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CHAPTER ONE
Taxis
The Sunlight, the Cloud, and the Seventeen Colors of Energy

81.1 Prologue: A Beam of Light Entersa Cloud

Imagine, for a moment, a single beam of white sunlight crossing an
empty sKky. It carries no color of its own, only the promise of every color.
It is uniform, indivisible, monomeric — a single thread of energy
traveling without preference, without asymmetry, without need. Now
imagine that the beam meets a cloud. Inside the cloud, droplets of water
break the beam's symmetry. The beam fans out. What entered as one
thing leaves as many: red, orange, yellow, green, blue, indigo, violet — a
rainbow.

This is the story of the universe. At t = O, before there was time
enough for anything to differ from anything else, the cosmos was a single
field of energy — a monomer, undivided. At t > 0, that monomer met a
cloud of its own making. The symmetry broke. What had been one
became seventeen. Seventeen fields, seventeen channels, seventeen
distinguishable ways for energy to be present at a point in spacetime.



This book is a natural history of motion. Of how things move, why
they move, and what they are moving toward. The Greeks had a word for
directed motion in response to a stimulus: taxis. A bacterium swims up a
sugar gradient — chemotaxis. A moth flies toward a flame — phototaxis.
A samon climbs a temperature gradient toward its natal stream —
thermotaxis. In every case the same logic. a system, sensing an
asymmetry in what it needs, moves along the gradient of that asymmetry.

We will follow this logic upward. From fields to particles, from
particles to atoms, from atoms to cells, from cells to bodies, from bodies
to societies. At every level the gradient changes its material — potential,
chemical, electrochemical, hormonal, Maslowian — but the grammar of
motion remains the same. There is something a system lacks; there is a
direction in which the lack is smaller; the system moves that way.

Taxisis the universe's oldest verb. Everything that
has ever moved has moved along a gradient of what
it needed.

But before we can speak of bacteria and brains, we must begin where
motion itself begins: at the field. The first chapter of any honest natural
history of taxisis the story of the seventeen fields and how they came to
differ from one another. It is, in the most literal sense, the story of how
the rainbow got its colors.

[Figure 1.1 — A beam of white light entering a water cloud and dispersing into a
spectrum. The cloud is the cosmic event of symmetry breaking; the spectrumisthe
seventeen fields of the Sandard Model ]
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81.2t =0: The Monomer Field and the Question of
Symmetry

Physicists do not, strictly speaking, know what happened at t = 0. The
equations they trust most thoroughly — general relativity for gravity,
guantum field theory for everything else — both stop working as t
approaches zero. The curvature of spacetime grows without bound.
Energies become infinite. The honest answer to the question what was the
universe at t = 0? is that we have no well-defined theory of what it was.

And yet the question is irresistible. Theoretical physics has a long
tradition of imagining, just before the equations break, a state of perfect
symmetry. A state in which all the forces we now distinguish — strong,
weak, electromagnetic, gravitational — were a single force. A state in
which the matter fields and the force fields were indistinguishable. A
state in which the universe had only one way of being. Cal this the
monomer field. It is the white light before the cloud.

The word monomer is borrowed deliberately from chemistry, where it
names a single repeating unit that joins with others to form a polymer. In
this book we will use it more broadly: a monomer is whatever, at a given
level of organization, isthe irreducible unit. At t = O, the monomer is the
unified field. At t > O, after symmetry breaks, the monomers become
particles. Later, particles will be the monomers from which atoms are
built. Later still, atoms will be the monomers from which molecules are
built, and molecules the monomers from which cells are built. The ladder
of taxis is a ladder of monomers becoming polymers becoming new
MOoNoMers.
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What does it mean to say the monomer field has perfect symmetry? It
means that any transformation you could apply to it — rotating it,
trandating it, exchanging one kind of charge for another — leaves it
unchanged. There is no preferred direction. There is no preferred kind.
There is no preferred place. Symmetry, in the technical sense, is the
absence of preference.

Thisis what makes t = O the beginning of motion and not yet motion
itself. Motion requires a gradient, and a gradient requires that one place
differ from another. In a perfectly symmetric field, no place differs from
any other. There is potential energy everywhere, but no difference in
potential, and so no force. The universe at t = 0 is the still surface of an
infinite pond. At t > 0, the pond begins to ripple.

81.3 What a Field I's. Spacetime asthe Stage and the
Actor

Before we can describe how the monomer field broke, we must be
clear about what afield is. The word is used so casually in physics — the
gravitational field, the electromagnetic field, the Higgs field — that its
strangeness is easy to miss. A field is not an object inside spacetime. A
field isavalue attached to every point of spacetime.

Pick any point in the universe. Give it four coordinates. three spatial
(X, ¥, 2 and one tempora (t). At that point, a field has a value. The
temperature field of a room has a temperature at every point. The
electromagnetic field has an electric vector and a magnetic vector at
every point. The Higgs field, remarkably, has a non-zero value at every
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point in the entire vacuum of space.

A field, then, is afunction from spacetime to some kind of value. The
value can be a number (a scalar field), a vector (a vector field), a more
complicated object called a spinor (the matter fields of the Standard
Model), or a tensor (the gravitational field). What unites them all is that
the field exists everywhere, at every moment, even where its value is
zero. The field is the stage. Particles are what happens on the stage. But
the stage is also the actor; the field, when it is excited, is the particle.

Thisisthe deepest lesson of twentieth-century physics, and it is worth
stating plainly: there are no particles, only fields. What we call an
electron is a localized excitation of the electron field. What we call a
photon is alocalized excitation of the electromagnetic field. The particles
are the disturbances; the fields are what is being disturbed.

[Figure 1.2 —A four-dimensional grid of spacetime, each lattice point bearing a
small value indicator. The field is the assignment of a value to every point; a
particleis a localized bump in the value, propagating through the lattice.]

From this view, the question what is a particle? has a beautiful
answer. A particle is a place where a field has been disturbed from its
resting value. It is a kink, a wave packet, a quantum of excitation
traveling through the medium of the field itself. Its trgectory, spin,
velocity, and position are properties of the disturbance, not of any
underlying ball-bearing-like object. There is no ball. There is only the
wrinkle in the field, and the wrinkle has nowhere to live except in the
field that wrinkles.
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This will matter for taxis. If a particle is a wrinkle, then a particle's
motion is the propagation of that wrinkle through the field. And the
propagation of a wrinkle through a field is governed, exactly and
beautifully, by an equation. Indeed, by three equations: the Lagrangian,
the Hamiltonian, and the field equation that follows from them. To these

we now turn.

81.4 Lagrangians, Hamiltonians, and the Her mitian
Demand

The deepest principle in physics is older than physics. It is the
principle of stationary action, articulated by Maupertuis and Euler in the
eighteenth century, given its modern form by Lagrange and Hamilton in
the nineteenth, and elevated to the foundation of all modern physics by
Feynman in the twentieth. The principle is this: nature chooses the path
that makes the action stationary.

The action is a single number computed by integrating, over a path, a
guantity called the Lagrangian. The Lagrangian is the difference between
the kinetic energy of the system and its potential energy:

L=T-V

L egend. L, the Lagrangian, has units of energy. T isthe kinetic energy, the
energy of motion. V isthe potentia energy, the energy of position. The
minus sign is not atypo; it isthe most consequential minus sign in physics.
The action Sistheintegral of L over time: S=[ L dt.

Why does the Lagrangian use the difference of energies and not the
sum? Because the principle of stationary action asks. among all the
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conceivable paths a system could take from one moment to the next,
which one does it actually take? The answer turns out to be the path along
which the integrated difference between kinetic and potential energy is
neither maximal nor minimal but stationary — flat to first order. Nature
Is not lazy and not greedy; nature is balanced.

The Hamiltonian is the Lagrangian's twin. Where the Lagrangian uses
position and velocity as its natural variables, the Hamiltonian uses
position and momentum. And where the Lagrangian is the difference of
energies, the Hamiltonian is the sum:

H=T+V

L egend. H, the Hamiltonian, also has units of energy and equals, for most
systems, the total energy. T iskinetic energy expressed as a function of
momentum p: for afree particle of massm, T = p2/2m. V(X) isthe potential
energy as afunction of position. The Hamiltonian is what is conserved
when the laws of physics do not change with time.

In quantum field theory, both the Lagrangian and the Hamiltonian
become operators on an infinite-dimensional space of states. They no
longer return numbers, they return transformations. And here a new
demand enters the theory: the Hamiltonian must be Hermitian.

An operator is Hermitian if it equals its own conjugate transpose.
Why does this matter? Because the eigenvalues of a Hermitian operator
are real numbers. And the Hamiltonian's eigenvalues are the possible
energies of the system. A non-Hermitian Hamiltonian would predict
imaginary energies — and we have never measured an imaginary energy.
The Hermitian demand is the demand that the universe be honest about
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how much energy it has.

HT = H

L egend. H' isthe Hermitian conjugate of H: take the matrix, transpose it
(swap rows with columns), and complex-conjugate every entry. If the result
equalsthe original, the operator is Hermitian, and its spectrum of
eigenvaluesisreal.

Every field in the Standard Model is described by a Lagrangian. From
that Lagrangian, by the calculus of variations, follows the field equation
— the equation of motion for the field. From the same Lagrangian, by a
procedure called Legendre transformation, follows the Hamiltonian,
which must be Hermitian for the theory to make physical sense. These
three objects — Lagrangian, field equation, Hamiltonian — are the trinity
of any fundamental field. We will meet them seventeen times in this
chapter.

81.5 Symmetry Breaking at t > 0: The Cloud Refracts

Return now to our metaphor. The beam of sunlight has entered the
cloud. The droplets of water in the cloud, by their geometry, force the
beam to refract differently at different wavelengths. The result is a
spectrum: distinct colors that were not distinct in the beam itself. The
beam was always made of those colors — they were always latent within
the white light — but only the cloud made the latency manifest.

Symmetry breaking in the early universe works the same way. The
monomer field of t = 0 contained, latent within itself, the seventeen fields
we now know. The cosmic cloud — the cooling of the universe as it
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expanded, the faling of the energy density below the threshold for
unification — forced those latent distinctions to become real. The strong
force separated from the electroweak force. The electroweak force
separated into electromagnetic and weak. The Higgs field acquired a
non-zero vacuum value, and that value pinned down the masses of every
other field that couplesto it. The rainbow appeared.

It is important to be clear about what symmetry breaking is and is not.
It is not the appearance of new things from nowhere. It is the loss of an
indistinguishability that was previously present. Before the break, all the
fields are interchangeable. After the break, they are not. The information
has not increased; the symmetry has decreased. And it is the loss of
symmetry that creates the gradients along which everything subsequently
Moves.

Symmetry is the absence of preference. Symmetry
breaking is the birth of preference. Preferenceisthe
gradient. Gradient is the cause of motion. Motion is

taxis.

We are now ready to meet the seventeen colors. They divide into
three families: twelve fermion fields, which are the matter of the
universe; four gauge boson fields, which carry the forces between matter;
and one Higgs field, which gives mass to all the others. We will treat
them in that order.

81.6 The Twelve Fermion Fields
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The matter of the universe — every star, every planet, every cell of
every body — ismade of fermions. A fermion is a particle of half-integer
spin, which is a way of saying that it has a peculiar property called the
Pauli exclusion principle: no two identical fermions can occupy the same
guantum state. Thisis the property that gives matter its volume. Without
it, al the electrons in your body would collapse into the lowest energy
state and you would have no shape.

There are twelve fermion fields in the Standard Model, organized into
three generations. Each generation contains two quarks and two leptons.
The first generation (up, down, electron, electron-neutrino) makes up
amost all the ordinary matter we encounter. The second (charm, strange,
muon, muon-neutrino) and third (top, bottom, tau, tau-neutrino)
generations are heavier copies, produced in particle collisons and in
certain stellar processes but otherwise short-lived.

Every fermion field obeys, at the level of its free dynamics, the same
equation: the Dirac equation. Paul Dirac wrote it down in 1928 by
demanding that an equation be both relativistic (compatible with special
relativity) and first-order in time derivatives (so that probability would be
conserved). What he found was extraordinary: the equation predicted
antimatter before antimatter had been observed.

(iy“@u—m)lp:O

Legend. i istheimaginary unit. y*' are the four Dirac gamma matrices, one
for each spacetime direction (L =0, 1, 2, 3); they encode how thefield
transforms under rotations and boosts. d  is the spacetime derivative, taking
the partial derivative with respect to eacﬁ coordinate. mis the rest mass of
the fermion. Y isthe fermion field itself, a four-component spinor at every
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spacetime point. The Einstein summation convention isin use: repeated
indices are summed.

The Lagrangian density from which the Dirac equation followsis:

—aT.0n
Loirac =W Y (Y0, —my
L egend. The expression lJJTyO isthe Dirac adjoint of {J, conventionally
written -bar. L here denotes a Lagrangian density rather than a
Lagrangian: it has units of energy per unit volume, and the Lagrangian
proper isitsintegral over space. misagain the rest mass. The other symbols
are as defined above.

The Hamiltonian density of a free fermion field, obtained from the
Lagrangian by Legendre transformation, is:

T,
=W (-ido +
HD|rac b (Ha a| Bm)y
Legend. H here is the Hamiltonian density. o' = y°y for the three spatial

directionsi =1, 2,3, and 3 = yO. This Hamiltonian density is Hermitian,
satisfying H = H, so its eigenvalues (the allowed energies) are real.

For each of the twelve fermion fields, the Dirac equation is the same
equation, differing only in the value of m and in additional terms
describing how the field couples to the gauge bosons. The mass m for
each field comes from the Higgs coupling, of which morein 81.8. Welist
the twelve fields and their measured rest masses in tabular form below.

Generation Quark (up-type) Quark (down-type) Charged Lepton Neutrino
| up (~2.2 MeV) down (~4.7 MeV) electron (0.511 MeV) Vg (<1eV)
Il charm (~1.27 GeV) strange (~95 MeV) muon (105.7 MeV) v“ (<1lev)
I top (~172.8 GeV) bottom (~4.18 GeV) tau (1.777 GeV) v, (<1eV)

[Table 1.1 — The twelve fermion fields, organized by generation. Masses are
approximate values from the Particle Data Group's most recent compilation.
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Neutrino masses are upper bounds from cosmological and oscillation
experiments.]

Notice the staggering range. The top quark is roughly 350,000 times
heavier than the electron. The neutrinos are at least a million times lighter
than the electron. The Standard Model predicts no reason for this
hierarchy; it merely accommodates the masses we measure. The
hierarchy of massesis one of the great open questions of modern physics,
and it is, in our metaphor, a question about the geometry of the cloud —
about why the cloud refracts each color by exactly the angle it does.

L et us now meet each of the twelvein turn. Eachisafield that fills all
of space, each has a Dirac-type Lagrangian, each obeys a Hermitian
Hamiltonian, and each couples in characteristic ways to the gauge fields.
What distinguishes them is the identity of those couplings — their
charges — and the strength of their handshake with the Higgs, which sets

thelr masses.

The up quark. Spin Y%, electric charge +m, mass roughly 2.2 MeV.
Carries one of three colors of strong charge. Two ups and a down make a
proton; one up and two downs make a neutron. The up is among the
lightest quarks and has been a part of every story since the universe was a
microsecond old. Its taxis is dictated by the strong, electromagnetic, and
weak forces simultaneoudly; it almost never exists alone, because the
strong force forbids isolated color charge.

The down quark. Spin Y%, electric charge —m, mass roughly 4.7 MeV.
The other partner in ordinary nuclear matter. The slight mass difference
between up and down — three megael ectronvolts, smaller than a typical
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thermal fluctuation — is responsible for the proton being lighter than the
neutron and therefore stable, while a free neutron decays in fifteen
minutes. Without that small mass gap, hydrogen would not be stable,
stars would not burn as they do, and the chemistry of the universe would
be utterly unlike our own.

The charm quark. Second-generation up-type, charge +m, mass roughly
1.27 GeV — about six hundred times heavier than the up. The charm
exists fleetingly in cosmic ray showers and accelerator collisions, binding
briefly into mesons (charm-anticharm pairs make the Jy particle,
discovered in 1974) before decaying via the weak force. It has no role in
ordinary matter, but it was crucia historically in confirming the Standard
Model's prediction of afourth quark.

The strange quark. Second-generation down-type, charge —m, mass
roughly 95 MeV. The strange quark gave the second generation its first
hint: in the 1950s, particles containing strange quarks behaved oddly,
hence the name. Strange quarks form kaons and lambdas, particles of
cosmic ray showers, and they exist in the cores of neutron stars, where
the density is high enough that strange-quark matter may be the
lowest-energy state.

The top quark. Third-generation up-type, charge +m, mass a
monumental 172.8 GeV — heavier than an entire tungsten atom. The top
Is the shortest-lived quark, decaying in about 5 x 10 seconds, SO
quickly that it does not have time to bind into a hadron. It alone among
guarks exists, however briefly, as a free particle. Its enormous Y ukawa
coupling to the Higgs is so close to unity that physicists suspect the top

Taxis and Chemotaxis - Chapter 1

13



has a special role in whatever physics lies beyond the Standard Model.

The bottom quark. Third-generation down-type, charge —m, mass
roughly 4.18 GeV. The bottom binds into B mesons whose oscillations
between matter and antimatter form one of the most precise tests of the
Standard Model's account of CP violation — the small but crucia
asymmetry between matter and antimatter that may explain why the
universe contains anything at all rather than equal parts matter and
antimatter.

Sx quarks, each a distinct color in the cosmic
rainbow, three of them ordinary matter, three of
them visitors from higher energies.

The electron. Spin %, electric charge —1, mass 0.511 MeV. The lightest
charged Iepton and the foundation of all chemistry. Every covaent bond,
every ionic interaction, every flame and every photosynthetic event is the
rearrangement of electrons among atoms. The electron's stability — it
does not decay because there is no lighter charged particle for it to decay
into — is what allows atoms to last long enough to do anything
interesting.

The electron neutrino. Spin Y2, electric charge zero, masslessthan 1 eV.
Neutrinos interact only via the weak force and gravity, making them
ghostlike: trillions pass through your body every second from the sun,
and roughly one of them every few years scatters off something inside
you. The neutrino's tiny but non-zero mass — established by the
discovery of neutrino oscillations in the 1990s — is the first known crack
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in the Standard Model, since the original Standard Model assumed
neutrinos were massless.

The muon. Second-generation charged lepton, charge —1, mass 105.7
MeV — about two hundred times the electron's. The muon is essentially
a heavy electron, decaying in about two microseconds into an electron
and two neutrinos. Muons reach the Earth's surface from cosmic ray
showers, and their slight discrepancy with Standard Model predictions
for their magnetic moment — the so-called g—2 anomaly — has been a
tantalizing hint of new physics for two decades.

The muon neutrino. The neutrino partner of the muon, distinguished by
its couplings rather than by anything you could see in isolation. Muon
neutrinos are produced in pion decays and have been used as probes of
neutrino oscillation in long-baseline experiments. The fact that a muon
neutrino can transform into an electron neutrino as it flies through space,
then back again, was one of the most stunning experimental discoveries
of the past thirty years.

Thetau. Third-generation charged lepton, charge —1, mass 1.777 GeV —
about 3,500 times the electron's mass and roughly the mass of two
protons. The tau is so heavy that it can decay into hadrons as well as
leptons, providing one of the cleanest experimental tests of the
universality of the weak force across the three generations.

The tau neutrino. The third neutrino, with mass less than 1 eV. Its
existence was inferred from the missing energy in tau decays long before
it was directly observed in the year 2000 a Fermilab — the last
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fundamental fermion to be detected. It completes the matter content of
the Standard Model.

[Figure 1.4 — A periodic-table-style portrait of the twelve fermions, three columns
by four rows, with mass scales rendered as logarithmic bars beneath each entry.
The visual emphasis falls on the ten orders of magnitude that separate the lightest
neutrino from the heaviest top quark.]

Each of these twelve fields has, additionally, an antiparticle
counterpart — the positron for the electron, the antiquark for the quark,
and so on. In some accounting schemes these are counted separately,
doubling the fermion count to twenty-four. We follow the convention that
field and antifield are two excitations of the same underlying complex

spinor field, related by charge conjugation. The count remains twelve.

