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1. INTRODUCTION

It has now become clear that human activity has al-
tered the state of the coupled Earth systems (atmo-
sphere, hydrosphere, cryosphere, lithosphere, biosphere).
There are multiple measures of human impact on these
systems including the transport of key compounds and
materials (?); the colonization of surface area (?); hu-
man appropriation of the terrestrial productivity (?) and
energy (?). Global Warming driven by CO2 emissions
represents the most dramatic example of the impact of
civilization on the planet ?.

Taken as a whole these changes in the state/behavior of
Earth’s coupled planetary systems have been described
as a new planetary/geologic epoch termed the Anthro-
pocene (?). The specifics of the long-term impact of
the Anthropocene on human civilization is difficult to
predict. These impacts are, however, accepted to have
negative consequences with assessments ranging from a
difficult adaptation to full-scale collapse (REF). Also un-
known are the requirements needed to successfully man-
age our entry into the Anthropocene and then create a
long-term sustainable version of civilization. One can
even ask if such long-term sustainable versions of civi-
lization are even possible. It is possible that the Anthro-
pocene may represent a “tipping point” in the coupled
dynamical system representing both planet and civiliza-
tion such that once the point is crossed in state space,
subsequent evolution proves detrimental to the civiliza-
tion. (?)(?).

In Frank et al. (2018) the Earth’s entry into the An-
thropocene was examined from an astrobiological per-
spective. That study asked if the situation currently en-
countered on Earth was unique. In particular, given its
global scale, might the transition represented by the An-
thropocene be a generic feature of any planet evolving
a species that intensively harvests resources for the de-
velopment of a technological civilization? This question
has direct consequences for both the study of astrobiol-
ogy and sustainability of human civilization.

Relevant to astrobiology, it is now apparent that most
stars harbor families of planets (?). Indeed, many
of those planets will be in the star’s habitable zones
(??). Tremendous effort has gone into the study of bio-
signatures, i.e. imprints a biosphere leaves on detectable
light from the planet. Recently it has been recognized
that imprints from technology created by an intelligent
civilization might be just as, or more easily detectable
(REF) as ”traditional” biosignatures. If Anthropocene’s
are a common consequence of a civilization developing on
a given inhabited world then this co-evolutionary period

between planet and civilization may effect the nature and
even existence of technosignatures. In addition if Anthro-
pocenes prove fatal for some civilizations then they can
be considered as one form of a ”Great Filter” and are
therefore relevant to discussions of the Fermi Paradox
(REF)

The possibility that Anthropocenes are common is
equally of interest to the pressing concerns about our
own immediate future. We are, essentially, without a
playbook in dealing with the planetary transition we
now face. Any understanding of generic features in
the co-evolution of planetary systems and civilizations
could be of use in charting out the possible futures
for our own efforts to navigate our own version of the
Anthropocene. Consideration from even purely model-
ing/theoretical perspectives of how techno-spheres co-
evolve with the other geospheres (the biosphere in par-
ticular) may help us understand the range and efficacy
of viable options.

The modeling framework presented in Frank et al.
(2018) was meant as a first step in studying generic be-
haviors in the interaction between a resource-harvesting
technological civilization (an exo-civilization) and the
planetary environment in which it evolves. Using meth-
ods from dynamical systems theory, a suite of sim-
ple equations was introduced for modeling a population
which consumes resources (for the purpose of running
a technological civilization) and the feedback those re-
sources drive on the state of the host planet. The feed-
backs drive the planet away from the initial state that
gave birth to the civilization. These simple models con-
ceptualized the problem primarily in terms of feedbacks
from the resource use onto the coupled planetary systems
including ”population growth advantages” gained via the
harvesting of the resources. Three models of increas-
ing complexity were explored: (1) Civilization-planetary
interaction with a single resource; (2) Civilization-
planetary interaction with two resources each of which
has a different level of planetary system feedback; (3)
Civilization-planetary interaction with two resources and
nonlinear planetary feedback (i.e. runaways). All three
models showed distinct classes of exo-civilization trajec-
tories. The first of these were smooth entries into long-
term, “sustainable” steady-states. The second class were
population booms followed by various levels of “die-off”.
Finally were rapid “collapse” trajectories for which the
population (n) approaches n = 0.

