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What is the unique capabilities that THEIA can 
provide to EXOPLANET detection? 

TARGETS for Earth detection and Characterisation?? 



Clear science objective. Focus on what is the new 
science that THEIA will allow in the current context of 
the approved missions. 

• DARK MATTER: ESA has approved EUCLID (M-
class galaxy clustering and weak lensing) for 
DE, context needed. 

• EXOPLANETS: PLATO, CHEOPS, TESS, GAIA + 
lots of science that can be done from the 
ground.



PLATO

• Planet masses (better than 10% precision 4-11mag 
stars) from ground-based radial velocity follow-up 

• Determination of accurate stellar masses, radii, and 
ages (10% precision) from asteroseismology 

• 42% of the sky.



Diversity of „super-Earths“ 
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Status: 
 

• Large diversity in 
masses and radii 
 

• Individual planets 
have large error bars  

PLATO error bar 

ÆPLATO goal: 

Masses: 10% 

Radii:       2% 

To break model degeneracy important to reduce error bars



• What is the fraction of Earth-like planets around 
Solar-type stars? Still not known… 

• How many targets are available for an astrometric 
mission with the goal of detecting Earth-mass 
planets approx. 50 targets…. 

• What are other options that can be address: 
complementary science…



Post-MS habitability

1. Survival: 
what  (life) planet 
would need to endure 
after the MS.

2. Second chance: 
are there suitable 
condition after the MS 
for life to develop? 



1. Survival
Where planets can be found at late stages of stellar evolution?



Schröder & Smith´08 NO Schröder & 
Cuntz´05

Rybicki & Denis´01 Yes prob. 6 different 
mass-loss 

Rasio et al. ´96  NO f >1  Yes if f =1 Ƞ = 0.6

Sackmann et al. ´93 YES varies Ƞ  but 
no tides

survive?



Single stellar evolution,  
single planet



Orbital evolution
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2. THE EQUATIONS

There are several competing processes that affect the orbital distance between the star
and the planet as the star evolves off the MS: the changes in the mass of both the planet

and the star, the gravitational and frictional drag, and the tidal force.

To determine the rate of change in the planet’s mass, we consider a planet of mass Mp

and radius Rp moving with a velocity, v, in a circular orbit (e = 0) around a star of mass
M∗. Since the planet is moving supersonically through the matter ejected by the giant star,

it accretes mass. The accretion rate onto the planet, Ṁp |acc, is given approximately by the
Bondi-Hoyle expression (e.g., Bondi & Hoyle 1944; Ruderman & Spiegel 1971),

Ṁp |acc = πR2

Aρv , (1)

where ρ is the density of the environment and RA is the accretion radius (RA = 2GMp/v2

with G the gravitational constant). At very short distances (where RA ! Rp) we have

replaced R2
A by RARp to correct the geometrical radius by gravitational focusing effects.

At the same time, the planet’s surface is being heated by radiation arising from the

shock front and from the stellar surface. This heating can lead to evaporation of surface
material. We estimate the evaporation rate, Ṁp |ev as in Villaver & Livio (2007; Eq. 9).

The temperature at the planet’s surface has been taken to be the maximum between the
radiative equilibrium temperature of the planet (see e.g., Eq. 5 in Villaver & Livio 2007)

and the temperature of the shocked gas Tsh = (3mH/16kb)v2 (estimated from the Rankine-
Hugoniot conditions for an adiabatic shock where kb is Boltzman’s constant and mh the mass
of the hydrogen atom).

