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Abstract

Previous studies of the Galactic Habitable Zone have been concerned with
identifying those regions of the Galaxy that may favour the emergence of complex
life. A planet is deemed habitable if it meets a set of assumed criteria for
supporting the emergence of such complex life. In this work we extend the
assessment of habitability to consider the potential for life to further evolve to the
point of intelligence — termed the propensity for the emergence of intelligent life,
1. We assume ¢ is strongly influenced by the time durations available for
evolutionary processes to proceed undisturbed by the sterilising effects of nearby
supernovae. The times between supernova events provide windows of
opportunity for the evolution of intelligence. We develop a model that allows us
to analyse these window times to generate a metric for ¢;, and we examine the
spatial and temporal variation of this metric. Even under the assumption that long
time durations are required between sterilisations to allow for the emergence of
intelligence, our model suggests the inner Galaxy provides the greatest number of
opportunities for intelligence to arise. This is due to the substantially higher
number density of habitable planets in this region, which outweighs the effects of
a higher supernova rate in the region. Our model also shows that ¢y is increasing
with time. Intelligent life emerged at approximately the present time at Earth’s
galactocentric radius, but a similar level of evolutionary opportunity was available

in the inner Galaxy more than 2 Gyr ago. Our findings suggest that the inner



Galaxy should logically be a prime target region for searches for extraterrestrial
intelligence, and that any civilisations that may have emerged there are potentially

much older than our own.
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1. Introduction

Recent studies of the habitability of the Milky Way galaxy have given rise to the
notion of a Galactic Habitable Zone (GHZ), defined as the region(s) of the Galaxy
that may favour the emergence of complex life (Gonzalez et al., 2001;
Lineweaver et al., 2004; Gowanlock et al., 2011). This work has been motivated
largely by the combined result of exoplanet detections (Perryman, 2012) and the
discoveries of numerous extreme conditions under which life is found to thrive on
the Earth (Rothschild and Mancinelli, 2001; Cavicchioli, 2002). Together they
suggest that there may be many habitable planets in the Milky Way. The idea of
the GHZ arises because, due to various underlying factors, life-supporting
habitable planets are not distributed uniformly throughout space and time. The
building blocks of terrestrial planets are elements heavier than Helium, so
sufficient time is required for these elements to form through stellar
nucleosynthesis.  Planets should also not occupy environments with a high
frequency of transient radiation events, such as supernovae (SNe), that may
endanger the long-term survival of complex life. Thus, the properties of the
Milky Way and its stellar population will drive the regions where we may expect

life to thrive on long timescales.

The motivation for the current work is to investigate how and to what extent

consideration of the GHZ can assist in developing effective strategies for the



search for extraterrestrial intelligence (SETI). In this work we make an
underlying assumption that intelligence (and potentially a technological
civilisation) can emerge on a habitable planet, given time. Although we currently
know of only the one example where this occurred on Earth, this is nonetheless an
evidence-based assumption. The factors influencing the evolution of intelligence
are not currently well understood. There is an ongoing scientific and
philosophical debate as to whether its occurrence on Earth is an unlikely fluke (as
advocated by contingency theorists such as Gould (1989) and Lineweaver
(2005)), or may be inevitable (given sufficient time) in any habitable environment
where life has originated (as defended by Cirkovié (2012)). We take no side in
this debate, contending that the rationality of conducting SETI does not depend on
the number of potential target civilisations (a point also made by Cirkovi¢). The
probability of intelligence emerging in the Galaxy is clearly non-zero, and this is
sufficient to conclude that other intelligences are possible, which in turn is
sufficient justification to perform the SETI experiment. We concern ourselves
only with the relative propensity for intelligence to emerge in different
places/times in the Galaxy. This can tell us nothing about the absolute number of
artificial sources of electromagnetic radiation we can expect to exist in the
Galaxy, only which are the preferential directions to point our telescopes to
maximise the chances of a detection. In formulating a metric for this relative

propensity we make no assumptions concerning the processes/causes/pressures



involved in the evolution of intelligence, other than making the weak (self-
evident?) assumption that any event that takes time to happen will be more likely
to happen if more time is available. Specifically we examine only the general
pre-conditions for intelligence that are known to have applied on Earth, and make
the assumption that planets offering similar pre-conditions will make the
evolution of intelligence possible on that planet. The more such planets, and the
more time is available on those planets for evolutionary processes to proceed
undisturbed, the greater will be the level of opportunity for intelligence to emerge.
No matter how likely or unlikely the emergence of intelligence, it must surely be

more likely where it is given more opportunity.

Early efforts to understand and quantify the potential for life and intelligence to
arise throughout the Galaxy included the work of Drake in the 1960s,
encapsulated by the “Drake equation” (Drake, 2003). However, the equation
does not take account of the evolution of the physical properties of the Milky
Way. The factors of the equation do not have a temporal dependence (Cirkovié,
2004) or deal with the inherent parameter uncertainties through the application of
probability distributions (Maccone, 2010; Glade et al.,, 2012). In terms of
temporal considerations and the prioritisation of spatial search regions, the Drake

equation can, therefore, provide little guidance to SETL.



The temporal and spatial aspects of galactic habitability were first quantified by
Gonzalez et al. (2001), and later expanded to include dangers to the formation and
habitability of terrestrial planets by Lineweaver et al. (2004), and then studied
using a Monte Carlo simulation on the resolution of individual stars by
Gowanlock et al. (2011). A comparison between the habitability of the Milky
Way and M31 was made by Carigi et al. (2013). For an alternative perspective on

these studies, see Prantzos (2008).