In this work we seek to take a step up in complexity
and realism compared to (REF). In particular we repre-
sent the evolution of the planetary state via an explicit



2 Savitch et al.

energy balance climate model (EBM) and take the global
temperature to be representative of that state. We then
consider the interaction between the civilization and the
planetary coupled systems to take the form form of CO2

production. This means we are explicitly considering civ-
ilization’ whose energy generation comes through some
form of combustion. As in the first paper we consider
that the use of this energy allows the civilization to in-
crease its population (via increases in the birth rate of
the population). At the same time, the feedback of the
energy use on the planetary state, now via CO2 emis-
sions, alters that state. In doing so planetary conditions
can be driven beyond what is tolerable for the function-
ing of the civilization. This is reflected in an increase in
the mortality (the death rate) of the population.

Of course, the evolution of coupled planetary systems -
the geospheres - is highly complex. In principle it should
be treated in 3-D using something like a Global Climate
Model and includes many processes and actors such as
oceans and multiple biospheric feedbacks. The computa-
tional expense of such an approach, however, would limit
the range of models we could explore. Thus current study
is meant to make a meaningful step forward in modeling
technosphere/geosphere co-evolution by making a spe-
cific assumption about energy harvesting modalities and
its feedback and use a simpler 1-D EBM to represent
climate evolution.

The plan of the paper is as follows. In section 2 of
the paper we describe the model and its assumptions. In
section 3 we describe the method used to deploy these
equations to technosphere/geosphere co-evolution and
use Earth’s recent history validate our approach. In sec-
tion 4 we present the results of a selected set of runs to
understand the dynamics found in the models. In section
5 we discuss the full suite of results describing broad pat-
terns found in the co-evolution models. Finally in section
6 we discussion the implications of our results for both
astrobiology and anthropocene studies.

2. THE MODEL

We take a dynamical systems approach to the coupled
evolution of the planet and civilization. The planet is de-
scribed in terms of its atmospheric state which is given
by its average temperature T . This state depends on the
both the influx of stellar radiation and the atmospheric
chemical composition which will change due to the activ-
ity of the civilization. In our model all the civilization’s
energy harvesting occurs via combustion. Thus we fol-
low the emission of CO2 by the civilization and changes
in its partial pressure, P = P (CO2)(t), represents the
principle change occurring in the planet’s atmospheric
composition.

We use a ”1-D” energy balance model to calculate the
temperature in latitudinal (θ) bands.

dT (θ, P )

dt
=
ψ(1−A)− I +∇ · (κ∇T (θ))

Cv
(1)

where A is the planetary albedo, κ is the latitudinal heat
transport and Cv is the heat capacity at constant volume.
The details of the model can be found in (REF). We
extract a single globally averaged temperature from 1.

In figure 1 we show the domains of our model in
(a, P (CO2)o) space. Note the at the variations of the

inner edge of the habitable zone with P (CO2)o are due
to fits in the absorption coefficients used in the EMB.
While the could be reconciled with more detailed models
the small variation imposed on ahab,inner did not effect
the conclusions of the study.

Figure 1. : Surface plot of our solar systems Habital
Zone, calculated with the EBM given by equation (1)

The dynamics of the civilization’s population, N , is
governed by the per-capita net growth rate R, which we
let vary with time (R = R(t)) and define as the balance
between the per-capita birth (A) and death rates (B). In
our simulations we assume a ”pre-technological” growth
rate.

