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Habitability of exoplanets:
influence of the host star

The host star affects the habitability in at least two ways:

1) location of the circumstellar habitable zone (HZ)

2) permanence time in the main-sequence
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Radius of the HZ as a function of stellar parameters
Neglecting variations of albedo and greenhouse effect

oT,* = % S (1-A)

Assuming
A ~ const
d=a

Assuming T, constant, optimal for life,
the radius a of the HZ increases linearly
with R 4 and quadratically with T,




Because of the 3 Kepler law and the dependence a(HZ) « T2,

exoplanets in the HZ around hot stars have orbital periods of several years

The temporal baseline for detecting such planets 1s correspondingly long
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Continuous habitability

Based on the example of the Earth,
life evolution takes some billon years to produce advanced forms of life

To understand if life can evolve in a distant planet,
we need to define the concept of “continuous habitability”,
1.e. the persistence of habitable conditions for long periods of time,
comparable to the time scale of evolution of terrestrial life (~10° yr)

Continuous habitability can be influenced by:

1) evolution of the stellar luminosity
2) evolution of the orbital parameters
3) mechanisms of climate stabilization
4) feedbacks between the biosphere and the climate



Evolution of the stellar luminosity

The evolution of the stellar luminosity shifts the location of the circumstellar
habitable zone in planetary systems

—The shift 1s gradual during the main sequence stage of hydrogen
burning, but is sudden at later stages of stellar evolution

—The type of evolution depends on the spectral type of the host star
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Continuous habitability and spectral type of the host star
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Detection of exoplanets in the HZ:
observational 1ssues

The temporal baseline of observations required for detecting habitable
exoplanets does not represent a serious problem

Planets in the HZ of late-type stars can be detected in short time scales

Planets in the HZ of early-type stars :

- require several years of observations, but are less interesting in the
context of astrobiology due to the fast evolution of the stellar luminosity
which interrupts the continuous habitability

- they could be detected with the “direct imaging” on observational time
scales much shorter than the orbital period

The detection of exoplanets in the circumstellar HZ 1s affected by several
observational biases, which depend on adopted observational technique



Detecting exoplanets in the HZ
with the Doppler method

* Advantages for detecting planets in the HZ around M-type stars with the
Doppler method

The semi-amplitude of the radial velocity curves scales as
K~ ( a M. )_1/2

where a 1s the semi-major axis, M. the stellar mass

The advantage of a smaller stellar mass combines with the advantage of
the smaller distance of the habitable zone

For a given planetary mass, the Doppler signal of an planet in the HZ of
an M-type star is ~ 3-30 times stronger than the signal of planet in the
HZ of a solar-type star



Detecting exoplanets in the HZ with the Transit method

* Geometrical probability of detecting a transiting planet

. R. [Ry)
P 465 x 107 <

|
The geometrical probability increases with decreasing semi-major axis

Since the HZs around late-type stars are located at small semi-major axis,
the geometrical probability is higher in late-type stars

e Transit depth of the minimum of the light curve
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The strongest signal is given by giant planets around stars of small radii

For a given planet size, the detection is easier in stars of small size

In the main sequence late-type stars have smaller radii than early-type stars
and so the transit signal tends to be stronger in low-mass stars




The detection of habitable planets
with the most efficient detections methods (Doppler and transit)
is severely biased in favour of planets around low-mass stars

However, the exoplanets in the HZs around M-type stars

are affected by several problems that may hinder their effective habitability
- Tidal locking
- Stellar activity

- High insolation during the pre-main sequence



Exoplanets in HZs around M-type stars: tidal locking

* The vicinity to the star may lead to a synchronization of the planet orbital
period with the planet rotation period (“tidal locking”)

— The distance from the star at which the planet becomes tidally locked after a
time ¢ scales as

r (P, t /Q)V/6 M.1/3

where P, is the initial rotation period, Q is a planetary dissipation factor and
M the stellar mass

for t=10° yr and P,=0.5 d, typical values of r are lower than ~0.3 AU

* Tidal locking has heavy implications on the planetary climate
— Only one hemisphere is constantly illuminated

— In absence of atmospheric transport, the planet would be habitable
only in a narrow circle between the dark and illuminated side

— In presence of atmospheric transport, the planet would be
characterized by a very strong circulation between the two sides



Exoplanets in HZs around M-type stars: stellar activity

* The intense stellar activity, characteristic of late-type stars, may limit the
habitability
- in low-mass stars the stellar activity is more intense and long-lasting
than in solar-type stars
— strong stellar winds, one of the effects of stellar activity, tend to erode
planetary atmospheres

- high-energy charged particles accelerated by stellar magnetic fields will
induce a high dose of ionizing radiation on the planet surface

— A strong planetary magnetic field and a thick atmosphere are required to
mitigate these effects

— The thick atmosphere would also mitigate the temperature gradients
between the illuminated and dark hemispheres, but would be characterized
by very strong surface winds



Exoplanets in HZs around M-type stars: insolation in pre-main sequence

* Insolation in the pre-main sequence
— Evolutionary times are very long in M-type stars