The model described in Gowanlock et al. (2011) considers the stellar number
density distribution and formation history of the Galaxy, planet formation
mechanisms and the hazards to planetary biospheres as a result of supernova (SN)
sterilisation events that take place in the vicinity of the planets. Based on
timescales taken from the origin and evolution of life on Earth, the model
suggests large numbers of potentially habitable planets may exist in our Galaxy
(at least 1.2% of all stars in the Milky Way potentially host a habitable planet),
with the greatest concentration likely being towards the inner Galaxy. This
approach addresses the emergence of complex life (specifically land-based animal
life), but it does not consider intelligence or the type of technological civilisation

that can be detected by SETL

Recent efforts to quantify the emergence of intelligent communicating

civilisations within the Galaxy include Forgan (2009), Forgan and Rice (2010)



and Hair (2011). The former two papers describe a Monte Carlo method to
stochastically evaluate if individual habitable planets reach a technological
civilisation. They consider the impact of resetting events, albeit using a
simplified model where resets occur at regular intervals. Their framework is very
useful for understanding the constraints (both temporal and spatial) facing SETI.
Hair (2011) models the absolute time of appearance of intelligence by means of a
Gaussian distribution and proceeds to analyse the inter-arrival times of successive
civilisations. Again, the findings provide useful insights into the cotemporality
challenge of SETI. However, the model of Hair (2011) does not take into account
the spatial and temporal variations of conditions conducive to the emergence of
intelligence — a limitation also noted and discussed by Forgan (2011).
Furthermore, in both models, the parameters assigned to their respective
probability distributions are somewhat arbitrary, which is necessarily the case
given that there is just one data point (the emergence of intelligence on Earth)

with which to calibrate the models.

Given the challenges associated with modelling the emergence of civilisations, as
described above, the goal in our work is not to estimate the absolute number of
civilisations distributed historically throughout the Galaxy, but to analyse the
relative propensity for intelligent life to arise in different regions and epochs of

the Galaxy. Relative numbers and distributions are sufficient to provide guidance



to SETI. Until a first discovery is made, arguably the most effective SETI
strategy (one that makes best use of limited resources) is to focus on those spatial
regions likely to host the greatest number of potential extraterrestrial signal

sources.

When considering potential target sources for SETI, their range must be taken
into account, as well as the type of signal one is attempting to detect. There are
essentially two distinct modes of conducting ‘electromagnetic SETI’: (1)
“eavesdropping” on unintentional leakage radiation, or (2) searching for
intentionally transmitted beacon signals (which may or may not contain
embedded information). Eavesdropping has the advantage that it does not rely on
the cooperation of the radiating civilisation. However, the range over which such
leakage radiation can be detected is limited; probably no more than a hundred pc,
even assuming the presence of powerful pulsed or monochromatic sources
(Forgan and Nichol, 2011). Therefore, eavesdropping may only be successful
within the solar neighbourhood. In contrast, an intentional beacon signal can be
highly directional and, with sufficient power, may be detectable over pan-galactic
or even inter-galactic distances (Benford et al., 2010). Detecting such a beacon
obviously relies on the existence of a beacon builder (and Earth being one of the
beacon’s targets), but it has the advantage that the higher permissible range

dramatically increases the number of potential sources within the search space.
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These considerations have led to a series of works that address potential targets
for SETI and habitable planets in light of current limitations and assumptions
regarding other potential civilisations (Turnbull and Tarter, 2003; Beckwith,
2008; Kaltenegger et al., 2010). Assuming that SETI efforts advance with time, a
body of work has been developed that considers the possibilities of technological
civilisations in the astrobiological context beyond the technical limitations of

SETI, which is the focus of the present study.

The approach adopted in the current work permits us to suggest guidelines for
SETI that are grounded in evolutionary processes such as galactic chemical
evolution, which in turn affect planet formation rates, thus avoiding approaches
that assume uniform distributions of properties throughout the history of the
Milky Way. Additionally, the self-consistent model ensures that the pressures on
complex or intelligent life from biological extinction events (SNe in this work)
are the result of the abovementioned evolutionary processes. Our objective is to
account for the regulation of habitability and subsequent opportunities for

intelligent life in the context of an evolving Galaxy.

Following this introduction, Section 2 describes the simulation model and
analysis methodology. First, we provide an overview of the Monte Carlo
simulation model of Gowanlock et al. (2011) on which the current work is based,

including how trial planet populations are generated and how habitability is
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assessed. We then describe how this model is extended to assess the propensity
for the emergence of intelligence (denoted ¢;) and the method of creating a metric
for ¢1. Section 3 presents our results on the spatial and temporal variation of this
metric and discusses their significance, with particular reference to SETI. Finally,

Section 4 concludes the paper with a summary of our findings.

2. Methodology

2.1. Monte Carlo Habitability Model

The starting point for the present study was the model of the Milky Way
developed by Gowanlock et al. (2011). In that model, various major observable
properties of the disk of the Milky Way were used to populate stars and planets on
an individual basis using Monte Carlo methods. To assess habitability, they
modelled SNe as a function of the properties of the Milky Way, planet formation,
and the time required for the emergence of complex life. Their modelling of the
galactic disk incorporates a total stellar mass, an initial mass function (IMF), a
three-dimensional stellar number density distribution, a star formation history,
and a galactic chemical evolution model. They only consider disk stars with
galactocentric radii greater than 2.5 kpc, because of difficulties in accurately
modelling the region inside 2.5 kpc, due to the complicated formation history of

the bulge. Nevertheless, their model includes ~75% of the disk stars in the
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Galaxy, where the disk contains the majority of the stars in the Milky Way. Four
variants of the model were proposed to assess sensitivity to variations in the
parameters outlined above. In particular, two IMFs were utilised (Kroupa (2001)
and Salpeter (1955)), and two stellar number density distributions (Juri¢ et al.
(2008) and Carroll and Ostlie (2006)). A fixed total disk mass (Binney and
Tremaine, 2008), star formation history and associated galactic chemical

evolution model (Naab and Ostriker, 2006) were employed.

All the models explored by Gowanlock et al. (2011) reproduced the same general
behaviour and found that habitability was the greatest towards the inner Galaxy.
In the present study we concentrate only on the most pessimistic model (Model
4), based on a Kroupa IMF and found to have 1.2% of all stars hosting a habitable
planet (of which 0.9% are tidally-locked and 0.3% are non-locked to their host
stars). For a detailed definition of the model and its associated parameters, see

Gowanlock et al. (2011).

