
 
Estimating Galactic Civilizations: Drake’s Equation and 
Monte Carlo Analysis 
 
The Drake Equation is a framework for estimating the number of communicating 
civilizations in our Galaxy. It multiplies several factors together, each corresponding 
to an astrophysical or biological filter. In its original form (and a slightly expanded 
variant), the Drake Equation is written as: 
 
N ≈ R* × f_p × n_e × f_l × f_i × f_c × m × L 

where N is the number of detectable civilizations "right now" in the Milky Way. Each 
term is defined as follows: 

• R* (star formation rate): the average rate at which suitable stars form in the 
Galaxy (stars per year). 

• f_p (planet fraction): the fraction of those stars that have planetary systems. 
• n_e (habitable planets per system): the average number of Earth-like 

(habitable-zone rocky) planets per planetary system. 
• f_l (abiogenesis probability): the fraction of those habitable planets where 

life actually originates. 
• f_i (intelligence probability): the fraction of life-bearing worlds on 

which intelligence (e.g., humans) eventually evolves. 
• f_c (technosignature fraction): the fraction of intelligent species that 

develop detectable technology (radio beacons, lasers, megastructures, etc.). 
• m (multiplicity): the mean number of independent technological civilizations 

that arise per habitable planet over its history (often taken as 1, but included 
here to allow multiple civilizations on one planet). 



• L (lifetime): the average length of time (in years) that a technological 
civilization remains detectable. 
 

In this formulation, R* has units of stars/year and L has units of years, so the product 
R* × L effectively counts civilizations, making the units consistent. Conceptually, this 
arises from a steady-state "birth rate × lifetime" balance: if civilizations appear at a 
rate λ per year and each lasts L years, then at any time the number present is N ≈ λ L. 
This is a standard population balance argument common in demographic and 
astrophysical modelling. 

Traditionally, people plugged in single best-guess values for each term to get one 
number for N. But this misses a crucial point: most of the Drake factors are extremely 
uncertain and could range over many orders of magnitude. In particular, thanks to 
exoplanet surveys like Kepler, the astrophysical terms (R*, f_p, n_e) are now fairly well 
constrained, whereas the later factors (f_l, f_i, f_c, L) are essentially unknown. For 
example, we have good evidence that Earth-size planets in habitable zones are fairly 
common, but we do not know if and how often life, intelligence, or technology arise. 
A more pragmatic analyses therefore takes a probabilistic approach. Rather than 
plugging in single numbers, each Drake term is modelled as a probability distribution 
reflecting our uncertainty. A Monte Carlo simulation repeatedly samples from these 
distributions and computes a value of N. Over many trials, this builds up a 
distribution (a histogram) of possible N values. This allows us to see not just a single 
answer, but the full range of plausible outcomes and their probabilities. 
 
The Monte Carlo procedure works as follows: for each trial, randomly draw one value 
from each parameter's distribution (for R*, f_p, n_e, f_l, f_i, f_c, m, and L), compute: 

N = R* × f_p × n_e × f_l × f_i × f_c × m × L 

and record the result. Repeating this tens or hundreds of thousands of times yields a 
distribution of N. From that distribution we can calculate summary statistics (mean, 
median, mode), confidence intervals or quantiles (e.g., 5% and 95% bounds), and plot 
cumulative probability curves ("S-curves") showing the probability P(N ≤ X) as a 
function of X. In practice, because each factor is positive, the logarithm of the 
product tends to follow a roughly normal distribution, making N itself 
highly skewed with a long upper tail. This log-normal behaviour is a known statistical 
property of products of independent positive random variables. In other 
words, most trials yield relatively modest N, but a few "optimistic" draws produce 
very large N. 
 
This Monte Carlo method gives a probability distribution for N instead of a single 
point estimate. For example, a typical Monte Carlo run might find that the median N 



is small (often below 1, meaning more than 50% of trials have zero other 
civilizations), while the mean N can be large due to the tail. Analyzing the 
distribution, one might report that "there is a 95% chance N is below X" or the 
probability that N<1 (humanity alone) is some value. Importantly, the results will 
strongly depend on how we choose the parameter distributions (our "priors") for 
each Drake term. We discuss that choice below. 
 

The Drake Equation Terms in Detail 
To understand the simulation results, it helps to review each factor in the Drake 
Equation and how we set it. The core equation is: 

N = R*^eff × f_p × n_e × f_l × f_i × f_c × m × L 

Here R^eff is the effective star formation rate (per year) within the Galactic Habitable 
Zone (GHZ) around the current epoch (see below). In other words, R^eff is the rate at 
which "target" stars are forming now that are likely to eventually host life. In the 
simplest Drake form, R* is taken as about 1–3 stars/year (the total for the Milky Way). 
In a GHZ context we typically use a lower "effective" rate (0.1–3 stars/yr, sampled 
from a log-uniform range) to reflect the idea that only some fraction of the total is in 
habitable regions. 
 
The next terms break down as follows: 

• f_p (planet fraction): Astronomical surveys have shown that planets are 
common. Studies suggest ~70%–100% of sun-like stars have planets at all. We 
model f_p with a uniform prior between 0.7 and 1.0. This reflects the fact that 
most stars have some planets, and we are conservative by allowing up to 
100%. 

• n_e (habitable planets per system): Among planetary systems, only some 
planets are in the star's habitable zone (where liquid water could exist). 
Current exoplanet data suggest a modest number of Earth-size planets in 
habitable zones per system. We use n_e uniform between 0.1 and 0.5 (or 
sometimes a triangular shape peaking around a few tenths). That means on 
average 10–50% of systems contribute one habitable Earth-like world. 
 

After we compute R^eff × f_p × n_e, we get the rate at which habitable planets are 
produced in the Galaxy (per year). We denote this N_hab (habitable planets per 
year) = R^eff × f_p × n_e. This is the rate at which new candidate worlds for life are 
born. 
 
