕ) and g, γ1, p and ρ are,
respectively, the gravitational acceleration, the first adi-
abatic exponent, the pressure, and the density in the
model. The models were computed with the evolu-
tion codes ASTEC (Christensen-Dalsgaard 2008b) and
MESA (Paxton et al. 2013), respectively. Two spikes are vis-
ible in the buoyancy frequencies. The spikes located at rela-
tive radii of ≈ 0.003 (model 1a) and ≈ 0.005 (model 1b) re-
sult from the chemical-composition variation at the hydrogen-
burning shell. The spike furthest out in model 1a, at a rela-
tive radius of ≈ 0.02, results from strong chemical gradients
left behind by the retreating convective envelope which, dur-
ing the first dredge-up, extended to the region where the gas
had previously been processed by nuclear burning.6 As the
convective envelope retreats, the g-mode cavity expands to
include the sharp variation in the chemical composition; this
eventually disappears, when reached by the hydrogen-burning
shell which is moving out in mass as the helium core grows.
In the case of low-mass stars, this takes place while the star
is still on its way up the red-giant branch, when it reaches
the well-known luminosity bump. The bump shows itself as a
temporary decrease in luminosity when the hydrogen-burning
shell gets close to the sharp variation in the chemical compo-
sition. As a result of the decrease in the average mean molec-
ular weight in the region just above the shell, the luminosity
of the hydrogen-burning shell decreases. This is followed by
a return to increasing luminosity when the hydrogen-burning
shell reaches the sharp variation.7 (Hekker and Christensen-
Dalsgaard, in preparation). Finally, the innermost spike in
model 1b, at a relative radius of ≈ 0.0008, results from
the chemical composition variation caused by a helium flash.
Spikes in the buoyancy frequencymay have yet a different ori-
gin from those discussed above. In particular, they can result
from sharp variations in chemical composition left by retreat-
ing convective cores that were active either during the main
sequence or during the helium-core-burningphase. These will
be illustrated in section 5 where we look at sharp buoyancy
variations along the red-giant evolution more broadly.
6 Since the model does not include diffusion, the dredge-up should leave

behind a discontinuity in composition. However, the numerical treatment of
the mesh in the ASTEC calculation causes numerical diffusion which leads
to some smoothing of the composition profile and hence broadening and low-
ering of the buoyancy-frequency spike, as is evident in Fig. 1. A similar but
less pronounced effect appears to be present in the MESA models.
7 For stars more massive than 2.2M⊙ helium burning is ignited before the

hydrogen-burning shell reaches the discontinuity and no bump occurs on the
red-giant branch.
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Question? 

 
 
 

What are the requirements to have a glitch? 
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Individual frequencies: buoyancy glitch 
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FIG. 2.— Asymptotic eigenfunction (solid curve) and the buoyancy frequency (dashed curve) for: (a) model 1a and (b) model 1b. The eigenfunctions have
arbitrary amplitude and are for characteristic eigenfrequencies of these models. The arrows mark the positions of the buoyancy frequency spikes discussed in the
text and seen also in Figure 1c.
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FIG. 3.— Normalized eigenfunction, as function of relative radius,
for the dipole mode with frequency ν = 51.20 µHz, computed with
the pulsation code ADIPLS for our model 1a. The chosen eigenfunction
(r3gρf)1/2Ψ = r3δp has the dimensions of energy and is normalized to
be 1 at its maximum value. The vertical, blue dashed lines show the position
of r2 and r3, the two turning points bounding the evanescent region. The
outermost turning point, r4, is also shown, while the innermost turning point,
r1, is outside the plotted range. The g-mode cavity is located between the
unseen r1 and r2 and the p-mode cavity is located between r3 and r4. The
close-up shows a comparison between the numerical (in black) and analytical
(in yellow) eigenfunctions in a particular region, well inside the g-mode cav-
ity. The continuous yellow curve represents the inner solution derived from
equation (4), while the dashed yellow curve represents the outer solution de-
rived from equation (5).

Since equations (4) and (5) are both valid well inside the
g-mode cavity, they must be the same. The requirement that
they be the same provides the eigenvalue condition (the condi-
tion that determines which oscillation (eigen)frequencies are
allowed by the above boundary conditions). In this case, the
eigenvalue condition translates to

∫ r2

r1

K0dr = π

(

n− 1

2

)

, (6)

where n is a positive integer. Hence, it is this condition that
ensures the two yellow curves match (Figure 3 (inset)). The
phase shift that these solutions show in relation to the full

ADIPLS solution (solid, black curve) is due to their not in-
cluding the coupling to the p modes.
Next, we include the effect from a glitch in the buoyancy

frequency. To keep the toy model simple we will initially
assume that the glitch appears at a single position in radius,
r = r⋆, well inside the g-mode cavity, such that the asymp-
totic solutions (4) and (5) are still valid on either side of it (this
assumption will be relaxed in section 3.2.3). Accordingly, we
represent the glitch by a Dirac delta function, δ, such that the
buoyancy frequency becomes,

