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Extension to galaxy populations

Nhab increases with mass and 
decreases with SFR
(more stars, higher Z/Z , less SN)
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Fig. 2.— Upper panel: The fraction of total galaxies that can be identified as well-defined spirals (red line) and blob-like ellipticals (blue
line) as a function of the stellar mass, as observed by the Galaxy And Mass Assembly (GAMA) survey (Kelvin et al. 2014). While low
mass galaxies are most often spiral systems their fraction drops with mass to roughly half at 1010M� with the most massive galaxies
( >⇠ 1011M�) almost all being ellipticals. Lower panel: The number of earth-like habitable planets in galaxies occupying di↵erent regions
of the star formation rate-stellar mass plane, normalised to the MW assuming no-metallicity dependence (↵ = 0 in Eqn. 6). The values
of the ratio (in log) are shown by the colour bar. Our results clearly show that the number of habitable earth-like planets (compared to
the MW) increases on the diagonal that traces increasing stellar mass and decreasing star formation rate. Low-mass spirals ( <⇠ 109M�) of
any star formation rate provide inhospitable environments for earth-like planets to form and evolve. It is predominantly giant ellipticals
(masses larger than 2.5 times the MW) with low star formation rates (less than a tenth of the MW) that provide the best environment for
habitable planets to form.
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The probability of planets suitable for hosting complex
life (P
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irradiated by recent SN as explained above.
Therefore, the number of habitable terrestrial planets
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Using the same approach, the number of habitable gas-
giants can be expressed as
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Of course, we don’t necessarily mean that the gas-giants
themselves could be habitable, but that they may host
moons/satellites that could have conditions suitable for
life (Kipping et al. 2009).

3. LINKING HABITABILITY WITH ASTROPHYSICAL
OBSERVATIONS

In an exciting development, observations with the
Sloan Digital Sky Survey (SDSS) show that the three
key physical properties (total stellar mass, ongoing star
formation rate and gas-phase metallicity) are intricately
linked with minimal scatter for more than a 140,000
galaxies in the local Universe through an intrinsic “Fun-
damental Metallicity Relation” (FMR; Mannucci et al.
2010; Lara-lopez et al. 2010) as shown in Fig. 1. The
same figure shows that the Milky Way is a typical galaxy,
lying near the knee of the stellar mass-star formation
rate-metallicity plane with values of M⇤ ' 6 ⇥ 1010M�,
 = 3M�yr�1 and Z

g

= Z�. It is now understood that
this relation emerges as a consequence of the ejection of
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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 (1013 Mpc3), we expect there to be ⇠ 1020 Earth-like and
⇠ 1020 giant planets; our own galaxy is expected to host ⇠ 109 and ⇠ 1010 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% of Earth-like planets. However, if existing gas within virialised
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% chance that we are not the only civilisation the Universe will ever have, independent of
arguments involving the Drake Equation.

Key words: planets and satellites: terrestrial planets, planets and satellites: gaseous planets,
galaxies: formation

1 INTRODUCTION

Early estimates of the planet formation history of the Universe
(Livio 1999; Lineweaver 2001) suggested that the Earth formed
after 75–80% of other similar planets, even when considering po-
tential galactic habitable zones (Lineweaver et al. 2004). Since that
time, thousands of exoplanets have been found, aided by the Kepler
mission (Lissauer et al. 2014). Many advances have been made in
the past decade, especially in our understanding of how planet for-
mation depends on the mass and metallicity of the host star (Fischer
& Valenti 2005; Buchhave et al. 2012; Wang & Fischer 2013; Lis-
sauer et al. 2014; Buchhave et al. 2014; Gonzalez 2014; Reffert
et al. 2015). Concurrently, constraints on galaxies’ star formation
and metallicity histories have been improving rapidly (Maiolino
et al. 2008; Mannucci et al. 2010; Moustakas et al. 2011; Behroozi
et al. 2013e; Peeples & Somerville 2013; Muñoz & Peeples 2015).