The remaining terms are the "filters" that say what fraction of those habitable 
worlds produce life, intelligence, and technology: 



• f_l (abiogenesis fraction): the probability that life actually arises on a 
habitable planet (within several billion years). We have essentially no empirical 
constraint on this. It could be very low (life is extremely hard to start) or quite 
high (life arises easily wherever possible). To capture this ignorance, we 
choose a log-uniform distribution over many orders of magnitude. For 
example, we might use log10(f_l) uniform between –12 and 0, meaning f_l 
between 10^-12 and 1. This covers anything from "life almost never appears" 
up to "life almost certainly appears if conditions allow". 

• f_i (intelligence fraction): the probability that intelligent life evolves on a 
planet where life exists. Again, this is highly uncertain. We consider two 
scenario ranges: a "Rare Earth" scenario in which f_i is likely very small 
(reflecting strong bottlenecks), and an "Optimistic/Agnostic" scenario where 
f_i could be as large as 1. In our model, Rare Earth uses f_i log-uniform 
between 10^-5 and 10^-3, whereas the Optimistic prior uses f_i log-uniform 
between 10^-6 and 1. In words, Rare Earth assumes intelligence is extremely 
rare (one in a million to one in a thousand life-bearing worlds), while 
Optimistic allows anywhere from very rare to almost guaranteed. 

• f_c (technosignature fraction): the fraction of intelligent species that 
develop detectable technology. This could range from very low (perhaps few 
species ever build radio transmitters) to high (most do). Again we use a broad 
log-uniform prior from 10^-3 to 1. That assumes at least 0.1% of intelligent 
species make it to a detectable stage, up to 100%. 

• m (civilizations per planet): Once a planet is habitable, life appears, and 
intelligence arises, it's possible more than one separate civilization could arise 
over the planet's history (e.g., if a planet cycles between habitable and sterile 
conditions). We model m as a Poisson random variable with mean ~1, 
truncated so that m ≥ 1. In practice, most draws give m=1 (one civilization per 
suitable planet), but occasionally m=2 etc. 

• L (lifetime): the length of time a civilization remains detectable. This could be 
anywhere from short (if a species self-destructs or loses technology quickly) to 
extremely long (if they survive indefinitely). We again use a very broad log-
uniform prior. For example, one study used L log-uniform between 10^2 and 
10^9 years. In implementation, we split this into "pessimistic" (10^2–10^4 
years) vs "optimistic" (10^5–10^8) ranges in different scenarios. In our 
simulation code (Excel/VBA) we let log10(L) range from about 2 up to 7 (Rare 
Earth) or up to 9 (Optimistic), which corresponds to L from hundreds to 
billions of years. 
 

Each of these choices is justified by astrophysical or biological reasoning: 

• The astrophysical terms (R*^eff, f_p, n_e) have relatively tight priors informed 
by data. For example, Kepler found that roughly one Earth-size habitable-zone 
planet exists per 5 Sun-like stars, so setting f_p ~ Uniform(0.7–1.0) and n_e ~ 



Uniform(0.1–0.5) is consistent with current knowledge. The star formation rate 
R*^eff is taken log-uniform between 0.1 and 3 stars per year, reflecting the 
total Milky Way rate (~1–3/yr) and the idea that only a fraction of stars are in 
the Galactic Habitable Zone (see below). 

• The biological/technological terms (f_l, f_i, f_c, L) have very broad priors, 
often log-uniform, to reflect profound ignorance. We lack hard data on any of 
these. For instance, f_l could be as low as 10^-12 (essentially impossible) or as 
high as 1 (almost certain on every habitable world). A log-uniform choice 
gives equal weight (on a log scale) across these orders of magnitude. Similarly, 
f_i in Rare Earth is constrained to tiny values (10^-5–10^-3) to model the 
possibility that intelligence is extremely unlikely, whereas in the Optimistic 
case we allow f_i up to 1. These ranges are not "wrong" or "right" in any 
absolute sense -- they span the plausible region from very pessimistic to very 
optimistic. 
 

In short, we use uniform or log-uniform distributions for nearly all factors: uniform 
for well-known astrophysical fractions (e.g., f_p, n_e), and log-uniform for highly 
uncertain factors (f_l, f_i, f_c, L). The log-uniform distribution (a uniform prior in 
log10) is a standard way to express ignorance over many orders of magnitude. It 
means, for example, that f_l=10^-6 is treated as equally likely as f_l=10^-12 or 
f_l=10^-3, on a logarithmic scale. 
 
In some cases we split L (lifetime) into subranges: for instance, a "pessimistic" range 
10^2–10^4 years vs an "optimistic" range 10^5–10^9 years. This was done in our 
Excel implementation by using different parameters for the Rare Earth vs Optimistic 
scenario (see below). 

The model also includes a Galactic Habitable Zone (GHZ) concept, meaning we do 
not treat the Milky Way as perfectly uniform. We incorporate this by defining an 
effective star formation rate R^eff that already accounts for the idea that only stars in 
relatively benign regions contribute. The GHZ factors are built into how we choose 
R^eff (and could also modulate other terms, though in our simplified model we fold 
most GHZ effects into R^eff). In one approach, R^eff is treated as a log-uniform [0.2–
1.0] stars/yr, roughly 20–30% of the total Milky Way SFR, representing stars in the 6–
10 kpc annulus and age >3–5 Gyr. 
 
In summary, our simulation parameters are designed to cover a wide range of 
plausible values, consistent with astrophysical constraints but wide enough to allow 
very pessimistic (Rare Earth) and very optimistic scenarios. The key "dial" is in the 
biological terms f_l and f_i (and L): by narrowing or broadening their ranges we move 
between pessimistic and optimistic outcomes. 
 
 
 



The Galactic Habitable Zone (GHZ) 
The Drake Equation, as traditionally posed, implicitly assumed the Galaxy is a single 
uniform environment. In reality, location and timing matter. The Galactic 
Habitable Zone concept recognizes that not all places in the Milky Way are equally 
friendly to life. Key GHZ considerations include: 
 

• Metallicity gradients: Heavy elements ("metals" in astronomy) such as 
carbon, oxygen, iron, etc. are required to build rocky planets and support 
complex chemistry. Early in the Galaxy's history, and towards the galactic 
center, metallicities were low. Planets need metals, so regions that are too 
metal-poor (e.g., far outer disk or very early times) may have few habitable 
worlds. Indeed, observations show metal-rich stars are more likely to have 
planets. 