The relativistic field equation for a fermion at rest — that is, with
momentum zero and only its rest energy E = mc? — reduces the Dirac
equation to a particularly simple form:

0, W=mBy

L egend. at isthe partial derivative with respect to time. 3 isthe Dirac
matrix introduced above. The solutions are oscillations at angular frequency
w =m (in natural unitswhere m =c = 1), which in conventional units
becomes w = mc2/m . A fermion at rest isafield oscillating at a frequency
set entirely by its rest mass.

Read that last sentence again. A fermion at rest is not a stationary
thing. It isafield oscillating in place. Its rest mass, the source of so much
of our intuition about solidity, is in fact a frequency. E = mc? is the
translation between the two languages. Mass is what frequency looks like
when you stand still.
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81.7 The Four Gauge Boson Fields

If fermions are the matter of the universe, gauge bosons are the
messengers between fermions. They are the means by which one piece of
matter influences another. There are four of them: the photon (carrier of
the electromagnetic force), the gluon (carrier of the strong force, of which
there are eight color varieties grouped under one field), the W boson
(carrier of the weak force, with positive and negative varieties), and the Z
boson (the weak force's neutral carrier).

All four are spin-1 particles, called vector bosons because their fields
are vector fields. They obey the principle of gauge invariance, which is
the requirement that the Lagrangian be unchanged by certain local
transformations of the fermion fields. Gauge invariance is, in a precise
sense, the modern formulation of the principle of no preferred direction:
it asserts that the laws of physics should look the same regardless of how
you locally rotate the abstract "direction” in which afermion field points.

The most familiar of the gauge bosons is the photon, whose dynamics
are governed by Maxwell's equations. In modern relativistic form, the
free photon Lagrangian density is:

-1 MV
LEM =-Y Fuv F

L egend. LEM is the electromagnetic Lagrangian density. Fle isthe
electromagnetic field tensor, defined as F = au AV - av A, WhereALl is
the four-potential whose components are the electric scalar potential and
the magnetic vector potential. The factor of ¥4is conventional, absorbing
factors of 2 that arise from the antisymmetry of Fw.
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The field equation that follows from this Lagrangian, in the absence
of sources, is:

o FY=0
U

L egend. This compact equation is equivalent to the four free-space
Maxwell equations. In the presence of an electric current ¥, the right-hand
side becomes J, expressing how charges and currents source the
electromagnetic field.

The Hamiltonian density of the free electromagnetic field is the
familiar energy density of light:

2 2
Heyy = %2 (E” + BY)

L egend. HEM is the Hamiltonian density of the free electromagnetic field.
E isthe electric field vector and B is the magnetic field vector (in
Heaviside-Lorentz units with ¢ = 1). E? and B2 denote the squared
magnitudes. This Hamiltonian density is manifestly Hermitian and
non-negative: light always carries energy, never debt.

The photon is massless. Thisis not a coincidence; it is a requirement
of the gauge symmetry of electromagnetism. A mass term in the
Lagrangian would break the symmetry and ruin the theory. The photon's
masslessness is why the electromagnetic force has infinite range — light
from adistant galaxy reaches us still.

The gluon, carrier of the strong force, obeys a generalization of the
photon's Lagrangian called Yang-Mills theory. The strong force differs
from electromagnetism in that gluons themselves carry the very charge
they mediate (color charge), so they interact with one another as well as
with quarks. The Lagrangian density is.
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_ a ~apv
LQCD = -G " G

Legend. L D is the quantum chromodynamics Lagrangian density. G* y
isthe gluon field strength tensor. The index a runsfrom 1 to 8, labeling the
eight color varieties of gluon. Unlike the photon's F, the gluon's G includes
anon-linear term: G =9 AaV -0, A2 +gf¥C AP ACV, where gisthe
strong coupling and fHMC are the structure constants of the SU(3) color
group.

The non-linearity is what makes the strong force strong. Gluons
attract gluons; the interaction reinforces itself; the result is confinement,
the property that quarks and gluons cannot exist in isolation but only in
combinations whose total color charge is zero. We will return to
confinement in Chapter 2 when we discuss the polymerization of quarks
into hadrons.

The W and Z bosons are the carriers of the weak force, responsible for
radioactive beta decay and for the nuclear reactions that power the sun.
They are described by another Y ang-Mills Lagrangian, this time based on
the SU(2) symmetry group. Unlike the photon and the gluon, the W and Z
are massive — extraordinarily massive, at around 80 and 91 GeV
respectively, roughly the mass of a silver atom packed into a single
particle. Their masses come from the Higgs mechanism, the subject of
81.8.

L =-y,W wW-_yp pgW
weak S\ 8\

L egend. LW ok isthe electroweak gauge Lagrangian density. w W isthe
SU(2) gauge field strength (i = 1, 2, 3), and Buv isthe U(1) hypercharge
field strength. After symmetry breaking, the physical wh W, ZO, and the
photon emerge as linear combinations of these underlying gauge fields,
mixed by the Weinberg angle GW.
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At rest, a massive gauge boson satisfies a relativistic field equation
called the Proca equation, the massive analog of Maxwell's equations:

(m +m2)AV:0

Legend. m =9 0" isthe d'Alembertian operator, the relativistic analog of
the Laplacian. mis the rest mass of the W or Z. A" is the boson's
four-vector field. The equation says: the field oscillates at a frequency set
by its mass, and propagates at speeds approaching ¢ for high momenta.

Let us, as we did with the fermions, briefly portrait each of the four
gauge bosons in turn. They are, despite being only four, the agents of
every force in the universe except gravity.

The photon. Spin 1, electric charge zero, mass zero. The photon is the
messenger of the electromagnetic force and the most familiar particle in
human experience: it is light. Every visual sensation, every
photosynthetic event, every radio wave, every X-ray is a photon doing its
job. Because the photon is massless, the electromagnetic force has
infinite range; because it is electrically neutral, photons do not interact
directly with one another at low energies, which is why two flashlight
beams pass through each other unchanged.

The gluon. Spin 1, electric charge zero, mass zero, but carrying color
charge — and there are eight color combinations of gluon, all bundled
into a single field with eight components. Gluons mediate the strong
force between quarks and between gluons themselves. Their
self-interaction makes the strong force grow stronger at long distances,
the opposite of every other force, so that isolated quarks and gluons
cannot exist outside of color-neutral combinations. This property is called
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confinement, and it is why the quarks we listed above always appear
inside protons, neutrons, mesons, and other hadrons rather than as free
particles.

The W boson. Spin 1, electric charge £1, mass 80.4 GeV. The W comes
in two charged varieties, W and W™, which are anti particles of each
other. The W mediates the charged-current weak interactions responsible
for radioactive beta decay: a neutron transforms into a proton by emitting
avirtual W, which then decays into an electron and an antineutrino. The
W's enormous mass — about eighty times that of a proton — is what
makes the weak force weak: heavy carrier particles cannot propagate far,
so the force has a range of only about a thousandth the size of an atomic

nucleus.

The Z boson. Spin 1, electric charge zero, mass 91.2 GeV. The Z is the
neutral carrier of the weak force, mediating interactions in which no
charge is transferred. Z exchange is what allows neutrinos to scatter off
matter without transmuting it; it is also responsible for parity violation in
atomic systems, a subtle but measurable effect by which mirror-image
atoms behave very dlightly differently.

[Figure 1.5 —The four gauge bosons, schematized by range and strength. The
photon and gluon, both massless, are placed at infinite range; the W and Z, both
massive, are at sub-femtometer range. The strength of the strong force at short
distances dwarfs all others.]
These four bosons, together with the Higgs and the twelve fermions,
complete the seventeen fields of the Standard Model. They are the

seventeen colors of our cosmic rainbow. We have one more to meet.
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81.8 The Higgs Field: the Seventeenth Color

The seventeenth field is unlike the other sixteen. The twelve fermion
fields are spin-Y2. The four gauge boson fields are spin-1. The Higgs is
spin-0 — a scalar field, attaching a single number to every point of
spacetime. It is the only fundamental scalar field that has been observed
in nature.

The Higgsfield is aso unigue in another way: its vacuum value is not
zero. Every other field has a vacuum value of zero, with disturbances
appearing as positive and negative excursions around that zero. The
Higgs sits, in the vacuum, at a non-zero value of approximately 246
gigaelectronvolts. The whole universe is bathed in Higgs field, and that
bath is what gives the W and Z bosons their masses, what gives the
fermions their masses, and what selects which of the original electroweak
gauge bosons remains massless to become the photon.

The Lagrangian density of the Higgsfield, initssimplest form, is:

_ T
Liiiggs= @ @' (0, @ - V(9)

L egend. LHi < Isthe Higgs Lagrangian density. @isthe Higgsfield, a
complex dou%}iet under SU(2). D isthe gauge-covariant derivative, which
couples @ to the electroweak gauge bosons. V() isthe Higgs potential, the
source of all the field's interesting behavior.

The Higgs potential has the famous "Mexican hat" or "wine bottle
bottom" shape:

V(@) = 12 |gf? + A gl
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L egend. |(p|2 is the squared magnitude of the complex Higgs doublet. pz isa
parameter that, crucially, is negative; thisis what gives the potential its
hat-like shape with a peak at ¢ = 0 and aring of minimaat non-zero @. A is
the Higgs self-coupling, positive, ensuring the potential is bounded below.

The Hamiltonian density, after symmetry breaking and expansion
around the vacuum, is:
H, =%(0 h)2+ 1/z(Dh)2+ 15m 2 h + interactions
Higgs t mh
L egend. HHiggs isthe Hamiltonian density of the Higgs field after
symmetry breaking. h isthe physical Higgs field, the small fluctuation
around the vacuum value v = 246 GeV. m, = 125 GeV isthe mass of the

Higgs boson, the quantum of h, discovered at CERN in 2012. The
Interaction terms are responsible for giving massto al the other fields.

The Higgs is the cloud. Or rather, the Higgs is the principal
mechanism by which the cloud refracts the seventeen colors at different
angles. Before electroweak symmetry breaking, the W, Z, and photon
were three indistinguishable gauge bosons. After symmetry breaking —
after the Higgs field rolled off its central peak and into its ring of minima
— the W and Z absorbed components of the Higgs and became massive,
while the photon remained massless. The fermion masses, similarly, are
products of the fermion fields' couplings to the Higgs vacuum value:
Mermion = Y Vs where y is the fermion’s Y ukawa coupling and v is the

Higgs vacuum value. The varied masses of the fermions encode the
varied strengths of their handshakes with the Higgs.

[Figure 1.3 —The Higgs potential, V(¢), shown as a Mexican-hat surface in the
complex @-plane. Theridge at @ = Oisunstable; thering of minimaat || = vis
wher e the univer se sits. The choice of any one point on the ring breaks the
symmetry.]
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The Higgsis the seventeenth color. It isalso the
cloud.

81.9 What a Particlels. A Disruption ina Single Field

Now that we have all seventeen fields, we can return to the question
we deferred in 81.3: what is a particle? The answer, made precise by
guantum field theory, is this: a particle is a quantum of excitation in a
single field.

Each field has a vacuum state, the state in which no particles are
present. In the vacuum, the field still exists; it is simply at its lowest
energy configuration. To create a particle, you add a quantum of energy
to the field at a particular spacetime location. The field acquires a
localized excitation that propagates according to the field equation. That
localized excitation, when it interacts with detectors, manifests as the
particle we recognize: the electron, the photon, the up quark.

The mathematical formalism that makes this precise is called second
guantization. The field @(x, t) is decomposed into a sum of creation and
annihilation operators:

ox, 1) = [ (dk/ (2m)°) [ak) € ¥+ al () e" 1]

L egend. a(k) isthe annihilation operator that destroys a particle of
momentum K; aT(k) isthe creation operator that creates one. The
exponentials are plane waves carrying momentum k and energy @, The
integral sums over all possible momenta. Thefieldis, inthisview, a
superposition of plane waves, each weighted by the operator that creates or
destroys its quantum.
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A particle, then, has the following properties, all of which describe
the localized excitation of the field:

Position — the spacetime location at which the excitation is most
concentrated. In quantum mechanics this is fuzzy, governed by the wave
packet's spatial extent.

Momentum — the rate at which the excitation translates through space,
related to the spatial frequency of the wave packet by the de Broglie
relation p = mk.

Velocity — for afree particle, the group velocity of the wave packet, v =
ow/ok. For arelativistic particle, this approaches ¢ as m goesto zero.

Spin — the intrinsic angular momentum, a property of the field itself:
scalar fields have spin 0, spinor fields have spin Y%, vector fields have
spin 1. The spin determines how the field transforms under rotations.

Trajectory — the path traced by the wave packet's center as time
evolves. In the absence of forces, thisis a straight line. In the presence of
an interaction with another field, it bends. The bending of the trgjectory is
the moment at which the second field acts on the first.

Notice that all five properties are properties of the disturbance, not of
any underlying object. There is no electron-stuff distinct from the
electron field. The electron isthe field, locally excited.

81.10 The Five Coordinates of a Disturbance
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We have spoken of position, momentum, velocity, spin, and trajectory
as if they were five separate things. They are not. They are five views of
the same underlying object: the wave packet. To understand taxis at the
deepest level, we must see how they cohere.

Consider a single electron, a wave packet in the electron field,
traveling through empty space. Its position is the central location of the
packet; its momentum is the rate at which that center moves multiplied by
its mass; its velocity is the ratio momentum to mass; its spin is the
intrinsic angular momentum carried by the field's spinor structure; its
trgjectory is the curve traced over time by the central position. All five
derive from the same wave function, (X, t).

What changes the trajectory? Force, in the classical view. Interaction,
in the quantum field theoretic view. The electron field couples to the
photon field via the electromagnetic interaction; if thereis a photon in the
vicinity — a disturbance in the electromagnetic field — then the
electron's wave packet will be pushed by the interaction, its trgectory
will bend, and we will say that the electron has felt a force. The forceis
the trgjectory bend; the bend is the interaction; the interaction is the
coupling between two fields.

Here is where taxis enters at the most fundamental level. A field
excitation does not move randomly. It moves in response to a gradient of
potential. The potential in question is the potentia energy term in the
Lagrangian — V inthe L = T — V we wrote above. Wherever the
potential V varies through space, the field excitation experiences a force
in the direction of decreasing V.
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F=-0V

L egend. F isthe force on the particle. O is the gradient operator, which
takes the spatial derivative in each direction. V(X) is the potential energy as
afunction of position. The minus sign means the force points down the
gradient — toward lower potential energy. Thisis the most fundamental
statement of taxisin physics.

Forceisthe gradient of potential, with a minus sign.
Taxisiswhat happens in response to that gradient.

When we say a bacterium displays chemotaxis up a sugar gradient,
we are using the same logic at a different level of organization. The
bacterium has a measurement system that trandates external sugar
concentration into internal flagellar behavior; the result is biased motion
along the gradient. The mathematics differs in detail, but the structure is
identical: a gradient exists; a system senses the gradient; the system
moves along the gradient. From electron to bacterium to brain to society,
the story is the same story, told seventeen ways.

81.11 Returning to Taxis: the First Gradient isthe
Potential Itself

We are now ready to articulate taxis in its most fundamental form. At
the level of fields, taxisis the response of afield excitation to a gradient
in the potential. The potential is not yet a chemical, not yet a hormone,
not yet a Maslowian need. It is the most abstract possible specification of
where the field would rather be.

Where would the field rather be? At the minimum of its potential. The
Higgs field, as we have seen, sat at the peak of its potential in the very
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early universe and then rolled into the trough; this rolling is taxis at the
cosmic scale. An electron in the vicinity of a proton finds the Coulomb
potential lower nearby than far away; it falls into the proton's well and
forms a hydrogen atom; thisfalling istaxis. A photon emitted by a distant
star travels in a straight line through empty space because that is the
trgjectory along which its action is stationary; this aso is taxis, taxis
along the gradient of action.

Every motion in the universe, at every scale, isthe expression of some
system responding to some gradient. The grand thesis of this book is that
we can understand the world by tracing the gradients. At each level the
gradient changes its material but not its grammar.

Consider the levelswe will visit:

Field level (this chapter) — gradient of potential energy, response of a
field excitation. Mediated by the fundamental forces.

Particle level (Chapter 2) — gradient of binding energy, response of
polymerizing particles. Mediated by Y ukawa couplings and the Higgs.

Cosmic level (Chapter 3) — gradient of gravitational potential and
pressure, response of gas clouds, stars, and worlds. Mediated by gravity,
thermodynamics, and the fusion ladder.

Molecular and cellular level (Chapter 4) — gradient of chemical
concentration and electrochemical potential, response of molecules and
cells. Mediated by diffusion, ion pumps, and signaling cascades.
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Multicellular level (Chapter 5) — gradient of morphogen concentration
and mechanical strain, response of tissues. Mediated by hormones,
contact signaling, and the extracellular matrix.

Organismal level (Chapter 6) — gradient of homeostatic deficit,
response of the hypothalamus. Mediated by neurotransmitters and
neuropeptides, mapped onto Maslow's hierarchy of needs.

Neur ochemical level (Chapter 7) — gradient of endogenous reward and
stress molecules, response of craving. Mediated by the brain's own
pharmacy, the hijackings of substance addiction, and the homeostatic
chases of behaviora addiction.

Primate level (Chapter 8) — gradient of socioeconomic and symbolic
resource, response of behavior. Mediated by culture, learning, and the
comparative ethology of apes, chimpanzees, bonobos, and humans.

Societal level (Chapter 9) — gradient of perceived scarcity and
abundance, response of social systems. Mediated by cooperation,
anti-cooperation, the spectrum of altruism, and the dark tetrad of
personalities.

Notice the pattern. At each level a system responds to a gradient. The
gradient is always, in some translated sense, a gradient of need: a
difference between what the system has and what it requires. At the field
level the need is mathematical — the field's preference for low potential.
By the time we reach Maslow, the need has names. food, safety,
belonging, esteem, self-actualization. But the underlying structure has not
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changed. The hypothalamic neuron seeking glucose is, in the deepest
sense, doing what the electron does when it falls toward the proton.

81.12 Bridge to Chapter 2: Why Disruptions Begin to
Find One Another

We end Chapter 1 with the seventeen fields disturbed and disturbing.
The universe at t = 10 ™% seconds — about a picosecond after the
beginning, when electroweak symmetry has just broken — is a roiling
plasma of field excitations. quarks of all six flavors, leptons of al six
flavors, photons, gluons, Ws, Zs, and Higgses, al colliding and
recombining at temperatures of trillions of degrees. There is gradient
everywhere, and there is taxis everywhere. The question now is. what
happens when the gradients between these particles begin to favor their
combination over their separation?

The answer is the subject of Chapter 2. As the universe cools, the
energetic preference shifts. Free quarks, which at high temperature are
content to roam, find at lower temperatures that they are more bound to
one another than apart. The strong force, mediated by gluons, pulls them
together into hadrons — three quarks at a time, as in the proton and
neutron, or quark-antiquark pairs as in the mesons. The Higgs field,
having taken its vacuum value, is now bestowing mass on al the
fermions and on the W and Z. And a new kind of taxis emerges. not the
taxis of single excitations responding to potentials, but the taxis of
polymers — of bound combinations responding to one another.
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We will call this proto-chemotaxis. It is the chemistry of the early
universe, the taxis of particles becoming atoms. It is the moment when
the rainbow, having appeared, begins to braid its colors back together
into the new structures we will recognize in the periodic table. The
seventeen colors do not remain seventeen forever. They polymerize. And
the polymers, in turn, become the new monomers of the next chapter of
the story.

From here on, taxis stops being a metaphor and
starts being a chemistry.

But that is the next chapter. For now, we leave the universe at the end
of itsfirst picosecond, with the rainbow newly fanned and the cloud still
hanging. We have the Lagrangians. We have the Hamiltonians. We have
the field equations. We have, above all, the principle that motion is
response to gradient. Equipped with these, we are ready to follow taxis up
the ladder.

