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ABSTRACT

We combine constraints on galaxy formation histories with planet formation models, yielding
the Earth-like and giant planet formation histories of the Milky Way and the Universe as
a whole. In the Hubble volume (103 Mpc?), we expect there to be ~10?" Earth-like and
~10% giant planets; our own galaxy is expected to host ~10° and ~10'® Earth-like and giant
planets, respectively. Proposed metallicity thresholds for planet formation do not significantly
affect these numbers. However, the metallicity dependence for giant planets results in later
typical formation times and larger host galaxies than for Earth-like planets. The Solar system
formed at the median age for existing giant planets in the Milky Way, and consistent with
past estimates, formed after 80 per cent of Earth-like planets. However, if existing gas within
virialized dark matter haloes continues to collapse and form stars and planets, the Universe
will form over 10 times more planets than currently exist. We show that this would imply at
least a 92 per cent chance that we are not the only civilization the Universe will ever have,
independent of arguments involving the Drake equation.
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Figure 1. Top-left panel: formation rate (in planets/yr) for Earth-like planets as a function of galaxy stellar mass and cosmic time. The dashed line indicates the
median expected growth history of the Milky Way (Behroozi et al. 2013e). The dot—dashed line indicates [Fe/H] = —1.5, which has been suggested (Johnson
& Li 2012) as the threshold metallicity for planet formation. Grey shaded areas indicate where galaxies are not expected to exist in the observable Universe.
Top-right panel: same, for giant planets. Bottom-left panel: Earth-like PFR multiplied by galaxy number density as a function of stellar mass and cosmic time,
i.e. the volume density of planet formation (in planets/yr/comoving Mpc? dex ). Contours indicate where 50 and 90 per cent of all planet formation has taken
place. The ( symbol indicates the Milky Way’s stellar mass and age at the formation of the Solar system. Bottom-right panel: same, for giant planets.

Redshift Redshift
8 4 2 1 eSHO.S 0.2 0 8 4 2 1 ESItD.S 02 0
Belgf ] | ' i t L] i i i . EERTRORREN
Milky Way ) : Universe ) : P B%Fﬁ%}ﬁ
= Birees Gt TEmee 2 7 4 OFE
o l Median Formation Time = l Medlan Formauon Time ~
LE’z o'k . = Formed E = Formed v
£ L : EE FEORERED
2 :
: H RrEHE
= £
Fua0’r E 1x107
i : T/ SR DPFROB
= EHE
0 _|_ = l 1 " L 1 0
T 2 DR [Gm] 12 138 4 e 5o Big Barg (G
ime SIince Big bang Y1 me Since bBig bang yr P ] /\,—A—\| e
Redshift Redshift -FE ¥ EE @ PFR&' }—;O)
pe 7 1w ez @ pEtr e e o BERE
Milky Way Universe
1F ST T T T E

f@f‘}i*ﬁﬂ,{,_\ Iz=2,
2B (L z=1TPFR
75\‘\7@2/ CERLB.
—->ZDREIFEVER
r % (1000f2~10Jk4F) %

. -1
Planet Formation Rate [planets yr ]
=1

Planet Formation Density [planets y{I Mpcj]

0.01 sl i
10
/ — Earth-like Planets | — Earth-like Planets S
I — = Giant Planets | — = Giant Planets T ﬁjﬁk ) n 5 (fﬁnz‘b\
| | [ I 1 | 1 | sl I | 1 I | ! ~ s = 7‘ \
OO0 % & 10 iz 138 R T T T SlrEATEARL).
Time Since Big Bang [Gyr] Time Since Big Bang [Gyr]

Figure 2. Top-left panel: total Earth-like and giant planets formed in the Milky Way as a function of cosmic time. Giant planet counts have been shifted by
a factor of 5 to allow better comparison with the Earth-like planet formation history. Top-right panel: average planet density in the Universe as a function of
cosmic time. Earth-like planet formation tracks the galaxy/cosmic star formation rates, whereas giant planet formation times are greater at late times due to their
metallicity dependence. Blue squares mark the median formation times of each population. The vertical dotted line indicates the formation time of the Solar
system, which occurred after 80 per cent of present-day Earth-like planets and 50 per cent of present-day giant planets were formed in the Milky Way. Bottom
panels: PFRs and densities, respectively, for the Milky Way and the Universe as a whole. Uncertainties in all estimates are ~1 dex, arising from uncertainties
in planet detection rates with Kepler.
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Figure 4. Probability for the total number of planets with civilizations
in the Universe, given that the Earth formed before 92 percent of similar
planets expected to exist. If Earth is the nth planet since the big bang to
have formed a civilization, then the average (expected) total number of
planets with civilizations scales as 12.51. Even for the most conservative
possible assumption (i.e. that Earth was the first planet formed that evolved
an intelligent civilization), it is unlikely that we will be the only civilization
that the Universe will ever have (black line). As the number of earlier
planets with civilizations increases (red and blue lines), it becomes more
and more likely that the Universe will have many more civilizations than
currently exist. For comparison, if the Milky Way today contained another
civilization, it is likely that Earth would be at least the ten billionth planet
to host a civilization in the observable universe, which would eventually
001 1‘0 ”')0 ]0‘00 contain at least a hundred billion civilizations.
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