• Catastrophic hazards: Inner regions of the Galaxy (close to the center or 
dense star clusters) suffer more supernovae, gamma-ray bursts, and intense 
radiation. These can sterilize planets or destabilize orbits. For example, a world 
in the galactic bulge or spiral arms might be repeatedly bombarded by lethal 
radiation or comet showers triggered by nearby stellar encounters. 

• Orbital stability: Stars in the mid-disk (like our Sun ~8 kpc from center) tend 
to have relatively circular orbits that stay clear of spiral arms. This avoids too-
frequent excursions through dangerous zones. 
 

A simple classic picture of the GHZ is an annular ring roughly 6–10 kiloparsecs from 
the centre (the Sun is at ~8 kpc) and after a few billion years of galactic evolution. 
Inside that, too much radiation and chaos; outside that, too little metallicity. In 
practical terms, we assume our Solar neighbourhood is a "sweet spot" with enough 
metals and not too violent a history. 

Temporal evolution also matters: the Milky Way is ~13.6 billion years old. Heavy 
elements built up gradually as successive generations of stars exploded. Therefore, 
habitable planets could not form until metallicity was high enough. Studies (e.g., 
Lineweaver et al.) show Earth formed at a relatively "optimal" time --- not so early 
that metals were scarce, and not so late that we miss most habitable-world 
formation. Indeed, the peak formation of Earth-like planets may have been around 
the Sun's epoch, meaning we are not radically early or late. 

In a full simulation, one might draw star-formation events over the Galaxy's history, 
assign planets to them when metallicity and age conditions are right, and impose 
delays for life to evolve. One would also include a survival curve so civilizations only 
count if still around today. In our simplified Monte Carlo approach, we mostly absorb 
these effects into effective parameters: for example, using a delayed star-formation 



history and a GHZ mask in computing R*^eff. A toy model suggests that effective 
star-formation in the GHZ over the past few Gyr is ~20–30% of the Galaxy's total, 
leading to R*^eff around 0.2–1.0 stars/yr. 

We do not impose a hard GHZ ring in the Monte Carlo draws, but our choice of 
R*^eff and the history implicitly biases us toward "like-Sun" locations. The key point 
is: where and when a star forms in the galaxy affects its likelihood to host life, and 
thus the Drake factors should be interpreted as averages within the GHZ context. 
 

The Challenge of Detection Over Galactic Distances 
A critical limitation of the traditional Drake Equation is its implicit assumption that 
"detectable" equates to "exists." In reality, our ability to detect a civilization is 
constrained by immense physical distances and the fundamental limitations of our 
technology. 

Physical Constraints on Signal Detection: The Milky Way spans approximately 
100,000 light-years in diameter. Even within the more compact GHZ (6-10 kpc 
annulus), distances between stars are measured in hundreds to thousands of light-
years. This creates several fundamental challenges: 
 

1. Signal Attenuation: Any signal - electromagnetic, optical, or otherwise - 
follows the inverse-square law, diminishing rapidly with distance. A radio 
transmission powerful enough to be detectable across 1,000 light-years 
requires immense energy, potentially exceeding the total energy output of a 
planetary civilization for sustained periods. 

2. Time Lag and "Now": When we observe a star 1,000 light-years away, we see 
it as it was 1,000 years ago. A signal we receive "now" from that star was 
actually sent 1,000 years ago. Conversely, if we transmit a signal today, it won't 
reach that star for 1,000 years, and any reply won't return for 2,000 years. This 
makes two-way communication practically impossible on human timescales 
and means our snapshot of "civilizations existing now" is actually a 
fragmentary view across different epochs of galactic history. 

3. Technological Mismatch: The factor f_c (fraction that develops detectable 
technology) is often interpreted narrowly as "develops radio technology." 
However, a civilization's detectable phase might be extremely brief (e.g., a 
century of powerful radio leakage before switching to more efficient, 
undetectable communication) or might involve technologies we cannot yet 
recognize or detect with our current instruments (e.g., neutrino 
communication, directed laser signals in very narrow beams we never 
intersect, or macro-engineering signatures like Dyson swarms whose infrared 
excess might be subtle and confused with natural phenomena). 



The Effective Detection Window: Therefore, the lifetime L in the Drake Equation 
should be more accurately considered as L_effective: the time during which a 
civilization is both transmitting a detectable signal AND that signal is strong enough 
to reach us AND we are pointing the right instruments in the right direction at the 
right time to notice it. This effective window could be much shorter than a 
civilization's total technological lifespan. A civilization might be communicative for 
10,000 years, but if it uses tightly focused beams or shifts to non-radiative 
technology after 200 years, its L_effective for wide-area radio surveys might be only 
200 years. 
This significantly amends the interpretation of Monte Carlo results. A calculated N of 
100 civilizations "present" does not mean 100 signals are flooding our receivers. It 
might mean that, statistically, 100 civilizations exist whose characteristics, in principle, 
could make them detectable. However, due to distance, signal strength, temporal 
mismatch, and technological opacity, the number simultaneously within our actual 
observational window could be orders of magnitude smaller, potentially zero, even 
if N is large. 
 

The Profound Problem of "Now" in a Galactic 
Context 
The Drake Equation's goal of estimating civilizations existing "right now" encounters 
a profound conceptual problem rooted in relativity and galactic scale: there is no 
universal "now." 
 