Transient radiation events in the Milky Way create cosmic rays, X-rays and
gamma rays, which can deplete planetary atmospheres of ozone and expose
planets to their host stars, thus causing massive extinctions to land-based life (see
Melott and Thomas (2011) for an overview of radiation hazards to our biosphere).
The Gowanlock et al. (2011) model focuses on the ability of planets to survive

SNe sterilisations. Given a total disk mass, an initial mass function, stellar
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number density distribution and star formation history, type Il supernovae (SNII)
and type la supernovae (SNIa) were populated independently, which expresses
differences in formation rates and sterilisation distances between these types of
SN. It was assumed that planets nearby these SNe (the sterilisation distances of
which reflect distributions of absolute magnitudes of observations) will be
uninhabitable for a finite time period after a sterilisation event occurs, and the

planet can recover from the event.

SNe occur throughout the Milky Way and there is even evidence of them
occurring in recent geological history. Benitez et al. (2002) suggests that ~2 Myr
ago a SN caused significant damage to the Earth’s ozone layer, which had an
effect on the extinction of ocean life at the Pliocene-Pleistocene boundary.
Furthermore, Bishop and Egli (2011) suggest that ~2.8 Myr ago, the Earth was
nearby a SN, as evidenced by ®°Fe in deep sea crust. In line with Gowanlock et
al. (2011), we focus on SNe, which we assume to be the dominant danger to

habitability.

Gowanlock et al. (2011) found that the highest density of habitable planets occurs
in the regions with the highest stellar densities, and consequently highest
frequency of SN events. As with other previous works on the habitability of
galaxies (Lineweaver et al., 2004; Prantzos, 2008; Carigi et al., 2013), they did

not account for stellar kinematics such as radial mixing, or oscillations above and
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below the midplane that may lead to varying levels of exposure to cosmic rays
(Medvedev and Melott, 2007), on the basis that such motions were expected to
have an insignificant overall negative impact on the fraction of habitable planets.
Gowanlock et al. (2011) did not find a region in the Milky Way that was
continuously sterilised, or sterilised at a sufficiently high frequency that planetary
systems traveling through such a region would have a high probability of
becoming sterilised. Should such a region have existed, then incorporating stellar
motions above and below the midplane would have a greater impact on the
results. Consider that a star above or below the midplane that passes through it
would be entering a region where there is a higher density of habitable planets
(and hence cannot be significantly more hazardous to habitability). Therefore,
oscillations above and below the midplane are unlikely to significantly decrease
habitability, especially since oscillations of this type result in those stars still
spending the majority of their time above or below the midplane. If such vertical
stellar oscillations had been considered in Gowanlock et al. (2011), the mixing
would have produced a degree of averaging in the results for habitability above

and below the midplane, slightly weakening the observed trends.

Gowanlock et al. (2011) populate the stars in their model by assigning each one a
birth date, main sequence lifetime, and metallicity from the galactic chemical

evolution model and star formation history, which assumes an inside-out



15

formation history of the Milky Way. The metallicity-planet correlation of Fischer
and Valenti (2005) was used, in combination with the population synthesis
models of Ida and Lin (2005), to assign habitable planets to host stars in the

model.

The timescales in Earth’s history were adopted to calculate whether a planet is
habitable. This is arguably the most speculative assumption in the model, as there
is only the Earth’s pathway to complex (and intelligent) life to suggest such
conditions on other planets. In light of focusing on dangers caused by SN events
to planetary biospheres, and in particular, atmospheric ozone depletion, the focus
is on the timescales for the build-up of ozone on the Earth. The notion of
planetary oxygenation time is adopted from Catling et al. (2005), which proposes
that, on Earth, a continuous duration of oxygenation is required for the emergence
of complex life. Gowanlock et al. (2011) assumed that: 1) any sterilisations that
occur on the planets populated in the model before the ozone layer forms (this
was approximately 2.3 Gyr ago on Earth) have no effect on habitability (since any
life at this stage is assumed not to be surface-dwelling), and 2) the emergence of
complex life requires a sufficient time period isolated from sterilisation events to
allow for sufficient oxygenation for the emergence of complex life. Therefore, if
a SN occurs within a threshold distance of d pc between the time period that the

ozone formed and the period afterwards that is required for the emergence of
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complex life, then this has a resetting effect, and the planet must remain

unsterilised for a time period before it is considered habitable.

In Gowanlock et al. (2011) the authors used the work of Gehrels et al. (2003) who
find that a SNII will deplete the ozone layer and have a sterilising effect on
planets at a distance of < 8 pc. The 8 pc distance was assumed to be just
sufficient to sterilise a planet. Using the absolute magnitudes of SNII and SNIa
events, a distribution of sterilisation distances was developed to reflect the notion
that different magnitude events can occur, leading to varying sterilisation

distances.

For SNII, d was selected from a probability distribution within the range of ~2-27
pc, and within the range ~14-27 pc for SNIa. FIG.1 shows an illustration of the
timescales that demonstrate the interrelationship between sterilisations and the
major events in Earth’s history used to calculate the habitability of a planet in the
model of Gowanlock et al. (2011). Note that region (C) in FIG.1 — the time after
a planet becomes habitable — is the focus of the present work in extending the

modelling to include the evolution from complex to intelligent life.

2.2. Gap Time Analysis
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The methodology described above for assessing habitability is based on
identifying planets that provide conditions conducive to the evolution of complex
land-based animal life. We assume that this represents the starting point for
further stages of evolution that could lead to the emergence of intelligent life and,
beyond that, to technological civilisations. In assessing the propensity for
complex life to further evolve to intelligent life, ¢, our fundamental assumption is
that time is the primary barrier to this process. We reason that environmental
conditions, at least at the beginning of the process, are favourable, given that they
were deemed suitable for complex life to develop. We then consider the time
period beyond that needed for the appearance of complex life to see whether
sufficient time is available for further evolution to intelligence. We assume that
this process would be disrupted by any nearby SNe, i.e. if a SN occurs before
intelligence is reached, the process is reset. The time durations between such SNe
are referred to as gap times, and we assume ¢y is strongly dependent on the
number and length of these gap times. Without proposing a specific relationship
between gap time length and its effect on ¢, we suggest it is a reasonable
assumption that longer gap times will provide greater opportunity for the

emergence of intelligence.

