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part I: 
exoplanets
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the first exoplanet

4

‣discovered in 1988 

‣ the authors did not claim their observation was an exoplanet 

‣unambiguous confirmation came only in 2003



Rafael Alves Batista   | São Paulo, February 10, 2020   |   Habitability:  a cosmological perspective

the second exoplanet
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‣discovered by Aleksander  Wolszczan 
and Dale Frail (Jan/1992) 

‣ two rocky planets orbiting PSR1257+12 
in the constellation of Virgo 

‣host star is a pulsar → planets not very 
hospitable
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‣ planet PSR B1620-26b (a.k.a. Methuselah) 

‣ 2.5 the mass of Jupiter 

‣ constellation of Scorpius 

‣ host stars: PSR B1620-26A (pulsar) and WD 1620-26 (white dwarf) 

‣ first planet found to orbit a binary system

the third exoplanet

6
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‣ 1995: first exoplanet orbiting a sun-like star is 

discovered 

‣ host star: 51 Pegasi 

‣ 2019: Nobel Prize in Physics

the first exoplanets orbiting a sun-like star
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the exoplanetary zoo
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‣ more than 4120 planets 

‣ more than 3000 systems  

‣ around 670 systems with multiple planets 

‣ nearly 900 terrestrial planets
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the exoplanetary zoo
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part II: 
habitability
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life
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‣ life: "the condition that distinguishes animals and plants from 
inorganic matter, including the capacity for growth, reproduction, 
functional activity, and continual change preceding death"  

‣ life as we know is carbon-based 

‣complex molecules are more easily found in planets than 
elsewhere 

‣water is a necessary condition for life (as we know it) 

‣habitable: a place that provides adequate conditions to be lived 

in → PLANETS 

‣planets are in galaxies, which are part of a universe → 
habitability in galactic and cosmological scales
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habitable planets
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‣atmosphere: useful to stabilise climate 
                     holds liquid water (due to pressure) 
                     provides shielding against high-energy radiation 

‣mass: needs to be large enough to heat up the planet's core 

‣ lifetime of host star: should be large enough so that life can evolve (> a few Gyr) 

‣magnetic field: protects from cosmic rays 

‣ surface temperature: needed for liquid water (together with pressure) 

‣position in the galaxy: nearby supernovae may hinder emergence of life 
                                     metallicity should be enough to form planets 

‣epoch in history: temperature and metallicity constraints 

‣ . . .
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habitable zones
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galactic habitable zones
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C. Linneweaver. Science 303 (2004) 59. arXiv:astro-ph/0401024

The GHZ in the disk of the Milky Way 
based on the star formation rate, 
metallicity (blue), sufficient time for 
evolution (gray), and freedom from life-
extinguishing supernova explosions (red). 
The white contours encompass 68% 
(inner) and 95% (outer) of the origins of 
stars with the highest potential to be 
harbouring complex life today. The green 
line on the right is the age distribution of 
complex l i fe and i s obta ined by 
integrating PGHZ(r, t) over r.
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how resilient is life to astrophysical events?
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‣asteroid impacts 

‣ supernovae 

‣gamma-ray bursts 

‣death of host star 

‣disruption by wandering objects 

‣ stellar winds (?) 
   

‣ stripping of atmosphere 

‣ fragmentation 

‣ radiation levels 

‣pressure 

‣ temperature dominates

what can sterilise all life on a planet? life-threatening effects

once life emerges on a planet, 
for how long will it survive??
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hardy creatures: the tardigrades
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‣ low temperatures: -272 oC for ~10 min; -20 
oC for decades 

‣ high temperatures: 150 oC for a few minutes 

‣ pressure: 0 - 1200 atm 

‣ radiation levels: up to 7000 Gy 

‣ can reduced their metabolism almost 

completely → cryptobiosis  

‣ good candidates for the last survivors on 
Earth

we can use tardigrades as a benchmark species

Sloan, Alves Batista, Loeb. Scientific Reports 7 (2017) 5419. arXiv:1707.04253
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the  resilience of life to astrophysical events
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supernovae in our galaxy
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‣ numerous SNe explosions up to ~300 

pc could have contributed to life 

extinctions during the Pleistocene 

‣ this is corroborated by observing the 
cosmic-ray spectrum

A. Mellot. Nature 532 (2016) 40. 

A. Mellot et al. Int. J. Astrobio. 14 (2015) 373. arXiv:1406.4151 

B. Thomas et al.  Astrophys. J. Lett. 826 (2016) L3. arXiv:1605.04926

‣ ozone layer depletion: 

      NO + O3 → NO2 + O2 

      NO2 + O → NO + O2 

      O3 + O → O2 + O2 

‣ exposure to UV radiation
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high-energy threats
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Sloan, Alves Batista, Loeb. Scientific Reports 7 (2017) 5419. arXiv:1707.04253

‣ sterilisation radius for SNe: 0.03 pc 

‣ sterilisation radius for GRBs: 13.8 pc 

‣ closest star that can become a SN: IK Pegasi (~40 pc)

rate of occurrence of GRBs: 0.04-0.15 Gpc-3 yr-1
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impact threats: asteroids, comets, NEOs
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boil all 
water

crater larger 
than the Earth

P. Bland. Phil. Trans. R. Soc. A 363 
(2005) 2793. 

‣ number of impacts as a function of the object's mass 

‣ we use a catalogue containing all (known) objects in the Solar System
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when is life likely?