The Relativity of Simultaneity: In special relativity, events that are simultaneous in 
one reference frame are not simultaneous in another moving at a relative velocity. 
While this effect is minute for stars within our galaxy (which share roughly similar 
reference frames), the core issue is practical: information cannot travel faster than 
light. Therefore, we can never have knowledge of the current state of a distant star 
system. Our knowledge is always of its past state, delayed by the light travel time. 
A Fragmentary, Time-Smeared Picture: When we survey the galaxy, we are not 
taking a snapshot of a single moment. We are assembling a composite picture where 
each data point is from a different moment in the past. A civilization 500 light-years 
away is seen as it was in the 1500s. A civilization 3,000 light-years away is seen from 
the Bronze Age. Our "now" is a mosaic of "thens." A civilization could have arisen, 
flourished, and gone extinct 2,000 years ago at a distance of 2,000 light-years, and 
we would not know yet—we would see a potentially habitable world with no signs of 
technology. Conversely, we might detect a signal from a civilization 5,000 light-years 
away that, in its "present," is long dead. 
 
 
 



Implications for L and the Fermi Paradox: This temporal smearing interacts 
critically with the lifetime L. For detection to be possible: 

1. The civilization must reach its detectable technological phase. 
2. That phase must last long enough that the light-travel-delayed window of its 

existence overlaps with the brief period of our own technological listening. 
 

Given that stellar and planetary formation spanned billions of years, civilizations are 
likely to be staggeringly out of sync. The probability that another civilization's 
communicative phase (L) overlaps with both our position in space and our own 
~100-year window of advanced listening is potentially very low, even if the total 
number N of civilizations that have ever existed is high. This dramatically reframes 
the Fermi Paradox. The question is not "Where is everybody?" but "What is the 
probability that another civilization's lighthouse beam is sweeping across Earth 
during the minuscule slice of cosmic time that we have had the eyes to see it?" 
Our Monte Carlo simulations, while valuable, model N as a static, simultaneous 
count. A more complete model would incorporate this temporal dimension explicitly: 
simulating the birth and death of civilizations over galactic history and asking what 
fraction of those have communicative phases whose light-cones intersect Earth 
during our specific era of technological vigilance. This would likely produce even 
broader distributions and further increase the probability of outcomes consistent 
with our current observational silence. 

Non-Communicative Technosignatures 
While the traditional Drake Equation and its Monte Carlo treatment focus on 
civilizations actively sending detectable communications (e.g., radio, lasers), a 
modern interpretation must account for passive technosignatures—unintentional 
byproducts of industrial or technological activity that could be detectable across 
interstellar distances. Among the most promising of these is atmospheric pollution. 
 
1. Atmospheric Technosignatures as a Broader Filter for f_c 

The factor f_c (technosignature fraction) is typically defined as the fraction of 
intelligent species that develop detectable technology. Historically, this was 
synonymous with "radio-communicative." We must now expand this to: f_c = the 
fraction of intelligent species that produce any persistent, detectable signature 
of technology, whether intentional or not. 
 
Industrial pollution falls into this category. Potential atmospheric technosignatures 
include: 



• Artificial Greenhouse Gases: Synthetic compounds like chlorofluorocarbons 
(CFCs) or perfluorocarbons (PFCs) that are exceptionally long-lived, have no 
known natural sources, and possess strong infrared absorption features. 

• Combustion Byproducts: Elevated levels of nitrogen dioxide (NO₂) or other 
pollutants from large-scale industrial combustion. 

• Agricultural Indicators: Unusual atmospheric balances of methane (CH₄) and 
nitrous oxide (N₂O) on a planetary scale, potentially indicative of mega-scale 
farming. 

• Artificial Illumination: The nighttime light signature of cities, though 
extremely faint, could in theory be detected as a modulation in a planet's 
reflected light during its orbital phase. 
 

2. Detection Horizons and the "L" Factor 

The detectability of atmospheric pollution fundamentally changes the interpretation 
of the lifetime factor L. 

• For Radio L (L_radio): This is likely a brief, deliberate phase—perhaps a few 
centuries—between developing radio technology and transitioning to more 
efficient, less detectable communication (or succumbing to self-destruction). 

• For Pollution L (L_pollution): This could be much longer. An industrial 
civilization might pollute its atmosphere for millennia. 
Crucially, L_pollution could extend far beyond the civilization's active 
lifespan. Long-lived artificial gases might linger in the atmosphere for tens of 
thousands of years after the industry that created them ceases. 
Therefore, L_pollution represents a persistence horizon, not necessarily a 
communicative one. 
 

This means a single civilization could be "detectable" via its atmospheric 
technosignature for an epoch orders of magnitude longer than it was actively 
communicating. In the Drake Equation, this dramatically increases the effective L for 
this detection method. 

3. Implications for Monte Carlo Simulations and the Fermi 
Paradox 

Incorporating passive technosignatures like pollution into the 
probabilistic framework has several key effects: 

• Increased Effective N: Since L_pollution could be >> L_radio, the calculated 
number of potentially detectable civilizations N increases for surveys capable 



of atmospheric spectroscopy (e.g., with the James Webb Space Telescope or 
future flagship observatories). 

• A New "Great Filter" Location: If we search for atmospheric 
technosignatures and find nothing, the "Great Filter"—the step in evolution 
that is improbably hard—could be pushed later in the timeline. It would 
suggest that not only is intelligence rare (f_i), but the sustained, planet-
altering industrial activity required to create a detectable atmospheric 
signature is also rare or short-lived (a stricter f_c and shorter L). 

• The "Dead Earths" Problem: Atmospheric pollution signatures could 
predominantly identify dead or post-industrial civilizations. We might detect 
the long-term residue of a civilization that burned out millennia ago. This adds 
a somber layer to the search: our first detection might be a tombstone, not a 
greeting. 

• Refining the Paradox: The expanded search for technosignatures (both 
active and passive) tightens the constraints of the Fermi Paradox. If a galaxy is 
truly teeming with long-lived industrial civilizations, their combined 
atmospheric signatures might create a statistically detectable background or 
at least several clear nearby examples. Their continued absence in deeper and 
more sophisticated searches would increasingly weigh the probabilities 
toward the "Rare Earth" scenario or suggest that advanced civilizations 
consistently develop clean, undetectable energy systems. 
 

4. Revised Interpretation of Results 

Therefore, our Monte Carlo results must be interpreted with the detection method in 
mind: 

• Radio SETI Results: Our calculated distributions (e.g., median N << 1) apply 
to the search for deliberate, narrowband radio signals. Silence in this domain is 
compatible with many civilizations that either never used powerful radio or 
did so only briefly. 