Our analysis of gap times follows essentially the same methodology as employed

by Gowanlock et al. (2011), but with an extended parameter range for the time
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duration between SNe. The goal was to assess whether these additional time
requirements for the evolution of intelligence would alter the basic findings of
Gowanlock et al (2011), i.e., to investigate the extent to which the regions of
greatest propensity for intelligence corresponded to regions of greatest
habitability (as defined for complex life). On Earth the evolution from complex
life to intelligence took just under 0.6 Gyr. Rather than apply this single figure,
we acknowledge the lack of understanding of how the process works (and hence
how long it typically takes) by considering a range of durations. As will be
explained in Section 2.3, our metrics are based on cumulative gap times
conditioned on a variable threshold value ranging from 0 to 2 Gyr. We prefer this
approach over assigning a specific probability distribution to the time required for
intelligence to emerge for two reasons: (1) we have insufficient data to
meaningfully ascribe a shape or mean value to this distribution, and (2) there are
potential sensitivities that may be revealed by our model that could be masked by

the averaging effect of applying a distribution.

At this point it is important to note that, if a planet is assessed as “habitable”, it
does not mean that it will definitely become inhabited by complex life — only that
conditions are favourable for this to happen. Likewise, if there is a long gap time
between SNe on a habitable planet, it is not assured that intelligent life will

emerge — only that this becomes a possibility. In this work we do not attempt to
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quantify the percentage of planets that give rise to intelligence. We seek to
produce a metric for ¢; that allows analysis of the relative likelihood of
intelligence emerging in different regions and epochs of the Galaxy. A
conservative position would be to assume that complex or intelligent life may
only be able to arise on a small fraction of habitable planets. The opposite
position would be that it is likely to arise on the majority of habitable planets.
Either assumption, or any in between, can be made without affecting the veracity

of any conclusions drawn from analysing relative propensities.

FIG.2 illustrates how gap times are related to the major events in a planet’s
timeline. For the illustrative example given, there are three gap times, labelled
GAP;, GAP, and GAP;. GAP; is the time from the formation of a complete
ozone layer to the first of two SNe, SN;. GAP; is the time between SN; and SN».
GAP; is the time from SN, to the present (or equally, death) time of the example
planet. For the emergence of complex land-based animal life, we assume the
same timeframe as observed on Earth, i.e. 1.55 Gyr. Where a gap time exceeds
1.55 Gyr, this provides an opportunity for further evolution to intelligent life. In
the example of FIG.2, there are two such opportunity times, To, which we may
calculate as 7o, = (GAP, — 1.55) when GAP,> 1.55, and zero otherwise. Since
GAP; is less than 1.55 Gyr, there is assumed to be no opportunity for the

emergence of complex or intelligent life during that interval and hence 7o, = 0.
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The Monte Carlo simulation described in Section 2.1 provides a hypothetical
population of planets, along with pertinent data for each planet, including its
location coordinates, birth/death dates and a list of dates the planet was sterilised
by SNe. Locations are specified by x, y and z coordinates relative to the galactic
centre, as shown in FIG.3. The x and y coordinates define the position projected
onto the galactic midplane, and z is the height above (when positive) or below
(when negative) the midplane. The galactocentric radius, r, is given by (x* +
)2 We elected to work with a subset of the entire galactic dataset to take
advantage of azimuthal symmetry, specifically a 15° sector of the full 360°
dataset, as illustrated in FIG.3. Even with this fraction, our model included in
excess of 70 million planets; sufficient to allow statistical sampling errors to be
ignored, and to be able to safely assume that the chosen 15° sector would produce
the same results as any other 15° sector. The metrics generated from this dataset

(as described in Section 2.3) were scaled by a factor of (360/15) to obtain results

representing the entire Galaxy.

From the planet dataset one can assess which planets are habitable (according to
the criteria set by Gowanlock et al. (2011)), and additionally calculate the gap
times experienced on each habitable planet. For some planets, no gaps exceeding
1.55 Gyr occur; for others, one or more such gaps occur. We treat multiple gaps

on a single planet in an equivalent way to single gaps on multiple planets, i.e. as
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independent opportunities for life to evolve. The total number and length of all
gap times for all habitable planets produced by the simulation are accumulated,
binned according to spatial location and temporal epoch, from which further

analysis can be conducted.

2.3. Propensity Metric

We are primarily interested in examining how the propensity for the emergence of
intelligent life, ¢, varies as a function of spatial location and epoch within the
Galaxy. To investigate this, we create a metric for ¢; and observe, for our
simulated planet population, the variability of this metric over time and as a

function of 7 and z.

A straightforward metric, which we term ¢y, is the accumulated sum of all
opportunity times, 7o,, for the planets existing within a specified spatial bin. (For
a single planet, this would correspond to summing the lengths of time represented

by the grey shaded regions in FIG.2.) That is,

Pw(ry) = z Ton
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where r; is the centre value of the j™ spatial bin. For example, if the data is binned
according to galactocentric radius using bins of width w, then the radius range

corresponding to rj is [(r—w/2) < r <(rjtw/2)].

This method of computing ¢y, is equivalent to assuming a uniform probability
distribution for the required time for intelligent life to emerge. That is, the
required time is assumed to be a uniformly distributed random variable, hence the

total probability will be proportional to the total cumulative time.

A variation for computing ¢y, involves setting a threshold time, Tiyesn, for the To
values, and only those 76> Tiresn are included in the summation. For example,
the rise of animal life on Earth occurred when the planet was ~4 Gyr old and it
was a further ~0.6 Gyr for the rise of intelligent life. If we assume these
timescales, i.e., that 0.6 Gyr is the minimum time for intelligence to emerge after
a planet can support complex life, then only those 75> 0.6 Gyr are included in the

summation.