In this paper, we combine recent planet frequency models
(Lissauer et al. 2014; Buchhave et al. 2014) with reconstructed
galaxy formation histories (Maiolino et al. 2008; Behroozi et al.
2013e) to update constraints on the planet formation history of the
Milky Way and the Universe as a whole, both for Earth-like plan-
ets and for giant planets. We adopt a flat, LCDM cosmology with
WM = 0.27, WL = 0.73, h = 0.7, ns = 0.95, and s8 = 0.82, simi-
lar to recent WMAP9 constraints (Hinshaw et al. 2013); the initial

? E-mail: behroozi@stsci.edu

mass function (IMF) is assumed to follow Chabrier (2003) from 0.1
to 100 M�.

2 METHODOLOGY

While planet formation can depend on host star mass, new stars’
masses are drawn from a nearly universal distribution (Chabrier
2003). When averaged over an entire galaxy, the planet formation
rate (PFR) is then proportional to the galaxy’s star formation rate,
modified by the PFR’s metallicity dependence. Using a power-law
parametrisation for this metallicity dependence (see, e.g., Fischer
& Valenti 2005; Gonzalez 2014), we model the planet formation
rate of a galaxy as a function of its stellar mass (M⇤(t)) and cosmic
time (t):

PFR(M⇤, t) = n
(Z(M⇤, t)/Z�)a

hm⇤i
SFR(M⇤, t), (1)

where n is the mean number of planets formed per star, a is the
power-law dependence of planet incidence on metallicity, Z(M⇤, t)
is the galaxy’s mean gas-phase metallicity, hm⇤i = 0.67 M� is the
mean mass of a newly-formed star (Chabrier 2003), and SFR(M⇤, t)
is the galaxy’s star formation rate in M� yr�1. Additional factors
(e.g., stellar initial mass functions and densities) influencing the
PFR are discussed in Appendix A.

For giant planets (R > 6 R�; including, e.g., Jupiter and
Saturn), the metallicity (specifically, [Fe/H]) dependence is long-
established (Fischer & Valenti 2005); recent estimates suggest
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Fig. 2.— Upper panel: The fraction of total galaxies that can be identified as well-defined spirals (red line) and blob-like ellipticals (blue
line) as a function of the stellar mass, as observed by the Galaxy And Mass Assembly (GAMA) survey (Kelvin et al. 2014). While low
mass galaxies are most often spiral systems their fraction drops with mass to roughly half at 1010M� with the most massive galaxies
( >⇠ 1011M�) almost all being ellipticals. Lower panel: The number of earth-like habitable planets in galaxies occupying di↵erent regions
of the star formation rate-stellar mass plane, normalised to the MW assuming no-metallicity dependence (↵ = 0 in Eqn. 6). The values
of the ratio (in log) are shown by the colour bar. Our results clearly show that the number of habitable earth-like planets (compared to
the MW) increases on the diagonal that traces increasing stellar mass and decreasing star formation rate. Low-mass spirals ( <⇠ 109M�) of
any star formation rate provide inhospitable environments for earth-like planets to form and evolve. It is predominantly giant ellipticals
(masses larger than 2.5 times the MW) with low star formation rates (less than a tenth of the MW) that provide the best environment for
habitable planets to form.
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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 planet formation rate 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 Mpc3/dex). Contours indicate where 50% and 90% 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.

nG ⇠ 0.022 and aG ⇠ 3.0 (Gonzalez 2014), albeit with signifi-
cant systematic uncertainties. To define Earth-like (i.e., “habitable
zone”) planets, we adopt the same definition as Lissauer et al.
(2014), requiring that planets with an Earth-like atmosphere could
support stable surface reservoirs of liquid water. Effectively, this
includes all objects whose radii and orbital periods are within a
factor of e of those of the Earth (Lissauer et al. 2014). In the So-
lar System, this would include Mars and Venus, but exclude, e.g.,
Mercury and the Moon. The metallicity dependence for Earth-like
planets is believed to be smaller than for giant planets (Buchhave
et al. 2012; Campante et al. 2015), with recent estimates suggesting
aE ⇠ 0 to 0.7 (Wang & Fischer 2013; Lissauer et al. 2014). This
range of aE has only a small impact on our results, so we conser-
vatively take aE = 0 (i.e., no metallicity dependence) for Earth-
like planets. However, Johnson & Li (2012) suggest a theoretical
minimum metallicity threshold for Earth-like planet formation of
[Fe/H]⇠�1.5+ log10