N2 = N2
0 [1 +Aδ (r − r⋆)] , (7)

where A has dimensions of length and is a measure of the
strength of the glitch, and N0 is the glitch-free buoyancy fre-
quency. By imposing continuity of the solutions 8 given by
equations (4) and (5) at r = r⋆ we find,

Ψ̃in =
sin

(

∫ r2
r⋆

K0dr +
π
4

)

sin
(

∫ r⋆
r1

K0dr + π
4

) Ψ̃out. (8)

Because under the approximation considered here the glitch
is infinitely narrow, the first derivative of the solution is not
continuous at r = r⋆. The condition to be imposed on the
derivative can be found by integrating the wave equation (2)
once in a finite region of width 2ϵ across the glitch and then
taking the limit when ϵ goes to zero. Accordingly, we have,

∫ r⋆+ϵ

r⋆−ϵ

d2Ψ

dr2
+

∫ r⋆+ϵ

r⋆−ϵ
K2Ψ = 0, (9)

where nowK takes the glitch into account, differing fromK0
only at r = r⋆, where N differs from N0. Well inside the
g-mode cavityK (equation (3), with N replaced by N ) may
be approximated by,

K ≈ LN

ω r
, (10)

and, thus, we find,
∣

∣

∣

∣

dΨout

dr
− dΨin

dr

∣

∣

∣

∣

r⋆

= −AK2
0 (r⋆)Ψ (r⋆) , (11)

8 Strictly speaking, the continuity condition is satisfied by δp. However,
we have verified from the numerical solutions computed with ADIPLS that
this condition is also very closely satisfied byΨ.

Cunha et al. 2015 
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Period spacings 

2.3. Methods 27

Figure 2.1: Comparison between ∆Π1 inferred from observations of likely CHeB stars
with seismic mass determinations (black circles; Mosser et al., 2014) and the average
computed from CHeB models with standard overshoot (cyan line; with markers showing
each calculation). The line of best fit for observations (red dashes) follows the mode of
the ∆Π1 distribution. The shaded area gives the range of ∆Π1 in which the models spend
95 per cent of their CHeB lifetime.

Constantino et al. 2015 
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Core convective conditions RC stars 

Constantino et al. 2015 

1M! 

2.5M! 

no overshoot 
standard overshoot 
semiconvection 
maximal overshoot 
observations 
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Rotation in red giants 

Beck et al. 2011, Nature 
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Rotation in red giants 
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Observed core rotation 

Mosser et al. 2012 
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Predicted core rotation 

Cantiello et al. 2014 
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Suppressed dipole modes 

Mosser et al. 2011 

Vl
2 = Al

2 / A0
2
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Suppressed dipole modes 

Stello et al. 2016 
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Suppressed modes: magnetic greenhouse 

Fuller et al. 2015 
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Milky Way galaxy 
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Question? 

 
 
 
What are the main components of the Milky Way galaxy? 
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Milky Way Galaxy 
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Galactic Halo 

•  spherical shape 
•  old stars (Pop II) on  
    random orbits 

•  sparsely populated 
•  absence of gas or dust 
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Globular Clusters 

•  conglomerations of 
stars that are 
gravitationally bound 

•  old stars (Pop II) stars 
•  no gas or dust 
•  multiple populations 
•  on elliptical orbits 

around galactic centre 
•  about 150- 200 in our 

Milky Way 
•  by Shapley used to 

determine location of 
Sun in MW 
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Galactic Bulge 

•  half as wide as long 
•  old stars (Pop II) and 

young (Pop I) stars 
•  stars on random orbits 
    with net rotation about  
    center 
•  contains stars and 

dust in inner region 
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Galactic bar 

•  overdensity of stars in bar shape in galactic centre 
•  gas near the galaxy’s center moves at faster speeds 

than that farther out. This, combined with density 
waves, helps create the bar. 



Saskia Hekker Asteroseismology of Red Giants & Galactic Archeology

July 21, 2016 72 

Galactic Disk 

•  flattened 
•  relatively young stars 

(thin disk) and older 
stars (thick disk) 

•  spiral arms 
•  contains gas and dust 
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Dark matter 

Visible mass in the Milky Way not enough to explain the 
orbital motions: more mass needs to be present!! 