We do not know the precise relationship between the value of 7o and the
probability that intelligence will emerge during a time window of that length. It
seems likely that the process of evolving intelligence requires a number of
essential sub-processes, each occurring in sequence and each having its own

specific time-distribution. This assumption is made by Carter (2008) and Forgan
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(2009). If this were the case, the overall time to achieve intelligence would be a
random variable with a distribution approaching Gaussian (following the Central
Limit Theorem)'. The uniform and Gaussian models for the probability
distribution of the time for evolving intelligence are illustrated in FIG.4.
Although the Gaussian model may be more appropriate than the uniform model, it
has the difficulty that we do not know the scale factor on the time axis. We do
not know where the mean of the distribution lies relative to the 0.6 Gyr that was
required on Earth. The three example Gaussian distributions in FIG.4 (‘Gaussian
a’, ‘Gaussian b’ and ‘Gaussian ¢’) illustrate alternative timescales. If ‘Gaussian a’
was an accurate representation, this would suggest that intelligence arose late on
Earth. Conversely, if ‘Gaussian ¢’ was an accurate representation, this would
suggest that intelligence arose early on Earth. Without a calibrated timescale, we
cannot assess the sensitivity of ¢r to changes in 7. For example, if typical 7o
values are to the left of the Gaussian bell-curve, then a small incremental increase
in 7o will result in a large increase in ¢;. However, if the 7, are to the right of the
bell-curve, then an incremental increase in 7o will have little effect on ¢.
Because of these uncertainties, there are difficulties in developing a ¢; metric that

derives from a Gaussian (or any non-uniform) distribution. Furthermore, if we

" Given that evolutionary sub-process times are all positive random variables, it may be
more accurate to model the distribution of the sum of sub-process times using the log-
normal distribution. Regardless, for a large number of sub-processes, the log-normal

distribution will converge towards Gaussian.
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accept the premise that time is the primary determinant for ¢;, then a ¢ metric
based on the summation of available time is not unreasonable. Therefore, we
elect to employ the uniform propensity metric, ¢, when generating the results
reported in Sections 3.1, 3.2 and 3.3 below. Additionally, in Section 3.4, we
propose an alternative method of analysis that obviates the difficulties of having
to make any assumptions regarding the probability distributions for the time
required for the emergence of intelligence. That methodology and its results are

described in Section 3.4.

3. Results and Discussion

3.1. Propensity Metric — Uniform Model

For the uniform model described in Section 2.3, the propensity for intelligent life
is modelled as being proportional to total opportunity time, i.e., the sum of all 7
> Twresh- FIG.5 presents the results for ¢y, for five alternative values of Tinresh Over
the radius range 2.5 to 15 kpc. The vertical axis represents the radial density of

¢, 1.€., @, per parsec of radius.

The results exhibit two main features:

1. For all values of Tinresh, @1 1S greatest towards the inner disk of the Galaxy;

and
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2. For all radii, ¢y, tends to decrease as Tinresh 1S increased.

The first observed feature is consistent with the trends in habitable planet density
reported in Gowanlock et al. (2011). To assess whether this result simply tracks
the habitable planet density, we also examine the average of ¢, per habitable
planet, which has been plotted in FIG.6. It is seen that the average propensity
does indeed vary with radius, displaying a region of maximum average propensity
between about 6 to 10 kpc. At smaller radii the average propensity is marginally
lower, which can be attributed to the higher rate of SN events. At larger radii
there is a rapid decline in average propensity, which can be attributed to the
reducing average age of habitable planets with increasing ». This in turn is due to
the later epochs at which the critical metallicity for habitable planet formation
occurs with increasing . (The variation of ¢p, with epoch time is discussed
further in Section 3.5). Despite the variations in average propensity per planet,
the overall favourability of the inner Galaxy, as seen in FIG.S5, is due to the sheer

number of habitable planets predicted by the model in this region.

The results of FIG.5 suggest ¢r, will peak at some radius less than 2.5 kpc (but
assumed to be greater than zero due to the proximity of the central black hole).
The precise location of the peak cannot be determined as it lies beyond the lower
radius range of our model. However, the basic conclusion of the favourability of

the inner Galaxy is not altered by the precise location of the peak; only the
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definition of “inner”. Were the model of Gowanlock et al. (2011) to be extended
in future to lower radii, the analysis of this paper could be repeated to provide a

closer bound on the radius of peak propensity.

The second observed feature in FIG.5 — the consistent reduction in ¢y, with
increasing Tiesh — 18 predictable, given that larger values of Tinesh permit fewer 7o

to be included in the metric summation.

For reference, we have marked on FIG.5 the circumstances that hold for the Sun
and Earth (i.e. » = 8 kpc and Tiwesh = 0.6 Gyr). The value of ¢p, for these
parameters is ~35,000 Gyr per radial parsec. This is the aggregated propensity for
all habitable planets occupying an annular ring of 1 pc width, at a galactocentric
radius of 8 kpc (noting from FIG.6 that the average ¢y, per planet is ~1.1 Gyr in
this region). It is seen that for lower radii, the density of ¢y, per radial parsec is up
to 4 to 5 times higher. This is due to the higher number density of habitable
planets in this region, rather than the average ¢, per planet (which we see from
FIG.6 is ~0.9 Gyr in this region). This may be interpreted as follows: we know
that intelligent life can arise (it has arisen at least once) at 8 kpc, and there should
be an even greater chance that it has arisen in regions closer to the galactic centre.

This is seen even with larger Tinresh assumptions, up to 2 Gyr.
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A different approach to examining the propensity for intelligence was taken by
Forgan and Rice (2010) using the Rare Earth hypothesis framework. They also
found that the inner Galaxy should have the greatest number of intelligent
civilisations. Despite major differences in model assumptions and goals between

this work and theirs, the overall conclusions are in general agreement.

3.2. Propensity Above and Below the Midplane

We now consider the variation of ¢y, in two spatial dimensions: » and z. We
present the results in the form of contour maps, which show » on the horizontal

axis, z on the vertical axis, and a colour-coding of ¢y, in the plot.