The rate of change in the planet mass is thus given by

Ṁp = (Ṁp |acc − Ṁp |ev) . (2)

The rate of change of the stellar mass is simply Ṁ∗ = −Ṁmlr, where Ṁmlr is the stellar

mass-loss rate. Using Reimers’ law for Red Giants (Reimers 1975),

Ṁmlr = 4 × 10−13 ηR
L∗R∗

M∗
[M⊙ yr−1] , (3)

where L∗, R∗ and M∗ are the stellar luminosity, radius, and mass respectively (in solar units)
and ηR is the Reimers parameter, which we take throughout this work to be ηR = 0.6

Conservation of angular momentum gives the equation for the rate of change in the
orbital radius of the planet (see, e.g., Alexander et al. 1976; Livio & Soker 1984),

(

ȧ

a

)

= −
Ṁ∗ + Ṁp

M∗ + Mp
−

2

Mpv
[Ff + Fg] −

(

ȧ

a

)

t

, (4)

Villaver & Livio (2009); Nordhaus et al. (2010); Nordhaus & Spiegel (2012);  
Mustill & Villaver (2012); Adams & Bloch (2013); Villaver et al. (2014) 
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where Ff and Fg are respectively the frictional and gravitational drag forces and (ȧ/a)t is

the rate of orbital decay due to the tidal interaction.

The gravitational drag force, Fg, arises from the eddying motions that are set up in

the fluid by the passage of the planet. It is a consequence of the gravitational interaction
of the planet with a gaseous medium. The drag force is given by (e.g., Ostriker 1999, and

references therein)

Fg = 4π
(GMp)2

c2
s

ρI , (5)

where I is a time-dependent function of the Mach number. The numerical results of Ostriker
(1999) show that for the Mach numbers encountered here, I is approximately constant and
has the value I ≃ 0.5.

The loss of angular momentum associated to the frictional force Ff is proportional to

the surface area of the planet exposed to the flow and it can be expressed in the form (e.g.,
Rosenhead 1963)

Ff =
1

2
Cdρv2πR2

p , (6)

where Cd ≃ 0.9 is the dimensionless drag coefficient for a sphere.

Finally, the angular momentum loss associated to the tidal term (ȧ/a)t arises from the

additional force (besides the gravitational pull between the two centers of mass) resulting
from the non-spherical part of the mass distribution from the tidally distorted companion.

In giant stars, which have massive convective envelopes, the most efficient mechanism to
produce tidal friction is turbulent viscosity (e.g., Zahn 1966, 1977, 1989). The dissipation

timescale is determined by the effective eddy viscosity, with eddy velocities and length scales
given approximately by standard mixing length theory if convection transports most of the
energy flux (Zahn 1989; Verbunt & Phinney 1995; Rasio et al. 1996). The tidal term is given

by
(

ȧ

a

)

t

=
f

τd

Menv

M∗
q(1 + q)

(

R∗

a

)8

, (7)

with Menv being the mass in the convective envelope, q = Mp/M∗, and τd the eddy turnover

timescale, given in the case of a convective envelope (Rasio et al. 1996),

τd =

[

Menv(R∗ − Renv)2

3L∗

]1/3

, (8)

where Renv is the radius at the base of the convective envelope. The term f in Eq. (7)
is a numerical factor obtained from integrating the viscous dissipation of the tidal energy
across the convective zone. Zahn (1989) used f = 1.01(α/2) where α is the mixing length



Orbital evolution on the RGB
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Orbit decays but planet  
avoids engulfment 

Planet enters the stellar envelope

Mass-loss dominates orbital evolution



Dependencies
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Figure 3. Same as Figure 2 but for a star with a MS mass of 3 M⊙. In the bottom
panel, the star reaches the RGB maximum radius.

Table 1
Minimum Orbital Radius to Avoid Tidal Capture

M∗ Rmax
∗ (AU) amin (AU)

Mp = MJ Mp = 3 MJ Mp = 5 MJ

1 M⊙ 1.10 3.00 3.40 3.70
2 M⊙ 0.84 2.10 2.40 2.50
3 M⊙ 0.14 0.18 0.23 0.25
5 M⊙ 0.31 0.45 0.55 0.60

a Jupiter-mass planet is captured by a 2 M⊙ star if it starts at an
initial orbit of 2.1 AU while a 5 MJ planet will be engulfed by
the star if it has an initial orbit ao < 2.5 AU. Second, the tidal
capture radius decreases with increasing stellar mass; for a 5 MJ
planet the initial orbit has to be larger than ao ≈ 3 × Rmax

∗ to
avoid tidal capture around a 2 M⊙ star, while it has to be larger
than ao ≈ 2 × Rmax

∗ to avoid tidal capture around a 5 M⊙ star.