 
Large dark matter halo: 
•  Black holes 
•  Brown dwarfs 
•  White dwarfs 
•  WIMPs (weakly interacting massive particles) 
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Galactic Centre 

•  obscured by gas and dust 
•  highly luminous in IR, γ-rays, radio and X-rays 
•  apparent ring of rotating matter 
•  stars are more densly packed 
 
" black hole with 4#106 M! 
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Galactic Archeology 

   “the study of the formation and evolution of the Milky 
Way by reconstructing its past from its current 
constituents” 

 
   what are the current ingredients for the formation of 

the Milky Way? 
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Galaxy formation  

Combination of: 
 
•  in situ star formation 
•  merging of smaller galaxies 
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Galaxy formation: in situ 
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Galaxy formation: in situ   

early star formation: 
•  massive stars (M ≥ ~ 8M!) with low-Z 
•  massive stars evolve faster than lower mass stars 
•  SNeII: when nuclear fusion suddenly becomes unable to 

sustain the core against its own gravity 
"core collapses enriching ISM 
"relatively large fraction of α-elements compared to Fe 
 

(α-elements  are elements formed by capturing an α (4He) 
particle: e.g. O. Mg, Ne, Si, S, Ca, Ti) 
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Galaxy formation: in situ   

early star formation: 
•  intermediate mass stars (M ≤ ~ 8M!) evolve over longer 

timescales compared to more massive stars 
•  SNeIa: when white dwarf accumulates sufficient material 

from companion to raise core T to ignite carbon fusion 
"run away nuclear fusion that disrupts it 
"Fe pollution of ISM 
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Chemical evolution 

Martig et al. 2015 
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Galaxy formation: mergers 
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Streams: visible remnants of mergers 

Figure 2:

Helmi et al. 1999 
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Migration! 

Stars migrate away from birth place: this was not taken 
into account in MW formation models till about a 
decade ago! " chemo-dynamical models 

I. Minchev et al.: Chemodynamical evolution of the Milky Way disk I 9

Fig. 3. Left: Birth radii of stars ending up in the “solar” radius (green shaded strip) at the final simulation time. The solid black
curve plots the total r0-distribution, while the color-coded curves show the distributions of stars in six different age groups, as
indicated. The dotted-red and solid-blue vertical lines indicate the positions of the bar’s CR and OLR at the final simulation time.
A large fraction of old stars comes from the inner disk, including from inside the CR. Middle: [Fe/H] distributions for stars
ending up in the green-shaded strip (left) binned by birth radii in six groups, as indicated. The total distribution is shown by the
solid black curve. The importance of the bar’s CR is seen in the large fraction of stars with 3 < r0 < 5 kpc (blue line). Right:
Density contours of the r0-[Fe/H] plane for local stars. The cyan curve shows our model solar-age metallicity gradient. Taking
an error of ±1 dex in [Fe/H], we find a possible Sun birth radius of 4.6 < r0 < 7.6 kpc (where the horizontal green, transparent
strip meets the cyan line). The imbedded histogram shows the density of stars in the likely r0-range, indicating a decline in the
probability for r0 ! 5.5 kpc.

The right panel of Fig. 3 displays density contours of the
r0-[Fe/H] plane for all local stars. The cyan curve shows our
input solar-age (4.6 Gyr look-back time) metallicity gradient.
Assuming an error of ±1 dex in [Fe/H], we find a possible Sun
birth radius in the range 4.4 < r0 < 7.7 kpc (where the hori-
zontal green transparent strip meets the cyan curve).

The imbedded r0-histogram in the right panel of Fig. 3
shows the density of stars in the likely r0-range, estimated
from stars in a narrow age-bin around the solar value
(4.6 ± 0.1 Gyr, consistent with, e.g., Bonanno et al. 2002;
Christensen-Dalsgaard 2009; Houdek and Gough 2011). We
find the highest probability to be around 5.6 kpc, followed by
7 kpc. Note that this estimate is dependent on the migration ef-
ficiency in our simulation and the adopted chemical evolution
model. Our result agrees well with the estimate of 6.6±0.9 kpc
by Wielen et al. (1996).

5.3. The age-[Fe/H] and [Fe/H]-[O/Fe] relations

We showed in Figs. 1 (bottom) and 3 (left) that radial mixing
is significant in the simulation we use here. It is therefore very
interesting to find out how much the age-metallicity (AMR)
and [Fe/H]-[O/Fe] relations are affected.

To understand our results better, we show in the first row,
left panel of Fig. 4 the metallicity time variation of our input
chemical model for different initial radii, as indicated in the
lower panel. The middle top panel shows stellar density con-
tours of the resulting relation after fusing with dynamics for the
“solar” cylinder (7 < r < 9 kpc, |z| < 3 kpc). Every other curve

from the left panel is overlaid on top of the contours, giving an
insight into the origin of stars found in this localized region.
The excess of stars obove the local curve (cyan) is due to mi-
grators coming from the inner disk, as seen in Fig. 3. Similarly,
contours below the local curve result from stars originating in
the outer disc10.