R0 ≡ A0 −B0 =
1

N

dN

dt

∣∣∣∣
t=0

(2)

As the civilization becomes more proficient at energy har-
vesting it’s ability to produce more offspring increases. In
our model we associate the civilizations technological ca-
pacity (and hence its ability to harvest energy) with the
production of combustion byproducts. Thus we define
an enhanced growth coefficient to be a function of P rel-
ative to the initial value the civilization found the planet
in when it began its technological evolution (i,e P = P0).
Thus our enhanced growth coefficient takes the form.

R+ = R0

(
1 +

P − P0

∆P

)
(3)

Where ∆P is a normalization constant that roughly
corresponds to the amount of pCO2 that needs to be
generated by a civilization in order to double the growth
rate of the civilization. As can be seen from equation 3,
increases in technology, as measured by the combustion
products released into the atmosphere, increase the birth
rate of the civilization.

As technology produces higher P and more births
there will, eventually, be a corresponding feedback on
the planet, dictated by (1), and hence on the popula-
tion. We model this feedback via a term we denote the
diminished growth rate, which we take to be temperature
dependent.

R− = R0

(
T − T0

∆T

)2

(4)

Where T0 is the average planetary Temperature when
the civilization began and ∆T describes the range of tem-
peratures amenable to the civilization’s health. As we
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will discuss below, this term can focus on either the bi-
ology of individuals or the functioning of the civilization
as a whole.

The final governing equation for N is,

dN

dt
= min [NR+, R0(Nmax −N)]−NR− (5)

The use of the min function in equation in the equa-
tion above serves to introduce a carrying capacity (Nmax)
into the systems dynamics. Carrying capacity is a foun-
dational principle in population dynamics and without it
the civilization’s population can grow to levels that are
unrealistic based purely on food production capacities
(N > 100 billion) In the classic logistic growth model

dN

dt
= NR

(
1− N

Nmax

)
(6)

the carrying capacity appears in the second term which
functions as the death rate. In our model we chose to im-
pose the carrying capacity through the min functions to
avoid the arbitrary non-linear dependence on population
which occurs in the logistic equation. We will discuss the
behavior this produces in the results section.

Finally we model the production of CO2 via the simple
equation

dP

dt
= CN (7)

We ran a suite of over 1000 models using different val-
ues of the input parameters: Nmax, R0, ∆T, ∆P and
C.

2.1. Modeling Anthropocene Earth

In order to provide both a test and a calibration of our
model we apply to the recent evolution of the Earth and
its human population into the Anthropocene. The values
of the input parameters are shown in table 1.

It is worth noting a few points about the initial param-
eters. We chose a population temperature sensitivity of
∆T = 5K as this is representative of the range of tem-
peratures amenable to human evolution; it also acts to
quantify our civilizations ”fragility”. Also our choice for
the technology birth benefit (∆P = 30ppm) was chosen
because it is an order of magnitude approximation to the
levels of pCO2 humans thrive in. The CO2 generation
coefficient C was taken from current global conditions
while the initial birth and death rates Ao and Bo where
tuned to reproduce a best fit to the data.

The model was begun at t = 1820 CE. The initial world
population was taken to be N = No = 1.29 × 109 with
an initial CO2 partial pressure of P = Po = 284 ppm

The results are shown in Figure 2, which gives the evo-
lution of population N(t), and global mean temperature
T (t). As can be seen, the model does an excellent job
of tracking both the rise in temperature and population
during the last two centuries. B0 is the parameter we
used to tune the population part of our model. A0 was
fixed by our assumption that the average time between
births was approximately 25 years. We then adjusted
B0 in order to have our model fit the population data
we have (shown as the top plot of figure 1). Finally, we

Table 1: Input Parameters for Planet-Civilization
Model

Parameter Description Earth Value

Nmax Carrying Capacity 20 billion

R0 = A0 −B0 Initial Birth Coeff. 0.005 yr−1

∆T Population Temp Sensitivity 5K

∆P Technology Birth Benefit 30 ppm

C per capita CO2 generation 2.75 × 10−4 ppm
106ppl∗yr

adjusted the per-capita carbon footprint C in order to
match our climates response to population growth, thus
matching our global trends in temperature (shown as the
bottom plot of figure 1).