� r
AU

�
(with r the orbital radius), so we mark

a fiducial threshold of [Fe/H]= �1.5 in all relevant plots. For nE ,
Kepler has provided the largest statistical samples (Catanzarite &
Shao 2011); Lissauer et al. (2014) suggest an incidence of ⇠ 0.1
Earth-like planets per Sun-like star. Habitable zones are expected

to exist only around 0.6-1.4 M� (K to F5-class) stars (Kasting
et al. 1993; Kopparapu et al. 2014), which make up 14.8% of stars
by number (Chabrier 2003), so we take nE = 0.015.

Behroozi et al. (2013e) determined SFR(M⇤, t) for galaxies
up to ⇠ 13 Gyr ago (z = 8), covering > 90% of all star formation
(Behroozi et al. 2013c). The methodology is detailed in Appendix
B; briefly, it involves linking galaxies at one redshift to galaxies
with the same cumulative number densities at another redshift to
trace their stellar mass buildup, as the most massive galaxies at one
redshift will tend to remain the most massive galaxies at later red-
shifts. The full computation also involves corrections for scatter in
galaxy growth histories and galaxy-galaxy mergers (Behroozi et al.
2013f,d). Knowing the stellar mass history of galaxies, one may use
observed metallicity–stellar mass–redshift relations (e.g., Maiolino
et al. 2008; Moustakas et al. 2011) or metallicity–stellar mass–
star formation rate relations (e.g., Mannucci et al. 2010) to deter-
mine galaxy metallicity histories (see also Muñoz & Peeples 2015).
Here, we use the fitting function in Maiolino et al. (2008), which is
constrained for z < 3.5 (<11.7 Gyr ago), mildly extrapolated over
the same redshift range as our star formation histories. As Maiolino
et al. (2008) measure oxygen abundance ratios ([O/H]), we use the
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Fig. 4. Fractional error in density as a function of the stellar mass and
redshift. The top panel shows the errors due to the cosmic variance.
The middle and bottom panels are the errors associated to the template
fitting procedure (photo-z and stellar mass) for the full sample and the
quiescent population, respectively. Results are shown only in the mass
range covered by our dataset.

5.1. Evolution of the full sample

Figure 5 shows the evolution of the MFs for the full sample. A
first option is to consider a pure evolution in stellar mass. In this
case, we assume that only star formation drives the MF evolu-
tion (no galaxy can be created or destroyed). We find that the
evolution is strongly mass-dependent, with the low-mass end
evolving more rapidly than the high-mass end. For instance,
the stellar mass of a 109.8 M⊙ galaxy increases by 0.9 dex be-
tween 1.5 < z < 2 and 0.2 < z < 0.5, while the stellar mass of
a 1011.6 M⊙ galaxy increases by only 0.2 dex in the same time
interval. Therefore, we conclude that the evolution is strongly
mass-dependent, in agreement Marchesini et al. (2009). A sec-
ond option is to consider a pure density evolution. A constant
increase in density by 0.3–0.4 dex, independent of the mass, is
sufficient to match the 1.5 < z < 2 and the 0.2 < z < 0.5 MFs.
However such a pure density evolution scenario is not applicable
to the full sample: it would mean that new galaxies which were
not present in a given redshift appear in the next redshift bin.
Major mergers are not an option for a pure increase in density
with cosmic time: for a α = −1.4 MF slope, the density of low
mass galaxies would decrease by 0.16 dex if we assume that all
galaxies encounter a major merger since z = 27.