• Atmospheric Technosignature Surveys: For this method, the effective L in 
the simulations should be increased to represent pollution persistence 
timescales (10^3 - 10^5 years). This would shift the resulting probability 
distribution for N upward, making a non-detection in this realm more 
statistically significant. A null result from a comprehensive atmospheric survey 
would be stronger evidence for true scarcity than a null result from radio SETI. 
 

Conclusion on Technosignatures 
Incorporating atmospheric and other passive technosignatures does not invalidate 
the Drake-Monte Carlo approach but rather generalizes it. It forces a more nuanced 



definition of "detectable" and expands the toolkit for testing its predictions. The 
search is no longer just for a civilization's voice, but for its fingerprint—and that 
fingerprint may last long after the hand is gone. This expansion makes the ongoing 
search more profound, as it probes not just for companionship, but for the 
archaeology of intelligence in the cosmos. 

Uncertainty Modelling and Parameter Distributions 
Once we have decided ranges and shapes for each factor, we carry out the Monte 
Carlo by sampling. Here are the core justifications for our choices of distributions: 

• Astrophysical terms (R*, f_p, n_e): These are constrained by observations. 
For R*, we sample log-uniform between 0.1 and 3 stars/yr (covering the 1–3/yr 
total SFR, weighted by GHZ fraction). For f_p, we use Uniform(0.7–1.0) 
(reflecting that most Sun-like stars have planets). For n_e, Uniform(0.1–0.5) 
(few tenths of a planet per system). These ranges are backed by surveys; for 
example Kepler suggests ~20% of Sun-like stars have an Earth-size habitable-
zone planet, so n_e ~ 0.2 is plausible. Because the uncertainties here are 
relatively small compared to later terms, we give them narrow distributions 
(uniform, not log-wide). 

• Life and intelligence (f_l, f_i): These are the wild cards. We assign log-
uniform distributions spanning orders of magnitude. Specifically, for f_l we 
might use log-uniform [10^(-12), 1], meaning f_l could be almost zero or close 
to one with equal weight per decade. For f_i, we have two scenario-dependent 
choices. In a Rare Earth run we use f_i log-uniform [10^(-5), 10^(-3)] 
(meaning intelligence is highly unlikely even if life exists). In an Optimistic run 
we use [10^(-6), 1] (life might be nearly guaranteed to yield intelligence). 
These numbers were chosen to reflect the idea that one scenario is strongly 
pessimistic about intelligence (Rare Earth), while the other is open to it being 
common. 

• Technosignatures and lifetime (f_c, L): For f_c, we use log-uniform [10^(-3), 
1] in both scenarios (assuming at least a small chance any intelligent species 
will signal). For L, the Rare Earth case assumes relatively short lifetimes (e.g., 
10^2–10^7 years log-uniform), while the Optimistic case allows much longer 
lifetimes (10^3–10^9 years log-uniform). In our implementation we set 
log10(L) between 2 and 7 for Rare Earth (so L between 100 and 10^7 years, 
median ~10^4) and between 3 and 9 for Optimistic (up to 10^9 years, median 
~10^5). These choices were somewhat arbitrary but illustrate the effect of 
giving a civilization either modest or huge potential longevity. 

• Multiplicity (m): We use a Poisson(λ=1) truncated at 1. This means most 
planets give m=1 civilization, but sometimes 0 or 2 (rarely). It had very little 



effect on overall N and is a minor factor (setting m=1 fixed yields almost same 
results). 
 

In summary, we treat the Drake factors as independent random variables (an 
important caveat discussed below). The use of log-uniform vs uniform priors is driven 
by how well we think each factor is constrained and whether it spans many orders of 
magnitude. Astrophysical factors get uniform or moderately broad log priors, while 
life/intelligence factors get very broad log priors to reflect our ignorance. When 
implementing the Monte Carlo in Excel/VBA, these distributions were sampled using 
built-in random functions: uniform draws for linear terms and appropriate transforms 
for log-uniform terms. 
 

Modelling Covariances: A Latent "Difficulty" Variable 
A subtle issue in Monte Carlo Drake calculations is covariance among factors. The 
simplest approach (and almost all studies) assume all Drake terms are independent. 
Mathematically, this makes the analysis tractable and implies the product tends 
towards a log-normal distribution. But in reality, there could be correlations: 
 

• Environmental correlations: Stars formed in metal-rich regions may have 
higher f_p and n_e, and also perhaps different probabilities for life and 
intelligence (f_l, f_i). For example, if early, metal-rich neighbourhoods favour 
the chemical precursors of life, then planets there might not only be more 
numerous but also more biogenic. Conversely, metal-poor regions could 
suffer both fewer planets and harsher conditions for life. 

• Biological correlations: If life finds it easy to emerge under certain 
conditions, then those same conditions might also make intelligence more 
likely. That would couple f_l and f_i. 

• "Friendly universe" effects: We might imagine some universes (or star-
forming regions) are generally favourable: in those, life is 
common and civilizations last long. In others, life is rare and short-lived. This 
would correlate f_l, f_i, f_c, and L. 

• Panspermia or colonization: If life or civilizations tend to spread, that 
introduces spatial correlations among the factors in nearby systems. For 
example, nearby stars might share a seeded f_l, or one civilization might 
appear on many planets (affecting m). 
 

Mathematically, any correlation means the simple product distribution assumption 
breaks. Some studies have pointed out that even moderate panspermia or "culture 
spread" could change the expected distances or numbers of neighbours significantly. 