— End of Chapter 1 —
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CHAPTER TWO

Proto-Chemotaxis

Yukawa, Higgs, and the First Bonds

82.1 The Mass Problem and the Higgs Coupling

We left Chapter 1 with the universe at the end of its first picosecond:
aroiling plasma of seventeen newly distinct fields, the cloud just having
refracted the monomer beam into its rainbow of colors. The fields exist,
they oscillate, they carry energy. But not yet do they reach for one
another. Each excitation moves along the gradient of its own potential,
indifferent to the others. The universe has diversity but not relationship.

What turns diversity into relationship is mass. Without mass, al fields
would propagate at the speed of light, fly past one another without
lingering, and never settle into the bound states we recognize as matter.
With mass, fields slow down. They linger. They give one another time
enough to interact. Thefirst act of relationship in the universeisthe act of
acquiring mass — and the agent of that acquisition isthe Higgs field.

Recall from 81.8 that the Higgs field, alone among the seventeen, has
a non-zero vacuum expectation value: v = 246 GeV. Every fermion field
that exists in this Higgs-soaked vacuum acquires a mass proportional to
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how strongly it couples to the Higgs. The constant of proportionality is
called the Yukawa coupling, named for Hideki Yukawa, who in 1935
first proposed that forces between particles could be mediated by the
exchange of other particles. The fundamental relation is:

mf:yfv/\/Z

L egend. m isthe rest mass of fermion f. ¥ isthe dimensionless Y ukawa
coupling specific to that fermion: a number between zero and roughly one.
v = 246 GeV isthe Higgs vacuum expectation value, the same for every
fermion. The factor of V2 is conventional, arising from the normalization of
the complex Higgs doublet. Mass, in this view, is not a property a particle
has; it isa number that emerges from how strongly the particle holds onto
the Higgs as it travels through the vacuum.

The top quark, with mass 172.8 GeV, has a Y ukawa coupling close to
one — it grips the Higgs as tightly as is physically possible without
violating perturbation theory. The electron, at 0.511 MeV, has a 'Y ukawa
coupling of roughly 3 x 10_6, a feather-light grip. The neutrinos, mass
below 1 eV, grip the Higgs so faintly that physicists are not entirely
certain whether their mass arises from the Higgs at all or from a different
mechanism atogether. But every fermion that has mass at all has it
because of this single moment of contact: the moment when the field,
propagating through space, pauses to exchange a quantum of Higgs and
Is, by that exchange, slowed.

Mass is the universe'sfirst verb of relationship. To
have mass is to have already touched the Higgs.

Now consider what mass enables. A massless particle, like the
photon, propagates always at c. It has no rest frame; it cannot be still; it
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cannot bind. A massive particle, in contrast, has a rest frame. It can sit
still. 1t can be located. It can have neighbors, and its neighbors can have
neighbors, and the neighbors can interact for as long as they sit near one
another. Mass creates locality. Locality creates the possibility of bonds.
Bonds are the substance of al chemistry, all biology, and ultimately all
the higher levels of taxis we will explore in chapters to come.

[Figure 2.1 — A schematic of the Higgs coupling. A fermion line propagates from

left to right; at intervals along its path, dotted lines connect it to the surrounding

Higgs vacuum, each dotted line reducing the fermion's effective vel ocity. Heavier
fermions show more dotted lines per unit length than lighter ones.]

82.2 Yukawa I nteractions; Mediated Attraction Between
Fermion Fields

Y ukawa's 1935 insight extended further than the Higgs mechanism.
He proposed, more generally, that the force between two fermions could
be understood as the exchange of a massive boson between them. The
fermion emits the boson; the boson travels a short distance (limited by its
mass); the second fermion absorbs it. The exchange carries momentum
and so produces a force. The interaction Lagrangian density that encodes
this exchangeis, in its simplest form:

- _ .0
I‘Yukawa_ gu 'y ve

L egend. LYukawa isthe Y ukawa interaction Lagrangian density. g isthe
dimensionless Y ukawa coupling constant, the strength of the interaction.
isthe fermion field. LIJTVO isthe Dirac adjoint y-bar, ensuring the
Lagrangian is Lorentz invariant. @is the mediating scalar boson field. The
minus sign is conventional. The product -bar Y isitself aLorentz scalar;
multiplied by another scalar ¢, it yields a scalar Lagrangian density as
required.

Taxis and Chemotaxis - Chapter 2



The potential energy between two fermions exchanging a massive
scalar takes a characteristic form, called the Y ukawa potential:

V()= —(g°/4m) - e ™ /¢

Legend. V(r) isthe potential energy between two fermions separated by
distancer. g isthe Y ukawa coupling. m is the mass of the exchanged boson.
The exponential factor e ™ iswhat distinguishes the Y ukawa potential
from the Coulomb potential of electromagnetism: it suppresses the force
exponentially beyond a characteristic range of 1/m (in natural units), or
h/(2rmc) in conventional units.

This range, h/(2rimc), is the Compton wavelength of the exchanged
boson — the fundamental length scale of the force it mediates. For a
massless mediator like the photon, the Compton wavelength is infinite,
and the force has infinite range, reducing to the inverse-square Coulomb
law. For a massive mediator like the W boson (80 GeV), the Compton
wavelength is about 2 x 10718 meters, a thousandth the size of an atomic
nucleus — a range so short that the weak force barely exists outside of
nuclear processes. For Y ukawa's original target, the pion (140 MeV), the
range is about 1.4 x 10 meters, almost exactly the diameter of a
proton. The pion's Compton wavelength is the size of the nucleus, which
is why pion exchange holds protons and neutrons together at exactly the
distance scales that nuclei occupy.

Yukawa exchange is the prototype of al proto-chemotactic
interaction. Two fermions do not move toward each other because they
sense one another directly; they move because each, by emitting a virtual
mediator, creates a local distortion in the vacuum to which the other
responds. The mediator is the messenger of attraction. The attraction is
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the gradient. The motion of the two fermions toward each other along that

gradient is the proto-chemotaxis.

An attraction without a messenger is not yet
attraction. It is only proximity. The messenger is
what turns proximity into pull.

It will be useful to summarize the four fundamental forces in tabular
form. The table below collects, for each force, its mediator, the mediator's
mass, the typical range over which the force operates, and the relative
strength of the force at the scale of an atomic nucleus.

Force Mediator Mass Range Relative Strength
Strong gluon 0 =10 Pm 1
Electromagnetic photon 0 infinite 1072
Weak w*, Z° 80-91 GeV =10 %m 107°
Gravitational graviton (postul ated) 0 infinite 108

[Table 2.1 — The four fundamental forces, their mediators, the mediators masses,
the resulting force ranges, and their relative strengths at nuclear distances. The
strong force, taken as 1, is by definition the strongest; gravity, weaker by 38
orders of magnitude, is essentially negligible at sub-atomic scales.]

Notice how range and mass are inversely related. Massless mediators
produce infinite-range forces. Massive mediators produce short-range
forces. Notice also the staggering hierarchy of strengths: the strong force
IS a hundred times stronger than electromagnetism, a million times
stronger than the weak force, and 10 times stronger than gravity. At
nuclear scales, gravity is so weak that it would take longer than the age of

the universe for two protons to gravitationally bind. Yet at planetary
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scales, gravity dominates, because it is universally attractive and
unscreened. The hierarchy of forces shifts with the hierarchy of scales.
Different forces dominate different levels of organization.

We can also write the Hamiltonian density of the Y ukawa-coupled
system, which is Hermitian and gives the total energy of the interacting
fields:

-w(la6+Bm)Lu+1/z(6<p) + 097 + %
M2 + g P

L egend. HYukaNaisthe total Hamiltonian density. Thefirst termisthe
Dirac Hamiltonian density for the fermion. The next three terms are the
Klein-Gordon Hamiltonian density for the scalar mediator ¢, with mass M.
The final term isthe interaction. misthe fermion mass; M is the mediator
mass. 6 a', and B have the same meaning asm Chapter 1's Dirac
Hamlltonlan The whole expression satisfies H' = H and so admits real
eigenvalues.

Yukawa

§2.3 From Monomer to Polymer: Quarks Becoming
Hadrons

Around t = 10"° seconds after the beginning, the universe had cooled
to roughly 10" kelvin. The free quark plasma that had filled the first
microsecond began to undergo what cosmologists call the QCD
transition. Below this temperature, the strong force became so strong that
isolated quarks could no longer exist. They were forced together, in
groups, into color-neutral combinations called hadrons. Quarks became
polymers.

Taxis and Chemotaxis - Chapter 2



Recall that quarks carry one of three colors of strong charge: red,
green, or blue, and their antiquarks carry anti-red, anti-green, or anti-blue.
The strong force, uniquely among the four fundamental forces, requires
that any observable particle be color-neutral overall. There are exactly
two ways to achieve color-neutrality from quarks alone: by combining
one of each color (red + green + blue, or one of each anti-color, which
neutralizes by analogy with white light), or by combining a color with its
anti-color (red + anti-red).

The first option produces three-quark combinations called baryons:
protons, neutrons, and their excited cousins. The second produces
guark-antiquark pairs called mesons. pions, kaons, and the like.
Together, baryons and mesons constitute the hadrons. Every visible piece
of matter you have ever encountered is made of baryons (mostly protons
and neutrons, with electrons orbiting outside).

The proton, the most familiar of the hadrons, is made of two up
guarks and one down quark, bound by the constant exchange of gluons
among them. Its measured mass is 938.3 MeV. But here is one of the
deepest mysteries the Standard Model can resolve: the rest masses of the
three constituent quarks add to roughly 9 MeV. The proton's remaining
929 MeV — about 99 percent of its mass — is not in the quarks at all. It
is in the binding energy of the strong force itself. The energy of
confinement, the energy of the gluon field holding the quarks together, is
the proton's mass. By E = rncz, the strong force becomes the matter it
binds. The bond is heavier than the things it bonds.
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In the proton, the bond outweighs the bound. The act
of holding-together is heavier than the held.

This is a profound statement about the nature of polymerization in
physics. When monomers combine into polymers, the resulting object is
not merely the sum of its parts. It is the parts plus the relationships among
them, and the relationships themselves carry mass-energy. As we ascend
the levels of organization in this book — from quarks to hadrons, from
atoms to molecules, from molecules to cells, from cells to bodies, from
bodies to societies — we will meet this lesson again and again, in
different forms. The relationships are not free.

The Lagrangian density that governs quark-gluon dynamics is the
QCD Lagrangian, which wewrotein 81.7. Adding in the quark fields, the
full Lagrangian density becomes:

_ a apv t.0
Loco-fur = ~ %G © WY IR W D, -m) W,
Legend. L CD-ful isthe full quantum chromodynamics Lagrangian
density, including both gluons and quarks. Thefirst term is the gluon
Kinetic term from 81.7, with Gale the gluon field strength. The sum runs
over quark flavors g (up, down, charm, strange, top, bottom). LIJq isthe
quark field of flavor g, with massm . D isthe gauge-covariant derivative,
which in QCD includes a coupling to the gluon fields: Du =0 + igS T
Aau, with T?the generators of SU(3) and g, the strong coupling. Thissingle
Lagrangian, with just a handful of parameters, contains within itself the
entirety of nuclear and sub-nuclear physics.

[Figure 2.2 — A proton sketched as three quarks (up, up, down) connected by a
web of gluon lines. The visual emphasisis on the gluon web rather than the
quarks: the diagram shows that almost all of the proton's massisin the
connections, not the connected.]
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The proton is not the only baryon, nor are pions the only mesons. A
whole particle-zoo emerged from the early decades of nuclear and
high-energy physics: the neutron (udd, mass 939.6 MeV, free lifetime
about 880 seconds before beta-decay into a proton); the lambda (uds,
mass 1116 MeV, lifetime 2.6 x 100 s); the sigma, xi, and omega
baryons containing strange quarks, and a parallel family of mesons
including the pion (u-anti-d, mass 140 MeV), the kaon (u-anti-s, mass
494 MeV), and many heavier states involving charm and bottom quarks.
Each of these is a different polymer of quarks, with different mass,
charge, spin, and decay properties. The Particle Data Group's reference
catalogue runs to hundreds of distinct hadronic states, all of them
composites of the same six quark flavors arranged in different
combinations.

Most of these hadrons are unstable. The neutron, in isolation, lasts
about fifteen minutes; bound inside a nucleus, it can be stable
indefinitely. Pions and kaons decay in nanoseconds. The heavier baryons
decay in fractions of a picosecond. Only the proton (and electrons, and
possibly the lightest neutrinos) appears to be absolutely stable on
cosmological timescales — and even the proton's stability is not strictly
proven, only bounded experimentally to alifetime longer than 103 years,
which is twenty-four orders of magnitude longer than the current age of
the universe.

What this profusion of unstable hadrons tells us is that the
polymerization of quarks into hadrons is not a single thermodynamic
minimum but a forest of metastable configurations. Some are deeply
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bound and lasting (the proton); others are weakly bound and quickly fall
apart. Polymerization at the hadronic level is promiscuous. many
combinations can form, only a few persist. We will see this pattern
repeated at every higher level. The number of conceivable proteins is
vastly larger than the number that fold stably; the number of conceivable
cells is larger than the number that survive; the number of concelivable
organisms is larger than the number that exist. Polymerization always
overshoots; selection narrows the field.

82.4 Photonsin Threes: Gamma Cascades, L asers,
Coherence

If quarks polymerize viathe strong force, photons polymerize, in their
own way, via coherence. A single photon, traveling alone, is incoherent
— it has no relation to any other photon. But when many photons are
forced into the same quantum state, they become coherent: their phases
align, their wavelengths synchronize, and they behave collectively in a
way that no single photon could. Thisisthe principle of the laser, and it is
the simplest example of bosonic polymerization.

The contrast with fermions is instructive. Fermions are governed by
the Pauli exclusion principle: no two identical fermions can share a
guantum state. This is what gives matter its volume, its rigidity, its
individuation. Bosons are governed by the opposite principle: they prefer
to share quantum states. Bosons are social. The more bosons in a state,
the more attractive that state becomes to any additional boson considering
the move. The mathematical consequence is the Bose-Einstein
distribution:
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n(E) = 1/ (F KT _y)

L egend. n(E) is the average occupation number of a quantum state at
energy E for asystem of identical bosonsin thermal equilibrium. pisthe
chemical potential, k is Boltzmann's constant, and T is the absolute
temperature. The minus one in the denominator (compared to the plus one
in the Fermi-Dirac distribution for fermions) is what allows the occupation
number to grow without bound, expressing the bosons' eagerness to
congregate.

Gamma cascades — sequences of photons emitted as an atomic
nucleus relaxes from a high-energy state toward its ground state — often
emit photons in groups of three, and sometimes more, in tightly
correlated bursts. The triplet is not magical; it arises naturally from the
cascade structure of nuclear energy levels. But the fact that bosons can
correlate at al, that their emissions can synchronize, that their phases can
align, is the foundation of every coherent process from laser physics to
Bose-Einstein condensation to superconductivity. Whenever you see
many particles behaving as one, you are seeing bosons in a shared
quantum state.

The laser is the most familiar coherent state. In a laser cavity, a
population of excited atoms is induced to release their stored energy as
photons all of the same wavelength, all of the same phase, al traveling in
the same direction. The result is light that can be focused to a point
smaller than its wavelength, light that can carry information across
continents through optical fiber, light that can read and write the bits of a
compact disc. None of this would be possible without the bosonic
preference for the same quantum state.
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Fermions polymerize by binding. Bosons polymerize
by agreeing.

And yet the photons of a laser, however coherent, are not bound to
one another in the way quarks are bound in a proton. They are correlated,
not connected. They share a state but do not share a binding energy.
Photons can never form a true polymer in the chemical sense, because
they remain massless and travel always at ¢, never lingering long enough
to settle into a stable structure. The bosonic polymerization of photonsis
a polymerization of pattern, not of substance. We will see, in 82.5 below,
that for true substantive bonds we must turn to the electron and the
electromagnetic potential it creates.

Before leaving the bosonic case, however, we should mention one
more proto-chemotactic relationship that bosons make possible:
superconductivity. At very low temperatures, the electrons in certain
metals pair up into so-called Cooper pairs, in which two electrons
separated by hundreds of atomic spacings are bound by a
phonon-mediated attraction. A Cooper pair, having an integer spin (1/2 +
1/2 = 0 or 1), behaves as a boson. And bosons, as we have just said,
prefer to share quantum states. The result is that all the Cooper pairsin a
superconductor occupy a single coherent macroscopic state, indifferent to
scattering by impurities and so capable of carrying current with zero
resistance. The superconductor is, in a precise sense, a Macroscopic
bosonic polymer — millions of Cooper pairs al in the same quantum
state, behaving as a single coherent object.
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This is the deepest reason the universe needed bosons in addition to
fermions. Fermions, by their exclusion principle, give matter its volume
and individuation. Bosons, by their preference for shared states, give
matter the capacity for collective behavior. Without fermions, there
would be no atoms; without bosons, no force. Without their interplay, no
proto-chemotactic relationship of any kind.

[Figure 2.3 — A laser cavity with two parallel mirrors, between which a
population of excited atoms emits photons. The emerging beam is shown as a band
of perfectly aligned wave crests, contrasting with the random orientations of
incoherent thermal light.]

82.5 The Shared Bond: Covalence as Field Overlap

We have seen quarks bind through the strong force, mass arise
through the Higgs, and bosons synchronize through state-sharing. Now
we come to the most consequential bond in the universe — at least from
the perspective of any chemistry student — the covalent bond between
atoms. This is a bond made of electrons. Specificaly, it is a bond in
which two atoms share their outermost electrons, allowing each electron
to belong, simultaneously, to both atomic centers. In the language of
fields, the covalent bond is the overlap of two electron wave functionsin
the space between two nuclei.

Consider two hydrogen atoms approaching one another from a
distance. Each consists of a single proton with one electron in a 1s orbital
around it. As the two atoms approach, the electron clouds begin to
overlap. The wave functions of the two electrons, originally localized

around their respective nuclei, mix into two new molecular orbitals. a
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bonding orbital, in which the wave functions add constructively in the
region between the nuclei, and an antibonding orbital, in which they
cancel.

If the two electrons (which are fermions and so must obey the Pauli
exclusion principle) have opposite spin, both can fit into the bonding
orbital, where their presence between the nuclel provides electrostatic
shielding that lowers the total energy. The energy is lower with the bond
than without. The atoms have therefore found a configuration of lower
potential, and they fall into it. They form H2. If, on the other hand, the
two electrons have the same spin, one must go into the antibonding
orbital, where its destructive interference between the nuclei raises the
total energy. The atoms repel. No molecule forms.

The covalent bond is, in this sense, fundamentally a story about
gradients of potential. Two atoms moving toward each other along a
gradient of decreasing potential energy is the simplest possible case of
taxis. The system finds a lower place; it goes there. What makes the
situation interesting is that the lower place exists only because of the
guantum mechanical possibility of wave function overlap. Without the
overlap, no bond. Without the bond, no molecule. Without molecules, no
chemistry, no life, no reader of this book.

The energy of a covalent bond is roughly described by the Morse
potential, a phenomenological function that captures the essential
features:

V(r) = D_[1-¢ 02
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Legend. V(r) isthe potential energy between two bonded atoms as a
function of the internuclear distancer. De isthe dissociation energy: the
depth of the well, the energy required to pull the atoms apart to infinity. M
is the equilibrium bond length, the distance at which V isminimized. aisa
parameter setting the width of the well, related to the bond's vibrational
stiffness. The potential rises steeply at short distances (Pauli repulsion of
inner electrons) and approaches De asymptotically asr becomes large.

Every covalent bond — in water, in DNA, in protein, in plastic — is
described by some such potential well. The depth of the well determines
the bond's strength; the width determinesits flexibility; the position of the
minimum determines the bond length. Chemistry is, at its mathematical
core, the cataloging of these wells across the periodic table and predicting
which ones are deep enough to matter. The covalent bond is the
proto-chemotactic structure that, repeated billions of timesin long chains,
will eventually become a protein, astrand of DNA, amembrane, a cell.

Covalent bonds also come in different topologies. A sigma (o) bond
Is the ssimplest kind: two atomic orbitals overlap head-on along the axis
between the nuclel, producing a bond with cylindrical symmetry. Single
bonds are always sigma bonds. A pi (1) bond arises when two p orbitals
overlap sideways, with the electron density distributed above and below
the bond axis rather than on it. Pi bonds are weaker than sigma bonds (the
side-by-side overlap is less complete than the head-on one) but they
constrain the molecule's geometry: a double bond, consisting of one
sigma plus one pi, cannot be twisted without breaking the pi component,
which is why double-bonded compounds tend to be planar.