In Fig. 7, we compare our results with several MF estimates
published since 2008. We find an excellent agreement with the
various MFs from the literature. Still, the differences in normal-
isation are as large as 0.2 dex in certain bins (e.g. 0.5 < z < 0.8
with Kajisawa et al. (2009) and Pérez-González et al. (2008);
at 2 < z < 2.5 with Santini et al. (2012) which could be ex-
plained by known groups at z ∼ 2.2−2.3). We also find that the
extrapolation of our MF slope is flatter than data from Santini
et al. (2012), but our sample does not reach a similar depth as
this study.

7 The MF would be shifted in density by −0.3 dex (half as many galax-
ies) and the masses would increase by 0.3 dex.

Fig. 5. Galaxy stellar mass function up to z = 4 for the full sample.
Each colour corresponds to different redshift bins of variable step size.
Fits are shown in the mass range covered by our dataset. The filled
areas correspond to the 68% confidence level regions, after accounting
for Poissonian errors, the cosmic variance and the uncertainties created
during the template fitting procedure. The open triangles and squares
correspond to the local estimates by Moustakas et al. (2013) and Baldry
et al. (2012), respectively.

Fig. 6. Galaxy stellar mass function up to z = 4 for the star-forming
population (top panel) and for the quiescent population (middle panel).
Symbols are the same as Fig. 5. The bottom panel shows the percentage
of quiescent galaxies as a function of stellar mass in the same redshift
bins.

We derive the stellar mass density by integrating the best-fit
double Schechter functions over the mass range 108 to 1013M⊙.
Since our mass limits are above 1010M⊙ at z > 2 (see Table 2),
our mass density estimates rely on the slope extrapolation for
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Ingredients: star formation histories and GMF

Main sequence SFH Observed galaxy mass functions

Ψ(z) = sSFRMS,0M∗(z)
M∗(z)
1011M⊙

⎛
⎝⎜

⎞
⎠⎟

αMS−1
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γ MS
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i= j
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Φ(M*, z j )



Ingredients: the stellar initial mass function (IMF)

⇒ M/L, SFR, SN rates, metallicity, etc

Planet-bearing SN Ia SN II



Ingredients: the stellar initial mass function (IMF)

⇒ M/L, SFR, SN rates, metallicity, etc

Planet-bearing SN Ia SN II

with results from strong gravitational lensing5, which are restricted to
the galaxies with the largest velocity dispersions (s> 200 km s21).
Finally, that some large-(M/L)stars galaxies have IMF normalizations
more massive than the Salpeter normalization is broadly consistent
with the finding from the depths of spectral features of eight massive
galaxies8 which indicate that they must be dominated by a population
of dwarf stars.

If instead the largest (M/L)pop ratios were due to stellar remnants,
our results would be consistent with indirect arguments based on the
relation between the colour of a stellar population and its fraction of
ionizing photons, suggesting an IMF slope that becomes flatter for
more massive, star-forming galaxies26,27. However, our result is dif-
ficult to compare with this result directly, owing to the large difference
in the sample selections. Moreover, these studies26,27 measure the
instantaneous IMF, when the stars are forming, whereas all previous
studies we mentioned, and the one in this Letter, measure the ‘inte-
grated’ galaxy IMF resulting from the cumulative history of star forma-
tion28 and evolutionary mechanisms that the galaxy has experienced.

The discovered trend in IMF is also consistent with previous find-
ings that the total M/L ratio in the centre of galaxies varies by a factor of
at least two more than would be expected for a stellar population with
constant dark matter fraction and a universal IMF3. Various previous
attempts could not distinguish whether the mass discrepancy was due
to non-universality of dark matter or that of IMF4–7,29. The studies were
limited either by small samples or non-optimal data3,6, or used simplified
galaxy models that could bias the quantitative interpretation of the
results4,5,7,29. We resolve both of these issues in this Letter.