FIG.7 shows the ¢y, contour maps for five values of Tinresh, ranging from 0 to 2
Gyr. A logarithmic scale is used for the colour-coding, allowing greater detail to
be seen in regions where the ¢y, values are low. Each contour map represents a
cross-sectional view of the Galaxy, approximately to scale. The figure illustrates
that, for Tinresn values of 0, 0.3 and 0.6 Gyr, the inner Galaxy has the highest ¢y, at
the midplane, as ¢, is dominated by the number of planets in the region. For
these Tinresh Values we see the influence of SN sterilisations between » =~ 5 to r = 9
kpe, where ¢y, is slightly higher above and below the midplane at these radial

positions. For Tiesh = 2 Gyr, which assumes that the timescale for the rise of
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intelligence is more than three times that experienced on Earth, from 2.5 kpc to

~12 kpc, ¢, is always greater above and below the midplane.

We know that intelligent life has arisen at least once at » = 8 kpc near the galactic
midplane, and there should be an even greater chance that it has arisen in those
regions that are shown as “hotter” on the contour map, such as closer to the
galactic centre. Furthermore, if intelligence typically takes longer to arise than it
has on Earth, the model suggests SETI should prioritise targets above and below
the midplane at our radial position and towards the inner Galaxy. However, if
intelligence takes roughly the same time as it has on the Earth, or less, then the

model suggests SETI should target the midplane of the inner Galaxy.

3.3. Propensity Expressed in Galactic Coordinates

For SETI it is instructive to consider how ¢y, varies as a function of the pointing
direction of Earth-based telescopes, specifically the variation of ¢, over galactic
coordinates. We show this in FIG.8, where ¢y, (for the Tinesh = 0.6 Gyr case) has
been plotted as a function of galactic longitude (/) and galactic latitude (b). A
logarithmic colour-coding has been used to show the total ¢, per bin of area on

the sky, where bins of approximately one square degree have been used across the
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whole sky®. The three panels correspond to range limits from the observer of 3, 4
and 5 kpc, each plotted with the same colour-coding range for ¢r,. Each panel
shows the entire sky in an equal-area sinusoidal projection, as seen from a vantage
point of » = 8 kpc and z = 0: Earth’s approximate location. As discussed earlier,
the central bulge and inner disk (» < 2.5 kpc) are excluded in our model. For this
reason, results beyond a range of 5.5 kpc from the observer are incomplete with

our model, which is why only ranges below 5.5 kpc have been shown.

FIG.8 can be interpreted as showing the relative density of potential targets per
antenna pointing as a function of location in the sky. For a range limit of 3 kpc,
the density is relatively low, because this represents a small volume of sky that
contains relatively few habitable planets. Within this range, there is a minor
advantage to observing towards the galactic centre, and slightly above or below
the midplane, consistent with our findings of Section 3.3. Increasing the range
limit to 4 kpc increases the observed volume of sky, and also includes more of the
inner Galaxy. Consequently the number of potential targets is significantly
higher. The advantage of observing above/below the midplane remains. At a
range limit of 5 kpc, the observed volume of sky is larger again and includes a

significant fraction of the inner Galaxy. The density of potential targets is clearly

? This corresponds to ~1° in both / and b at the midplane. At higher latitudes the / range

of each bin is increased to maintain roughly the same solid angle on the sky.
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the highest towards the inner Galaxy, in a region bounded roughly by |/| < ~30°
and |b| < ~15°. The advantage of observing slightly above/below the midplane
remains, but is now less pronounced, which is consistent with the fact that more
planets are now included that are closer to the galactic centre, where the highest

density was found to be on the midplane (see Section 3.3).

The implication of FIG.8 for SETI is that a compelling strategy would appear to
be a complete survey of a region of the sky centred on the galactic centre and
spanning approximately 60° of longitude and 30° of latitude. Note that the
majority of target planets in this region will be close to the galactic centre, so

. . 3
searches should focus on deliberate transmissions”.

3.4. Opportunity Time Distributions

Although the statistical relationship between T and ¢ cannot be known precisely
for the reasons discussed in Section 2.3, it is still possible to make meaningful
statements concerning relative propensities in our model. Across the numerous
habitable planets in the model, opportunities occur of varying durations, spanning

a continuum of 7y values. We create histograms of the distribution of 7o

3 As discussed in Section 1, only intentional beacons are likely to be detectable over
ranges exceeding a few hundred ly. Hence, for target sources in the vicinity of the inner

Galaxy, this requires that SETI search for beacons.



31

durations in FIG.9 for seven different galactocentric radii. A radial bin size of 50

pc is used in each case, with the bin centres as listed in the figure legend.

The first feature to be noted in FIG.9 is that shorter 7o occur more frequently than
longer 7p. The maximum count occurs at the shortest durations, and the count
decreases monotonically with increasing duration. This is expected, as the SN

resetting events make longer durations less probable.

The second feature of FIG.9 is that the 7o count for a given duration value tends
to decrease with increasing ». This is explained by the decreasing habitable planet
density with increasing ». Crucially, it is seen that the curves for each radius case
do not cross, meaning that this relationship holds for all 7o durations. That is, if
one considers a particular 7o duration, then regardless of the duration value, there
will always be a greater number of opportunities of that duration toward the inner
Galaxy. Regardless of the statistical relationship that exists between 7o and ¢,
there are always more opportunities at each duration value in the inner Galaxy, so

the overall ¢; must be higher in this region.

This has neatly allowed us to circumvent the calibration issue raised in Section
2.3. We may not be able to comment meaningfully on absolute values of ¢, but
we can make the robust assertion that ¢; values are relatively higher toward the

inner Galaxy. For example, with reference to FIG.9, the opportunity count
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corresponding to Earth’s scenario (7o = 0.6 Gyr and » = 8 kpc) is ~1,500 per
parsec. At lower radii, toward the inner Galaxy, the opportunity count is seen to
be greater than 6,000 per parsec. That is, the inner Galaxy presents more than
four times the number of opportunities (of the duration needed on Earth for
intelligence to emerge) than the region in which the Earth is located. This
provides further support for the conclusion drawn in Sections 3.1 and 3.2, i.e. that
there is a greater likelihood that intelligence will arise in the inner Galaxy than at

Earth’s radius.