4. DISCUSSION AND CONCLUSIONS

Our main goal has been to determine whether stellar evolution
could explain the observed distribution of the semimajor axes
of planetary orbits around evolved stars (i.e., semimajor axis >
0.5 AU). We found that when the details of the orbital evolution
are accurately calculated, tidal interactions constitute a quite
powerful mechanism, capable of capturing close-in planets into
the envelope of evolved stars.

To date, there are ∼20 exoplanets discovered around giant
stars with M > 1.5 M⊙. The host stars have radii in the range
0.02 AU < R∗ < 0.1 AU. Our models are consistent with the
existence of these planets at the point in the RGB evolution at
which they are observed (see, e.g., Table 8 in Sato et al. 2008
and our Figures 2 and 3). However, we do not expect to find
massive planets with a < 0.4 AU around a 2 M⊙ star with an
R∗ ! 0.1 AU (or 24 R⊙). Our calculations provide the minimum

orbital radius inside of which planets will be engulfed by the
star at the end of the RGB evolution.

We find that the evolution of the star alone can quantitatively
explain the observed lack of close-in planets around evolved
stars even allowing for the uncertainties associated with mech-
anisms such as mass loss along the RGB or tidal-interaction
theory. A mechanism such as the one invoked by Currie (2009;
i.e., a lifetime stellar-mass dependency of the gas in the planet-
forming disk that can halt migration) is not needed, although it
might still be present.

We find that given an initial distance at which tidal capture
is possible, the more massive the planet, the earlier it will
be captured by the RGB envelope. Observationally, it appears
that giant stars host more-massive planets than MS stars (e.g.,
Johnson et al. 2007b; Lovis & Mayor 2007). Since we find that
more-massive planets are expected to be engulfed earlier in the
RGB evolution, the fact that they are more frequently observed
may point toward a planet-formation mechanism that favors the
formation of more-massive planets around intermediate-mass
stars. This would be consistent with a scenario in which the
disk mass scales with the stellar mass, and more-massive disks
produce more-massive planets (see also Kennedy & Kenyon
2008).

Along similar lines, since we find a high probability of tidal
capture of the planet by evolved stars, the higher frequency
of planets observed around intermediate-mass stars (Lovis &
Mayor 2007; Johnson et al. 2007b) seems to imply that the
efficiency of planet formation must be considerably higher for
more-massive stars, compared to their solar analogous.

Assef et al. (2009) estimated the probability of detecting
transits of planetary companions to giant stars to be !10 % for
several of the known systems. Since tidal orbital decay decreases
the initial orbital distance, it may increase the probability for the
planet to be observed in transit.

Our results suggest that many planets may be accreted by their
host star (see also Siess & Livio 1999a, 1999b). Although so far
the results are based on a fairly limited sample, it appears that
giant stars hosting planets have the same metallicity distribution
as giant stars without planets (Pasquini et al. 2007). On the other
hand, we should note that if a giant star engulfs a close-in planet
early in the RGB, it will appear to be a giant star without a planet.
This mechanism might perhaps provide for a partial explanation
for the lack of correlation with metallicity.

Finally, stars that have accreted planets may show a higher
spin rate, as the planet’s orbital angular momentum is transferred
to the star (e.g., Livio & Soker 2002). This phenomenon has been
investigated by Massarotti (2008) and Carlberg et al. (2009),
where they estimate the probability of finding rapid rotators
among evolved stars. Our quantification of the tidal capture
radius may help refine these calculations.

We are very grateful to Lionel Siess, who used his stellar
evolution code to calculate the stellar models used in the
calculations of the orbital evolution.
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Common Envelope Evolution 

Merger

Stable binary system
If  orbital energy leads to envelope 
ejection.
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Fig. 2.— Envelope binding energy as a function of stellar radius, for a selection of models
with masses of 0.91, 1.36, 2.04 3.05, 4.57, 6.84, 10.22, 15.3, 22.9 and 34.2M⊙, and Z = 0.02.