In our simulation we adopted a simple one-factor covariance model by introducing 
a latent normal variable Z for each trial. The idea is that Z ~ N(0,1) represents the 
overall "ease" or "difficulty" of life in that simulation draw. Then we set the 
logarithms of the biological/technological factors to depend linearly on Z: 
 
log10(f_l) = FL_µ + FL_σ * Z   (clamped to [min,max]) 

log10(f_i) = FI_µ + FI_σ * Z   (clamped to [min,max]) 

log10(f_c) = FC_µ + FC_σ * Z 

log10(L)   = L_µ  + L_σ  * Z 

The means (µ) and standard deviations (σ) were chosen scenario-by-scenario (e.g., 
FL_µ = –4, FL_σ = 1 for Rare Earth, etc.). The net effect is that if Z is high (a friendly 
universe), all these factors shift upward (higher f_l,f_i,f_c, longer L); if Z is low, they all 
shift downward (lower probabilities, shorter lifetimes). 

This latent-Z model introduces covariance among f_l, f_i, f_c, and L automatically. It 
captures the intuition that some draws of the simulation represent particularly 
favorable conditions for life/civilizations and some represent harsh conditions, rather 
than treating each factor as completely independent. We implemented this in the 
Excel VBA code by first drawing Z ~ N(0,1), computing the raw log-parameters, then 
clamping them within defined min/max ranges. This is a simple, one-factor 
correlation model; more complex models could include spatial or multi-factor 
structures, but data are too sparse to justify that. 
The use of such a latent variable is not standard in all Drake studies, but it allowed us 
to explore how correlated optimistic vs pessimistic conditions affect the results. As a 
check, we also ran purely independent versions. The general effect of adding positive 
covariance (via a high ρ latent factor) is to broaden the resulting distribution of N. In 
any case, this remains an area of active interest: our results should be seen as 
illustrating the independent + one-factor correlated cases, but the numbers will 
change if one assumes different correlation structures. 

 Simulation Implementation in Excel/VBA 
We implemented the Monte Carlo directly in Microsoft Excel using a VBA macro. 
Each run involved 250,000 trials to ensure the tail of the distribution was well 
sampled. The core steps in the VBA code (in RunDrakeMonteCarloScenario) were: 



1. Astrophysical draws: For each trial i, draw R*^eff from a log-uniform [0.1,3], 
f_p uniform [0.7,1], and n_e uniform [0.1,0.5]. 

2. Latent difficulty Z: Draw Z ~ N(0,1). 
3. Compute log-parameters: Use the scenario-specific means and sigmas to set 

log10(f_l), log10(f_i), log10(f_c), log10(L) by µ + σ Z, then clamp each within its 
defined min/max. For example, in the Rare Earth scenario, log10(f_l) is set 
between –8 and 0 (i.e., f_l ∈ [10^-8,1]) with median 10^-4, whereas in the 
Optimistic scenario it is between –4 and 0 (median 10^-2). Similarly, the other 
parameters have scenario-specific ranges. 

4. Exponentiate: Compute f_l, f_i, f_c, L in linear space from those clamped log-
values. 

5. Civilizations per planet: Draw m from a Poisson(λ=1) truncated at minimum 
1. 

6. Compute N: Evaluate the Drake product N = R*^eff × f_p × n_e × f_l × f_i × 
f_c × m × L. 

7. Record results: Store the trial number and N in the output worksheet. (If N=0 
occurs, we store log10(N) as blank.) 
 

After looping through all trials, the macro computed summary statistics in the 
worksheet. It filled in the mean and median of N, the fraction of trials with N<1 (i.e., 
P(N<1)), and the 5%, 50%, and 95% percentiles of N. It also built a histogram 
(probability table) of log10(N) by dividing the range of log-N into bins and counting 
the trials per bin. This histogram data could be plotted as shown below. 

The code had two "wrapper" macros to run each 
scenario: RunDrakeMonteCarlo_RareEarth and RunDrakeMonteCarlo_Optimistic. 
The Rare Earth scenario used more pessimistic parameter ranges (e.g., f_i centered 
around 10^-4, L up to 10^7 years). The Optimistic scenario used friendlier ranges 
(e.g., f_i median 10^-2, L up to 10^9 years). Other than those differences, the process 
was identical. Each scenario produced a worksheet 
(named MC_RareEarth or MC_Optimistic) containing all 250,000 N values, summary 
stats, and the histogram table. 
The Excel output thus gave us empirical distributions for N under each scenario. We 
then analyzed those distributions by extracting quantiles and plotting histograms 
and cumulative curves. 

 

 

 



Results: Rare Earth vs. Optimistic Scenarios 
The Monte Carlo produced highly skewed distributions of N under both scenarios. 
Below we summarize key results and their implications. 

Distribution of N (Histograms and Skewness) 

In the Rare Earth scenario, most trials yielded extremely small N. The mean number 
of civilizations was only about 13.3, but this is inflated by a few rare draws: 
the median N is essentially zero (about 5×10^-7) and 96.6% of trials had N<1 (i.e., no 
other civilization besides us). The 5th percentile (p=0.05) was N ≈ 1.1×10^-12, and 
even the 95th percentile was only N ≈ 0.235. In practical terms, in the Rare Earth 
model there is a >95% chance that N<1 (we are alone) and virtually 100% chance 
that N<1 at 99.5% confidence. Only an extremely tiny tail of trials produced even a 
handful of civilizations. (The maximum N we saw in Rare Earth was about 1.15×10^5, 
but such values are vanishingly rare.) 
 
By contrast, the Optimistic scenario yields a much heavier tail. The mean N was 
enormous (~1.7×10^5), but the median was only about 0.61. About half the trials still 
had N<1, but 39% had N ≥ 1. The 5th percentile was N ≈ 2.3×10^-6, the median was 
0.61, and the 95th percentile was roughly 1.1×10^4. Thus in the optimistic case there 
is a significant probability of hundreds or thousands of civilizations, even though in 
most trials there are none or few. The maximum N reached about 1.8×10^9 in a few 
trials. 
 
Figure 1 and Figure 2 (below) illustrate these differences. In the Rare Earth histogram, 
nearly all trials cluster at the very low end of log10 N, while a tiny fraction stretch to 
larger values. In the Optimistic histogram, the main peak is shifted right (around N ~ 
1) and the tail extends much further. Both distributions are highly skewed 
(approximately log-normal in shape) as expected when multiplying many uncertain 
factors. 