Our study demonstrates that the assumption of a universal IMF,
which is made in nearly every aspect of galactic astrophysics, stellar
populations and cosmology, is inconsistent with real galaxies. Our
results pose a challenge to galaxy formation models, which will have

to explain how stars ‘know’ what kind of galaxy they will end up inside.
A possible explanation would be for the IMF to depend on the pre-
vailing physical conditions when the galaxy formed the bulk of its stars.
Although galaxies merge hierarchically, there is growing evidence that
present-day, massive, early-type galaxies formed most of their stars in
more-intense starbursts and at higher redshifts than spiral galaxies.
This could lead to the observed difference in IMF. Unfortunately, there
is no consensus among the theoretical models for how the IMF should
vary with physical conditions. A new generation of theoretical and
observational studies will have to provide insight into which physical
mechanisms are responsible for the systematic IMF variation we find.

Received 13 December 2011; accepted 13 February 2012.

1. Salpeter, E. E. The luminosity function and stellar evolution. Astrophys. J. 121,
161–167 (1955).

2. Bastian, N. Covey, K. R. & Meyer, M. R. A universal stellar initial mass function? A
critical look at variations. Annu. Rev. Astron. Astrophys. 48, 339–389 (2010).

3. Cappellari, M. et al. The SAURON project – IV. The mass-to-light ratio, the virial
mass estimator and the fundamental plane of elliptical and lenticular galaxies.
Mon. Not. R. Astron. Soc. 366, 1126–1150 (2006).

4. Tortora, C., Napolitano, N. R., Romanowsky, A. J., Capaccioli, M. & Covone, G.
Central mass-to-light ratios and dark matter fractions in early-type galaxies. Mon.
Not. R. Astron. Soc. 396, 1132–1150 (2009).

5. Treu, T. et al. The initial mass function of early-type galaxies. Astrophys. J. 709,
1195–1202 (2010).

6. Thomas, J. et al. Dynamical masses of early-type galaxies: a comparison to lensing
results and implications for the stellar initial mass function and the distribution of
dark matter. Mon. Not. R. Astron. Soc. 415, 545–562 (2011).

7. Dutton, A. A. et al. Dark halo response and the stellar initial mass function in early-
type and late-type galaxies. Mon. Not. R. Astron. Soc. 416, 322–345 (2011).

8. van Dokkum, P. G. & Conroy, C. A substantial population of low-mass stars in
luminous elliptical galaxies. Nature 468, 940–942 (2010).

9. Cappellari, M. et al. The ATLAS3D project – I. A volume-limited sample of 260
nearby early-type galaxies: science goals and selection criteria. Mon. Not. R. Astron.
Soc. 413, 813–836 (2011).

0.5

1.0

1.5

2.0

(M
/L

) st
ar

s/
(M
/L

) S
al

p

No dark matter halo

a

Best standard halo

b

Best contracted halo

c

1 2 3 4 5 6 8 12
0.0

0.5

1.0

1.5

2.0

Best general halo

d

1 2 3 4 5 6 8 12

Fixed standard halo

e

1 2 3 4 5 6 8 12

Fixed contracted halo

f

log[Ve (km s–1)] 

1.7 1.9 2.1 2.3 2.5

(M
/L

) st
ar

s/
(M
/L

) S
al

p

(M/L)stars (Mգ/Lգ) (M/L)stars (Mգ/Lգ) (M/L)stars (Mգ/Lգ)

Figure 2 | Systematic variation of the IMF in early-type galaxies. Ratio
between the (M/L)stars values of the stellar component, determined using
dynamical models, and the (M/L)Salp values of the stellar population, measured
using stellar population models with a Salpeter IMF, as a function of (M/L)stars.
The black solid line is a locally weighted scatterplot smoothed version of the data.
Colours indicate the galaxies’ stellar velocity dispersion (se), which is related to
galaxy mass. The horizontal lines indicate the expected values for the ratio if the
galaxy had (i) a Chabrier IMF (red dash–dot line); (ii) a Kroupa IMF (green
dashed line); (iii) a Salpeter IMF (x 5 22.3, solid magenta line) or one of two
additional power-law IMFs with (iv) x 5 22.8 and (v) x 5 21.5 (blue dotted line).
The different panels correspond to different assumptions for the dark matter halos
used in the dynamical models: details are given in Table 1. A clear curved relation