A further observation from FIG.9 is that, at high radii, there is a hard cut-off in
the To distributions. Above the cut-off duration there are no opportunities for
intelligence to emerge. For example, for » = 14,525 pc, there are no opportunities
longer than approximately 1.4 Gyr. This is due to the lower age of planets at
higher radii. In the case of 14,525 pc radius, there are no planets in the model that
are old enough to provide a gap between SN events greater than (1.55 + 1.4) =

2.95 Gyr.

3.5. Opportunities By Epoch

We have seen that the abundance and duration of opportunities, as encapsulated
by our metric ¢, varies with » and z. It is also instructive to investigate how

opportunities vary by epoch, i.e. as a function of time since the formation of the
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Galaxy. In FIG.10 we plot total opportunity counts versus epoch time for six
values of 7, for the case of Tinesh = 0.6 Gyr. The horizontal axis is the time since
the formation of the Galaxy. At any point on the time axis, the corresponding
count on the vertical axis represents the total number of habitable planets on
which there is currently an “active” opportunity for intelligent life to evolve.
Each opportunity contributes to the count value at all time values during the

extent of the opportunity.

At all radii, the number of opportunities is seen to increase monotonically with
time. For smaller radii, the counts are higher due to the higher number density of
habitable planets. Each curve stays at zero for a certain duration before beginning
to rise. The time at which the rise begins is earlier at smaller radii, which is due
to the higher average age of planets toward the inner Galaxy. At higher radii the
first opportunities for the emergence of intelligence do not occur until later times,

once the planet ages reach the necessary threshold.

For all values of radius, the number of active opportunities thus far in galactic
history is at its maximum at the present time. That is, the likelihood of
intelligence emerging is right now the highest it has ever been. Furthermore, the
trend of increasing propensity will continue into the future, likely for the next few
Gyr, as the metallicity increases throughout the disk, thus supporting higher

planet formation rates. Additionally, contributing to the increasing propensity is
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the star formation rate which has not been in significant decline in the past few
Gyr, and the fact that more time is available for the development of intelligent life

on planets that currently exist in the Galaxy.

As previously mentioned, we focus on modelling planets in the galactic disk, and
have not considered the galactic bulge due to the complicated formation history
and dynamical effects that may be important to consider in this region. The work
of Jiménez-Torres et al. (2013) modelled the dynamical effects of stellar flybys on
planetary systems in discrete regions, and found that different galactic
environments may reduce the habitability of planets due to either: a) strong
gravitational interactions which may perturb planetary systems, or b) weaker
interactions that may perturb primordial material left over from planet formation,
such as Oort cloud-like objects, which may cause a flux of material to impact the
inner planets, potentially causing a mass extinction event. Since we have ignored
the galactic bulge, we have not attempted to model these effects in this work.
Stellar flybys may reduce the habitability of planets in different galactic

environments, and thus the propensity for intelligent life within the Milky Way.

We note that while we have only considered the effects of SN sterilisations, there
are other events that could decrease habitability in the near future, such as gamma
ray bursts (GRBs). Recently Piran and Jimenez (2014) have examined the impact

of GRBs on galactic habitability and conclude that, as GRBs are more likely to
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occur in the inner Galaxy and to sterilise kpc-scale regions, the outer Galaxy is a
better place to find life. We note that there are some assumptions made in their
work that will bear further analysis — specifically that Long GRBs are found
preferentially in low-metallicity dwarf galaxies, and that the assumption that the
low-metallicity members of the disk population of the Milky Way can be equated
with the low-metallicity dwarf hosts of GRBs in external galaxies may well not be
true. Moreover, their analysis ignores the significant directional beaming of
GRBs, which may allow the habitability of large regions of a galaxy in the
vicinity of a GRB to be unaffected. The rate at which GRBs occur is also
important to include, since sterilisation by a GRB is not necessarily fatal to life in
that region for the rest of Galactic history (as our simulations model for SNe
extinctions). Finally, we note that the assumption that GRB rate scales with the
stellar density is not dissimilar to the SNe rate scaling with stellar density. Our
simulations of the impact of SNe show that, despite the higher SNe rate, the best
place to search for intelligence is the inner Galaxy. The results of Piran and
Jimenez (2014) suggest that a detailed simulation of the impact of GRBs could be
a worthwhile future extension to the habitability models on which the present
work is based. However, in the absence of detailed modelling, we can be
confident in making the qualitative assertion that GRBs are unlikely to decrease
habitability in the Milky Way to levels significantly lower than those currently

experienced for two reasons: i) the frequency of such events and their destructive
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power are not sufficient to significantly inhibit the propensity for intelligence over
a large spatial extent; and ii) the general increase over time in the propensity for
intelligence (due to increasing planet age) would tend to offset the negative

impact of GRBs.

A further observation from FIG.10 is that, at the time intelligence arose on Earth
(approximately the present time), our model suggests a similar number density of
active opportunities was present in the inner Galaxy more than 2 Gyr ago. This
does not imply that other civilisations have actually emerged in the inner Galaxy,
but it does offer some insight into the potential age of any such civilisations,

should they exist.

4. Conclusions

A model has been developed to analyse the potential for the development of
intelligent life in the Milky Way; one that considers the context of an evolving
Galaxy, the formation of planets in this environment, and the occurrence of SN
sterilising events that put pressure on the ability of planets to host intelligent life.
We created a metric, ¢, to assess the propensity for the emergence of

intelligence, and we examined the spatial and temporal variation of ¢y,.
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We conclude that the inner Galaxy” across all epochs appears to have the highest
¢, as a result of the domination in this region of the number density of planets
that meet our propensity metric criteria. Even if we vary the expected time for the
emergence of intelligence to a value more than three times greater than that which
was required on the Earth, the inner disk of the Galaxy provides the greatest
number of opportunities for intelligence to emerge, despite having a higher SN
rate than all other locations in the disk. Further investigation of this relationship
suggests that planet locations slightly above and below the midplane may be more
favourable than locations precisely at the midplane between » = 5 to r = 9 kpc,
due to increased exposure to SN events. This effect is more pronounced as the
expected time for the emergence of intelligence increases. Interestingly, we find
that the average ¢, per planet at the Earth’s radial position of » = 8 kpc is greater
than the inner Galaxy. However, since there are fewer habitable planets at Earth’s

radial position, the overall value of ¢y, is still lower.