Figure 2. : Model Output (solid black line) vs Real
Global Data (dotted line)

3. ANALYTIC MODELING

Before we begin numerical integration of our equa-
tions, we first explore aspects of the solutions that can
be extracted from purely analytic considerations. In do-
ing so we see that the problem contains three intrinsic
timescales. For the population growth we have,

tg ≡
1

R0
(8)

This is the timescale for the increase in population with-
out the addition of technology. This will prove important
for thinking about how civilizations can respond to the
climate change they drive.

In order to quantify the climate response timescale,
we first need a way to quantify how changes in pCO2

affect the climate. In principle, this can be done with the
1D climate model, but would result in an unnecesarily
complicated, multi-term expression. To first order, we
can approximate the temperatures response to pCO2 by
expanding temperature in a Taylor series around pCO2.

T ≈ T0 +
dT

dP

∣∣∣∣
0

(P − P0)

We can use this first-order approximation to define the
civilizations climate sensitivity, which we denote D.

D(T ) ≡dT
dP
≈ T − T0
P − P0

(9)

Using D, we can express the timescale for the climate to
respond to population growth as,

tc ≡
∆T

CNmaxD
(10)

Note that the population climate sensitivity ∆T appears
in tc because it determines the timescale for the cli-
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mate to be driven out of the civilization’s ”safe operating
zone”. Finally, we can define a technological timescale
which describes the timescale for a civilizations techno-
logical advancements.

tt ≡
∆P

CNmax
(11)

We can use the timescales given by equation 8 and
10 in order to define a dimensionless parameter γ which
bifuracates our model into two classes of solutions:

γ ≡ tg
tc

=
DCNmax
R0∆T

(12)

Since γ is the ratio of the timescale for population
growth relative to the timescale for the climate to be
driven from its initial state, it serves as a measure of when
an ”anthropocene” can be expected. For our purposes we
define an anthropocene to be changes in climate occuring
on timescales that are short with respect to the popula-
tion own changes. The logic here is that an industrial
scale civilization is likely to involve considerable invest-
ments (i.e. sunk costs) in a particular energy-harvesting
technological infrastructure. If climate changes occur in
less than a two to three generations, the civilization will
face the challenged in making rapid shifts in their energy
harvesting infrastructure.

Thus our solutions then take two possible forms. If
γ << 1 the climate will change on timescales much longer
than a generation. Under these conditions the civiliza-
tion will have ample tome to adjust or respond to the
shifting climate conditions. Thus γ << 1 corresponds to
a civilization having a low risk for an Anthropocene. If
however γ >> 1 the climate will change on timescales
much shorter than the single generation. As discussed
above, given that civilizations will, by definition, be com-
plex systems composed of both physical infrastructure
of societal institutions, such rapid change in the climate
may provide significant challenges for maintenance of the
civilization. Thus γ >> 1 corresponds to a civilization
having a high risk for an Anthropocene.

Note we can use this conceptual framework to also de-
fine an ”anthropogenic population” (NA). This is the
value of N that yields γ = 1,

NA ≡
Nmax
γ

=
R0∆T

DC
(13)

NA can be considered the number of individuals re-
quired to force the climate out of equilibrium in a gen-
eration. Furthermore, since we have defined civiliza-
tions with high γ >> to be at high risk for an anthro-
pocene, we can equivalently say that if a civilzation has
NA << Nmax, they are also at high risk.