is visible in all panels. Panels a, b and e look quite similar, as for all of them the dark
matter contributes only a small fraction (zero in a and a median of 12% in b and
e) of the total mass inside a sphere with the projected size of the region where we
have kinematics (about one projected half-light radius). Panel f, with a fixed
contracted halo, still shows the same IMF variation, but is almost systematically
lower in (M/L)stars by 35%, reflecting the increase in dark matter fraction. The two
ellipses plotted over the smooth relation in d show the representative 1s errors for
one measurement at the given locations. We excluded from the plot the galaxies
with a very young stellar population (selected as having an Hb absorption line
strength .2.3 Å). These galaxies have strong radial gradients in their populations,
which violates our assumption that all our various M/L values are spatially
constant and makes both (M/L)Salp and (M/L)stars inaccurate.
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Ingredients: integrated galactic IMF (IGIMF)13 COMPOSITE STELLAR POPULATIONS - THE IGIMF
13.2 IGIMF applications, predictions and observational verification

Figure 35: The dependence of the logarithmic IGIMF (Eq. 66) on the SFR of a
galaxy. The IGIMF is normalised by the total number of stars such that it does
not change visibly at low stellar masses in this plot. This IGIMF has been com-
puted by adopting the canonical IMF which becomes top-heavy at embedded-star-
cluster densities ρ > 105 M⊙/(yr pc3) (Eq. 64), an ECMF with β = 2,Mecl,min =
5M⊙ and the semi-analytical mmax − Mecl relation (Eq. 12). For a given Mecl,
ρ = ( 12 Mecl/SFE) 3/(4 π r30.5) is the cloud (stellar plus gas) density, whereby a star-
formation efficiency of SFE = 1/3 and initial half-mass radius r0.5 = 0.5 pc are as-
sumed (Marks & Kroupa 2010; Dabringhausen et al. 2010; Marks & Kroupa 2012).
The thin lines are IMFs with different power-law indices, α′, for m > 1.3M⊙

(the IGIMF is identical to the canonical IMF, Eq. 55, below this mass). α′ =
1.5, 1.7, 1.9, 2.1, 2.3, 2.4, 2.6, 2.8, 3.0, 3.5, 4.0 (top to bottom), whereby the canonical
value α′ = 2.3 = α3 is shown as the thick dashed line. Thus, for example, the
IGIMF has 1.9 < α′ < 2.1 when SFR = 10M⊙/yr.
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canonical slope (Salpeter)

Weidner+ 2013

SFR-dependent

2 SOME ESSENTIALS
2.2 Discretising an IMF: optimal sampling and the mmax-to-Mecl relation
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Figure 1: Stellar IMF (dN/dm) vs. stellar mass (m) for a Mecl = 149.97M⊙ cluster.
The thin dashed line is the analytical canonical IMF (Eq. 55). The thick histogramm
is a population of individual stars generated according to Optimal Sampling (Eq. 9),
starting with mmax = 12M⊙ (Eq. 12). The optimally sampled population contains
322 stars. The mass-dependent bin width is chosen to ensure that ten stars are in
each bin. The thin dashed histogramm is a population of stars chosen randomly from
the IMF using the mass-generating function (Sec. 2.3) with Mecl = 150.22M⊙ being
reached without an upper limit (mmax = ∞). This population contains 140 stars. The
same bins are used as in the thick solid histogramm. Note how Optimal Sampling
perfectly reproduces the IMF while random sampling shows deviations in the form
of gaps. Which is closer to reality (remembering that observational data contain
uncertainties that act as randomisation agents)?
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IMF of a single star cluster IMF of a whole galaxy

(star cluster MF)ξecl (M ecl )∝M ecl
−β

ξIGIMF (m,t) = ξ(m ≤ mmax (
Mecl,min

Mecl,max (SFR(t ))