A double bond has one sigma and one pi component; atriple bond has
one sigma and two pi components. Carbon-carbon single bonds are about

Taxis and Chemotaxis - Chapter 2

15



80 kcal/mol; double bonds about 145; triple bonds about 200. The
relationship is sublinear because adding the second and third bonds builds
on a backbone the first has already established. This sub-additivity is the
rule across al chemistry: each new bond contributes less than the
previous one, because the geometry has already been set.

Some bonds are not localized between two atoms but spread across
many. The classic case is benzene, the planar six-carbon ring in which the
pi electrons are delocalized over all six atoms, producing extra stability
called aromaticity. This delocalization is one of the universe's first hints
at how distributed structures can be more stable than localized ones — a
hint we will see echo at every higher level of taxis, from the cooperative
behavior of quorum-sensing bacteria to the decentralized governance
structures we will discussin Chapter 9.

[Figure 2.4 — The Mor se potential V(r), shown as a curve with a deep well at ry=
0.74 angstroms (the H ) bond length) and depth De = 4.52 eV. Vibrational energy
levels are sketched as horizontal lines within the well, increasingly closely spaced

as they approach the dissociation limit.]

§2.6 Building the Periodic Table from Field Interaction
Rules

The periodic table is the universe's most compact statement of how
the seventeen fields, having polymerized into hadrons and atoms,
organize themselves into stable structures. It contains, as of this writing,
118 elements, of which 94 occur naturally on Earth and the remaining 24
have been synthesized in laboratories. Every one of those elementsiis, at
the deepest level, a particular configuration of the fields we met in
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Chapter 1. The proton count (the atomic number Z) tells you how many
up-down-up triplets are in the nucleus. The electron count (equal to Z ina
neutral atom) tells you how many electron-field excitations are bound to
that nucleus by the Coulomb potential.

What gives the periodic table its periodicity is not the protons. It isthe
electrons, and specifically the way electrons fill the available quantum
states around the nucleus. Quantum mechanics tells us that the bound
states of an electron in a Coulomb potential are organized into shells,
labeled by the principal quantum number n = 1, 2, 3, ... Each shell
contains subshells labeled s, p, d, f, ..., with capacities of 2, 6, 10, 14, ...
electrons respectively. The Pauli exclusion principle requires that no two
electrons share all four quantum numbers, so each subshell fills up
systematically as more electrons are added.

This filling rule, combined with the energetic ordering of the
subshells, generates the periodic table. Hydrogen has one electron in 1s;
helium has two, completing the first shell. Lithium begins the second
shell with 2s; the second shell is completed at neon (252 2p6). The third
shell at argon. And so on. The chemical behavior of an element is
determined almost entirely by the electrons in its outermost incomplete
shell — its valence electrons. Atoms with one or two valence electrons
(the akali metals and akaline earths) tend to give them up. Atoms
missing only one or two electrons from a complete shell (the halogens
and chalcogens) tend to take them. Atoms in between tend to share.

The periodicity itself is therefore a periodicity of valence: every time
the outer shell starts over, the chemistry starts over. Every alkali metal —
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lithium, sodium, potassium, rubidium, cesium — behaves chemically asa
dight variation on the theme "single electron eager to leave." Every
halogen — fluorine, chlorine, bromine, iodine — behaves as a dlight
variation on "single electron eager to arrive." The taxis of an atom toward
or away from another atom is, in the deepest sense, the taxis of its
valence configuration toward stability.

An atom s a population of electrons searching for a
complete shell. Chemistry isthe record of that
search.

We can write a Hamiltonian for an arbitrary atom — though only for
hydrogen can we solve it exactly. The non-relativistic atomic

Hamiltonian is;

H =% [-(h°/8m°m)0°-2e"/ (Ame )] + I _ J. e/
(41, rij)

L egend. Ha,[Om is the non-relativistic Hamiltonian of a Z-electron atom.
Thefirst sum runs over electrons; for each electron i, the first termisits
kinetic energy (h is Planck's constant; the combination h?/8r¢ equals what
is conventionally written with the reduced Planck constant as h-bar squared
over two; Diz is the Laplacian acting on coordinates of electron i, m, isthe
electron mass), and the second is its Coulomb attraction to the nucleus of
charge Ze. r isthe distance of electron i from the nucleus. The second sum
is the electron-electron Coulomb repulsion, where rij isthe distance
between electronsi and j, and the i < restriction avoids double-counting.
The whole expression is Hermitian; its eigenvalues are the alowed total
energies of the atom.

This Hamiltonian, simple as it appears, has been solved exactly only
for hydrogen (Z = 1, one electron, no second sum). For helium (Z = 2) the
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second sum already introduces a correlation between the two electrons
that defies analytical solution. The chemist's response, since the early
days of quantum mechanics, has been to develop ever more sophisticated
approximations. Hartree-Fock, density functional theory, configuration
interaction, coupled-cluster methods. The modern computational chemist
can predict the energies of small molecules to within a few
millielectronvolts. But the underlying Hamiltonian is the one above, and
the entire periodic table isin principle contained within it.

Let us briefly visit a few representative columns of the table, to see
how the shared logic of valence produces such radically different
chemistries.

The alkali metals. Lithium, sodium, potassium, rubidium, cesium,
francium. Each has a single electron in its outermost s subshell, and that
electron isheld loosely. Alkali metals are soft enough to cut with a knife,
react violently with water (releasing hydrogen and producing the
corresponding hydroxide), and form ionic salts in which the metal exists
asa+1 cation. Sodium chloride, table salt, is the archetype: Na' Cl”ina
regular cubic lattice. Sodium and potassium will return centraly in
Chapter 4 when we discuss the membrane potentia of the cell.

The halogens. Fluorine, chlorine, bromine, iodine, astatine. Each has
seven valence electrons, one short of a full shell. The halogens are
aggressive electron acceptors. fluorine in particular is the most
electronegative element, willing to tear electrons from almost anything.
Halogens form ionic compounds with akali metals (NaCl, KF, etc.) and
covalent compounds with most other nonmetals. The carbon-fluorine
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bond is among the strongest in chemistry, which is why fluorocarbons
such as Teflon are so chemically inert.

The noble gases. Helium, neon, argon, krypton, xenon, radon. Each hasa
complete outermost shell and therefore no valence chemistry to speak of.
Noble gases are colorless, odorless, and ailmost entirely unreactive. Their
existence is the most striking confirmation of the shell-filling model: the
elements that happen, by accident of their electron count, to land at
exactly the closed-shell configurations are precisely the elements that
engage in no proto-chemotaxis at all. They are the universe's hermits,
content alone.

The transition metals. The block of elements from scandium to zinc in
the fourth row, and their counterparts below, fill their inner d subshell
while carrying additional electrons in the outer s. This produces an
unusual kind of bonding flexibility: a transition metal can typically exist
in multiple oxidation states (iron as Fe’* or Fe3+; copper as Cu’ or Cu2+)
and can coordinate complex ligand environments, often colored, often
magnetic. The hemoglobin in your blood, the chlorophyll in plants, the
cytochromes in mitochondria, the catalysts in industrial chemistry — all
rely on transition metals' capacity to shuttle electrons between different
oxidation states. These metals are nature's electron traffic controllers.

Carbon, alone in its column. Carbon belongs to group 14, aongside
silicon, germanium, and tin, but it is unique in the structural roles it can
play. With four valence electrons and the smallest atomic radius of its
column, carbon can form stable single, double, and triple bonds with
itself and with most other elements. It can produce ring systems,
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branching chains, and three-dimensional architectures of essentialy
unlimited complexity. The chemistry of carbon is so vast it has its own
name: organic chemistry. And the chemistry of organic compounds in
water, warmed to room temperature, is the chemistry that gives rise to
life. Of all the atoms produced in the cores of stars, carbon is the one that
has most generously lent itself to becoming aive.

Every element has a personality, and every
personality is the personality of its valence shell.

§2.7 Valence Orbitals as Taxis Geometry

When two atoms approach each other and decide whether to bond,
they are not making an isotropic decision. The decision depends on
direction. An atom's valence electrons live in orbitals with definite spatial
shapes — spherical s orbitals, dumbbell-shaped p orbitals, four-lobed d
orbitals, and so on. Two atoms can bond only when their valence orbitals
overlap constructively, which requires that they approach along certain
directions and not others. The taxis of one atom toward another is
therefore a directional taxis, shaped by the geometry of the orbitals.

Carbon offers the most consequential example. With six electrons,
carbon has a ground-state configuration of 12 28 2p2. Its four valence
electrons (two in 2s and two in 2p) might suggest, at first glance, that it
should form just two bonds — one for each unpaired electron. In fact,
carbon amost always forms four bonds, by promoting one of its 2s
electrons to the empty 2p orbital and then mixing the four resulting
orbitals into four equivalent sp3 hybrid orbitals, each pointing toward the
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corner of a tetrahedron. The tetrahedral angle, 109.47 degrees, is the
geometry of methane, of diamond, of every saturated hydrocarbon. It is
also, not coincidentally, the geometry of every amino acid's alpha carbon
and of every sugar's stereocenter. The tetrahedron is the architectural unit
of life.

Different hybridizations produce different geometries: sp2
hybridization produces planar trigonal arrangements (the geometry of
graphite, benzene, and the carbonyl group); sp hybridization produces
linear arrangements (the geometry of acetylene and carbon dioxide).
When carbon decides to bond, it does not merely decide whether to bond,
it decides what shape its bonds will take. Geometry is part of the bonding
decision.

This directionality is what makes molecules into objects with shape.
A water molecule is bent at 104.5 degrees because oxygen's two bonding
pairs and two lone pars occupy the four corners of a distorted
tetrahedron. An ammonia molecule is pyramidal at 107 degrees because
nitrogen has one lone pair and three bonding pairs. Methane is perfectly
tetrahedral because carbon has four bonding pairs and no lone pairs. The
bonding pairs and lone pairs together occupy the available sp3 hybrid
positions; the geometry iswhat is left when those occupants are placed.

Atoms do not bond as point charges. They bond as
shapes, and the shapes set the rules of who may
meet whom.
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From the standpoint of taxis, this means that proto-chemotaxis is not
just a story about which atoms are attracted to which other atoms. It isa
story about which directions of approach allow attraction at all. A water
molecule approaching another water molecule must align its hydrogens
with the other's lone pairs to form a hydrogen bond. The same molecules
approaching at the wrong angles experience only weak van der Waals
attraction. The geometry of approach matters as much as the identity of
the molecules. This is the proto-form of every later level of recognition:
cells recognizing one another by surface receptor geometry, immune cells
recognizing antigens by epitope shape, neurons recognizing one another
by the molecular topography of their synaptic clefts. Recognition begins
with valence geometry.

[Figure 2.5 — Three carbon hybridizations rendered as 3D molecular models.
Top: methane (spg, tetrahedral, 109.5°). Middle: ethylene (spz, trigonal planar,
120°). Bottom: acetylene (sp, linear, 180°). The shapes of carbon's bonds
determine the shapes of the molecules carbon enters.]

82.8 Plasma, lon, Atom — Three States of
Pre-Chemotactic M atter

Before atoms could form molecules, they had to form atoms. This
required the universe to cool. We can identify three distinct stages of
pre-chemotactic matter, each corresponding to a temperature regime in
which a different kind of field-relationship dominates.

Plasma is matter at temperatures so high that atoms cannot hold their
electrons. The electron field and the proton field are present in equal
numbers, but the electrons move freely; nuclel and electrons constitute a
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soup, electrically conductive, opaque to most photons because of the
constant scattering. The early universe was a plasma for its first 380,000
years, and most of the visible universe today — the interiors of stars, the
solar wind, the interstellar medium near hot stars — remainsin this state.
In the lab, a fluorescent tube and a lightning bolt are plasmas. So is a
flame, just barely.

lon is matter at moderate temperatures in which atoms have lost or
gained one or more electrons but maintain their nuclear identity. lons can
be positive (cations, having lost eectrons) or negative (anions, having
gained them). lonic interactions are governed by the Coulomb force,
which is unscreened by mass and therefore long-ranged: V(r) = 9,0, /
(4T[EO r). Salts are ionic crystals, with cations and anions arranged in
regular lattices held together by electrostatic attraction. Sea water is a
solution of ions; so is the interior of every living cell. lon-mediated
interactions are the proto-chemotactic regime relevant to most of biology.

Atom is matter at low temperatures in which every atom has its full
complement of electrons in a neutral configuration. Atoms interact with
one another through covaent bonding (electron-sharing), hydrogen
bonding (a partial sharing mediated by hydrogens), and van der Waals
forces (transient electrostatic correlations induced by quantum
mechanical fluctuations of the electron clouds). These interactions are
weaker than full covalent bonds but stronger than thermal energy at room
temperature, and so they are the interactions that hold molecular
structures together at biological scales.
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The transition from plasma to atom occurred in the universe at a
temperature of roughly 3,000 K, when free electrons combined with
protons to form neutral hydrogen. Cosmologists call this event
recombination, though strictly speaking the electrons and protons had
never been combined before. After recombination, the universe became
transparent to photons for the first time, since neutral atoms scatter light
far less than free electrons do. The cosmic microwave background we
measure today is the light that was released at recombination, redshifted
by 13.8 billion years of cosmic expansion into afaint glow at 2.7 K.

Each of these three states has its own taxis. In plasma, charged
particles spiral along magnetic field lines and respond collectively to
electric fields. In ionic solutions, cations and anions migrate down
electrochemical gradients. In neutral atomic matter, atoms approach one
another along the geometric paths set by their valence orbitals. The
transition from plasma to ion to atom is therefore not just a transition of
temperature; it is a transition in the kind of taxis the matter exhibits —
from the long-range collective taxis of plasmas to the medium-range
lonic taxis of solutions to the short-range geometric taxis of molecules.

[Figure 2.6 — Three sketches of matter at different temperatures. Plasma (lO5 K):
a soup of free nuclei and electrons. lonic solution (103 K): atomswith their inner
electrons but bare valence positions, dissolved in a polar medium. Molecular state
(102 K): atoms holding their full electron complement, bonded covalently into
discrete molecular units.]

§82.9 Homopolymers and Heteropolymers: Self-Likevs.
Other-Like Attraction

Taxis and Chemotaxis - Chapter 2

25



We have used the word polymer throughout this chapter to mean any
combination of monomers into a larger structure: quarks polymerizing
into hadrons, photons polymerizing in the laser, atoms polymerizing into
molecules. Polymer chemistry proper introduces an important distinction:
between homopolymers, in which all the monomers are the same, and
heteropolymers, in which different monomer types alternate or arrangein
patterns.

Homopolymerization is taxis of the like toward the like. It produces
structures with high symmetry and limited information content. Crystals
of pure copper, graphite sheets of pure carbon, polyethylene chains of
pure ethylene — these are homopolymers, and what they offer in stability
they sacrifice in expressiveness. A homopolymer can carry the message
"I am long, | am repetitive, | am stable," but it cannot carry information
beyond this.

Heteropolymerization is taxis of the like toward the unlike. It
produces structures with broken symmetry and substantial information
content. The classic exampleis DNA: achain in which each unit is one of
four bases (A, T, G, C), with the order of bases encoding the genetic
message. Proteins, whose chains contain twenty kinds of amino acids,
encode even more. The number of distinct sequences a heteropolymer of
length n can produce, with k monomer types, is k" — astronomical for
any reasonable n. A 100-base DNA strand can be in any of 4190 = 16 x
10%° distinct sequences.

Homopolymers can hold weight. Heteropolymers
can hold meaning.
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The shift from homopolymer to heteropolymer is one of the most
important transitions in the history of matter. It is the moment when the
universe acquires the capacity to remember anything. A homopolymer is
a melody on one note; a heteropolymer is a melody. With
heteropolymers, the universe can encode, copy, and transmit information.
The chemistry that produces heteropolymers is therefore the chemistry
that makes biology possible. Thisisthe threshold over which the universe
will eventually step in Chapter 4.

What kinds of bonds make heteropolymers possible? The answer is
bonds that are strong enough to hold the chain together but weak enough
to permit local rearrangement and exchange. The covalent backbone of
DNA — the alternating phosphate-sugar linkages — is robust, locked in
by strong covalent bonds. But the lateral hydrogen bonds between paired
bases (A-T forms two hydrogen bonds, G-C three) are weak enough that
the two strands can be unzipped without breaking the backbone. Life
requires both: a strong primary structure to preserve information against
thermal noise, and weak secondary structure to allow that information to
be read, copied, and used. Heteropolymers are the field-physics
realization of this design.

§2.10 Bridge to Chapter 3: When Atoms Become Worlds

We end Chapter 2 with the universe having stocked itself with a
periodic table's worth of atoms and the rules by which those atoms bond.
Quarks have polymerized into hadrons. Hadrons have organized into
nuclel. Electrons have settled into valence shells around those nuclei, and
the resulting atoms have begun to share, swap, and donate electrons in
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covalent, ionic, and metallic bonds. The universe is now stocked with
chemistry — but not yet with anything we would recognize as aworld.

Between the bare atom and the living cell lies a vast inorganic
chemistry that produced everything from the hydrogen molecule to the
spiral galaxy. Atoms in isolation are not where we live. Atoms organized
into stars and planets, suspended in space and bathed in starlight, with
surfaces and atmospheres and oceans — that is where life eventually
finds its home. Before we can ask how chemistry becomes biology, we
must ask how atoms become worlds.

The story of Chapter 3 is that intervening cosmic chapter. We will
trace the taxis of matter from its simplest molecular form — the hydrogen
molecule, the universe's first true polymer — through the statistical taxis
of gases (the ideal gas law, entropy, enthalpy), into the gravitational taxis
of cold molecular clouds. We will watch a sufficiently massive cloud
collapse under its own weight, ignite at its core, and become a star. We
will follow stellar evolution through the fusion ladder from hydrogen to
helium to carbon and beyond, and we will witness the catastrophic deaths
of massive stars in supernovae and neutron-star mergers — the only
events in the universe powerful enough to forge the heavy elements life
requires. We will meet black holes, the universe's only one-way taxis, and
we will glimpse the dark energy that pushes the largest scales of the
COSMOS apart.

Every carbon atomin your body was made inside a
star. Every iron atomin your blood was forged in a
stellar core. Before we can be alive, we must first be
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ash.

Then, around young stars, in the rotating remnant of the cloud that did
not quite fall all the way in, planets coalesce. Some are rocky and hot,
hugging their stars; others are gaseous giants in the outer cold; a few,
falling into a narrow zone of moderate temperature where water can be
liquid, become the candidate cradles of biology. On at least one such
world — ours, 4.6 billion years ago — atoms began to polymerize into
the heteropolymers we previewed at the close of this chapter. The story of
those polymers, and the cells they assembled themselves into, is the story
of Chapter 4.

But that is two chapters away. For now, we leave the universe with its
periodic table complete and its first hydrogen molecules drifting in the
cold of interstellar space. We have followed taxis from the field potential
of t = 0 to the covalent bond between two atoms. The gradient has
changed its material — from potential energy to binding energy — but
the grammar of motion has not changed. There is something a system
lacks. There is a direction in which the lack is smaller. The system goes
that way. In Chapter 3, that direction will be down: down the
gravitational gradient of a collapsing cloud, into the heart of a forming
Star.

— End of Chapter 2 —
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CHAPTER THREE

Stellar and Planetary Taxis

From Hydrogen Cloud to Habitable World

83.1 The First Polymer: The Hydrogen Molecule and Its
Taxis

Chapter 2 closed with the universe newly stocked with atoms — a
periodic table of 118 elements, bonded by the geometric rules of valence
into molecules of essentialy unlimited variety. Atoms in isolation,
however, are not where life will eventually find its home. Life requires
worlds: surfaces and atmospheres, oceans and minerals, the steady
warmth of a nearby star. This chapter is the cosmic chapter. In it we trace
the taxis of matter from its simplest molecular form, through the gas laws
and the gravitational collapse of clouds, into the lives and deaths of stars,
and finally onto the cool young planets where the polymers of Chapter 4
will eventually arise.