 



 
Figure 1. Histogram of log10(N) from the Monte Carlo under the Rare Earth scenario. 
Most trials have N << 1 (log10 N << 0), meaning essentially zero civilizations. Only an 
extreme tail has N>1. This reflects the pessimistic priors (especially very small f_i, L) in 
this scenario. 
 

 
Figure 2. Histogram of log10(N) under the Optimistic scenario. The peak is at higher N 
than in Figure 1, and the distribution has a long right-hand tail stretching to N >> 1. 
This tail drives the high mean. The optimistic priors allow some trials to produce many 
civilizations. 
 
  

 



Cumulative "S-curve" and Quantiles 

It is often useful to view the results as a cumulative distribution function (CDF), i.e., 
the probability P(N ≤ X) as a function of X. This makes clear, for example, how likely it 
is that N is below a given number. In both scenarios the CDF has the characteristic 
"S" shape of a skewed distribution. 
In the Rare Earth scenario (Figure 3), the CDF jumps steeply at X=0–1: at N=1, the 
CDF is already about 0.966 (96.6%), meaning a 96.6% chance N<1. It then slowly rises 
towards 1 at higher N. In contrast, the Optimistic CDF (Figure 4) rises more gradually: 
P(N<1) ≈ 0.61 only, and it doesn't reach near 1 until N is tens of thousands. 

 

 
Figure 3. Cumulative distribution P(N ≤ X) for the Rare Earth scenario. There is a 96.6% 
probability that N<1. The probability only approaches 100% very slowly, due to the 
long low-probability tail. This S-curve shows that almost all probability mass lies at N 
<< 1.* 
 



 
Figure 4. Cumulative distribution for the Optimistic scenario. Here only about 61% of 
trials have N<1, and the tail extends far: roughly 95% of probability is achieved by N ~ 
10^4. A significant chance remains that N is very large. 
From these results we can quote confidence intervals. For example: 

• Rare Earth: (Median ~ 4.9×10^-7, 5th %-ile ~ 1.1×10^-12, 95th %-ile ~ 
0.235). Interpreting these: 95% chance N<0.235 (so <1), and essentially 100% 
chance N<1 at 99% confidence. 

• Optimistic: (Median 0.61, 5th %-ile ~ 2.3×10^-6, 95th %-ile ~ 1.1×10^4). So 
95% chance N < 1.1×10^4, and median of 0.61 means a 50% chance N<1. 
 

These quantiles show the range of possibilities. In the optimistic case, although 
the most probable outcome is still a small number of civilizations, there is a 
substantial tail probability that N is in the hundreds or thousands. In the rare-earth 
case, even the optimistic 95th percentile says it's extremely unlikely (<0.3) to have 
even one other civilization. This demonstrates the extreme sensitivity to the input 
priors: by concentrating f_i and L at low values, the Rare Earth scenario makes it 
overwhelmingly likely we are alone, whereas allowing high f_i and L opens the 
possibility of many neighbours. 
 

Interpretation 
The simulation results reinforce two key points made in previous studies: 

1. Low median, high tail: In both scenarios, the median N is less than 1 (we 
found ~ N ≈ 5×10^-7 for Rare Earth and 0.61 for Optimistic). This means 
more than half of the Monte Carlo trials predict zero other civilizations in the 



galaxy. Yet in the Optimistic model, the mean is huge (~1.7×10^5) because of 
a long right tail. This pattern (median < mean, broad spread) is what one 
expects when multiplying many uncertain positive factors. 

2. Nonzero chance of large N: Even in the Rare Earth scenario there is 
a nonzero chance (albeit extremely tiny) that life and intelligence came out 
improbably well and produced many civilizations. In the Optimistic scenario, 
that chance is much larger. For example, in the Optimistic case there's a few-
percent chance N exceeds 10,000. Conversely, both scenarios admit a 
substantial probability that N<1. (In Rare Earth it's essentially certain, in 
Optimistic it's about 61%.) 
 

Thus the results admit both "pessimistic" and "optimistic" outcomes as statistically 
possible. Our chosen priors make Rare Earth strongly favour N ≈ 0, whereas 
Optimistic allows either N << 1 or N >> 1 with significant probability. 

However, these results must now be interpreted through the lenses of 
detection capability and the problem of "now" discussed earlier. A 
calculated N represents a statistical ensemble of civilizations that might, in principle, 
be detectable. The number we could actually observe is subject to the severe filters 
of distance, signal strength, temporal coincidence, and technological recognition. 
Therefore, even an "Optimistic" Monte Carlo outcome with a mean N in the hundreds 
of thousands does not contradict the observed silence; it simply suggests that the 
cosmos could be rich with life that remains, for now, beyond our practical reach. 
 

Implications for the Fermi Paradox and SETI 
The famous Fermi Paradox asks: if the Galaxy is so vast and old, why haven't we 
seen evidence of other civilizations ("Where is everybody?")? A common naive use of 
the Drake Equation suggests we should expect many civilizations, making the silence 
puzzling. Our Monte Carlo analysis provides a another perspective that tries to help 
resolve this paradox. 
 
Because the Drake factors have such uncertainty, simply taking single "best 
estimates" for each one can wildly overstate our confidence. When we instead treat 
them as distributions and compute the full N distribution, the paradox largely 
evaporates. In our model, there is a substantial probability that N<1 (i.e., we are 
alone) under both scenarios: 96.6% chance under Rare Earth, and even in the 
Optimistic case about 61% chance. That means a universe with only our civilization is 
entirely compatible with our current ignorance. 
 
At the same time, the simulations also show that an outcome with many civilizations 
is possible (especially in the Optimistic model). There remains a non-negligible 



chance (especially with high tail values of f_i, L) that hundreds or thousands of 
civilizations exist. Thus, the Fermi question is reframed: our result is not a single 
predicted number of neighbours, but a broad probability range. 

The additional considerations of detection and simultaneity 
provide even stronger resolutions to the paradox: 

1. The Great Filter may be detection itself. Even if N is large, the combination 
of immense distances (inverse-square law signal loss), brief technological 
windows (L_effective), and staggering temporal mismatches across the galaxy 
means the number of signals currently crossing Earth could be zero, even in a 
galaxy teeming with intelligence. 