— In M-type stasrs planetary formation takes place during the pre-main
sequence, characterized by a significantly higher stellar luminosity
than that of the main sequence

— Planets in main-sequence HZ may have undergone an early runaway
greenhouse instability during the stage of pre-main sequence

e  Water content

— Simulations of planetary formation in late-type stars predict that
planets in the HZ of M-type stars would accrete dry planetesimals

— The accreted planets would be dry, unless volatiles are adquired from
distant wet planetesimals driven to the inner regions of the planetary
system as a result of a dynamical instability



Search for habitable exoplanets

* Basic search criteria (in light of present-day observational limitations)
— Insolation compatible with limits of circumstellar HZ

Calculated from stellar luminosity and orbital parameters

This criterion by itself guarantees the existence of an energy source sufficient
to drive photosynthesis

— Terrestrial type
M < 10 Mgy, or R < 1.6 Ry

Planets with larger mass/size adquire an extended atmosphere, yielding
a non-habitable situation (similar to that of giant planets)

* Focus on surface (rather than subsurface) habitability

— Surface habitability has the highest chance of producing atmospheric
biosignatures

 Presence of water 1s assumed

— at the moment hard to test experimentally



Search for habitable planets:
Rocky planets with earth-like insolation
To confirm the rocky nature we need measurements of both radius and mass

Problem: most exoplanets with measurements of masses and radii have a mean
insolation much higher than that of the Earth

With few exceptions (e.g. Trappist-1) they lie outside the HZ

Planet M R p g log(Ses)  Ref.
Mg) Rg) (gem=3)  (gg)
Kepler20b  8.70%2:20  1.91+0-2 6.89 2.38 254  Gautier (2012)

Kepler-11b  1.90*1-30 go+0.03 1.80 0.59 2.10 Lissauer (2013)
Kepler-11¢  2.90%%2:38  2.87+0-08 0.68 0.35 1.96 Lissauer (2013)
Kepler-11d  7.30%7'5  3.127007 1.33 0.75 1.64  Lissauer (2013)
Kepler-11e 8007350  4.19%007 0.60 0.46 144  Lissauer (2013)
Kepler-11f  2.0070:50 2.49%007 0.71 0.32 122 Lissauer (2013)
Kepler-10b  4.56* 127  1.42+0-0% 8.86 2.27 355  Batalha (2011)

CoRoT-7b  4.90%050 1 6g+0.09 5.70 1.74 326  Léger (2009); Queloz (2009)

Kepler-68b  8.30%220  931+0.06 371 1.56 261 Gilliland (2013)
GJ1214b 6551000  2.6810 1% 1.88 0.91 121  Charbonneau (2009)

Kepler-36b  4.4575357  1.49+0-54 7.48 2.02 2.34 Carter (2012)
Kepler-36¢c  8.0870:90  3.68+0:02 0.89 0.60 2.24 Carter (2012)
HD97658b 7.861003  2.34+0-13 3.38 1.44 2.42 Dragomir (2013)
55Cnce 7811253 208iRs. 4% 1.81 339  Demory (2011)

Kepler-18b  6.901340 9 g +0-10 4.76 1.73 267  Cochran (2011)




Planet radius [Rearth]

Terrestrial-type exoplanets in the HZ of low-mass stars

The Trappist-1 planetary system

Gillon et al. (2018)
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Terrestrial-type exoplanets in the HZ of low-mass stars

* Examples of planets discovered with the Doppler method

EOS generated lookup tables coupled with ESTM, employed to study the habitability of two -
Super-Earths in their respective habitable zones (HZ)
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Climate simulations of exoplanets in the HZ

GJ625b (close to the inner edge of the HZ)
* Results from climate simulations performed with ESTM

* Index of habitability /s, (left) and global temperature (right) for different
values of CQO, partial pressure and surface albedo
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Climate simulations of exoplanets in the HZ

GJ625b (close to the inner edge of the HZ)
* Results from climate simulations performed with ESTM

* Index of habitability /s, (left) and global temperature (right) for different
values of CO, partial pressure and ocean fraction

Different ocean fractions without moving too far away from desert conditions M

Changes the surface albedo, the cloud coverage and the thermal capacity

e=0.13

" ////// - //////

400 : 400
025§

200 / = 200 /

/] 0.15 /1

100 100
0.000 0.055 0.110 0.165 0.220 0.275 0.330 0.000 0.055 0.110 0.165 0.220 0.275 0.330
Ocean fraction Ocean fraction

N
o
o
o
N
o
o
o

€02 [ppmv]
CO2 [ppmv]

tinuous Complex Life Habitability

Simonetti et al. 2023, in preparation

20



Terrestrial-type exoplanets in the HZ
discovered with the transit method

Exoplanets in the HZ can be discovered with the transit method

A few of them are found around solar-type stars (not just around M-type stars)

Kepler’s Small Habitable Zone Planets

€ =
Kepler-452b (Earth)

Kepler-442b 155c¢ 235e  62f 62e 283c 440b
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Kepler-438b 186f 296e  296f