It is however not just the entry into an anthropocene
that matters. Even more important is how rapidly the
civilization begins to feel the effects of the climate change
they drive. Thus if we wish to define an anthropocene
as a destructive phase of evolution for the civilization (a
”bad anthropocene”) we must consider the relative speed
at which the population is adversely effected by climate
change. With our technological timescale, we can define
another dimensionless quantity

θ ≡ tt
tc

=
∆T

D∆P
(14)

Since θ is the ratio of the timescale for climate to be
driven from its initial state to the timescale for technol-
ogy to help prop up the population, it serves to quantify
how much technology helps your civilization as you are
impacting your environment. We can further use our two
dimensionless quantities θ and γ in order to define our
final dimensionless quantity

β ≡ θγ =
tg
tt

=
CNmax
R0∆P

(15)

Since this quantity is the timescale for population growth
relative to the timescale for technological advancements,
it serves to quantify how much technology props up your
population, independent of the climates response. We
can use this parameter to help us define technological
civilzations. We say that a civilization is considered tech-
nological if β > 1.

Thus, with our three dimensionless quantities and
three timescales, we now have six total classes for our
models. Since our study is aimed towards technological
civilizations, our requirement that β > 1 eliminates half
of the classes. If γ > 1, then θ can be greater or less then
one, while if γ < 1, then θ must be above one in order
to make β > 1. These three classes will be discussed in
more detail in the following section.

3.1. Dimensionless Model

Let us now consolidate our equations in order to de-
rive their non-dimensional form. We will then linearize
this system and explored it analytically. Our inputs are:
natural birth rate A0; natural death rate B0; per capita
emission rate C; birth rate temperature sensitivity ∆T ;
CO2 emission birth rate advantage range ∆P ; and carry-
ing capacity Nmax; Our model system variables are: the
population N , CO2 concentration P , and temperature
T .

dN

dt
= min

[
A0N

(
1 +

P − P0

∆P

)
, B0Nmax

]
−B0N

[
1 +

(
T − T0

∆T

)2
]

dP

dt
= CN

dT

dt
=
ψ(1−A)− I +∇ · (κ∇T (θ))

Cv

In order to linearize the climate response, we refer to our
first-order approximation (9), which is calculated using
our energy balance model as a function of orbital distance
(a) and global temperature (T ).

D(T, a) =
dT

dP
≈ T − T0
P − P0

(16)

Using this variable, we can simplify equation (1) while
also incorporating the effects of equation (5)

dT

dt
=

(
dT

dP

)(
dP

dt

)
= DCN
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Table 2: Dimensionless Model Quantities

Var Definition Description

η N/Nmax Normalized population

τ R0t Normalized time

ε (T − T0)/∆T Normalized temperature

θ ∆T/(D∆P ) Normalized Birth rate acceleration

γ (DCNmax)/(R0∆T ) Normalized forcing

Furthermore, we can use our expression for the approx-
imate climate response to express changes in pCO2 as a
function of changes in temperature...

P − P0 ≈
T − T0
D

This allows us to reduce our system of equations to,

dN

dt
= min

[
R0N

(
1 +

T − T0
D∆P

)
, R0(Nmax −N)

]
−R0N

(
T − T0

∆T

)2

dT

dt
= DCN

By dividing both equations by R0, the first equation
by Nmax and the second equation by ∆T we arrive at
our non-dimensional form

dη

dτ
= min [η (1 + θε) , 1− η]− ηε2

dε

dτ
= γη

The meaning of the various parameters are given in
table 2.

Note that we do not include any means of reducing the
CO2 in the atmosphere. While this can occur through
natural means via weather and carbonate cycles, the
relevent timescale are much longer than we are inter-
ested in here (τ ∼ 106 y). We are also not attempt-
ing to model the possible responses of a civilization to
the climate change they generate. Here we only wish
to know how broad are the conditions that can lead to
such change and detrimental impacts. In terms of our
equations this means there is no equilibrium for the tem-
perature except for the trivial one of the absence of a
technological civilization (η = 0). Also, because of the
min function, the population will peak in one of two sce-
narios we describe in the section.