The pink dashed curve plots the mean metallicity, which
is found to follow closely the in-situ born population (cyan
curve). Some flattening is observed, mostly for ages "9 Gyr,
but the final distribution is by no means flat. The reason for
this minor effect on the local metallicity gradient, despite the
strong migration, is the fact that at the Sun’s intermediate dis-
tance from the Galactic center the change in metallicity arising
from stars migrating from the inner regions is mostly compen-
sated for by stars arriving from the outer disk.

The bump seen in the contours and the mean (pink line)
at ages ∼ 10 Gyr and [Fe/H] ≈ −0.2 results from the strong
merger-related migration at that time (see Sec. 6.5). Identifying
such a structure in the observed AMR would be indicative of a
strong change in the migration efficiency with time.

The right top panel of Fig. 4 shows the metallicity dis-
tributions for different age bins. This is consistent with re-
cent observational results (e.g., Haywood 2012 and references
therein) in showing that the scatter in metallicity increases to-
ward older ages.We find the following dispersions in [Fe/H] for

10 The deficiency of stars seen at ages " 9 Gyr ([Fe/H]≈ −0.8) in the
lowest-density contours is an artifact due to the slightly lower SFR in
our simulation at r > 10 kpc; note that this only affects a negligibly
small number of the oldest stars at this large radius.

Minchev et al. 2013 
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Thick disk 

 
•  extragalactic origin 
•  created through heating of preexisting thin disk with 

the help of mergers 
•  radial migration 
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Thick disk 

•  extragalactic origin 
•  created through heating of preexisting thin disk with 

the help of mergers 
•  radial migration 

i)  stars born hot and heated by mergers at early times 
ii)  radial migration 
(Minchev et al. 2013) 
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Age-Metallicity Relation (AMR) 

•  For a long time, the mere existence of any age 
metallicity relation has been a matter of great debate. 

•  The study by Twarog (1980) concluded that ages and 
metallicities of stars in the disk are uniquely 
correlated. 

•  Recent studies show a large scatter in metallicity at 
all ages, and conclude that the AMR is nearly flat.  
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Age-Metallicity Relation (AMR) 
M. Bergemann et al.: Ages and abundances of stars in the disk

stars with super- and subsolar metallicity drops, also at distances
smaller than 0.6 kpc metal-rich stars are suppressed. In either
case, the most vulnerable region is the upper right corner of the
age-metallicity plot, that corresponds to old metal-rich stars.

To summarise, the combined effect of the colour and magni-
tude limits in the Gaia-ESO survey catalogue is to under-sample
stars that are either young andmetal-poor, or old andmetal-rich.
However, the extent to which these stars are under-sampled, de-
pends quantitatively on their distance and actual age distribu-
tion, which is not known a priori. Furthermore, we have not ac-
counted for the anisotropy of the inter-stellar reddening, which
could have a differential effect on the typical characteristics of
stars observed within a given photometric box as a function of
spatial direction. Therefore, we see these tests only as a numer-
ical illustration to help us understand the picture qualitatively,
and the results cannot be used to correct the observed sample.

5. Results
5.1. Age-[α/Fe] and age-[Fe/H] relations

The main goal of this work is to study the relation between ages
and abundances of stars in the Milky Way disk. As discussed
in Section 3, we apply cuts on logg and on age errors. We also
remove stars with uncertainties in Mg abundances larger than
0.15 dex, which leaves us with 144 stars in the final sample (Fig.
5). The mean uncertainties are 80 K in Teff , 0.15 dex in log g,
0.06 in [Fe/H], and 0.06 in [Mg/Fe]. The results for all selected
stars in the age-metallicity and age-[Mg/Fe] planes are shown
in Fig. 6. The contours in the top panel of Fig. 6 indicate the
relative sample completeness; the percentages were normalised
to its peak value, which is ∼ 35% (Fig. 3).
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Fig. 5. The selected UVES sample: (black open circles) - all
iDR1 stars; (filled green circles) - stars that satisfy our selec-
tion criteria. 8 Gyr GARSTEC isochrones for different [Fe/H]
are also shown (see Section 3).

First, we turn to the discussion of the age-metallicity rela-
tion (Fig. 6, top panel). The main features demonstrated in ear-
lier observational studies of the disk by Feltzing et al. (2001);
Haywood et al. (2013); Bensby et al. (2014) are clearly visible.
Between 0 Gyr and 8 Gyr the trend is predominantly flat, and
the scatter in [Fe/H] is large at any given age. This is the most
populated locus on the diagram, which is unbiased according to
our tests. After 8 Gyr, there is a clear decline in [Fe/H], such
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Fig. 6. Top: Age-metallicity plot for the Milky Way disk. The
contours indicate the relative sample completeness, i.e. the per-
centage of stars that would remain in the sample due to the Gaia-
ESO survey selection functions, i.e. IR magnitude and colour
cuts, and restrictions imposed on stellar parameters. Here the
magnitude cuts refer to the distance of 1 kpc. For clarity, this
fraction was normalised to its peak value. Bottom: the distribu-
tion of stars in the [Mg/Fe] - age plane.