2. There is no universal "now." Our search is not for civilizations that exist 
simultaneously with us in some absolute sense, but for civilizations whose 
communicative phase, when convolved with light travel delay, produces a 
signal that arrives during our ~100-year window of sophisticated listening. 
The probability of this four-dimensional overlap (3 spatial + 1 temporal) is 
likely very small. 
 

In other words, the Monte Carlo approach, augmented by physical and relativistic 
realities, suggests that the Fermi "paradox" is less paradoxical. One credible outcome 
is that we are essentially unique --- in which case silence is expected. Another is that 
many civilizations exist, in which case we could be surprised we haven't detected 
them yet (perhaps because of sparse colonization or poor search). Without evidence 
either way, both remain plausible given the uncertainty in f_l,f_i,f_c,L. 

This also shows the value of detection (or non-detection): finding even a single alien 
technosignature would dramatically update the posterior distribution of N. A 
confirmed detection would set a lower bound on N and collapse the range of 
possible priors. Conversely, continuing silence is only mildly informative, since most 
priors already allowed N to be very small. 
 
For the SETI (Search for Extraterrestrial Intelligence) community, the takeaway is that 
probabilistic bounds on N are very broad. On one hand, if even pessimistic priors are 
correct, humanity could be alone and SETI would find nothing by definition. On the 
other hand, the long-tail possibilities mean we can never exclude the existence of 
thousands of civilizations (so continued search is not futile). We should prepare for 
either outcome: either we are alone (a sobering singularity) or there are many 
undetected neighbours (a grand scientific opportunity). 



In summary, our Monte Carlo simulation yields a probability distribution for 
N rather than a single number. Under the assumed ranges: 

• There is a high probability (especially in the Rare Earth case) that few or no 
other civilizations exist. 

• There is a long-shot but significant probability (especially if optimistic priors 
are allowed) that many civilizations exist. 

• These results are consistent with what previous studies have found: moderate 
assumptions typically make a modest N most likely, but uncertainties allow 
extreme values. 

Therefore, the lack of obvious extraterrestrial contact does not contradict our 
modelling; rather, it is one outcome consistent with the broad distribution of N. 
Likewise, we cannot yet rule out the presence of many neighbours. This probabilistic 
view refines the Fermi question: not "where is everyone?" in the sense of a 
guaranteed crowd, but "could we realistically be alone?" --- and the answer is "yes, 
with significant probability" under current assumptions. 

Glossary 
• Drake Equation: A formula estimating the number of detectable civilizations 

in the Milky Way, expressed as the product of several factors (see terms 
below). 

• Galactic Habitable Zone (GHZ): The region of the Galaxy where conditions 
(metallicity, radiation, etc.) are suitable for Earth-like life. Often thought to be 
an annular ring at intermediate distance from the galactic center. 

• Star-formation Rate (R*): The rate (stars per year) at which new stars are 
born in the Galaxy. 

• Effective Star-formation Rate (R*^eff): The portion of the star-formation 
rate that occurs in habitable regions (the GHZ) and at times relevant for 
civilizations today. 

• f_p (Planet Fraction): Fraction of stars that have planetary systems. 
• n_e (Habitable Planets per System): Number of Earth-like, habitable-zone 

planets per planetary system on average. 
• N_hab (Habitable Planets Formation Rate): Derived quantity = R*^eff × f_p 

× n_e, giving the rate (planets per year) at which habitable planets are 
produced in the Galaxy. 

• f_l (Abiogenesis Fraction): Probability that life arises on a habitable planet, 
given enough time. 

• f_i (Intelligence Fraction): Probability that intelligent life evolves on a life-
bearing planet. 

• f_c (Technosignature Fraction): Fraction of intelligent species that develop 
detectable technology (e.g., radio, lasers, megastructures). 



• m (Multiplicity): Mean number of independent technological civilizations per 
habitable planet (to allow multiple civilizations in a planet's history). 

• L (Lifetime): The average duration (in years) that a technological civilization 
remains detectable (e.g., by radio). More accurately considered 
as L_effective when detection constraints are applied. 

• Detection Window: The intersection of a civilization's L_effective with our 
period of technological listening, accounting for light travel delay. 

• Monte Carlo Simulation: A computational method that uses random 
sampling from probability distributions to compute the distribution of an 
outcome (here, N). 

• Distribution (probability): A mathematical function describing probabilities 
of different outcomes (e.g., Uniform, Log-uniform). 

• Uniform Distribution: A probability distribution where all values in a range 
are equally likely. 

• Log-uniform Distribution: A distribution where log10(X) is uniform; this gives 
equal weight to each order of magnitude of X. 

• Percentile / Quantile: The value below which a given percentage of 
observations fall. E.g., the 95th percentile is the value below which 95% of 
trials lie. 

• Histogram: A bar graph showing how many trials fall in each range (bin) of 
values. 

• Cumulative Distribution Function (CDF): A plot of the probability that the 
variable is less than or equal to a given value (often called an "S-curve" when 
sigmoidal). 

• Median: The 50th percentile (half of trials are below, half above). 
• Mean: The average value over all trials. 
• Fermi Paradox: The apparent contradiction between high estimates of 

extraterrestrial civilizations and the lack of evidence for them. 
• SETI (Search for Extraterrestrial Intelligence): Scientific efforts to detect 

signals or signs of intelligent life beyond Earth. 
• Log-normal Distribution: A distribution of a positive variable whose 

logarithm is normally distributed. Products of many positive independent 
factors tend to produce log-normal (skewed) distributions. 
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 The specific simulation implementation and parameter ranges used in this analysis 
follow the logic and conventions established in these and other peer-reviewed 
studies exploring the probabilistic treatment of the Drake Equation. The additions 
regarding detection limitations and the problem of simultaneity draw from 



foundational principles in physics (inverse-square law, special relativity) and 
contemporary SETI theory. 

 


