
THE MATHEMATICS
OF PLANET EARTH

John Baez
Institute of Fundamental Sciences, Massey University

2 September 2014



We have left the Holocene and entered a new epoch, the
Anthropocene, when the biosphere is rapidly changing due to
human activities. Global warming is just part of this process.

HUMAN POPULATION, IN BILLIONS

http://en.wikipedia.org/wiki/Anthropocene
http://blog.trowbridge.org/index.php?m=200410


Global Warming Art

http://www.globalwarmingart.com/wiki/Image:Global_Carbon_Emission_by_Type_png
http://www.globalwarmingart.com/wiki/Image:Global_Carbon_Emission_by_Type_png


Antarctic ice cores and other data — Global Warming Art

http://www.globalwarmingart.com/wiki/File:Carbon_Dioxide_400kyr_Rev_png
http://www.globalwarmingart.com/wiki/File:Carbon_Dioxide_400kyr_Rev_png


Reconstruction of temperature from 73 different records —
Marcott et al.

http://www.sciencemag.org/content/339/6124/1198.abstract
http://www.sciencemag.org/content/339/6124/1198.abstract


http://arctic.atmos.uiuc.edu/cryosphere/


About 1/4 of all chemical energy produced by plants is now
used by humans.

Humans now take more nitrogen from the atmosphere and
convert it into nitrates than all other processes combined.
8-9 times as much phosphorus is flowing into oceans than
the natural background rate.
In oceans, eutrophication has created about 400 dead
zones, from 1 to 70,000 km2 in area.
Populations of large ocean fish have declined 90% since
1950.
The rate of species going extinct is 100-1000 times the
usual background rate.

http://www.pnas.org/content/early/2013/05/30/1211349110.abstract
http://www.ecologyandsociety.org/vol14/iss2/art32/main.html#Interference
http://www.ecologyandsociety.org/vol14/iss2/art32/main.html#Interference
http://www.sciencemag.org/content/321/5891/926.full
http://www.sciencemag.org/content/321/5891/926.full
http://wormlab.biology.dal.ca/ramweb/papers-total/nature01610_r.pdf
http://wormlab.biology.dal.ca/ramweb/papers-total/nature01610_r.pdf
http://www.azimuthproject.org/azimuth/show/Extinction
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These changes are not isolated ‘problems’ of the sort routinely
‘solved’ by existing human institutions.

They are part of a shift from the exponential growth phase of
human impact on the biosphere to a new, uncharted phase.

Institutions and attitudes will change dramatically, like it or not:

Before, we could treat ‘nature’ as distinct from ‘civilization’.
Now, there is no nature separate from civilization.

Before, ‘economic growth’ could be our main goal, with
many side-effects ignored. Now, many forms of growth are
pushing the biosphere toward tipping points.

http://en.wikipedia.org/wiki/Planetary_boundaries
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What can mathematicians do?

Two easy things:

1. Teach math better.

2. Fly less. I saved 0.6 tonnes of carbon by not flying from
Singapore to New Zealand. In 2011 the average person on
Earth burnt 1.2 tonnes.

One hard thing:

Invent the math we need for life on a finite planet.

http://www.terrapass.com/individuals-families/carbon-footprint-calculator/
http://www.azimuthproject.org/azimuth/show/Carbon+emissions
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Most of us know a bit about how the Industrial Revolution was
triggered by, and caused, changes in mathematics.

But let’s go back and see how math played a role in an even
bigger revolution: the Agricultural Revolution.

During this revolution, from 10,000 to 5,000 BC, we began to
systematically exploit solar power by planting crops.

http://en.wikipedia.org/wiki/Neolithic_Revolution
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Starting shortly after the end of the last ice age, the agricultural
revolution led to:

surplus grain production, and thus kingdoms and slavery.

astronomical mathematics for social control and crop
planning.
geometry for measuring fields and storage containers.
written numbers for commerce.

Consider the last...
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Starting around 8000 BC, in the Near East, people started
using ’tokens’ for contracts: little geometric clay figures that
represented things like sheep, jars of oil, and amounts of grain.

The Schøyen Collection

 http://www.nb.no/baser/schoyen/5/5.11/index.html


Eventually groups of tokens were sealed in clay envelopes, so
any attempt to tamper with them could be seen.

But it’s annoying to have to break a clay envelope just to see
what’s inside! So, after a while, they started marking the
envelopes to say what was inside.

At first, they did this by pressing the tokens into the soft clay of
the envelopes.

Later these marks were drawn on tablets.

Eventually they gave up on the tokens. The marks on tablets
then developed into the Babylonian number system! The
transformation was complete by 3000 BC.
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J. J. O’Connor and E. F. Robertson, Babylonian Numerals

http://www-history.mcs.st-and.ac.uk/HistTopics/Babylonian_numerals.html


This 5000-year process of abstraction — the invention of a
general notation for numbers — laid the foundations for the
math we know.

By 1700 BC the Babylonians could compute
√

2 to 6 decimals:

1 +
24
60

+
51
602 +

10
603 ≈ 1.414213...

Yale Babylonian Collection, YBC7289

http://johncarlosbaez.wordpress.com/2011/12/02/babylon-and-the-square-root-of-2/
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So: what kind of mathematics will we create when we realize
the planet is finite, and no longer think of ourselves as separate
from nature?

Let’s optimistically assume civilization survives.

Math may undergo a transformation just as big as it did in the
Agricultural Revolution.
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To understand ecosystems, ultimately will be to
understand networks. — B. C. Patten and M. Witkamp

In the 1950’s, Howard Odum introduced an Energy Systems
Language to describe these networks.

http://en.wikipedia.org/wiki/Energy_Systems_Language
http://en.wikipedia.org/wiki/Energy_Systems_Language


Engineers, chemists, biologists and others now use many
diagram languages to describe complex systems:

We need a good mathematical theory of these!

http://math.ucr.edu/home/baez/networks/networks_1.html
http://johncarlosbaez.wordpress.com/2012/06/27/the-mathematics-of-biodiversity-part-3/
http://math.ucr.edu/home/baez/networks/networks_17.html
http://math.ucr.edu/home/baez/control/control_erlangen.pdf


The mathematics of particle physics, and category theory, can
help!

http://math.ucr.edu/home/baez/networks/


Together with colleagues and students I have been using
category theory to update and synthesize the mathematics of:

1) signal-flow graphs and electrical circuit diagrams:

http://math.ucr.edu/home/baez/networks_oxford/#I


2) stochastic Petri nets, chemical reaction networks and
Feynman diagrams:

http://math.ucr.edu/home/baez/networks_oxford/#2
http://math.ucr.edu/home/baez/networks_oxford/#2


3) Bayesian networks and information theory:

http://math.ucr.edu/home/baez/networks_oxford/#3


Network theory is just a small part of the mathematics we’ll
need to invent. We can’t predict most of it.

However, I expect the mathematics of this century will draw
inspiration from biology, ecology and sociology, much as the
math of the industrial revolution was inspired by physics.

It’s just beginning to be born. I hope you can help out. Check
out the Azimuth Project!

http://www.azimuthproject.org/azimuth/show/HomePage
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