The line styles and colours indicate the same evolutionary phases as in Fig. 1 and are used
for the results obtained by using our fit. The black dotted lines show the original stellar-
evolution models, which overlap with the fits in most places. RGB and AGB phases are

disconnected here, and the lowest-mass and the three highest-mass models do not have an
AGB phase.

Loveridge et al. (2010)

 Planet mass destroyed:  

15 Mj for a 1Msun AGB 
Villaver & Livio (2007) 
Nordhaus et al. (2010)



KIC 05807616 two Earth-like  
planets at 0.0060 & 0.0076AU 

Charpinet et al. (2011) 

Nature

Han et al. (2002)  
Form single sdB stars via 
merger of two He WDs, 
planet formation following 
this event may be possible.

Bear & Soker (2012) 
Passy et al. (2012) 
remnants of one or 
two Jovian-mass 
planets that lost 
extensive mass during 
CE phase.



We have only made it here!!



Mustill & Villaver (2012)

Evolution along the AGB

Final location of the innermost surviving planets



Central Star 
L/L¤ = (3-23x103) 

Teff (100,000-380,000) K



0.56 M¤

0.9 M¤

          Teff=40,000 K 
L*= 3600 L¤ for 0.56 M¤ 
     23000 L¤ for 0.9M¤

Planet evaporation rates

Villaver & Livio (2007)



Post-MS evolution for a 
single planet-single star 

system

• A clearance zone due to evolution 
through the giant phases of the star 

• Survival only massive planets/BDs 

• Strong UV flux at the PNe stage



Alternatives:

1.Where are the HZ around post-MS stars? 

2.Can we have planets there? 

3.Long enough?



What are the other options?
Life to develop a second time. 

Timescales of evolution + planets at 
suitable distances 

• Multiple-planetary systems 

• Binary stars 

• WD polution as indirect evidence 
of possible planet scattering of 
material to  the star



Timescales

• Several stages of evolution with very 
different timescales:                                 

RGB, HB, AGB, PN, and WD.



Post-MS Habitability

Danchi & Lopez (2013)



Credit NASA, S. Charbinet

We need a planet at  @ 0.01 AU for 8 Gyr of HZ



1.Multiple-planetary Systems

So far multiplicity:  22%...



Mustill, Veras & Villaver (2014) 

Stability behaviour of three-planet systems



Number of planets lost in the three-1 MJ runs

Mustill, Veras & Villaver (2014)

3-planet system instability



Poluted WDs
The Astrophysical Journal, 732:90 (9pp), 2011 May 10 Melis et al.

Figure 4. Elements identified in the HIRES spectra of GALEX1931. Aluminum is tentatively identified, and the indicated abundance is suggested as an upper limit.
Higher S/N spectra in this region or ultraviolet spectra could confirm the detection of Al. Wavelengths are in the vacuum heliocentric reference frame. Smooth, red
curves are model fits with the indicated abundances by number.
(A color version of this figure is available in the online journal.)

Table 3
GALEX1931+0117 Metal Pollution

Z log[n(Z)/n(H)]measured τdiff (days)a [n(Z)/n(Fe)]accreted
b [n(Z)/n(Fe)]CI

c Ṁacc/(107 g s−1)d

C < −4.85 5.811 <0.0712 0.8912 <3.15
O − 3.68 ± 0.10e 3.534 1.7338 8.7096 102.0
Mg −4.10 ± 0.10 4.532 0.5140 1.2022 46.1
Al < −5.85 5.336 <0.0077 0.0954 <0.772
Si −4.35 ± 0.11 4.542 0.2884 1.1481 29.8
Ca −5.83 ± 0.10 2.730 0.0158 0.0691 2.34
Ti < −7.00 2.960 <0.0010 0.0027 <0.174
Cr −5.92 ± 0.14 2.560 0.0137 0.0151 2.55
Mn −6.26 ± 0.15 2.292 0.0070 0.0104 2.64
Fe −4.10 ± 0.10 2.329 1.00 1.00 205.0
Ni < −5.60 1.982 <0.0371 0.0549 <8.04