that the older stars are progressively more metal-poor. Our result
does not support the analysis by Casagrande et al. (2011), which
is based on the photometric metallicities and ages of stars in the
Geneva-CopenhagenSurvey. The authors find no age-metallicity
relation; the stars are homogeneously distributed in metallicity
in any age bin up to 12 Gyr (Casagrande et al. 2011, their Fig.
16). While qualitatively, the mean metallicity of the sample for
old ages could be affected by our sampling bias against old and
metal-rich stars, Fig. 6 shows that the suppression relative to the
most populated part of the plot is not larger than 50 − 70%. The
fact that no metal-rich star is observed with age > 10 Gyr may
indicate that such stars are rare, if they exist at all in the solar
neighbourhood.

Figure 6 (bottom panel) shows [Mg/Fe] ratios as a function
of age, colour-coded with [Fe/H]. The oldest stars with ages
> 12 Gyr show [Mg/Fe], from 0 to 0.4 dex, and a broad range
of metallicity, from solar to [Fe/H] ∼ −1. There is little evi-
dence that the relation tightens at ages greater than 9 Gyr in our
sample, as advocated e.g. by Haywood et al. (2013) who used a
subsample of 363 stars from the Adibekyan et al. (2012) sam-
ple of 1111 FGK stars. Bensby et al. (2014) also found a knee
at 9 Gyr, with a clear increase in [Mg/Fe] with age (their Fig.
21), albeit with a notably larger scatter at ages > 11 Gyr than in
Haywood et al. (2013). It is possible that the larger scatter in our
sample at old ages is due to the fact that we include stars with
relatively large age uncertainties. However, from our analysis of
the selection effects, it is to be expected that some fraction of α-
poor old stars could be artificially suppressed for the same rea-
sons as discussed above, akin to the [Fe/H] suppression shown
in the age-metallicity plot. Regardless of these effects, the trends

6

Bergemann et al. 2014 
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Age-Velocity Relation (AVR) 

In the solar neighbourhood, the vertical velocity 
dispersion (σz) of stars is correlated with their age.  

 
2 M. Martig, I. Minchev and C. Flynn

Figure 1. The age-velocity relation observed in the solar neigh-
bourhood: blue triangles from Holmberg et al. (2007), red dots
from Soubiran et al. (2008). The green square corresponds to the
bluest stars from Aumer & Binney (2009), arbitrarily placed at
a very small age. This illustrates the two competing ways of see-
ing the shape of the AVR: with a saturation after a few Gyrs (as
measured by Soubiran et al.), or with a smooth increase of σz

with age (as measured by Holmberg et al.).

that their present-day σz is the result of gradual heating.
Spitzer & Schwarzschild (1951, 1953) first proposed that the
source of that heating could be the scattering of stars by
giant molecular clouds with masses of 106 M⊙. It was later
shown that the number of GMCs in the Milky Way is too
small to reproduce the observed heating, and that ratio of
vertical to radial velocity dispersions is too high compared
to observations (Lacey 1984).

By contrast, spiral arms are very inefficient at
vertical heating but can provide some radial heat-
ing provided that they are transient and stochastic
(Carlberg & Sellwood 1985), or that multiple density
waves coexist (Minchev & Quillen 2006). It was thus sug-
gested that heating by a combination of spiral arms
and GMCs could match the observed AVR (Carlberg
1987; Jenkins & Binney 1990). However, Hänninen & Flynn
(2002) showed that heating by GMCs is not as efficient
as previously thought, and instead proposed a combina-
tion of heating by GMCs and halo black holes (see also
Lacey & Ostriker 1985 for an early study of heating by halo
black holes).

Another important mechanism for disc evolution is
the radial migration of stars under the action of non-
axisymmetric perturbations (e.g., Sellwood & Binney 2002;
Minchev & Quillen 2006; Minchev & Famaey 2010). In re-
cent years the idea has emerged that radial migration
could be a source of disc heating: the analytical model of
Schönrich & Binney (2009a,b) combines recipes for radial
migration and chemical evolution and shows that migra-
tion alone could be responsible for the chemo-dynamical
trends observed in the Milky Way. As a result, disc
heating has been attributed to radial migration in the
simulations analysed by Loebman et al. (2011). However,
the model by Schönrich & Binney (2009a,b) assumes that
the vertical energy is conserved during migration, while
simulations have later shown that it is the vertical ac-
tion that is conserved (Solway, Sellwood, & Schönrich 2012;

Minchev et al. 2012). The important consequence is that
the contribution of radial migration to disc heating is negli-
gible, except in the outer regions where it induces some flar-
ing (Minchev et al. 2012). This result is the consequence
of the balance between outwards migrating stars, which
heat the disc, and inward migrators, which cool it (note
that Roškar, Debattista, & Loebman 2013 find that migra-
tion induces heating but only consider outwards migrators).