∫ M ecl ))ξecl (M ecl )dM ecl



Ingredients: quenching and metal enrichment

Closed box + IGIMF recovers 
observed mass-to-light ratios

gas mass

SFR

gas metallicity

SFE } 2-SFM framework

Mg (t > tg ) = Mg (tq )− Ψ(t ')dt
tq

t

∫
Ψ(t > tg ) = ε(t − Δt)Mg (t − Δt)

Zg (t > tg ) = Zg (tg )− y ln
Mg (t)
Mg (tq )

⎛

⎝⎜
⎞

⎠⎟

logε(t) = (1− β2 )logΨ(t)−α 2

logMg (tq ) =α 2 + β2 logΨ(tq )



Ingredients: morphological evolution

(e.g., van der Wel+ 2014)

Passive

SF

time

transition to thin disk after peak SF (Lehnert+ 2014)

quenching



trec = ∞

rIa = 0.3 pc 
rII  = 0.5 pc

Ingredients: supernovae

SNRII(t) = Ψ(t) mφ(m,t)dm
8

mmax∫ SNII rate

SNRIa (t) =ηWD m Ψ( ′t )φ(m, ′t )d ′t dm
τ Ia+tMS(8)

t

∫mmin

8

∫ SNIa rate

Virr (t) = H(trec − t)
SNRIa (t)

rIa
3

re
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Ingredients: planetary distribution function

                       


Cutoff at 0.1×Z☉ (e.g., Johnson & Li 15)


Habitable zone (Kopparapu+13)


main sequence stars with ≥1 Gyr (late heavy bombardment, etc.)


Orbital period distribution T-β, β = 0.74 (e.g.; Cumming+08, Bonavita+12)


stellar evolution prescription (Hurley, Pols & Tout 2000)


case 1
case 2

fTerrestrial (Z ) =
0.4 × (Z / Z⊙ )

α

0.4 − 0.03× (Z / Z⊙ )
α

+

+

+

+

+

wh (m,Z,t)∝ fT(Z )H(1.5 −m) P(r,m)βP dP
dr
dr

rh ,i (m,Z ,t )

rh ,o (m,Z ,t )

∫

edges of the HZ



Galaxy habitability

h =
(1−Virr (t))Ψ(t) mφ(m,t)H(tMS(m)− t)wh dmdtmmin

1.5

∫0

tz−tmin∫
Ψ(t) mφ(m,t)H

mmin

mmax∫ tMS(m)− t( )dmdt
0

tz∫
Evolution with redshift As a function of mass at z=0

• total: plateau since z~1


• SF: leveling off at z~0.5

• maximum at ~4×1010 M☉


• effect of SN negligible

case 2
case 1



Ages of habitable planets

formation of the solar system

Age distribution at z=0



http://exoplanetarchive.ipac.caltech.edu

fT ~ 0.4-0.03×(Z/Z )α

fT ~ 0.4×(Z/Z )α 

Comparison with observations



Gould 1997

Ages of habitable planets

• variable delay time tmin


• habitable for t > tmin


• include {rSN=8 pc, trec = 50 Myr}

Occurence rate of Earth-analogues



Gould 1997

Ages of habitable planets

• variable delay time tmin


• habitable for t > tmin


• include {rSN=8 pc, trec = 50 Myr}

Occurence rate of Earth-analogues

‘‘Civilizations’’



Some numbers

- 0.65-0.8% of stars can be expected to have a terrestrial planet  

   in their HZ ⇒ ~2×109 in the Milky Way


- most habitable planets orbit K & M stars (caveat) 
 

- median age of stars hosting habitable planets: 6 Gyr in disks

                                                                              9.5 Gyr in ETGs


- civilizations in the observable universe: NMW×109-0.22(Δt/Gyr)

                                                                  ~108 if we are representative


- if we are unique in the MW: Pus < 7×10-10

                                                       or

                                                 Δt > 8 Gyr

(Gobat & Hong, A&A, 592, 96)



and remember to check the planning office regularly.
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