Notes.
a Diffusion constants; see Koester (2009) and Section 4.
b Parent body abundances relative to Fe; see Section 4 and Figure 6.
c CI chondrite data from Lodders (2003). See also Figure 6.
d Ṁacc(Z) = Menv(Z)/τdiff (Z), where Menv(Z) is the mass of element Z in GALEX1931’s envelope assuming
the hydrogen-dominated envelope mass is 9.4 × 1016 g (Koester 2009; D. Koester 2010, private communication).
e The O abundance is derived from the equivalent widths reported in Vennes et al. (2010); see Section 3.1.

of the synthetic O i lines are then compared to the Vennes et al.
(2010) measured values to derive the abundance reported in
Table 3. Abundance measurements for Ca, Si, and O are in
agreement with those reported in Vennes et al. (2010, 2011), not
withstanding the significant Teff difference between our white
dwarf parameters and theirs. The revised Mg abundance quoted
in Vennes et al. (2011) is less abundant by ≈0.3 dex due entirely
to the Vennes et al. (2011) inclusion of pressure broadening and
non-LTE effects. We find an Fe abundance higher than Vennes
et al. (2010, 2011) by ≈0.4 dex. It is noted that fits to the Fe lines
assuming a Teff of 21,000 K yield an Fe abundance consistent

with that reported in Vennes et al. (2010, 2011). New elements
discovered in the HIRES data are chromium identified from
two Cr II lines and manganese identified from one Mn II line
(Figure 4). Aluminum may be present in the HIRES data as
well (Figure 4); however, the signal-to-noise ratio (S/N) of the
detection is marginal so we report Al only as an upper limit
(Table 3). Abundances for all elements identified to date in the
atmosphere of GALEX1931 are reported in Table 3 as well as
upper limits for other elements of interest (see Section 4).

It is noted that the GALEX NUV and FUV measurements
appear discrepant with the white dwarf parameters derived
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GALEX J193156.8+011745; Mellis et al. (2011)

Metal Rich WDs: 
DA WDs contain heavy elements
(Zuckerman et al.03). 
Asteroids or comets are scattered to 
close orbits to the star 
(Jura 03; Debes & Sigurdsson 2002).

Debris Disks:  
e.g. Gänsicke et al.; Jura et al.; Kilic et al.; 

Zuckerman et al., Farihi et al., von Hippel et. 
R< 0.01 AU 

DAZ white dwarfs:  
see e.g. Becklin et al. , Jura et al., Gänsicke et 
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Figure 7. Left panel:The accretion rate calculated using Eq. 7 and Eq. 8 for our simulations, with Mpl = 1M⊕ (crosses and solid line),
1MNep (asterisks and dotted line) and 1MJ (triangles and dashed line). A range of belt masses are calculated using the population
models of (Bonsor & Wyatt 2010), but only the median value is plotted here, with upper and lower limits for the 1MNep case shown
by the arrows. Each test particle that is scattered in is plotted with a discrete value of Ṁ . A straight line is then fitted to these data
points. Right panel: The accretion rates for a population of discs with randomly selected initial belt mass, radius, cooling age and stellar
properties, using the smoothed fit to the stochastic accretion process, as determined in the left-hand panel, but for each individual disc
mass. These are compared to observed heavy element accretion rates from Farihi et al. (2009) (red asterisks).

accreting onto the star. Hence, the mass that will be ac-
creted onto the star is given by:

Macc ∼ facc × fTD × fSI ×Mbelt, (7)

where fSI = MSI/Mbelt is the fraction of the initial belt
mass defined as ‘scattered in’. MSI can either be the total
mass that is scattered in, and then Macc is the total mass
that is accreted over the white dwarf lifetime, or alterna-
tively the mass scattered in within a time interval dt, in
which case Macc is the mass accreted in the time interval
dt.