Begin with the ssimplest possible molecule: H,. Two hydrogen atoms,
two electrons, one covaent bond. Both electrons live in the bonding
molecular orbital between the two protons; with opposite spins, they
satisfy Pauli's exclusion principle, and their presence between the nuclel
lowers the system's total energy by 4.52 electronvolts relative to two
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isolated hydrogen atoms. The equilibrium bond length is 0.74 angstroms
— a more compact pairing than any other diatomic molecule in the
periodic table. Hydrogen is the first polymer the universe ever made, and
the most abundant. It composes about 75 percent of the ordinary mass of
the cosmos.

How does H2 form in the universe? Three pathways. The first is the
primordial pathway, which dominated the early universe: two free
hydrogen atoms collide, briefly stick, and stabilize via emission of a
photon that carries off the binding energy. This three-body reaction is
rare in dilute gas because the new molecule must shed its excess energy
somewhere or it dissociates back. The second pathway uses an
intermediate ion: H  (a hydrogen atom with an extra electron) captures
another hydrogen atom, releases an electron, and becomes H2. The third
pathway, dominant in modern interstellar chemistry, uses the surfaces of
dust grains as catalysts. A hydrogen atom landing on a cold grain finds
another atom wandering the surface; the two combine; the resulting H 2 IS
gected back into the gas. Galactic dust grains are, in a literal sense, the
universe's first nanofactories.

The taxis of an H2 molecule, considered as a single particle in space,
Is set by three factors: its kinetic energy, which gives it momentum; the
local gravitational field, which biases its trajectory toward mass; and any
electromagnetic forces from charged particles or fields it may pass
through. In a cold dense interstellar cloud at 10 kelvin, the molecules
move at perhaps three hundred meters per second — the average thermal
speed at that temperature. At such low speeds, gravity becomes the
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dominant gradient. Down the gravitational gradient is where the molecule
is heading, however slowly.

The hydrogen molecule is the universe'sfirst
polymer. Its formation, on a dust grainin a cold
cloud, is the prototype of every catalysis to come.

Hydrogen molecules exist in two nuclear-spin states, called
ortho-hydrogen (paralel proton spins, total nuclear spin 1) and
para-hydrogen (antiparallel spins, total nuclear spin 0). At room
temperature these are populated roughly in the ratio 3:1, the ratio
expected from spin statistics. Below a few tens of kelvin the equilibrium
shifts toward para-hydrogen, but the conversion is slow because it
requires either a magnetic perturbation (provided in laboratory settings by
paramagnetic catalysts) or a molecular collision that flips a proton spin.
The ortho-pararatio of cold interstellar clouds is therefore one of the few
thermometers astronomers have for measuring the age of interstellar gas:
cold gas that has been cold for a long time is mostly para; cold gas that
was recently warm retains the higher ortho fraction.

Beyond H o interstellar chemistry produces a remarkable inventory of
small molecules — water (HZO), carbon monoxide (CO), ammonia
(NH3), formaldehyde (HZCO), methanol (CHsOH), and many others,
including organic species containing as many as fifteen carbons. Radio
astronomers have catalogued more than two hundred distinct molecules
in interstellar space. Each is a small polymer of CHNOPS atoms, formed
on dust grains or in gas-phase reactions, drifting through the cold dark
clouds where stars and planets are about to form. The chemistry of life
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does not begin on a planetary surface; it beginsin acloud.

[Figure 3.1 — A cold molecular cloud sketched at three magnifications. Far view:
a dark dusty region against the bright background of a galactic arm. Middle view:
tendrils and globules of denser gas threading through the diffuse medium. Close
view: a single dust grain with hydrogen atoms wandering its surface, and a freshly
formed H 5 molecule departing into the gas.]

83.2 Gas L aws, Entropy, Enthalpy: Statistical Taxis of
the Many

A hydrogen molecule alone in space is a particle. A trillion hydrogen
molecules in a volume become a gas, and the gas obeys statistical laws
that no individual molecule can be said to obey. The taxis of agasisthe
collective statistical behavior of its constituents — a kind of chemotaxis
writ large, in which the gradient is no longer chemical concentration but
pressure, temperature, and entropy.

The ideal gas law, derived empiricaly by Boyle in 1662, by Charles
in the 1780s, by Avogadro in 1811, and consolidated by Clapeyron in
1834, relates the four macroscopic variables of agas:

PV = nRT

L egend. P isthe pressure (pascals or atmospheres). V isthe volume (cubic
meters or liters). n isthe amount of gasin moles. R isthe universal gas
constant, 8.314 J(mol-K). T is the absolute temperature in kelvins. The
equation says. for a gas of weakly interacting particles, the product of
pressure and volume is proportional to the amount of gas and to the
temperature. It holds well for low densities and high temperatures, where
intermolecular forces are small relative to kinetic energies, it fails near the
conditions where the gas would liquefy.

Taxis and Chemotaxis - Chapter 3



Behind this law lies a microscopic story: a gas is a collection of
particles flying in straight lines and bouncing off the walls of their
container. Each collision with the wall transfers momentum to it; the
cumulative rate of momentum transfer per unit wall areais the pressure.
Add more particles (raise n) and there are more collisions per unit area:
pressure rises proportionally. Heat the gas (raise T) and each particle
moves faster, hits the wall harder and more often: pressure also rises.
Compress the gas (lower V) and the same collisions are concentrated on a
smaller area: pressure rises again. The ideal gas law is the macroscopic
shadow of kinetic-theory bookkeeping.

Two thermodynamic concepts will serve us repeatedly in what
follows: entropy and enthalpy. Entropy, S, isameasure of the number of
microscopic arrangements consistent with a given macroscopic stete.
Enthalpy, written H (a different H from the Hamiltonian of Chapters 1
and 2 — context distinguishes them), is the total internal energy plus the
product of pressure and volume — a measure of how much heat the
system can release at constant pressure. Their canonical equations are:

S=k In Q

Legend. Si |s entropy (joules per kelvin). k is the Boltzmann constant,
1.381 x 10723 JK. Q isthe number of mlcrostates consistent with the given
macrostate. This formula, engraved on Ludwig Boltzmann's tombstone in
Vienna, is one of the degpest equations in physics. Entropy,

mathematically, is a counting problem: the more ways a macrostate can be
assembled from microstates, the higher its entropy. The second law of
thermodynamics — that entropy of an isolated system never decreases — is
the statement that systems tend, statistically, toward macrostates with the
largest number of microscopic realizations.
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H=U+ PV

Legend. H isenthapy (joules). U istheinternal energy. Pand V are
pressure and volume as before. Enthalpy is convenient because, for
processes at constant pressure, the change in enthal py equals the heat
absorbed or released. Chemists tabulate AH for reactions; biologists
tabulate AH for biochemical transformations. A reaction with negative AH
releases heat (exothermic); positive AH absorbs it (endothermic).

The taxis of a gas — the direction in which it spontaneously evolves
— is set by the Gibbs free energy, G = H — TS, which combines enthal py
and entropy. Spontaneous changes go in the direction of decreasing G. At
low temperatures, enthalpy dominates and the gas tends to release heat by
forming bonds, condensing, crystallizing. At high temperatures, the -TS
term dominates and the gas tends to maximize disorder by expanding,
mixing, dissociating. The same gas, at different temperatures, has
different taxis: it falls toward order in the cold, toward disorder in the
heat. This is the universe's first thermal-mechanical taxis, and it will
operate at every scale we visit hereafter.

A gas does not move because it is pushed. A gas
moves because there are more ways to be whereit is
going than to be whereitis.

The interplay of order and disorder, of bond-formation and
entropy-maximization, is the core dynamic of every chemical and
biological process to come. A protein folding into its native structure
rel eases enthal py (forming hydrogen bonds and hydrophobic contacts) at
the cost of conformational entropy (the unfolded state has more available
shapes); whether the protein folds at all is a competition between these
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terms, mediated by temperature. A planetesimal accreting from a rotating
disk releases gravitational potential energy at the cost of orbital entropy;
whether it grows depends on whether the released energy can be radiated
away. The same logic that governs an ideal gas governs the protein, the
planet, and every cell of every organism in this book.

[Figure 3.2 — A pressure-volume diagramfor an ideal gas, showing isotherms
(curves of constant T) at successively higher temperatures. A spontaneous
expansion takes the gas along its isothermtoward larger V and lower P; the work
done by the gas equals the area under the curve.]

83.3 Gravitational Taxis: The Hydrogen Cloud Collapses

The early universe, after the recombination of electrons and nuclel
into neutral atoms at 380,000 years, was a near-uniform expanse of
hydrogen and helium. Near-uniform — but not perfectly uniform. Tiny
density fluctuations, imprinted by quantum processes during cosmic
inflation and preserved through the photon-baryon era, persisted as small
inhomogeneities — regions of dlightly higher density than average and
regions of dlightly lower. These primordial wiggles are visible today as
one-part-in-100,000 temperature fluctuations in the cosmic microwave
background. They are also the seeds of every structure we see in the
universe.

Why are they seeds? Because gravity is universally attractive, and the
only force with infinite range that does not screen. A region of dlightly
higher density than average attracts surrounding gas dlightly more
strongly than its neighbors do. Gas flows in. The density rises further.
The attraction grows stronger still. Gravity is the universe's first runaway
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feedback loop, and the only one that operates directly on the geometry of
Spacetime.

There is, however, a competing force: the gass own pressure. A
self-gravitating cloud of gas will collapse only if gravity exceeds the
resistance of pressure to compression. The criterion was worked out by
James Jeans in 1902. The Jeans mass is the minimum mass a uniform
cloud must have to begin gravitational collapse:

M, = (SKT/ Gum, )** (31 4mp)*/?

)
Legend. M p is the Jeans mass: the smallest cloud, of given temperature and
density, that will collapse under its own gravity. k is Boltzmann's constant.
T isthe cloud's temperature. G is Newton's gravitational constant. p isthe
mean molecular weight (about 2.3 for cold molecular hydrogen
contaminated with helium). m, is the mass of a hydrogen atom. p isthe
cloud's mass density. Below M 7 the cloud is supported by its own thermal
pressure and remains stable. Above M 7 gravity wins.

Cold dense molecular clouds — the dark Bok globules and giant
molecular complexes of the Milky Way — have temperatures of 10 to 30
kelvin and densities of 10° to 10° molecules per cubic centimeter. Their
Jeans masses run from a few solar masses for the densest cores to
hundreds of solar masses for the more diffuse regions. Once a cloud
exceeds its Jeans mass, gravitational taxis takes over. Gas falls inward.
Density rises. The cloud's center heats up by compressional heating, but
the surrounding gas radiates heat away through molecular line emission
(especially CO and water transitions), and the collapse continues. Within
roughly a million years, what was a diffuse cloud has become a dense
protostellar core, a thousand times smaller in radius and a billion times
denser.
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Of all the universe's gradients, gravity'sis the most
patient. It pulls slowly, and it pulls forever, and so in
the end it always wins.

Within the collapsing cloud, conservation of angular momentum
amplifies any small rotation present in the parent gas. As the cloud
shrinks, it spins up, and the centrifugal force flattens it into a disk
perpendicular to the rotation axis. Most of the mass continues to fall
toward the center, but a fraction settles into a rotating disk around the
central protostar. This disk, caled the protoplanetary disk, is where
planets will eventualy form. Stellar formation and planetary formation
are not separate events; they are two outcomes of the same gravitational
collapse, distinguished only by which material happened to fall straight in
versus which spiraled into the disk.

The collapse is also fragmenting. A massive cloud does not collapse
uniformly; it breaks up into many smaller dense cores, each of which can
become a separate star. This is why stars amost always form in clusters
rather than alone — the Plelades, the Orion Nebula Cluster, the
embedded young stars of NGC 1333. A typical star-forming cluster
yields hundreds to thousands of starsin aregion afew light-years across,
al roughly the same age, all the same chemical composition. Our own
sun was amost certainly born in such a cluster about 4.6 billion years
ago, though its siblings have long since dispersed by the random
gravitational tugs of encounters with other stars.

[Figure 3.3 —A molecular cloud at successive stages of gravitational collapse.
Left: a quiescent cloud, density 10° cm_3, temperature 15 K. Middle: a
fragmenting core in which several Jeans-mass condensations are forming. Right:
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a protostar surrounded by a protoplanetary disk, with bipolar outflow jets
emerging along the rotation axis.]

83.4 Star Formation and the Fusion L adder

When the protostellar core's central temperature reaches roughly 10
million kelvin, something new happens. The hydrogen nuclel at the core,
hammered together by their thermal velocities, occasionally fuse. Two
protons combine to form a deuteron, releasing a positron and a neutrino;
the deuteron fuses with another proton to form helium-3; two helium-3
nuclel combine to form helium-4 plus two free protons. Net result of this
proton-proton chain: four hydrogens become one helium, with about 0.7
percent of the rest mass released as energy, mostly in the form of gamma
photons and neutrinos.

The energy released by fusion provides outward radiation pressure
that opposes further gravitational collapse. The protostar becomes a
main-sequence star: a stable equilibrium between the inward pull of
gravity and the outward push of fusion-generated heat. Our sun has been
on the main sequence for 4.6 hillion years and will remain there for
another 5 billion. Larger stars burn their hydrogen faster — a
10-solar-mass star lasts only 30 million years; a 50-solar-mass star, only
5 million. Smaller stars burn slower; a 0.1-solar-mass red dwarf can last
for trillions of years, longer than the current age of the universe.

The proton-proton chain is the dominant fusion mode in stars of
roughly the sun's mass and below. In heavier stars, a different sequence
called the CNO cycle takes over, in which carbon, nitrogen, and oxygen
nuclei serve as catalysts for the same net reaction (four hydrogens to
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helium plus energy) but at higher temperature and rate. Either way, the
central output is the same: hydrogen becomes helium, and energy flows
outward.

When the core's hydrogen runs out — after billions of years for a
sun-like star — gravitational collapse resumes. The core contracts, its
temperature rises, and at about 100 million kelvin a new fusion process
ignites: the triple-alpha process, in which three helium-4 nuclel combine
to form a single carbon-12 nucleus. The star, now burning helium in its
core and hydrogen in a surrounding shell, becomes a red giant: vast, cool
on the surface, and luminous. It will spend perhaps a hundred million
years in this phase, working its way through helium and then up the
periodic table — burning carbon to oxygen and neon, oxygen to silicon,
silicon to iron — at each stage exhausting one fuel and igniting another
only because the previous fuel's exhaustion triggered another bout of
gravitational compression. The fusion ladder is the universe's
nucleosynthetic factory, manufacturing the elements we will eventually
need for chemistry and life.

Every carbon atomin your body was made inside a
star. Every iron atomin your blood was forged in a
stellar core. You are, in the most literal sense, ash
froman ancient fire.

Iron is the end of the fusion ladder. Iron-56 has the highest binding
energy per nucleon of any nucleus; fusing two iron nuclei requires energy
rather than releasing it. Once a massive star's core has fused itself to iron,
no further fusion can support the core against gravity. The next chapter of
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stellar life depends on the star's mass. a sun-like star, having reached only
carbon and oxygen in the helium-burning phase, sheds its outer layers as
a planetary nebula and leaves behind a white dwarf; a more massive star,
having reached iron, collapses catastrophically into a supernova. We
meet both fatesin 83.5.

Astronomers classify stars into spectral types based on surface
temperature, labeled with the letters O, B, A, F, G, K, M from hottest to
coolest. Each type is associated with a characteristic mass range, lifetime,
and ultimate fate. The table below summarizes the principal classes.

Spectral Class Surface T (K) Tyﬁi&dwr':;'ass Me‘iLr'i ifiqmug"ce Fate

0] > 30,000 1690 <10 Myr supernova — black hole
B 10,000-30,000 2.1-16 10-100 Myr supernova — neutron star
A 7,500-10,000 1421 1-3 Gyr white dwarf

F 6,000-7,500 1.04-1.4 3-7 Gyr white dwarf

G 5,200-6,000 0.8-1.04 10 Gyr (sun-like) white dwarf

K 3,700-5,200 0.45-0.8 30-70 Gyr white dwarf

M 2,400-3,700 0.08-0.45 100 Gyr—10 Tyr white dwarf or He core

[Table 3.1 —The principal stellar spectral classes (Harvard sequence). Surface
temperature, mass, main-sequence lifetime, and ultimate fate for each class. MSun
denotes one solar mass; the standard astronomical symbol isthe letter M with a
subscript circle-and-dot, written in shorthand as the sun's astronomical glyph.
Note the staggering range of lifetimes. low-mass M dwarfs live longer than the
current age of the universe, while massive O stars expire in less than ten million
years. The sun, a G-class star, sits comfortably in the middle of the range with a
10-billion-year main-sequence lifetime, of which 4.6 billion years are spent.]

The longest-lived stars are also the most numerous. Three-quarters of
the starsin the Milky Way are M-class red dwarfs; their faint light makes
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most of them invisible to the unaided eye, but they vastly outnumber the
bright O, B, and A stars that dominate the night sky's appearance.
Whether life can arise around such low-mass stars is an open question of
contemporary astrobiology. Their habitable zones lie close in, where
tidally locked planets may have one face permanently in daylight and the
other in night, and where occasional flares can deliver sterilizing doses of
ultraviolet radiation. Most of the universe's stars are M dwarfs; if life
cannot live around them, biology is much rarer than the raw count of stars
would suggest.

[Figure 3.4 — The Hertzsprung-Russell diagram, plotting stellar luminosity
against surface temperature. The main sequence runs as a diagonal band from hot
luminous massive stars at upper left to cool dim low-mass stars at lower right. Red

giants, white dwarfs, and supergiants occupy distinct regions of the diagram,
marking different stages of stellar evolution.]

83.5 Supernovae, Neutron Star Mergers, and
Heavy-Element Synthesis

When a massive star's iron core exceeds the Chandrasekhar limit
(about 1.4 solar masses) and electron degeneracy pressure can no longer
support it, the core collapses in seconds. Electrons are crushed into
protons, producing a sea of neutrons and a flood of neutrinos. The
neutron core stops collapsing only when neutron degeneracy pressure
(and the nuclear strong force at near-saturation density) halts it; the
in-falling outer layers bounce off the now-rigid core and explode outward
in a supernova. For a few weeks, a single supernova outshines its entire
host galaxy. The energy released is comparable to the total energy the sun
will emit in itsten-billion-year lifetime, al in afew weeks.
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Supernovae are how the universe becomes chemically interesting.
Inside the supernova shock, neutron-rich nuclel are bombarded by
additional neutrons faster than they can decay — the rapid neutron
capture process, or r-process — synthesizing many of the elements
heavier than iron: silver, gold, platinum, uranium, every element of the
lower periodic table that fusion alone cannot reach. The expanding gjecta
carry these elements out into the interstellar medium, where they mix
with the surviving gas and become the raw material for the next
generation of stars and planets. Our solar system, formed 4.6 billion years
ago, condensed from gas that had been enriched by perhaps a dozen
previous supernovae. The gold in your wedding ring and the iodine in
your thyroid hormones came from those ancient explosions.

Recent decades have added an even richer source of heavy elements:
neutron-star mergers. When two neutron stars in a binary system spiral
inwvard and collide, the resulting explosion (a kilonova) egects
neutron-rich material that undergoes r-process nucleosynthesis on a scale
rivaling supernovae. The 2017 detection of gravitational waves from such
a merger, GW170817, was accompanied by spectroscopic confirmation
that the gecta indeed contained gold, platinum, and other heavy
elements. The universe makes its precious metals in catastrophes, not in
cam.

Beyond supernovae and kilonovae, lower-mass stars contribute their
share through a different process. As a sun-like star goes through its
red-giant phase, the slow neutron capture process (s-process) operating in
its outer shells builds up elements in the middle of the periodic table —
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strontium, barium, lead. When the red giant sheds its outer atmosphere
into space as a planetary nebula, these elements join the interstellar
enrichment. Every generation of stars borrows the ash of previous
generations and adds something new before passing it on. The chemistry
of the universe accumulates.