It thus seems that while internal secular evolution
clearly induces disc thickening, it is often difficult to fig-
ure out which mechanisms are acting in realistic simulations
that include gas, spiral arms, bars and live dark matter halos
(see for instance Saha, Tseng, & Taam 2010, for simulations
where heating in the inner disc is due to a bar, but where
the causes of heating in the outer disc are less clear). In any
case, it would seem that radial migration is not a dominant
contributor to secular heating.

For real galaxies however a final potentially im-
portant source of heating is the interaction with
satellite galaxies, mostly in the form of minor
mergers (e.g., Quinn, Hernquist, & Fullagar 1993;
Walker, Mihos, & Hernquist 1996; Villalobos & Helmi
2008; Kazantzidis et al. 2009). The amount of heating
provided depends not only on the merger ratio, but also
on many other parameters like the orbit of the satellite
Velazquez & White (1999) or the gas content of the main
galaxy (Moster et al. 2010).

House et al. (2011) have shown from a sample of cosmo-
logical simulations performed with different techniques that
mergers create jumps in the AVR, and thus point towards
a quiescent merger history for the Milky Way, for which no
such jumps are seen for ages lower than 9 Gyr.

This paper is the second of a series that uses a sample
of seven simulated galaxies with different merger histories to
understand the effect of mergers on the structure of galactic
discs. In Paper I (Martig et al. 2014a), we present in de-
tail our sample and the analyses we perform. We dissect the
discs in so-called mono-age populations (in 500 Myr-wide
age bins), and compare their structure to Milky Way obser-
vations by Bovy et al. (2012a,b,c). In this paper, we focus
solely on the AVR. We present briefly our simulations in Sec-
tion 2, and then discuss the velocity dispersion of young stars
in Section 3. In Section 4, we compare the AVR in galaxies
with quiescent or active merger histories. In Section 5, we
study the origin of the slope of the AVR in quiescent galax-
ies, and discuss potential numerical limitations in Section 6
before summarizing our results in Section 7.

2 SIMULATIONS AND ANALYSIS

The simulations we use in this paper are the same as in
Paper I, to which we refer the reader for a detailed de-
scription of the simulation technique. The sample consists
of seven galaxies simulated using a zoom-in cosmological re-
simulation technique (see Martig et al. 2009, 2012). This
technique consists in first running a “dark matter only” cos-
mological simulation, in extracting merger and accretion his-
tories for a set of haloes, and in re-simulating these histories
at higher resolution, starting at z = 5 with a seed galaxy.
We follow the evolution of that seed galaxy down to z = 0

•  AVR imprinted at birth? 
•  AVR due to heating 

from stars born 
kinematicaly hot? 

 
•  mergers do effect AVR 

Martig et al. 2014 
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Different flavours of galaxies 
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Galactic archeology 
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Galactic Archeology 

   “the study of the formation and evolution of the Milky 
Way by reconstructing its past from its current 
constituents” 

 
    important parameters: 
    - position 
    - distance 
    - velocity 
    - chemical composition 
    - age / evolutionary phase 
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Gaia! 
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Galactic Archeology 

   “the study of the formation and evolution of the Milky 
Way by reconstructing its past from its current 
constituents” 

 
    important parameters: 
    - position 
    - distance 
    - velocity 
    - chemical composition         $ RG asteroseismology 
    - age / evolutionary phase    $ RG asteroseismology 
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Why red giants? 

•  many 
•  intrinsically luminous 
•  present in all parts of MW 
•  “direct” probes of M and R 
     through scaling relations 

Mathur et al. 2016 

Probing the deep end of the Milky Way with Kepler 9

Figure 6. Normalized distribution of the distances in parsec for the con-
firmed red giants of our sample (solid line) compared to the distances of the
APOKASC red giants (dashed line) from Rodrigues et al. (2014).

larger expected amplitudes at a given νmax (Stello et al. 2011).
In Figure 1, we note that there are some stars with slightly
higher mode amplitude (Amax) compared to the general trend.
We looked at the masses of the low-amplitude mode stars but
did not find any systematic low-mass stars.
Given that some of these stars could belong to the halo

and are thus metal-poor stars, some of the masses derived
with the scaling relations should be taken cautiously. Indeed
Epstein et al. (2014) studied a sample of halo stars observed
by Kepler and showed that the scaling relations seem to devi-
ate. As we do not have reliable metallicity measurement for
these stars yet, we cannot take out the metal-poor stars from
the sample.
We note that there are two stars (KIC 4850755 and