21
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when is life likely?
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nEarth = 0.19; Kepler observations + no mass dependence 

p(life|HZ): constant

master 
equation

Loeb, Alves Batista, Sloan. JCAP 08 (2016) 040. arXiv:1606.08448
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when is life likely?
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Loeb, Alves Batista, Sloan. JCAP 08 (2016) 040. arXiv:1606.08448

we may be premature - unless low-mass stars are inhabitable
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part III:  
foundational 

issues
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‣ inflation solves the horizon and 
flatness problems 

‣ it fits very well the standard 
cosmological model 

‣our physical theories describe 
these processes using distributions 

→  of all possible outcomes, why 
this one that lead to a habitable 
universe?

detour: on initial condition & outcomes

25
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the amplitude of density fluctuations
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‣ Q: amplitude of density fluctuations 

‣ if Q<10-6 →  virial temperatures low → 

no formation of stars 

‣ if Q>10-4 → disturbance of exoplanetary  

systems due to high density of objects

Rising curves show the largest virialised 
mass scale as a function of time for 

different values of Q.  
Structures with M<Meq virialise Q-3/2 after 

the end of the radiation-dominated epoch. 
For later times, the virialised mass scale 

converges to Q3/2 times the horizon mass. 
The star corresponds to the Milky Way.

M. Tegmark, M. Rees. Astrophys. J. 499 (1998) 526.
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the amplitude of density fluctuations & habitability
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F.  Adams et al.  J Cosmol. Astropart. Phys  09 (2015) 30. arXiv:1505.06158

collisions

Fsurvive: fraction of planetary systems that survive
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"why now?" - the coincidence "problem"
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tentative explanations 

‣ anthropics → there can only be observers if this is true 

‣ coincidence → we could live at (almost) any other time  

‣ dynamical dark energy models (e.g. quintessence, k-essence, …)

motivation 

‣ inflationary models (e.g. eternal inflation) postulates an ensemble of universes with different Λ → 
we happen to live in one realisation thereof 

‣ string landscape provides an alternative solution 

‣ our universe is one realisation of a randomly distributed variable (Λ) 

‣ problem: too metaphysical → not scientific because it is not falsifiable (popperian perspective) 

why do we live at a time when Ωm~ΩΛ??
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the cosmological constant "problem"
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‣expected vacuum energy density from QFT: ⍴Λ,th ~ MPl4 ~ (1025 eV)4 ~ 10109 J m-3 

‣observed dark energy: ⍴Λ,obs ~ 10-11 J m-3 

‣discrepancy: ⍴Λ,th / ⍴Λ,obs ~ 10120 

‣ "the worst theoretical prediction in the history of physics” 

‣anthropic upper bound on Λ → ΩΛ ~ 10-100 Ωm,0  (Weinberg 1987) 

‣120 orders of magnitude discrepancy seem unnatural 

‣parameters be of O(1) → matter of aesthetics or intrinsic feature of the theory? 

‣ three-part "problem": 
1. why is it not large? 
2. why is it not zero? 
3. why is it comparable to the density of matter now?
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when is life likely to form?

30

Alves Batista, Loeb, Sloan. In preparation.
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star formation rate

‣ effect of dark energy: shift formation of structures along time axis (total 

number of stars formed changes though) 

‣ existence of structures require ΩΛ < 0.85

preliminary
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an ad
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Fine-Tuning in the 
Physical Universe

David Sloan 
Rafael Alves Batista 

Michael T. Hicks 
Roger Davies

in press,
Cambridge 

University Press

‣ Ch. 1: Fine-tuning, complexity, and life in the multiverse 

‣ Ch. 2: Hierarchy of fine-structure constants 

‣ Ch. 3: Naturalness, fine-tuning, and observer selection in cosmology 

‣ Ch. 4: Cosmic Inflation: trick or treat? 

‣ Ch. 5: Is the universal matter-antimatter asymmetry fine-tuned? 

‣ Ch. 6: Structure formation 

‣ Ch. 7: Nuclear physics and its impact on primordial and stellar 
nucleosynthesis 

‣ Ch. 8: Fine-tunings at particle scales 

‣ Ch. 9: Dark matter 

‣ Ch. 10: Fine-tuning: from stars to galaxy formation 

‣ Ch. 11: How special is the Solar System? 

‣ Ch. 12: On the temporal habitability of our Universe 

‣ Ch. 13: Climbing up the theories of Nature: fine-tuning and biological 
molecules
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‣many potentially habitable planets found by Kepler 

‣ life is surprisingly resilient to astrophysical events (asteroids, SNe, GRBs, ...) 

‣ the universe should brim with life (mostly around low-mass stars) in the far 
future (~10 trillion years from now) --- unless low-mass stars are inhospitable 

‣ the amplitude of density fluctuations seem to be such that allow for inhabited 
planets  

‣ is the observed cosmological constant "bio-friendly"? 

‣fine-tuning is important because it may be hinting at something more 
fundamental in Nature, which may be linked to our very existence

 conclusions and perspectives

32
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direct image of a planet with life
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Earth as seen by Voyager. 
Picture taken in 1990. 
Distance: 4 billion km

pale blue dot…