3.2. High carrying capacity (γ >> 1)

If γ >> 1, the carrying capacity is large enough that
anthropogenic forcing of the climate can push tempera-
tures far from their initial equilibrium. This can increase
the death rate to the point where population growth
halts. In this limit, the population growth rate η (1 + θε)
never exceeds the maximum growth rate β, and we can
solve for how far the climate is pushed out of equilibrium
when the population peaks.

dη

dτ
= η

[
1 + θε− ε2

]
= 0

→ εc =
θ

2
+

√
1 +

(
θ

2

)2

We can also find the time scale for the population to
decline after it reaches its peak. This is particularly im-
portant because if the decline is fast compared with the
generational timescale we possible, once again, that the
civilization will be unable to maintain the complex sys-
tem required for its function.

d2η

dτ2

∣∣∣∣
εc

= η
dε

dτ

∣∣∣∣
εc

[θ − 2εc]

In the case of high γ, we expect the population to begin
to decline before reaching its carrying capacity, as the
environment continues to increase at an exponential rate.
Thus, in the case of high gamma, at the time when the
population begins to turn over, the rate of the increasing
temperature is approximately equal to its value..

dε

dτ

∣∣∣∣
εc

≈ εc

Thus we can define a collapse time τcoll based on the
second acceleration of the population decline.

τcol = −
√

η
d2η
dτ2

=
[
2ε2c − θεc

]−1/2

This timescale can be further broken down into cases
of high θ and those of low θ. For high θ (θ >> 1),εc → θ,
thus

τcol →
1

θ

Similarly, for low θ (θ << 1), εc → 1, thus

τcoll →
1√
2

Putting those two cases together gives is an expression
for the collapse timescale for high gamma.

τcol =
1

max(
√

2, θ)
(γ >> 1) (17)

3.3. Low Carrying Capacity (γ << 1)

On the other hand, if the forcing γ is small,the popu-
lation can reach the carrying capacity without impacting
the climate. In this regeme we expect η → 1 while ε ∼ 0.
Under these conditions case we can calculate how long it
takes to push the climate into its critical ”anthropocene”
regeme, ε = 1, using

dε

dτ
= γη
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At the carrying capacity, η = 1 the time scale for ε→ 1
then becomes τcoll = 1

γ . An alternative way to look

at this is that the timescale for population to collapse
is dictated by the timescale for the climate to response
to population growth, which we denoted in the previous
section as tc. Thus, τcoll ≈ R0tc = 1

γ .

Combining all conditions results in

τcoll = max

[
1

γ
,

1

max(1, θ)

]
(18)

It is important to understand the meaning of these
solutions in terms of the goal of the study. We are in-
terested in ubiquity of anthropocenes driven by climate
change. This means that given different planetary ini-
tial conditions, how common will be energy harvesting
(by combusion) lead to population growth which leads to
rapid climate change which then leads to rapid popula-
tion declines. This is the specific intent of our modeling.
As demonstrated by the analysis there will be solutions
in which the population rise, driven by energy harvest-
ing, brings the civilization to the planets carrying capac-
ity () the changing climate drives adverse effects. But
a rapid (exponential) population rise to the host world’s
carrying capacity will bring its own potentially existen-
tial challenges. The very definition of carrying capacity
implies that at Nmax the civilization is at the edge of
what the planet can provide in terms of ”ecosystem ser-
vices” for the civilization’s proper function. Thus, while
these class of systems will not fall under our definition of
climate driven anthropocene’s they should not be consid-
ered to cases that have escaped the possibility of rapid
population declines or even collapse. It is simply that
our models do not include the processes (i.e. biospheric
feedbacks) which could produce them.