6266309) with a mass below 0.4M⊙. Their parameters seem
correct although KIC 4850755 seems a little odd from the
visual inspection with a low number of modes observed
and low amplitude for the l=1 modes as reported for exam-
ple by García et al. (2014b) and theoretically explained by
Fuller et al. (2015) and Stello et al. (2016). It could also be
that scaling relations are not valid for such low-mass stars.
More stars of this type would be needed to verify the validity
of the scaling relations in this mass regime.
We also looked at differences in the mass distribution as a

function of distance (see bottom panel of Figure 9). We di-
vided the sample into stars with distances larger than 5 kpc
and stars with distances smaller than 5 kpc. The general dis-
tribution of both samples is very similar.

4.3. Possible explanations for dwarf classification
We checked the type of data and analysis that were used

in the Kepler H14 catalog, to derive the effective tempera-
ture and the surface gravity of the 854 confirmed red gi-
ants. The majority of the stars of our sample have values
obtained from the KIC. However, 24 stars have their logg
determined by Huber et al. (2014) based on photometric ob-
servations and 8 stars were characterized by the work of
Dressing & Charbonneau (2013) who analyzed optical and
near-infrared photometry from the KIC to improve the stel-
lar parameters of the cool Kepler dwarfs.
Recently, Gaidos et al. (2016) classified the cool Kepler

dwarfs. We found six stars that overlapwith our sample. They
have the flag ’PM’ for ’Possible M dwarfs’. Four of them ei-
ther a low crowding value or are possible pollution.
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Figure 7. Position in the Galaxy of the new red giants (green circles) com-
pared to the stars in the CoRoT (blue dots), Kepler (red dots), and K2 fields
(solid lines) as a function of x and y (top panel) and x and z (bottom panel).
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Anders, Chiappini, Rodrigues et al.: Galactic Archaeology with CoRoT and APOGEE

Fig. 1. The location of the stars observed with APOGEE in the two CoRoT exo fields LRa01 (left) and LRc01 (right). Indicated in yellow are
the stars for which asteroseismic parameters were available. The background colour image is composed of near-infrared WISE W1, W2 and W3
images from the AllWISE data release (Cutri et al. 2013). Bottom and outside vertical labels display equatorial coordinates, while the top and
central vertical labels refer to Galactic coordinates. Corresponding coordinate grids are also shown.
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Fig. 2. Overview of the data provenance and analysis steps performed
for the CoRoT-APOGEE (CoRoGEE) data. Blue boxes correspond to
APOGEE data products, orange boxes to CoRoT data, and light yellow
boxes to existing catalogue data. Red boxes summarise the two parts of
the PARAM pipeline, while the grey box summarises the kinematical
data used for this work.

In Sect. 4, we use our sample to study, for the first time, the
variation of the [↵/Fe]-vs.-[Fe/H]1 relation with Galactocentric
distance in three broad age bins, and compare our data with pre-
dictions from a chemodynamical Galaxy model. We conclude
and discuss future paths to improve our analysis in Sec. 5.

The CoRoGEE dataset covers a large radial range of the
Galactic disc and provides precise stellar parameters, distances,
and chemical abundances. Therefore, the presented data provide
material for a number of subsequent analyses. In two compan-
ion papers, we focus on specific results: 1. The discovery of an
apparently young stellar population with enhanced [↵/Fe] ratio
(Chiappini 2015), and 2. The variation of the disc’s radial metal-
licity gradient with time (Anders et al., in prep.).

2. Observations

Our observations combine the global asteroseismic parameters
derived from precision lightcurves obtained by the CoRoT satel-
lite (Baglin et al. 2006; Michel et al. 2008) with stellar parame-
ters and chemical abundances inferred from near-infrared (NIR)
high-resolution spectra taken by the Apache Point Observatory
Galactic Evolution Experiment (APOGEE). The field maps of
the two CoRoT fields observed with APOGEE are shown in Fig.
1. An overview on the data assembly and analysis is given in Fig.
2.

1 The abundance ratio of two chemical elements X and Y is defined as
[X/Y] = lg nX

nY
� lg( nX

nY
)�, where nX and nY are respectively the numbers

of nuclei of element X and Y, per unit volume in the stellar photosphere.

Article number, page 3 of 25

Anders et al. 2016 
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Ensemble / population studies 

Simulated population 
(Miglio et al. 2009) 

T1: no recent star burst 

T2: recent star burst 

Observations (Hekker et 
al. 2009) 
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Note of caution: selection effects / observational 
biases   

Selection effects: which fraction of stars are chosen to 
be observed out of the total number of stars available 

 
Observational biases: to what parameter space the 

observations are limited due to limitations of 
instrumentation / observing strategy 
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Ensemble / population studies 

Observations 

Population 
synthesis 
model 

Chaplin et al. 2011 
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α-rich young stars 

adapted from Martig et al. 2015 
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Chemical signature of first dredge-up 

Martig et al. 2015 
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Halo stars 

– 14 –

Fig. 2.— Thick-disk (diamonds) and halo (stars) SR masses, calculated using �⌫ and ⌫
max

from
the APOKASC Catalog, versus metallicity. The range of theoretically allowed masses for the halo
and thick disk (§3) are indicated by the light and dark gray bands, respectively.