We also found that, at all galactic radii, ¢y, is increasing steadily with time. It is
presently the highest it has been in galactic history, and it will continue to rise for
several Gyr into the future. Our model provides an estimate of the number of

active opportunities for the emergence of intelligence at the present time at

* More specifically, the inner Galaxy at » > 2.5 kpec, since our model has only been

constructed with disk stars at radii between 2.5 and 15 kpc.
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Earth’s radius. It also shows that a similar number of opportunities were available
in the inner Galaxy more than 2 Gyr ago. If any civilisations have emerged in the

inner Galaxy, they may be considerably older than our own.

While the inner Galaxy has a higher overall propensity for intelligent life, as we
have defined in this study, we note that this does not imply any degree of actual
inhabitancy. The emergence of life and intelligence may be truly rare events, and
their occurrence on Earth may be a statistical outlier. It is possible that no other
form of intelligence (or life of any kind) has arisen elsewhere in our Galaxy.
However, the alternative — that life and intelligence does exist elsewhere in our
Galaxy — is also possible, and the results of this study suggest this may be the
more probable scenario. In this regard, our findings can be interpreted as
optimistic for the prospects of SETI. They also suggest a high priority should be

given to searching in the direction of the galactic centre.

Our work does not provide a means to estimate the absolute number of
civilisations that may have arisen in the Galaxy, nor the rate at which new
civilisations may emerge in the future. However, we can be confident in asserting
that the potential for intelligence to emerge is becoming greater with time. There
are likely to be more new civilisations emerging in the future than have emerged

in our past.
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FIG.1. Left: Illustration of the major timescales on the Earth used as criteria to
calculate the habitability of a planet. For a given planet in our model, we assume
that a sterilisation occurring before the formation of the ozone layer has no effect
(A), whereas a sterilisation occurring during the period of continuous oxygenation

does have an effect (B), and (C) shows the time since the rise of complex life to
the present day. Right: Employing the timescales from Earth (on the left), we

illustrate the effect a sterilisation has on a planet populated in our model. A

sterilisation in (A) has no effect, since the ozone layer has not yet formed.

However, the sterilisation in (B), shown at 2.85 Gyr, delays the possibility of

complex life until 4.4 Gyr, as it disrupts the requirement of continuous
oxygenation time. The time period (C) shows a hypothetical duration in which
complex life has not been affected by any sterilisation events after the planet is

considered habitable at 4.4 Gyr.
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FIG.2. llustrative planet timeline showing the major events from the birth (at
left) to the present (or death) time (at right), and showing how “gap times” are
calculated. In this example, there are two SNe, labelled SN; and SN,. A gap time
begins after the first formation of the ozone layer, or after an SN event. A gap
time is ended by a SN, the death of the planet, or the present day, as we do not
extrapolate beyond the age of the universe. Any gap times exceeding 1.55 Gyr
(the time assumed to be needed for the emergence of animal life) give rise to an
opportunity for intelligent life to emerge. The shaded regions represent these

“opportunity times”, 7o, which are equal to the gap time less 1.55 Gyr.
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FIG.3. The coordinate system employed in the simulation model of
Gowanlock et al. (2011) for defining planet locations relative to the galactic
centre at (x,y,z) = (0,0,0). The model generates data for the entire 360° of
“azimuth” in the (x,y) plane. To simplify processing for the present study, only a

15° subset was analysed, exploiting the model’s azimuthal symmetry.
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FIG.4. Alternative models for the probability distribution of the time taken for

intelligence to evolve from animal life. The relationship between the propensity

for the emergence of intelligent life, ¢, and opportunity time 7o is dependent on

this distribution. Shown are the uniform case and three different Gaussian cases

of differing means relative to 0.6 Gyr (the time it took on Earth for animal life to
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further evolve to
intelligent life

evolve intelligence).
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FIG.5. Propensity metric ¢y, as a function of r, for five time threshold values,
Tinresh, ranging from 0 to 2 Gyr. The vertical axis is the radial density of ¢y, i.e.,
@, per parsec of radius. For the uniform model, ¢, is modelled as being

proportional to total opportunity time, i.e., the sum of all To >Tinresh.
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FIG.6. Average of ¢y, per habitable planet as a function of 7, for five Tinresh
values ranging from 0 to 2 Gyr. The vertical axis is the radial density of the per-

planet average of ¢y, i.e., the average of ¢y, per parsec of radius.
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FIG.7. Contour map plots of ¢, as a function of  and z.  Five separate
contour maps are provided, corresponding to Tinresn Values of 0, 0.3, 0.6, 1 and 2
Gyr, respectively. A logarithmic scale is used for the colour-coding, which is

defined in the legend given at the right.
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FIG.8. Contour map plots of ¢, (for Tiresh = 0.6 Gyr) as a function of galactic

longitude (/) and latitude (b), for three range limit cases: 3 kpc, 4 kpc and 5 kpc.

Note that the longitude scale shown applies only to » = 0. The plots employ an

equal-area sinusoidal projection, where the scale of the horizontal axis varies with
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FIG.9. Histograms of 7 of differing durations, for seven specific values of r.

The vertical axis shows the number of opportunities per parsec of radius (on a

logarithmic scale) that have the duration given on the horizontal axis. The dashed

vertical line crossing the horizontal axis at 0.6 Gyr corresponds to the 7o

experienced when intelligence arose on Earth. The cut-offs are a result of the age

distribution of stars across the disk, where no planets beyond a given r can have
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FIG.10. Opportunity counts versus epoch time (time since the formation of the

Galaxy) for six cases of 7 and for Tinesh = 0.6 Gyr. At any point on the time axis,

the count on the vertical axis represents the total number of habitable planets on

Opportunity Count

which there is currently an “active” opportunity.
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