What this means for the story of life is profound. The first generation
of stars, formed about 13 billion years ago from primordial hydrogen and
helium with no heavier elements, could not have hosted habitable planets
— there was no carbon yet, no oxygen, no iron, no silicon, no calcium.
Only after several generations of stellar life and death had passed,
seeding the interstellar medium with heavier elements, was the chemistry
rich enough for life to be possible. Our solar system is at least the third
such generation. Lifeisarecent project, even by the universe's standards.

[Figure 3.5 —The Crab Nebula, the expanding remnant of a supernova witnessed
on Earth in 1054 CE. Filaments of glowing gas, enriched in heavy elements forged
during the explosion, are dispersing outward into the interstellar medium at
thousands of kilometers per second. At the center, a rapidly spinning neutron star
—the leftover core of the original star —emitsregular pulses of radiation.]

83.6 Black Holes and the One-Way Taxis

If the collapsing core of a dying star is too massive even for neutron
degeneracy to support — above about three solar masses — nothing stops
the collapse. The matter implodes to a singularity, and the resulting
object is a black hole: a region of spacetime from which not even light
can escape. The Schwarzschild radius marks the boundary, the event
horizon, beyond which no signal can return:
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r = 2GM / 2

L egend. ry is the Schwarzschild radius, the radius of the event horizon for a
non-rotating black hole of mass M. G isthe gravitational constant; c isthe
speed of light. For thesun (M =2 x 10% ko), g would be 3 km. For a
typical stellar-mass black hole of 10 solar masses, 30 km. For the
supermassive black hole at the center of our galaxy, Sagittarius A* (4 x 10°
solar masses), 12 million km. For the largest known supermassive black
holes, billions of solar masses and event horizons larger than our entire
solar system.

From the standpoint of taxis, ablack holeis gravity in its purest form:
an infinite gradient toward which any nearby matter is drawn, with no
possibility of return once the event horizon is crossed. In areal sense, a
black hole is the ultimate sink for taxis — the destination from which no
further motion is possible. Time, as measured by an outside observer,
slows asymptotically near the horizon; from the perspective of a distant
viewer, a faling object never quite crosses, only fading into
ever-redshifted dimness.

A black hole is the universe's only one-way taxis.
Everything goes in. Nothing comes out. Not even
light.

And yet black holes are not isolated. They accrete surrounding matter,
which spiras in through hot luminous accretion disks, often launching
jets of plasma that affect the evolution of the entire host galaxy. The
supermassive black hole at the center of every large galaxy plays a
regulatory role in star formation, blowing gas out of the central regions
when active and quieting when fed less. Galaxies and their central black
holes co-evolve, in a feedback loop that astronomers are only beginning
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to understand. The 2019 image of the supermassive black hole in galaxy
M87, captured by the Event Horizon Telescope, was the first direct
picture of an object whose existence had been theoretical for a century.
The image showed a glowing ring of accreting matter around a central
darkness — the shadow of the event horizon itself.

There is one subtle exit from a black hole, predicted by Stephen
Hawking in 1974. Quantum field theory implies that the vacuum near a
horizon spontaneously produces particle-antiparticle pairs, and
occasionally one member of the pair escapes while the other falsin. The
escaping particles constitute Hawking radiation, a faint glow with a
temperature inversely proportional to the black hole's mass. For
stellar-mass black holes, the temperature is about a ten-millionth of a
kelvin — far below the cosmic microwave background, so the black hole
IS gaining mass from the universe rather than losing it. But for small
primordia black holes, the temperature can be high enough to evaporate
the hole entirely over cosmic timescales. Hawking's discovery
established that black holes are not eternal, and it remains one of the
deepest unresolved puzzlesin theoretical physics.

83.7 Dark Energy and the Edges of the Observable
Universe

What about the largest scales, the edges of the observable universe?
Cosmology tells us the universe is expanding — distant galaxies recede
from us at speeds proportional to their distances, the relation Edwin
Hubble discovered in 1929. The expansion is not slowing under the
gravitational attraction of all the matter in the universe, as one might

Taxis and Chemotaxis - Chapter 3

17



naively expect. Instead, since about 5 billion years ago, the expansion has
been accelerating. This acceleration is driven by what cosmologists call
dark energy — a uniform pressure in space itself, of which we know
amost nothing except that it constitutes about 68 percent of the universe's
total energy content.

The taxis of dark energy isuniquein that it is universally repulsive at
large scales — the only known anti-gravitational gradient. Wherever
there is empty space, dark energy is pushing it apart. At small scales
(within galaxies, within clusters of galaxies) gravity still dominates and
binds structures together; but in the vast voids between clusters, dark
energy stretches space faster than gravity can pull it back. The largest
cosmic web — the filaments and walls and voids that make up the largest
patterns we have ever observed — is the result of billions of years of
competition between gravity and dark energy.

The observable universe has a radius of roughly 46 billion light-years,
larger than 13.8 billion light-years would suggest because space itself has
been expanding while light has been traveling. Beyond that observable
horizon lies a region from which no signal has ever reached us, and from
which (if dark energy persistsin its current form) no signal ever will. The
taxis of light through an expanding universe is bounded; there are places
light cannot reach.

If dark energy persists, the long-term future of the universe is one of
increasing isolation. As space expands faster, more and more distant
galaxies recede beyond the observable horizon. In a hundred billion years
or so, every galaxy beyond our local group will have receded out of sight.
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A future astronomer in such an erawould see only the merged remnant of
the Milky Way, Andromeda, and their companions, surrounded by an
apparently empty universe. The cosmic microwave background, the most
distant light we currently observe, would be redshifted past detectability.
The universe will, in that long future, look very different from how it
looks now.

The universe's grandest taxisis its expansion.
Everything is moving away from everything else,
slowly, irrevocably, faster every year.

83.8 Planetary and Moon Formation: Worlds from Disks

We return now to the protoplanetary disk we left forming around a
young star. Inside this disk, the chemistry of the universe will be turned,
over a few million years, into worlds. The story is one of grain growth,
gravitational accretion, and thermal differentiation.

Within the disk, dust grains — micron-scale particles of silicates and
metals left over from previous stellar generations, mixed with icesin the
cold outer regions — collide and stick. Initially the sticking is
electrostatic and weak. Grains grow to millimeter and centimeter sizes.
Then a problem appears. the metric scale (centimeters to meters) is the
regime in which grains lose angular momentum to the surrounding gas
and spiral inward into the star, faster than further growth can occur. How
protoplanetary disks bridge this ‘'meter-size barrier' is one of the active
research questions of contemporary planetary science. Various solutions
have been proposed — pressure traps where particles concentrate,
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streaming instabilities that gather grains gravitationally, fragmentation of
dense bands into planetesimals — and the actual answer is probably some
combination.

Once objects reach kilometer size — planetessmals — gravitational
attraction between them dominates over gas drag. Planetesimals collide
and merge or scatter, and the largest grow fastest in a runaway accretion
that culminates in protoplanets of Mars-to-Earth size. In the inner disk,
where temperatures are high and only refractory materials (silicates, iron)
condense, the resulting planets are small and rocky: Mercury, Venus,
Earth, Mars. In the outer disk, beyond the so-called snow line where
water ice can condense, the available solid mass is much larger;
protoplanets there grow rapidly to roughly ten Earth masses and then
capture hydrogen-helium gas envelopes from the surrounding disk,
becoming gas giants like Jupiter and Saturn. Beyond the gas giants,
where the disk was thinning, ice giants like Uranus and Neptune formed
from solids without ever capturing massive gaseous envel opes.

Moons form by several routes. The largest moons of the gas giants —
Jupiter's Galilean moons, Saturn's Titan — formed in miniature accretion
disks around their host planets, mirroring the formation of the planetary
system around the sun. Smaller moons may have been captured from the
asteroid population: Phobos and Deimos around Mars are probably
captured asteroids. Earth's moon is unique among inner planets in being
so large relative to its host. The leading theory is that a Mars-sized body
called Thela struck the proto-Earth at a glancing angle 4.5 billion years
ago, vaporizing parts of both and casting much of the resulting debris into
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orbit, where it re-accreted as the moon. The moon's existence has shaped
Earth's habitability ever since: it stabilizes the Earth's axial tilt against
gravitational perturbations from the other planets, drives the tides that
mix coastal waters and may have served as cradles for early life, and
provides the rhythmic environmental cycle that organisms have come to
calibrate their internal clocks against.

Within the first few hundred million years of a planet's existence,
internal heating from radioactive decay (uranium, thorium, potassium-40
inherited from the supernovae of previous stellar generations) and from
the residual heat of accretion drives differentiation. Dense materials sink
toward the center; lighter materials float toward the surface. Earth's iron
and nickel sank to form the core; silicates rose to form the mantle;
volatile compounds (water, carbon dioxide, ammonia) outgassed from the
interior to form the atmosphere and oceans. Differentiation is the
planetary version of the same gradient-following taxis we have followed
throughout the book: dense materia falls; light materia rises; the planet
sortsitself by density.

[Figure 3.6 — A young solar system viewed from above its plane. The central
protostar is surrounded by a flattened disk of gas and dust. Inner regions show
rocky protoplanets clearing their orbits; outer regions show gas-giant cores
capturing massive atmospheres; the outermost regions show a band of icy bodies
that will become Kuiper Belt objects and Oort Cloud comets.]

83.9 The Habitable Zone and the Conditions for
Chemistry

Of al the worlds the universe builds, only a small fraction are likely
to host life. Astrobiologists have spent decades attempting to specify
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what such a world must have. The criteria are still under active
discussion, but a rough consensus has emerged on at least the most basic
requirements.

First and most fundamental, the planet must orbit its star in the
habitable zone — the range of distances at which liquid water can exist
on the surface. Too close to the star and water boils away; too far and it
freezes. The habitable zone shifts with stellar luminosity: dim red dwarfs
have habitable zones close in; hot blue stars have them far out. For a
sun-like star, the habitable zone extends roughly from 0.95 to 1.4
astronomical units. Earth, at 1.0 AU, sits comfortably within it; Venus, at
0.72 AU, suffers arunaway greenhouse and istoo hot; Mars, at 1.52 AU,
is at the cold edge and lost most of its surface water long ago.

Second, the planet must have liquid water itself, which requires not
only the right temperature but also the right inventory of volatile
compounds. Water in the inner solar system was largely depleted during
the hot phase of disk evolution; Earth's oceans were probably delivered
by impacts of icy bodies from beyond the snow line during the late heavy
bombardment. The exact origin of Earth's water remains debated, but the
outcome s clear: by 4.4 billion years ago, Earth had liquid water, and life
would emerge in it within afew hundred million years more.

Third, the planet should have a chemically active surface with a
continuing supply of energy and disequilibrium. Geological activity —
plate tectonics on Earth, ice tectonics on Europa, cryovolcanism on
Enceladus — recycles materials, exposes fresh mineral surfaces, and
drives chemical disequilibrium through hydrothermal circulation. A
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purely static planet, even at the right temperature, would equilibrate to a
thermodynamic dead end. Life requires the ongoing thermodynamic
disequilibrium that geological activity provides.

Fourth, the planet should have a magnetic field, generated by
convection in a molten metallic core, to deflect the stellar wind and
protect surface chemistry from energetic particle erosion. Earth's
magnetic field, generated by its liquid iron outer core, has been a steady
protector of the atmosphere and biosphere for most of geological history.
Mars, lacking a strong present magnetic field (probably because its core
has cooled), has been progressively stripped of its atmosphere by the
solar wind over hillions of years.

Fifth — and this is where Chapter 3 reaches forward to Chapter 4 —
the planet's oceans should contain the right inventory of dissolved salts.
The seas of an early Earth, four billion years ago, were rich in sodium
chloride, magnesium sulfate, calcium carbonate, and the trace metals that
would eventually serve as cofactors in proteins. The ionic composition of
the ancient ocean — which we can still partly read in the chemistry of
modern marine organisms — set the stage for the cellular chemistry to
come. The first cells would internalize their ionic environment, building
lipild membranes around pockets of ocean water; the remarkable
similarity between the cytosol of modern cells and the ocean of the
Precambrian Earth is no coincidence. The ocean is the original cytosol.
We will examine this lineage in detail in Chapter 4, where a side-by-side
comparison of seawater composition and cellular cytosol composition
reveals which ions life kept and which it had to actively pump out to
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make room for its own chemistry.

Every cell carriesan ocean insideit. The cell's
interior is, in part, a remembered seawater, edited
by four billion years of evolution to hold the salts
life needed and pump out the salts it didn't.

The combination of these factors — habitable-zone orbit, liquid
water, geological activity, magnetic protection, and oceanic chemistry —
defines a small subset of the universe's planets as candidates for biology.
Astronomers have begun to catalogue exoplanets that meet some or all of
these criteria; thousands are now known, with at least dozens looking
superficialy like Earth in size, temperature, and stellar context. Whether
any of them harbor life remains the deepest open question in
astrobiology, and one that humanity may answer within the next few
decades through spectroscopic searches for atmospheric biosignatures.

83.10 Bridge to Chapter 4. When a Cooling World Hosts
the First Cell

We end Chapter 3 with the universe having built itself a stage for
biology. A young star burns steadily on the main sequence, providing
radiant energy. A rocky planet at the right distance has accreted into a
differentiated body with a metalic core, a silicate mantle, and a thin
atmosphere. Volcanic outgassing and cometary delivery have endowed
the surface with liquid water. Chemical weathering of rock has dissolved
sodium, potassium, calcium, magnesium, and their counterions into the
early ocean. Lightning crackles in the early atmosphere; hydrothermal
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vents emit hot mineral-laden water at the seafloor; ultraviolet sunlight
drives photochemistry in the upper atmosphere. Energy is everywhere, in
many forms, and nothing yet has organized itself to harvest it.

Around 3.8 to 4.0 hillion years ago — within a few hundred million
years of the planet's formation — that organization began. The first
heteropolymers we previewed at the close of Chapter 2 finally appeared
on areal surface, in real water, at real temperature. Thefirst lipid bilayers
spontaneously assembled. The first chemical autocatalytic networks
began, somehow, to copy themselves. Within perhaps another few
hundred million years, the first true cell — a lipid boundary around a
chemical interior, capable of metabolism, replication, and response to its
environment — was loose in the primordial ocean.

What that cell did with its environment is the story of Chapter 4. It
tasted the chemical gradients around it. It adjusted its motion toward what
it needed and away from what threatened it. It replicated, generation after
generation, with occasional copying errors that natural selection then
sifted. Within two billion years, descendant cells had colonized
hydrothermal vents, hypersaline lagoons, subglacial lakes, and the
surface of every continent — adapting to extremes of temperature, pH,
pressure, and radiation that would have killed any laboratory biochemist's
cultures within seconds. Biology, once started, is endlessly inventive
about where it can live.

When a cooling world hosts a first cell, taxis
becomes biology. The grammar of motion remains
the same, but the system that follows the gradient
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now has a boundary, an inside, a memory, and a
will.

But that is the next chapter. For now, we leave the universe with its
stars burning, its planets cooling, its oceans sloshing. We have followed
taxis from the field potential of t = O to the gravitational collapse of a
hydrogen cloud, through the fusion ladder of a stellar core, and onto the
surface of ayoung rocky world. The gradient has changed its material —
from potential energy to binding energy to gravitational potential to
chemical concentration — but the grammar of motion has not changed.
There is something a system lacks. There is a direction in which the lack
is smaller. The system goes that way. In Chapter 4, that direction will be
encoded, for the first time, in a strand of nucleic acid, and the system that
followsit will, for the first time, be aive.

— End of Chapter 3 —
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CHAPTER FOUR

Chemotaxis

Cdlls, Currents, Extremophiles, and the Lagrangian of the
Membrane

84.1 The Four Polymersof Life: Nucleic Acids, Peptides,
Carbohydrates, Lipids

We left Chapter 3 with the universe newly furnished with worlds — a
sun-like star, arocky planet at the right distance, a young ocean rich with
dissolved salts. Now we drop our gaze to that ocean and watch what its
chemistry has begun to do. Among the elements of the periodic table, six
in particular emerge as the foundation of biology: hydrogen, carbon,
nitrogen, oxygen, phosphorus, and sulfur, spelled CHNOPS in
undergraduate mnemonics. These six, in different combinations, compose
virtually every moleculein every living cell.

From these six, life builds four families of polymer. Each family
solves a different problem of biological organization. We will meet them
in the order in which the early Earth would have produced them, which is
also the order of their increasing informational complexity.
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Lipids are the smplest. A lipid molecule is along hydrocarbon chain —
typically twelve to twenty-four carbons — terminated by a polar head
group. The hydrocarbon end is hydrophobic, recoiling from water; the
head group is hydrophilic, attracted to water. Place a population of lipids
in water and they spontaneously self-assemble into bilayers: two sheets of
lipids back-to-back with their hydrophobic tails buried in the middie and
their hydrophilic heads facing the water on both sides. The bilayer is the
membrane. It isthefirst interior the universe has ever drawn.

Carbohydrates are polymers of sugar. The monomer unit isasmall ring
of five or six carbons decorated with hydroxyl groups, of which glucose
is the canonical example. Sugar monomers can link end-to-end into long
chains (cellulose, starch, glycogen) or branch into trees (the glycoproteins
on cell surfaces). Carbohydrates are nature's principal energy currency in
the short term and her structural material in plant cell walls and arthropod
exoskeletons. Their information content is modest but not zero: the
surface sugars of a red blood cell determine its blood type, and many
cellular recognition events read sugar patterns rather than protein
seguences.

Peptides, strung together into proteins, are heteropolymers of twenty
amino acids. Each amino acid has the same backbone — an alpha carbon
flanked by an amine, a carboxyl, and a hydrogen — but a different side
chain projecting from that alpha carbon. The side chains range from
simple (a single hydrogen, in glycine) to elaborate (an indole ring, in
tryptophan), and they confer chemical personality on the position they
occupy in the chain. Twenty kinds, arranged in sequences of hundreds to
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thousands, fold into three-dimensional structures that can catalyze
reactions, transport molecules, recognize partners, transmit signals.
Proteins are the universe's all-purpose nanomachine.

Nucleic acids are the deepest information carriers. Their monomer, the
nucleotide, has three components: a five-carbon sugar (ribose in RNA,
deoxyribose in DNA), a phosphate group, and a nitrogenous base
(adenine, thymine, guanine, cytosine in DNA, with uracil replacing
thymine in RNA). The phosphate-sugar backbone runs the length of the
polymer; the bases project laterally and pair with complementary bases
on a partner strand. This pairing — A with T, G with C, mediated by
hydrogen bonds — produces the famous double helix in which DNA
stores its information. The same pairing rules let RNA copy DNA's
sequence and let proteins, via the genetic code, be assembled from the
RNA template.

Lipids draw the line. Carbohydrates fuel the work.
Peptides do the work. Nucleic acids remember how
the work is done.

Polymer Monomer Bond Type Information Chief Function
Lipid fatty acid + glycerol ester low boundary
Carbohydrate monosaccharide glycosidic low—moderate energy, structure
Peptide amino acid (20 kinds) peptide high machinery

Nucleic acid nucleotide (4 kinds) phosphodiester highest memory

[Table 4.1 — The four polymers of life, their monomer units, the covalent linkages
that join them, the rough information capacity of their sequences, and their chief
biological functions.]
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All four polymers depend on the same chemistry developed in
Chapter 2. Each is held together by covalent bonds along its backbone —
phosphodiester bondsin DNA, peptide bonds in protein, glycosidic bonds
In carbohydrate, ester bonds in lipid. Each takes its three-dimensional
shape from a combination of covalent geometry (the sp3 tetrahedra and
sp2 trigonal planes that carbon prefers) and weaker non-covalent
interactions: hydrogen bonds, hydrophobic forces, ionic attractions, van
der Waals contacts. The strong primary bonds preserve the polymer; the
weak secondary bonds let the polymer fold, recognize partners, and
respond to its environment. This is the heteropolymer design principle
Chapter 2 closed with: strong skeleton plus weak modulators equals an
object that can both endure and change.

84.2 TheFirst Cell: A Lipid Boundary Around a
Chemical Gradient

The cell isthe universe's first interior, and the lipid bilayer isits skin.
To understand chemotaxis we must first understand why the bilayer
forms at all and what crossing it costs.