4. NUMERICAL EXPERIMENT SETUP

The model described in section 2 is used to carry for-
ward a large suite of numerical experiments. Our prin-
ciple goal in designing these was to investigate how the
trajectory of the coupled planet-civilization system de-
pends on initial conditions on the planet to. To carry
out our models we make a two key of assumptions. (1)
The biology of the organisms building the civilization re-
quire liquid water and so the host planet must be within
the star’s habitable zone. (2) The organisms have tem-
perature, (∆T ) and P (CO2), ∆P , limits beyond which
they can not survive. We will begin our study by using
limits similar to Earth and humans life for illustrative
purposes but will always consider these to be free pa-
rameters. We focus on two initial planetary parameters:
the orbital distance a of the planet from the host star,
and the initial chemical composition of the atmosphere
in terms of CO2. The effect of these parameters on the
models are not independent as both effect the width of
the habitable zone for the planet because the width of
the habitable zone depends on each. We have thus run
two sets of experiments the first of which we call con-
stant composition models. These keep initial P (CO2)
constant and allow the initial (equilibrium) planetary
temperature To to vary as we change the orbital distance
a. Starting at earth, with To = 287.09K, we contin-
ued by running two models with temperatures greater
than earths, and two less, all evenly spaced by 6K. This

Figure 3. : Visualization of our numerical experiments.
The contour lines are of P (CO2).

spacing was chosen in order to have all models safely
within our habitable zone, defined here as the range
of distances that result in temperatures above freezing
and below boiling (273.15 < To < 373.15). In the sec-
ond set of experiments, we varied the initial P (CO2)
while keeping To = 287K. We ran two with lower val-
ues of initial P (CO2), and three above, all spaced by
logP (CO2) = 0.7. The reason we ran three above was
in order to illustrate what a model within our danger
zone looks like. In these experiments the danger zone
is areas of parameter space with values of P (CO2) less
then 10 ppm or higher than 5, 000 ppm. The lower limit
was chosen as it represents the lowest value allowed by
our simulation, while the upper limit was chosen as it is
considered to be the value of P (CO2) toxic to intelligent
civilizations. The locations of the experiments are shown
in figure 3.

The resulting evolution of population for all of our
experiments are shown in figure 4. To further investi-
gate these trajectories, we choose five for which we will
show the evolution of temperature and P (CO2) as well.
For experiment #1, we choose the models correspond-
ing to the highest and lowest distances. Similarly, for
experiment #2, we choose models corresponding to the
two highest and single lowest distances. The reason we
choose three distances from experiment #2 was in order
to have one of the trajectories demonstrate what evolu-
tion in the danger zone is like.

Figure 6. : This model results in the civilization
reaching their carrying capacity, thus overpopulating

their planet. The initial pCO2 is 104.38 ≈ 24, 000 ppm,
which puts it in the ”danger zone” for habitability.
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Figure 4. : Top is experiment #1, bottom is #2.

Figure 5. : Selected trajectories. The left column shows the highest and lowest distance from experiment #1 (top
and bottom respectively). Similarly, the right column shows the same for experiment #2.
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5. RESULTS

To explore the broad dependence on initial conditions
we chose 10 different distances and temperatures. Using
the uncoupled Energy Balance Model we found the value
of pCO2 that would make that distance take a given
habitable zone temperature, shown as the top left plot
in the grid of plots shown in figure 8. We then used this
initial pCO2 as the input for the coupled model in order
to see how a civilization at that distance and temperature
would evolve. The results are shown below as a grid
of contour plots. The bottom left of the plots are grey
because of limitations imposed by the EBM. The top
right part of the plots are grey because the value of pCO2

required there was greater than 5, 000 ppm, a level we
have deemed uninhabitable for intelligent civilizations.

Figure 7. : KDE Plots for various values of dT

We continued to further explore the model by repeating
this process for multiple values of ∆T . The resulting
distribution of times for civilizations to decline by 30%
from their peak population is shown below, normalized
so the area under each curve is one. We see that for
smaller population temperature sensitivity a significant
fractions of our models lead to climate anthropocenes.

6. DISCUSSION
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Figure 8. : The full parameter sweep is here.