Kepler 452b

Impact of surface

atmospheric pressure and
atmospheric composition
for different models of

internal structure

Model M/Mg g/ga pCOy(ppmv) pP (bar)
RL 43 1.6 10 26
RE 43 1.6 380 26
RH 43 16 38000 26
oL 27 1.0 10 10
OE 27 1.0 380 10
OH 27 1.0 38000 10

Silva et al. (2017)

Best candidate rocky planet in the
habitable zone of a solar-type star

R=1.63 Ra

S=1.1 Se

(Jenkins et a. 2015)
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Quantitative estimates of the habitability of Kepler 452b

Evolution of surface habitability: the impact of the luminosity
evolution of the central star
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Water on exoplanets in the HZ

The effective habitability of exoplanets in the HZ depends on the possibility
for the planet to adquire water at the stage of planetary formation

If water cannot be adquired during planetary formation, late accretion of water-
rich planetesimals should take place to provide effective habitability

Studies of the location of the “ice line” in protoplanetary disks can help to
understand if planets in the HZ are able to adquire water or not

H20 in protoplanetary disks: vapour vs ices

R < Rsnow
H20 is in gas-phase

SNOW LINE (Tdust = 150 K)

Rsnow ~ 2-3 AU in young solar analogs
(Lecar+ 2006) R > Rsnow
H20 frozen on dust grains

With ALMA we can probe directly the location of the ice line
around stars of different spectral type




TABLE 3. SPECIFIC ATMOSPHERIC SUBSTANCES, THEIR SPECTRAL BANDS IN THE UV-VISIBLE TO THERMAL-INFRARED,

AND THEIR SIGNIFICANCE FOR PROVIDING ENVIRONMENT CONTEXT FOR ESTABLISHING WHETHER

AN EARTH-LIKE EXOPLANET IS TRULY HABITABLE

Significance for the planetary environment

Substance Spectral band center or feature, um and habitability
CO, 15, 4.3, 4.8, 2.7, 2.0, 1.6, 1.4, 0.1474, Noncondensable greenhouse gas at 7> 140 K (i.e., except
0.1332, 0.119 at the outer edge of a conventional HZ)
Well mixed gas, enabling retrievals of atmospheric structure
Could be an antibiosignature if it coexists with a large
amount of H,
Could be a substrate for biological C fixation
N, 0.1-0.15 Pressure broadening that enhances the greenhouse effect
For N,-N,: 4.3, 2.15 Possible disequilibrium biogenic gas if detected with O,
and a surface of liquid water
0, 6.4, 1.57, 1.27, 0.765, 0.690, 0.630, Possible bulk constituent that enhances greenhouse effect
0.175-0.19 through pressure broadening and weak thermal IR
For 0,-0,: 1.27, 1.06, 0.57, 0.53, 0.477, absorption (also a possible biosignature and hence also in
0.446 Table 4).
O3 >15 (rotation), 14.5, 9.6, 8.9, 7.1, 5.8, Possible indicator of O, from which it derives
4.7, 3.3, 0.45-0.85, 0.30-0.36 Greenhouse gas
0.2-0.3
H,O Continuum, >20 (pure rotation), 6.2, Condensable greenhouse gas
2.7, 1.87, 1.38, 1.1, 0.94, 0.82, 0.72, Abundances near saturation inferred from spectral
0.65, 0.57, 0.51, 0.17, 0.12 features may suggest a wet planetary surface or clouds
CO 4.67, 2.34, 1.58, 0.128-0.16 Antibiosignature gas
May indicate lack of liquid water
H, 2.12, NIR continuum, <0.08 continuum  Antibiosignature gas if a relatively high abundance coexists
with abundant CO,
If abundant, pressure broadening that enhances the
greenhouse effect
Greenhouse effect from pressure-induced absorption with
self and other key species (e.g., CO,, CHy)
CH,4 7.7, 6.5, 3.3, 2.20, 1.66, <0.145 Greenhouse gas
continuum In the absence of oxidized species, could indicate a reducing
atmosphere. Also a potential biosignature (Table 4)
C,Hg 12.1, 3.4, 3.37, 3.39, 3.45, Together with CH,, in the absence of oxidized species,
<0.16 continuum could indicate a reducing atmosphere
HCN 14.0, 3.0, <0.18 continuum In the absence of oxidized species, could indicate a reducing
atmosphere
H,S 7,3.8,2.5,0.2 Potentially volcanic gas
SO, 20, 8.8, 7.4, 4, 0.22-0.34 Potentially volcanic gas

Catling et al. 2018



Future observational perspectives:
Habitability markers in exoplanets
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FIG. 3. Exoplanet habitability markers [H,O + CO, + (N,),]. Left: spectral line intensities for H,O and CO, from the
HITRAN 2012 line-by-line database (Rothman et al., 2013). Right: temperature-dependent N,-N, binary (collisional)
absorption coefficients from a formulation by Lafferty et al. (1996), after a plot from Schwieterman et al. (2015b).

Schwieterman et al. 2018 .