A lipid in water faces athermodynamic dilemma. Its polar head group
wants to be in the water; its hydrophobic tail wants out. The
lowest-energy configuration is one in which the heads face the water and
the talls are buried away from it. Two geometries achieve this. the
micelle (a small sphere with all heads on the outside, al tails on the
inside, suitable only for single-tailed lipids) and the bilayer (a sheet with
heads facing both water surfaces, tails buried in the middle, suitable for
the double-tailed phospholipids that dominate cellular membranes).
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Bilayer formation is an act of negative chemotaxis. lipids fleeing
water in their tails while clinging to water with their heads. The driving
force is the hydrophobic effect, which is itself driven not by direct
repulsion but by the entropy of water. Water molecules near a
hydrophobic surface must orient themselves to maintain hydrogen bonds,
which costs them entropy; pulling those waters away from the lipid
surfaces — by sequestering the tails — releases the entropic constraint.
The bilayer forms not because the lipids prefer it, but because the
surrounding water does.

Thefirst cell isawall built by water. The water did
not want the lipidsin it; by extruding them, it drew
the line that would become biology.

Once a closed bilayer encloses a volume of water — a vesicle, in
laboratory parlance, or a protocell, in the language of origin-of-life
research — the universe has, for the first time, an inside and an outside.
The chemistry of the inside can be made to differ from the chemistry of
the outside. Concentration gradients can be established and maintained.
Energy can be stored as those gradients. And — most consequentially —
the inside can be selectively permeable to certain molecules and not
others, allowing the cell to choose what enters and what |eaves.

What crosses a bare lipid bilayer easily? Small uncharged molecules:
water itself (slowly), oxygen, carbon dioxide, urea. What crosses with
great difficulty? Charged molecules of any size: ions, sugars in their
phosphorylated form, nucleotides, amino acids in their charged states.
The bilayer's hydrophobic interior repels charge; moving an ion across it
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costs roughly 60 KT, which is to say the bilayer is, for ions, effectively
impermeable. This impermeability is the precondition for everything that
follows. Without it, no membrane potential. Without membrane potential,
no nervous system, no cellular signaling, no muscle contraction, no
thought.

[Figure 4.1 — A spherical lipid vesicle in cross-section. The outer water phase,
the bilayer membrane (with hydrophobic interior), and the inner water phase are
shown distinctly. Embedded protein channels span the bilayer at intervals, hinting

at the selective permeability we will discussin 84.4-4.5.]

84.3 Classical Chemotaxis: E. coli, the Run-and-Tumble,
the Receptor Cluster

Now that we have a cell, we can ask the question that names this
chapter: how does a cell move toward what it needs and away from what
threatens it? The cell is too small to see a chemica gradient the way we
see a hill. It cannot compare its head to its tail because, at the cell's scale,
head and tail differ in concentration by less than the random fluctuations
of molecules around them. The cell must instead compare its
environment now to its environment a moment ago. Chemotaxis at the
bacterial scaleis not a spatial comparison; it isatemporal one.

Escherichia cali is the archetype. A rod-shaped bacterium about two
micrometers long, it propels itself with helical flagella driven by rotary
motors at their bases. When all the motors turn counterclockwise, the
flagella bundle together and the cell swims forward in arelatively straight
line — a behavior called the run. When even one motor reverses to
clockwise, the bundle flies apart and the cell flips end-over-end in a
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chaotic motion called the tumble. After about a tenth of a second of
tumbling, the motors resynchronize and a new run begins, in a randomly
chosen new direction.

In a uniform medium, runs last about a second on average, tumbles a
tenth of a second, and the bacterium wanders by what mathematicians
call arandom walk. Net displacement: zero. But place the bacterium in a
chemical gradient — say, a concentration of glucose increasing toward
the right — and something marvelous happens. The bacterium does not
steer toward the glucose. It cannot. What it does is modulate its tumble
frequency. When a run happens to point up the gradient (the glucose
concentration is increasing as time passes), tumbles are suppressed and
the run continues. When a run happens to point down the gradient,
tumbles resume on schedule. The result is a biased random walk, with
longer runs in the favorable direction and normal-length runs in
unfavorable directions. Over time, the population drifts up the gradient at
arate that can reach 10 micrometers per second.

The molecular mechanism is a marvel of miniaturization. Five kinds
of methyl-accepting chemotaxis protein (MCP) span the inner bacterial
membrane, binding specific attractants or repellents on their extracellular
ends. The MCPs cluster into hexagonal arrays at the cell pole —
thousands of receptors packed into a domain of a few hundred
nanometers. When attractant binds to a receptor, the receptor changes
conformation, which changes the activity of an associated kinase, which
controls the level of a small phosphorylated protein called CheY-P.
CheY-P, in turn, binds to the flagellar motor and biases its rotation

Taxis and Chemotaxis - Chapter 4



toward clockwise — increasing the tumble probability. More attractant
means less CheY-P means fewer tumbles means longer runs. The
signaling pathway is achain of attractions, transduced from the outside of
the membrane to the rotor of a motor.

What makes the bacterial system extraordinary is its ability to detect
changes against a wide range of background concentrations — a property
called perfect adaptation. After a step change in attractant concentration,
CheY -P levels first shift, then return precisely to their pre-stimulus value
over the course of seconds. The mechanism: a slow methylation of the
receptor cytoplasmic tail by an enzyme called CheR, balanced by
demethylation by CheB. Methylation level tracks the average attractant
binding; the kinase activity tracks the deviation from average. The
bacterium remembers what it has been swimming through and responds
only to what is changing. This temporal differentiation, implemented in
protein chemistry, is one of the universe's earliest derivative-takers.

The bacterium does not see the gradient. It
remember s the past second of swimming and asks:
am| better off now than | was then? Memory isthe

trick that turns a blind cell into a sighted one.

It is worth pausing to admire the bacterial flagellar motor itself. It is,
by any measure, one of the most beautiful nanomachines the universe has
produced. Embedded in the bacterial inner and outer membranes, it
consists of about thirty distinct proteins assembled into a stator, arotor, a
drive shaft, and an extracellular filament that acts as a propeller. The
motor is rotary, like an electric motor, but powered not by an electrical
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current in a wire — bacteria have neither — but by the flow of protons
(or in some species, sodium ions) down their electrochemical gradient
across the inner membrane. Each proton crossing the motor's stator
delivers a small kick of torque to the rotor; many protons crossing per
second add up to rotation rates of one hundred to one thousand
revolutions per second.

The motor is aso reversible. The same hardware that turns
counterclockwise during arun can flip to clockwise during atumble. The
CheY-P signaling protein binds to a switching component called FliM
and biases the motor toward clockwise rotation. The flip is not gradual; it
is digital, with the motor snapping cleanly between the two statesin less
than a millisecond. The bacterium has, embedded in its membrane, a
digital actuator driven by an analog electrochemical signal — a stunning
example of mechanical engineering at the nanometer scale, predating
human engineering of comparable devices by some three billion years.

[Figure 4.2 —An E. cali cell shown swimming through a glucose gradient. The
flagellar bundle is shown alternately as a coherent corkscrew (run state) and as
splayed independent filaments (tumble state). At the cell pole, a hexagonal array
of MCP receptorsis shown in cross-section, with the signaling pathway sketched

as a chain leading to the flagellar motor ]

84.4 The Sodium-Potassium Pump: An Engine of
Disequilibrium

Bacterial chemotaxis depends on selective permeability, but bacteria
can get away with relatively passive membranes because their movement

is propelled by externa rotary motors, not by membrane events.
Eukaryotic cells, including the cells of every animal you have ever seen,
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are different. Their entire signaling architecture rests on a
non-equilibrium distribution of ions across their membrane — a
distribution maintained, against thermodynamic preference, by an active
pump. The pump is the sodium-potassium ATPase, often called simply
the sodium-potassium pump. It is the engine of every nerve impulse,
every muscle contraction, and every sensation you will ever have.

The pump is a transmembrane protein of about 1,000 amino acids.
With each cycle of operation, it binds three sodium ions on the
cytoplasmic side, undergoes a conformational change driven by the
hydrolysis of one ATP molecule, releases the three sodiums to the
extracellular side, then binds two potassium ions on the extracellular side,
undergoes a second conformational change, and releases the two
potassiums to the cytoplasmic side. Net result per cycle: three sodiums
out, two potassiums in, one ATP consumed. Run continuously, the pump
establishes and maintains the characteristic ionic disequilibrium of every
animal cell: high sodium outside (140 mM) and low inside (10 mM); high
potassium inside (140 mM) and low outside (4 mM).

This disequilibrium is the cell's stored energy in chemical-electrical
form. It is to the cell what a lifted weight is to a clock: a disequilibrium
that, when alowed to relax, will do work. The work is the propagation of
action potentials, the secondary active transport of glucose and amino
acids, the regulation of cell volume, the shaping of every fast signal in the
nervous system. To maintain this disequilibrium against the ceaseless
tendency of the second law of thermodynamics, the typical animal cell
devotes 20 to 30 percent of its total ATP budget. In neurons, the figure
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can reach 60 percent. The brain is, energetically, mostly a sodium pump.

The energetics of pumping can be written in terms of the
electrochemical potential difference each ion experiences as it crosses the
membrane. For an ion of charge z at concentration C inside and CO
outside, the electrochemical potential difference per moleis:

Ap=RTIn(C/ CO) + ZFAV

L egend. Ap isthe electrochemical potential difference (joules per mole),
the work required to move one mole of theion from outsideto inside. R is
the gas constant, 8.314 J(mol-K). T is absolute temperature in kelvins. C
and CO are the inside and outside ion concentrations. z isthe ion's valence
(+1 for sodium and potassium, +2 for calcium, =1 for chloride). F isthe
Faraday constant, 96,485 C/mol. AV isthe membrane voltage (inside
minus outside). The first term captures the chemical gradient; the second
captures the electrical gradient; together they are the full thermodynamic
cost of moving theion.

When Ap is positive, moving the ion inward requires energy; the cell
must pump. When Ap is negative, theion will flow inward spontaneously
through any open channel. The pump runs uphill (consuming ATP);
channels conduct downhill (releasing the stored energy as fast electrical
signals). Pump and channel are the two halves of the same machine,
working together to write information in the form of voltage across an
oily skin.

[ Figure 4.3 — The sodium-potassium pump shown across a membrane. Three
Na+ ions on the cytoplasmic side bind the pump; ATP is hydrolyzed; the pump
rotates and releases the Na+ to the outside; two K+ on the outside bind; the pump
rotates back and releases the K+ inside. The cycle repeats roughly 100 times per
second per pump molecule under physiological conditions.]
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84.5 Membrane Potential, Voltage, Current, Resistance

The continuous operation of the sodium-potassium pump, combined
with the differing permeabilities of the membrane to different ions,
produces a steady voltage across the membrane. By convention, this
voltage is defined as inside minus outside. For ailmost every cell in your
body, that voltage sits between —60 and —90 millivolts. the inside is
electrically negative relative to the outside. This is the membrane
potential, often called the resting potential when the cell is not actively
signaling.

Where does the resting potential come from? Three contributing
factors. First, the pump itself moves three positive charges out for every
two it brings in, a small but persistent contribution to the negative
interior. Second, and more importantly, the resting membrane is much
more permeabl e to potassium than to sodium — there are more potassium
leak channels open than sodium ones. Potassium therefore tends to flow
down its concentration gradient (out of the cell), carrying positive charge
with it and leaving the inside relatively negative. Third, the inside of the
cell contains many negatively charged macromolecules — proteins,
nucleic acids, organic phosphates — that cannot cross the membrane and
so contribute a fixed negative charge.

The exact equilibrium voltage for any given ion is set by the Nernst
equation:

E__=(RT/ZF)In(C,/C)

L egend. Eion isthe equilibrium voltage (called the reversal potential) for an
ion, the membrane voltage at which the ion's chemical and electrical
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gradients exactly cancel and thereisno net flux. R, T, z, F have their usua
meanings from 84.4. C0 and C are the outside and inside concentrations. At
body temperature (37°C) and for asingly charged cation, (RT/zF) equals
about 26.7 mV. So for sodium (CO = 140, C = 10), ENaz +70 mV. For
potassium (C0 =4, C = 140), EK =-94mV.

Because the resting membrane is more permeable to potassium than
to sodium, the actual resting potential sits much closer to EK (-94 mvV)
than to ENa (+70 mV). The Goldman-Hodgkin-K atz equation, a weighted
average that accounts for relative permeabilities, gives the actual resting
potential as roughly =70 mV — about 70 percent of the way from sodium
toward potassium.

Now to the salt-comparison Chapter 3 promised. The cell'sinterior is,
in part, a remembered ocean — a chemistry inherited from the
Precambrian seas in which the first cells arose, edited by four billion
years of evolution to keep the ions life needed and pump out the ions it
didn't. The two most striking comparisons. modern seawater is rich in
sodium and chloride; modern cytosol is rich in potassium and organic
phosphates. The cell did not abandon seawater wholesale. It rearranged
the ratios.

lon / Solute Sea/’\\;]a?gre?%M) CyE)ascotlelr-:i.alcoli AC\;/:tT)asiTl anIiEnlil;arC)g/)ttg;ol Plant Cytosol | Fungal Cytosol
halophile

Sodium (Na+) 470 10-30 <100 5-15 1-10 10-50

Potassium (K+) 10 100-200 2,000-5,000 140-155 100-200 100-300

Chloride (CI") 550 10-50 3,000-5,000 5-30 10-30 10-50
Magnesium (Mg?") 53 20-100 100-200 10-20 2-10 10-30
Calcium (C&2) free 10 <0.001 <0.001 0.0001 0.0001 0.0002

Sulfate (SO,%) 28 1-5 5-20 0.3 1-5 1-5
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EiEEfiTE 22 10-30 10-30 10-30 10-30 10-30
(HCO,)
Free phosphate (P) 0.002 1-10 1-10 1-5 1-10 1-10
pH 8.1 7.2-78 6.5-75 7.0-7.4 7.0-75 6.0-7.0

[ Table 4.2 — lonic composition of modern seawater compared with the cytosol of
representative cells from across the domains of life. All concentrations are
approximate millimolar values; specific values vary widely by species, growth
stage, and environment. Note three patterns. every domain has reversed the
seawater Na/K ratio in its cytosol; every domain keeps free calcium
catastrophically low compared to seawater, using it as a high-amplification
signaling ion; and the haloarchaea are striking outliers, retaining seawater-like
KCl interiors at extreme concentrations to balance hypersaline external
environments.]

Read this table carefully. Three patterns leap out. First, every domain
of life has reversed the seawater sodium/potassium ratio in its cytosol.
Where the ocean has roughly 47 sodium for each potassium, every cell —
bacterial, archaeal, eukaryotic, plant, fungal — has more potassium than
sodium inside. This reversal is universal. It is the single most striking
biochemical fact about cellular life. Whatever the first cells did, very
early, they decided to pump out the sodium and keep the potassium. The
reasons are debated; one leading hypothesisis that potassium was simply
more abundant in the alkaline hydrothermal environments where life may
have arisen. Once the early cells settled on potassium-based interior
chemistry, they were committed: every ribosome, every enzyme, every
protein-folding pathway evolved against a potassium-rich background,

and reverting to a sodium-rich interior would have broken everything.

Second, every cell — without exception — keeps its free intracel lular
calcium concentration at vanishingly low levels, around 100 nanomolar
in resting cells. Compare this to the 10 millimolar of seawater: a

Taxis and Chemotaxis - Chapter 4

14



hundred-thousand-fold gradient. Why? Because calcium binds tightly to
phosphate, and the cytosol isfull of phosphate (in DNA, in RNA, in ATP,
in metabolic intermediates). High free calcium would precipitate calcium
phosphate, gumming up the cell. By keeping free calcium very low, cells
have repurposed it as a high-amplification signaling ion: asmall influx of
cacium through a channel produces a thousand-fold rise in
concentration, which can be detected by calcium-binding proteins and
used to trigger muscle contraction, neurotransmitter release, gene

expression, even cell division.

Third, the haloarchaea — extremophilic archaea living in saturated
brines — are striking outliers. Where most cells maintain low internal salt
against near-fresh external water, haloarchaea live in nearly saturated
NaCl (roughly 4 to 5 molar) and have evolved cytosols of nearly equal
salinity, but based on potassium chloride rather than sodium chloride.
Thelr proteins are adapted to function in this extreme ionic environment,
with surface residues that bind potassium tightly and that would denature
in lower salt. We will meet these cells again in §4.8.

Every cell is a remembered ocean. The seawater is
mostly sodium chloride; the cell is mostly potassium
phosphate. The pump is what enforces the
difference.

When the cell signals, it briefly increases its sodium permeability, and
the membrane voltage swings rapidly toward ENa; this is the action
potential. When the permeability returns to its resting state, the voltage
swings back. The whole event lasts about a millisecond; it propagates
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along the axon at speeds of one to a hundred meters per second; it is how
every neuron in your brain talks to every other.

Let uslook at the action potential in slightly more detail, sinceit isthe
neural signal that scales the cellular logic of this chapter into the bodily
logic of those to come. At rest, the neuron sits at =70 mV. A small
depolarizing stimulus — say, the binding of a neurotransmitter at a
synapse — raises the membrane voltage by a few millivolts. If that rise
crosses a threshold, around -55 mV, voltage-gated sodium channels
open. Sodium rushes inward, raising the voltage further, opening more
channels, in a positive-feedback explosion that drives the membrane to
around +30 mV in afraction of amillisecond. Thisis the upstroke.

At the peak of the upstroke, the sodium channels inactivate and
voltage-gated potassium channels, which open more slowly, finally reach
maximum conductance. Potassum now rushes outward down its
gradient, repolarizing the membrane and even dightly overshooting the
resting voltage in an event called the afterhyperpolarization. After a few
milliseconds, the potassium channels close, the leak currents restore the
resting potential, the sodium channels recover from inactivation, and the
neuron is ready to fire again.

This entire cycle propagates along the axon as a wave. At each point
along the membrane, the depolarization triggered by the upstroke at the
previous point opens that point's sodium channels, and the cycle is
regenerated locally. The signal travels as a self-renewing avalanche,
never weakening because each segment of axon membrane is fully
recharged from the potassium gradient maintained by the
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sodium-potassium pump. The pump is the slow steady investor; the
action potential is the fast spectacular expenditure. Both are the same

money.

84.6 Ohm'sLaw asa L agrangian Statement

We have spoken of voltage and current and (implicitly) resistance.
Let us now make the connection between these familiar electrical
guantities and the Lagrangian formalism we developed in Chapter 1. The
connection is deeper than it first appears and reveals that Ohm's law —
that classroom workhorse — isin fact a statement of stationary action for
adissipative system.

Ohm'slaw inits elementary formis:

V=IR

Legend. V isthe voltage difference across aresistor (volts). | isthe current
flowing through it (amperes). R is the resistance (ohms). The equation says:
voltage and current are linearly related, with resistance the constant of
proportionality. The reciprocal of resistance is conductance, G = /R, and
Ohm's law is sometimes written | = GV.

The dissipated power is:

P=1IV=1°R= VR

Legend. Pistherate of energy dissipation (watts). The three forms are
algebraically equivalent. Thefirst form, P=1V, isthe most general: power
is the product of the driving force and the resulting flow.

The Lagrangian formulation of an electrical circuit treats charges as
positions and currents as velocities. For a circuit with capacitance C,
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inductance L, and resistance R, the Lagrangian function (analogous to L
=T -V from Chapter 1) is:

L=1%Li%-q°/2C

Legend. Italic L isthe Lagrangian function (different from the inductance
L; context distinguishes them). The first term is the kinetic-like energy
stored in the inductor when acurrent i flows. The second term isthe
potential-like energy stored in the capacitor when a charge g sitson its
plates. Resistance does not appear in this Lagrangian directly because
resistance is dissipative.

To incorporate resistance, we introduce the Rayleigh dissipation
function FR = (/2 R i2. The Euler-Lagrange equation, modified by the
dissipation function, gives:

L (di/dt) + Ri+ g/C=V_

Legend. L istheinductance, R the resistance, C the capacitance, i the
current, g the charge on the capacitor (so dg/dt = i), and VSource the external
driving voltage. Thisis the equation of motion for an LRC circuit, obtained
from the Lagrangian by the same calculus of variations that produced the
Dirac equation in Chapter 1. Different physics, same formal structure.