Spitzer near-infrared observations of white dwarfs are
used to determine dust masses for the observed discs. Since
discs are opaque, this is a minimum disc mass and it is un-
clear how it relates to the total disc mass or the mass that
must be disrupted into order to produce such an observation.
We, therefore, chose to compare the results of our simula-
tions to the heavy element accretion rates calculated from
observed abundances of metals in the white dwarf atmo-
sphere. These are calculated from observed Ca abundances,
an assumption that the accretion is in steady state and that
the abundance of Ca in the accreting material is approxi-
mately solar.

Assuming that mass must be supplied to the disc at
least at the rate at which it accretes onto star, the results of
these simulations can be interpreted in terms of the obser-
vations. The rate at which mass is scattered inwards onto
star-grazing orbits, or the predicted accretion rate, is given
by:

Ṁacc ∼
Macc

∆t
, (8)

where ∆t is the time interval over which a mass Macc is
scattered. This assumes that the accretion is a continuous
process and that the accretion rate is determined by the
scattering rate rather than viscous timescales in the close-in
disc. These accretion rates could, however, be considered a
minimum for the rate at which material must be supplied to
the disc in order to reproduce the observed heavy element

accretion rates onto the star. If the pollution is produced by
the disruption of a large individual body, as suggested by,
amongst others, Jura et al. (2009); Debes et al. (2011) then
a lower scattering rate than predicted by these simulations
is required.

Using this formulation and these assumptions, we cal-
culated the accretion rate from each individual scattering
event. The timescale for scattering, dt in Eq. 8 is calculated
as the mean of the time between the current scattering event
and those immediately preceding and following it. Proper-
ties of the disc were selected randomly from the main se-
quence population of debris discs around A stars, and the
collisionally evolved mass at the end of the main sequence
determined, according to the models of Wyatt et al. (2007)
and Bonsor & Wyatt (2010). The mass left in the disc af-
ter our initial simulations was equated with the collisionally
evolved mass at the end of the main sequence. Collisional
evolution of the disc mass in the white dwarf phase is negli-
gible (Bonsor & Wyatt 2010). The left-hand panel of Fig. 7
shows these accretion rates as a function of time, for a belt
truncated by a 1M⊕ (crosses), 1MNep (asterisks) and 1MJ

(triangles) planet. Only the belt with the median mass at
the end of the main sequence is displayed, whilst the arrows
show the highest and lowest mass belt in the population, for
the 1MNep case.

As anticipated, early in the white dwarf phase many
particles are scattered, whilst at later times, the number of
particles scattered as a function of time, and thus the ac-
cretion rate, decreases. This happens slightly more slowly
for the lower mass planets, since scattering times decrease
with increasing planet mass. The difference between the dif-
ferent planet masses, however, is small, compared to the
range of accretion rates for different initial belt properties,
or the other assumptions that went into this plot. In order
to convert this stochastic process into a smooth decrease
with time, a straight line was fitted to the data for each belt
mass. These are shown for the belt with median mass by
the solid (1M⊕), dotted (1MNep) and dashed (1MJ ) lines.

c⃝ 0000 RAS, MNRAS 000, 000–000

Bonsor et al.  (2011)



• Unstable multiple planetary systems,  Debes & 
Sigurdsson (2002)  

• Planet on circular orbit + kuiper belt,  Bonsor 
et al. (2011)                                            

• Planet MMR + asteriod belt, Debes, Walsh & 
Stark (2012) 

• 2 planet systems,  Veras et al. (2013) 

• Single planet with varying e and mass, Frewen 
& Hansen (2014)



SSE clear predictions

Transportation of 
microorganisms:  

meteorites 
planet to planet 

between planetary systems 
?

Offer an alternative 
if they can help deliver a planet at 
the right distance from the star

.....or secondary planet formation? 
via WD mergers



• WD as possible complimentary science cases then 
we could have a way of pushing planetary science 
case + stellar astrophysics. 

• Although… I still I believe a clear science case, of 
astrophysical importance is the best argument for 
this type of mission.  

• Science coming out of GAIA will probably have a 
lot to say on the Open Time for the telescope… 

• and new survey missions could provide better 
targets for astronometry in the next few years.