Epstein et al. 2014 
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Testing scaling relations 

Huber et al. 2012 
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Testing scaling relations 

Themeßl et al. in prep. 

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

Fig. 4: Global oscillation parameters of KIC 8410637 derived from different studies (top 
left). The resulting mass and radius estimates based on the asteroseimic scaling relations 
and the binary orbit analysis (bottom left). A comparison between the mean density and 
gravity measurements (bottom right). 

Fig. 2: Power density spectrum of KIC 8410637 (top) including background components 
(in blue) and the best fit (in red). After removing the background, only the oscillations are 
left in the spectrum (bottom). The Gaussian fit (multiplied by a factor) is shown in red. 
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Red giants in eclipsing binary systems are ideal candidates for testing stellar 
structure and evolution. Based on four years of Kepler observations we 
studied the oscillation spectra of three red giants that belong to eclipsing 
binary systems. We determined individual frequencies of oscillation modes 
that contain valuable information about the stellar properties and provide 
essential constraints for detailed stellar modelling.  

Introduction 

Granulation background model 

A number of eclipsing binary systems with a red-giant component were found 
in Kepler data [2]. Pulsating red giants exhibit solar-like oscillations that are 
stochastically driven by the turbulence in the outer convection zone. Their 
oscillation spectrum consists of several overtones of radial order (n) and 
spherical degree (ℓ ≤ 3) modes. 

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

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

The oscillation modes are visible as peaks in the power density spectrum. 
They follow a well-defined pattern which comprises modes of different 
spherical degree. To extract the frequencies, we fit a sequence of Lorentzian 
profiles to the spectrum (Fig. 3). The spacing between modes of the same 
spherical degree and consecutive order is the so-called large frequency 
separation Δν. The small frequency separation δ01 is the offset from the 
midpoint between consecutive ℓ=0 modes.  

Peakbagging 

Fig. 3: Oscillation region of KIC 8410637 (top) and one mode triplet between 38 and 43 
µHz with residuals (bottom). The best fit to the modes is shown in red.  
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We determined stellar parameters (Fig. 4) from 
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The system KIC 8410637 has been well studied. While the global oscillation 
parameters are in agreement between the different analyses, the resulting 
masses, radii and mean densities are more scattered with a trend visible (Fig. 
4). Most notably, the asteroseismically determined gravities seem to be in 
good agreement with the gravity estimate from the binary orbit analysis. 

Discussion 

δν01 

Binary orbit 
analysis 

Scaling relations 

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

Fig. 4: Global oscillation parameters of KIC 8410637 derived from different studies (top 
left). The resulting mass and radius estimates based on the asteroseimic scaling relations 
and the binary orbit analysis (bottom left). A comparison between the mean density and 
gravity measurements (bottom right). 

Fig. 2: Power density spectrum of KIC 8410637 (top) including background components 
(in blue) and the best fit (in red). After removing the background, only the oscillations are 
left in the spectrum (bottom). The Gaussian fit (multiplied by a factor) is shown in red. 
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Red giants in eclipsing binary systems are ideal candidates for testing stellar 
structure and evolution. Based on four years of Kepler observations we 
studied the oscillation spectra of three red giants that belong to eclipsing 
binary systems. We determined individual frequencies of oscillation modes 
that contain valuable information about the stellar properties and provide 
essential constraints for detailed stellar modelling.  
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in Kepler data [2]. Pulsating red giants exhibit solar-like oscillations that are 
stochastically driven by the turbulence in the outer convection zone. Their 
oscillation spectrum consists of several overtones of radial order (n) and 
spherical degree (ℓ ≤ 3) modes. 

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

Data 
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were removed [4]. 
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They follow a well-defined pattern which comprises modes of different 
spherical degree. To extract the frequencies, we fit a sequence of Lorentzian 
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The system KIC 8410637 has been well studied. While the global oscillation 
parameters are in agreement between the different analyses, the resulting 
masses, radii and mean densities are more scattered with a trend visible (Fig. 
4). Most notably, the asteroseismically determined gravities seem to be in 
good agreement with the gravity estimate from the binary orbit analysis. 
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Miglio et al. 2013 
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Miglio et al. 2014 
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Plato fields 
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Question? 

 
 
 
What would you want to investigate with all these facilities 

at hand? 


