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summary
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‣ habitable zones

‣ habitable epochs

‣ why are we now?

‣ resilience of life to astrophysics events

‣ varying constants & anthropics

‣ conclusions and prospects
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habitable planets
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what is habitability?

‣ only life we know is carbon-based

‣ water is a requirement

‣ atmosphere (?)

where to look for life?

‣ planets

‣ moons

‣ asteroids (?)

discovering exoplanets

‣ Kepler mission

‣ (upcoming - 2018) James Webb Space Telescope

‣ (2025?) Darwin mission
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habitable zones
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Kepler’s observations of  planets in the HZ
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Credits: NASA Ames / N. Batalha and W. Stenzel
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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 harboring complex life today. The green line on 
the right is the age distribution of complex life and 
is obtained by integrating PGHZ(r, t) over r.
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Proxima Centauri b
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G. Anglada-Escudé et al. Nature 536 (2016) 437.
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Breakthrough Initiative: StarShot
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‣ mission to send probes to Proxima Centauri

‣ propulsion mechanism: laser sails

‣ speed: 0.15-0.20c

‣ feasible within my lifetime (I hope 😬)

‣ mission may include a flyby of Proxima Centauri b
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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 
   

‣ stripping of atmosphere

‣ fragmentation

‣ radiation levels

‣ pressure

‣ temperature increase dominates

what can sterilise all life on a planet?

life-threatening effects
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most resistant form of life: 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

‣ come back to life after frozen for 30 years
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high-energy threats: SNe and GRBs
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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

SNe in our galaxy
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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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impact threats: asteroids, comets, NEOs
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D. Sloan, RAB, A. Loeb. Submitted. 2016
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impact threats: asteroids, comets, NEOs
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other threats: atmospheric stripping
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history of formation of Earth-like planets
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P. Behroozi, M. Peeples. MNRAS 454 (2015) 1811. arXiv:1508.01202
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history of formation of Earth-like planets
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constraints on metallicity

J. Johnson, H. Li. Astrophys. J. 751 (2012) 1. arXiv:1203.4817
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‣ TCMB(z=100) = 273 K;  TCMB(z=137) = 373 K → conditions for habitability

‣ first generation of haloes, formed ~7 Myr after the Big Bang

‣ formation of metals possible due to short lifespan of massive stars

‣ tail of the density fluctuation distribution: 8.5σ

when is life first possible?
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A. Loeb. Int. J. Astrobio. 13 (2014) 337. arXiv:1312.0613
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when is life likely?
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A. Loeb, RAB, D. Sloan. JCAP 08 (2016) 040. arXiv:1606.08448

in
iti

al 
m

as
s 

fu
nc

tio
n

st
ar

 fo
rm

at
io

n 
ra

te

pr
ob

ab
ilit

y 
of

 

fin
di

ng
 E

ar
th

-li
ke

 

pl
an

et
s i

n 
th

e 
H

Z
pr

ob
ab

ilit
y 

of
 

fin
di

ng
 li

fe
 in

 a
 

ha
bi

ta
bl

e 
pl

an
et

 
w

in
do

w
 fu

nc
tio

n: 

bi
rt

h/
de

at
h 

of
 st

ar
s

dP

dt
(t) =

1

N

tZ

0

dt0
m

maxZ

m
min

dm0⇠(m0)⇢̇?(t
0,m0)⌘Earth(m

0)p(life|HZ)g(t� t0,m0)

mmin = 0.08Msun; brown dwarf mass threshold

mmax = 3Msun; life time allows emergence of life

10�1 100

m⇤ [M�]

10�6

10�5

10�4

10�3

10�2

10�1

100

⇠

10�1 100

m⇤ [M�]

108

109

1010

1011

1012

1013

1014

⌧ ⇤
[y

r]

107 108 109 1010 1011

t [yr]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

⇢̇ ⇤
[M
�

yr
�
1
M

pc
�
3
]

nEarth = 0.19; Kepler observations + no mass dependence 

p(life|HZ): constant

g(t-t’, m’): 1 whilst star lives;  0 otherwise

master 
equation
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when is life likely?
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A. Loeb, RAB, D. Sloan. JCAP 08 (2016) 040. arXiv:1606.08448
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when is life likely?
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A. Loeb, RAB, D. Sloan. JCAP 08 (2016) 040. arXiv:1606.08448
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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 cosmological constant: ⍴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?
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“why now?” - the coincidence problem
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why do we live at a time when Ωm~ΩΛ?
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) 
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anthropic bounds on Q
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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.



Rafael Alves Batista   | Unicamp, December 13th, 2016   |   On the habitability of the universe

anthropic bounds on Q
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F.  Adams et al.  J Cosmol. Astropart. Phys  09 (2015) 30. 

arXiv:1505.06158

temperature collisions

Fsurvive: fraction of planetary systems that survive
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when is life likely  for arbitrary Λ?
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RAB, D. Traykova, D. Sloan, A. Loeb. In preparation.halo mass functions
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when is life likely  for arbitrary Λ?

27

RAB, D. Traykova, D. Sloan, A. Loeb. 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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varying constants and habitability
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M. Tegmark. Annals Phys. 270 (1998) 1. arXiv:gr-qc/9704009
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‣ 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

‣ there is a habitable epoch in the early universe (z~100-137)

‣ many potentially habitable planets found by Kepler

‣ JWST will allow us to look for biomarkers in planetary atmospheres

‣ life seems to be fairly resilient to cataclysmic events

‣ biggest threat to (all) life: asteroid impacts!

‣ is the observed cosmological constant “bio-friendly”? →  apparently NOT, although there 
seems to be an anthropic upper bound

‣ the coincidence “problem”  and the “principle of mediocrity”

 conclusions and perspectives

29
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direct image of a habitable planet
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Earth as seen by Voyager.  
Picture taken in 1990.
Distance: 4 billion km

pale blue dot…
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thank you 😊
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Proxima Centauri b

33

Velocity of Proxima Centauri towards and away from the Earth 
over 3 months.  Red: data. Blue: fit to data.



Sheth-Tormen halo mass function

Rafael Alves Batista   | Unicamp, December 13th, 2016   |   On the habitability of the universe

formation of DM haloes for arbitrary Λ
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Breakthrough Initiative: StarShot
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Breakthrough Initiative: StarShot
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the (meta?)physics of the multiverse
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G. Ellis & J. Silk. Nature 516 (2014) 321.