The cell's membrane is, electrically, an LRC circuit. The membrane
itself acts as a capacitor, with its lipid bilayer separating two conductive
electrolyte solutions. Each ion channel acts as a resistor, with
conductance set by the channel's open probability. The membrane
voltage, charge, and current all obey precisely the same equations as a
piece of electronic circuitry — and so neuroscientists routinely model
neurons using circuit diagrams with resistors representing channels and
capacitors representing patches of membrane. The classica
Hodgkin-Huxley equations of action-potential propagation, derived in
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1952 from the squid giant axon, are nothing other than circuit equations
applied to a moving boundary. They earned the Nobel Prize in 1963 and
remain the standard tool of computational neuroscience.

Every neuron in your brainisa small, evolving
solution to an LRC circuit equation —a Lagrangian
made of fat, salt, and protein.

84.7 Eukaryotic Chemotaxis: Dictyostelium,
Neutrophils, the cAMP Wave

Bacterial chemotaxis works by temporal comparison: the bacterium
swims, remembers, compares. Eukaryotic chemotaxis works differently.
A eukaryotic cel is large enough (ten to fifty micrometers) that the
concentration of an attractant at its leading edge differs measurably from
the concentration at its trailing edge. The cell performs a spatial
comparison directly. It senses a gradient across its own body, polarizes
itself toward the source, and crawls.

Dictyostelium discoideum, the cellular slime mold, is the textbook
eukaryotic chemotaxer. In its single-celled phase, when food is plentiful,
it lives as an amoeba grazing on bacteria. When food becomes scarce,
however, an extraordinary transition occurs. One cell, by chance, begins
emitting pulses of cyclic adenosine monophosphate (CAMP).
Surrounding cells detect the cAMP, polarize toward its source, and
themselves emit a relaying pulse outward. The result is a spiral wave of
CAMP propagating across the population, with cells migrating toward the
wave center along the gradient. Within hours, tens of thousands of
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individual amoebae have aggregated into a single multicellular slug,
which then differentiates into a fruiting body and disperses spores. The
slime mold has made the |eap from one cell to many — and it has done so
by chemotaxis, with CAMP as the messenger.

Neutrophils, the white blood cells of your immune system, use the
same trick to find sites of infection. When tissues are damaged, they
release chemoattractants — small peptides bearing N-formyl methionine,
characteristic of bacterial proteins, complement fragments such as C5g;
cytokines such as interleukin-8. Neutrophils in nearby blood vessels
detect these chemoattractants through G-protein-coupled receptors,
polarize toward the source, squeeze through the vessel wall, and crawl
through tissue toward the infected site at speeds of up to 30 micrometers
per minute — among the fastest-moving cells in the human body.

What distinguishes eukaryotic from bacterial chemotaxis at the
molecular level is the response to the gradient itself. The signaling
pathway in a eukaryotic cell has aremarkable property: it amplifies small
external differences into large internal ones. A gradient of just two
percent across the cell — one percent more attractant at the front, one
percent less at the back — can produce a tenfold internal asymmetry in
signaling activity. The mechanism involves PI3-kinase activity
concentrated at the leading edge, PTEN phosphatase activity
concentrated at the trailing edge, and a positive feedback loop that locks
the spatial polarity in place. Once polarized, the cell sends actin
polymerization to the front and myosin-mediated contraction to the rear,
producing crawling motion in the direction of the gradient.
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The eukaryotic cell is not just sensitive to gradients.
It manufactures them, amplifying tiny external
asymmetriesinto large internal ones. A whisper
outside becomes a shout inside.

Eukaryotic chemotaxis is aso the principal mechanism by which the
developing embryo organizes itself. When a fertilized egg becomes a
multicellular embryo, it must establish a body plan: head versus tail,
dorsa versus ventral, left versus right. The mechanism is the
establishment of chemica gradients of morphogens — small signaling
molecules secreted by organizer regions — and the differential response
of cells to those gradients. A cell in a region of high Sonic Hedgehog
concentration becomes a different kind of cell from one in alow Sonic
Hedgehog concentration; the same is true for Wnt, BMP, FGF, and the
dozens of other morphogens that pattern the early embryo.

Tumor metastasis is the same process turned malign. A cancer cell
that breaks free of its primary tumor and enters the bloodstream is,
eventually, drawn to a new tissue by the chemoattractant signals that
tissue secretes. Breast cancer cells are particularly drawn to bone, lung,
and liver because those tissues secrete chemokines (especially CXCL12)
for which the cancer cells express matching receptors (CXCR4). Cancer
IS, among other things, chemotaxis without proper governance.

We can describe a population of chemotactic cells with the
Patlak-K eller-Segel equation, which captures how cell density evolvesin
a chemoattractant field:
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Legend. n(x, t) isthelocal density of cells at position x and timet. c(x, t) is
the local chemoattractant concentration. D isthe cells random diffusion
coefficient. X isthe chemotactic sensitivity. The first term on theright isthe
random spreading of cells by diffusion; the second is the directed
movement up the chemoattractant gradient. The Keller-Segel system adds a
second equation for c(x, t), accounting for how the cells produce or
consume the chemoattractant.

84.8 Extremophiles. The Limits of the Cellular Form

We have so far described chemotaxis as if cells lived in mild
conditions: room temperature, neutral pH, fresh water, normal pressure.
The redlity of cellular life is far more extreme. Microbes live in boiling
hot springs, in subzero Antarctic brines, in saturated salt lakes, in
concentrated sulfuric acid, in the deepest ocean trenches at
thousand-atmosphere pressure, in the cooling ponds of nuclear reactors,
in the vacuum of space-exposed surfaces. Each of these niches has
produced an extremophile — a cell whose chemistry is tuned to thrive
precisely where ordinary cells would die. Studying them illuminates the
chemotactic logic of cellular lifein its most extreme forms.

The major extremophile categories, with the gene families and protein
systems responsible for each adaptation, follow.

Thermophiles and hyperthermophiles live in hot environments.
Thermophiles tolerate 45-80°C; hyperthermophiles thrive above 80°C,
with the current record holder, Methanopyrus kandleri strain 116,
growing at 122°C in deep-sea hydrothermal vents. Their chemotaxis is
toward heat: they swim up thermal gradients to find the warm vents that
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supply their energy. Adaptations include reverse gyrase (a unique
topoisomerase that introduces positive supercoiling into DNA, stabilizing
it against thermal denaturation, encoded by rgy genes), heat-shock
chaperones (HSP70, HSP60/GroEL families), thermostable ribosomes
with  additional  hydrogen-bonding networks, and saturated
branched-chain lipids that maintain membrane integrity at high
temperature. The archaea Pyrolobus fumarii and Pyrococcus furiosus
have been particularly important industrial sources of thermostable
enzymes, including the Pfu polymerase used in PCR.

Psychrophileslive in cold environments, growing at temperatures below
15°C, often well below 0°C in subzero brines and sea ice. They show
negative thermotaxis (away from warmth) and adaptations including
antifreeze proteins (AFPs encoded by afp gene families) that bind ice
crystals and prevent their growth, cold-shock proteins (CspA family in
bacteria, RBM-domain proteins in archaed), unsaturated fatty acids in
membranes (introduced by A9-desaturases) that keep the bilayer fluid at
low temperatures, and modified ribosomes whose trandation kinetics
remain viable when normal ribosomes would freeze. Psychrobacter,
Colwellia, and the snow algae Chlamydomonas nivalis are well-studied
examples.

Halophiles live in high-salt environments. Mild haophiles tolerate
seawater (~0.5 M NaCl); extreme halophiles thrive in saturated brines
(4-5 M NaCl), as in the Dead Sea and salt-evaporation ponds. Their
chemotaxisistoward salt. The classic adaptation, used by the haloarchaea
Halobacterium salinarum and relatives, is the salt-in strategy: pump
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potassium and chloride to high intracellular concentrations to balance the
external osmotic pressure, and adapt every protein to function in molar
KCI. Key genes include the trk and kdp potassium-uptake systems, the
halorhodopsin chloride pump (hop), and an entire proteome with
negatively charged surface residues that bind structural potassium.
Alternative strategies use compatible solutes — small organic osmolytes
such as glycine betaine, ectoine, and trehalose — synthesized via
betA-betB, ectABC, and otsAB gene clusters.

Acidophiles and alkaliphiles live at extreme pH. Acidophiles such as
Acidithiobacillus ferrooxidans grow at pH below 3 (some at pH 0);
alkaliphiles such as Bacillus alcalophilus grow above pH 9. Both depend
on tight membrane proton management to maintain a near-neutral cytosol
regardless of external pH. Acidophiles use proton-pumping ATPases
(encoded by atp operons) to actively expel protons, plus reduced
membrane proton permeability and dense surface S-layers that buffer the
membrane. Alkaliphiles use Nat/H+ antiporters (nhaA, nhaC, the
seven-subunit mrp antiporter complex) to import protons, plus surface
polymers rich in acidic residues to attract and hold protons near the
membrane. Both strategies share the principle that the cytosol is held near
pH 7 even when the cell sits in a chemical environment that would
dissolve anaive cell within minutes.

Aerobes and anaerobes are the two ends of the oxygen spectrum.
Obligate aerobes (most familiar bacteria, every animal cell) require
oxygen and use it as the termina electron acceptor in respiration; their
chemotaxis is positive toward oxygen. Obligate anaerobes (the
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methanogens Methanococcus and relatives, the sulfate-reducers
Desulfovibrio) are poisoned by oxygen because their iron-sulfur cluster
proteins are irreversibly oxidized; their chemotaxisis negative away from
oxygen. The molecular hardware differs accordingly: aerobes carry
cytochrome c oxidases (cox operons), catadlase (katE) and superoxide
dismutase (sodA, sodB) to detoxify reactive oxygen species, anaerobes
cary dternate terminal reductases (sulfate reductases dsrAB,
methyl-coenzyme M reductase mcrA for methanogens, fumarate
reductases for facultative anaerobes) and lack the enzymes that defend
against oxygen.

Barophiles, also called piezophiles, live at high pressure, in the deep
ocean and subsurface biosphere. The genus Colwellia and the deep-sea
Photobacterium profundum grow optimally at hundreds of atmospheres.
Their adaptations include modified membrane lipids (more unsaturation,
shorter chains) that compensate for pressure-induced rigidification,
pressure-stable enzymes with shifted thermodynamic parameters, and
pressure-sensing two-component systems that adjust gene expression in
response to changes in external pressure (the ToxRS pressure-sensing
system in deep-sea Photobacterium). Their chemotaxis includes
baroresponse: they remain in the depth band that suits them.

Radioresistant organisms survive doses of ionizing radiation that would
kill any normal cell hundreds of times over. The bacterium Deinococcus
radiodurans survives 5,000 grays of gamma radiation — more than a
thousand times the lethal dose for a human. It does so not by preventing
DNA damage but by reassembling shattered DNA after the fact. Within

Taxis and Chemotaxis - Chapter 4

25



hours of a sterilizing dose, D. radiodurans uses its extraordinary DNA
repair machinery — RecA recombinase, the PprA repair factor (encoded
by pprA), nucleotide excision repair (uvrA-D), and an unusually high
genome copy number (4-10 copies per cell, providing redundant
templates) — to splice its chromosome back together. Its cells also
accumulate manganese in unusua quantities, which protects proteins
from oxidative damage even as DNA is being shredded. Radioresistance
has evolved independently in several lineages, including the archaeon
Halobacterium, which inherited similar repair pathways during its
hal ophilic adaptation.

Xerotolerant and desiccation-resistant organisms survive extreme
dryness. Tardigrades — the famous water bears of microscope dlides —
are perhaps the most spectacular example, surviving desiccation, vacuum,
and radiation by entering a state called cryptobiosis in which their water
content drops below three percent of normal and metabolism halts
entirely. They produce trehalose and intrinsically disordered proteins
(CAHS, SAHS, and MAHS gene families — Cytoplasmic, Secreted, and
Mitochondrial Abundant Heat Soluble proteins) that vitrify the cell upon
drying, preserving macromolecular structure until rehydration. Bacterial
gpores use a similar trick with small acid-soluble proteins (SASPs,
encoded by sspA, sspB) that bind and protect DNA in the dehydrated
spore core.

The cell, given enough time, finds a way to live
almost anywhere chemistry still works. Wherever
thereis a gradient, biology finds a taxis.
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What this remarkable diversity revealsis that the chemotactic logic of
cellular lifeisrobust to nearly any environment, given the right molecular
adaptations. The grammar of motion — gradient detected, response
calibrated, system moves toward what it needs — operates from boiling
springs to subglacial lakes, from acid mine drainage to akaline lagoons,
from oxygen-rich surface waters to oxygen-free hydrothermal vents.
Astrobiologists, asking where in the solar system life might be found,
take inventory of these terrestrial extremophiles for clues. The subsurface
oceans of Europa and Enceladus, the salty pockets beneath the Martian
regolith, the upper atmosphere of Venus — each could potentialy
support an extremophile from somewhere on Earth. Life, once started, is
endlessly inventive about whereit can live.

84.9 The Cdl asa Madowian Unit in Miniature

We have so far described chemotaxis as a response to chemical
gradients. Let us now step back and notice that the cell has not just one
need but many, and that different needs produce different chemotactic
responses. A cell needs energy (glucose, oxygen, fatty acids); it needs
raw materials for biosynthesis (amino acids, nucleotides, ions); it needsto
avoid threats (toxins, predators, harsh pH, extreme temperatures). At any
given moment, the cell is integrating many gradients simultaneously and
producing a single decision about which way to move.

This integrated decision-making is, at the cellular scale, a perfect
miniature of the Maslowian hierarchy we will encounter at full scale in
Chapter 6. The cell's deepest needs are physiological: maintaining its
membrane potential, its osmotic balance, its pH. If any of these is
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threatened — say, by a sudden drop in oxygen — al other behaviors stop
and the cell directs all resources toward immediate survival. Above this
baseline, the cell pursues energy and growth substrates, moving toward
food gradients when the basics are secure. Above that, in many cell types,
comes socia signaling: the search for mating partners (in single-celled
eukaryotes), the recruitment of neighbors to form tissues, the
maintenance of developmental position. The hierarchy of cellular needs
Is not Maslow's hierarchy in metaphor only; it is the same architecture,
implemented at a smaller scale and in different chemistry, but with the
same underlying logic of taxis.

What Maslow described as a hierarchy of human
needs is the latest expression of a logic the cell has
been running for four billion years.

And as in the Maslowian case, the integration of multiple gradients
can produce conflict. A cell may sense a glucose gradient pointing one
direction and a toxin gradient pointing the opposite direction. The
decision is not to average the two but to weight them: the avoidance of
threat dominates over the pursuit of reward. Cells that get this hierarchy
wrong are quickly selected against. Cells that get it right become the
ancestors of every subsequent organism.

Concrete examples abound. Escherichia coli in a low-oxygen
environment reorganizes its metabolism to anaerobic fermentation within
minutes, suppressing its taste for many otherwise-attractive carbon
sources. Human muscle cells under acute stress release lactate and shift
their motion-related signaling to favor immediate ATP production over
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biosynthesis. Dendritic cells in the immune system cease their resting
surveillance of tissue and migrate to lymph nodes upon encountering
pathogen-associated molecular patterns, abandoning their default
chemotactic agenda for an emergency one. In each case, the cell has
detected a threat to a deeper need and has reprioritized all its other
behaviors accordingly.

Thereis even akind of self-actualization at the cellular scale. When a
cell's physiological needs are fully met — its membrane potential stable,
its ATP supply abundant, its waste cleared — it can devote resources to
growth, division, specialization, and the construction of elaborate internal
structures. A well-nourished hepatocyte (liver cell) develops an extensive
smooth endoplasmic reticulum and the cytochrome systems that allow it
to detoxify the body's blood. A well-nourished neuron extends elaborate
dendritic arbors and forms thousands of synapses. The cell's higher
functions, like Maslow's higher functions, depend on the lower ones
being satisfied first. Starvation collapses the hierarchy back to its basic
needs; abundance unlocks its peaks.

84.10 Bridge to Chapter 5: When One Cell isNot
Enough

We end Chapter 4 with the cell as our protagonist: a lipid envelope
around a chemical interior, maintained against thermodynamic tendency
by an active sodium pump, capable of sensing chemical gradients,
integrating multiple needs, and moving toward what it lacks. The cell is
the universe's first true chemotactic agent. It is also, in areal sense, the
universe's first self: a bounded entity that can distinguish its own interior
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from its surroundings, its own needs from external states, its own future

from the random thermodynamic flow.

But the cell, however accomplished, has limits. It is small. Its sensory
range is set by molecular diffusion, which falls off rapidly with distance.
Its computational machinery is bounded by the number of proteinsit can
hold. Its movement is slow. And — most fundamentally — it is alone.
Each cell solves the same problems independently, accumulating no
shared knowledge, building no shared structures, exerting no influence
beyond its immediate chemical neighborhood.

Around 600 million years ago, this began to change. Cells began
sticking to other cells. The chemotaxis we have just described — the
response of asingle cell to a chemical gradient — became the foundation
for a new and more powerful behavior: the coordinated response of many
cells acting as a single body. Aggregation, specidization,
communication. The slime mold's transient sluggishness anticipated the
permanent multicellularity of every animal that has ever crawled, swum,
or walked. The story of Chapter 5 isthe story of that transition.

When one cell is not enough, cellslearn to be many.
The gradient that one cell could only follow, many
cells together can build.

We will meet biofilms, the bacterial precursor to true multicellularity,
in which millions of cells coordinate via small signaling molecules in a
process caled quorum sensing. We will meet stromatolites,
three-hillion-year-old fossil biofilms that record the earliest cooperative
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living. We will meet the cnidarians — jellyfish, hydra, anemones — in
which the nerve net first appears, allowing coordinated motion at the
body scale. And we will meet the architectural unit of all multicellular
life: the tissue, a sheet or tube or cavity of cells acting as a single
functional element.

All of these are extensions of the same logic. There is something a
system lacks. Thereisadirection in which the lack issmaller. The system
goes that way. What changes from chapter to chapter is the size and
complexity of the system; what does not change is the grammar of
motion. From the field potential of t = 0 to the chemical gradient sensed
by a bacterium, taxis remains the universe's primary verb of relationship.
We are about to follow that verb up to the next level: from the cell to the
body.

— End of Chapter 4 —

Taxis and Chemotaxis - Chapter 4

31



Referencesfor Chapter 4

Adler, J. (1969). Chemoreceptorsin bacteria. Science, 166(3913), 1588-1597.

Alberts, B., et a. (2014). Molecular Biology of the Cell (6th ed.). Garland Science.

Berg, H. C. (2003). The rotary motor of bacterial flagella. Annual Review of Biochemistry, 72, 19-54.
Berg, H. C. (2004). E. coli in motion. Springer.

Cox, M. M., & Battista, J. R. (2005). Deinococcus radi odurans — the consummate survivor. Nature Reviews
Microbiology, 3(11), 882-892.

Devreotes, P. N., & Janetopoulos, C. (2003). Eukaryotic chemotaxis: distinctions between directional
sensing and polarization. Journal of Biological Chemistry, 278(23), 20445-20448.

Goldman, D. E. (1943). Potential, impedance, and rectification in membranes. Journal of General
Physiology, 27(1), 37-60.

Hodgkin, A. L., & Huxley, A. F. (1952). A quantitative description of membrane current and its application
to conduction and excitation in nerve. Journal of Physiology, 117(4), 500-544.

Horikoshi, K. (1999). Alkaliphiles: some applications of their products for biotechnology. Microbiology and
Molecular Biology Reviews, 63(4), 735-750.

Keller, E. F., & Segel, L. A. (1971). Model for chemotaxis. Journal of Theoretical Biology, 30(2), 225-234.
Madigan, M. T., & Marrs, B. L. (1997). Extremophiles. Scientific American, 276(4), 82-87.

Nernst, W. (1888). Zur Kinetik der in Losung befindlichen Koérper. Zeitschrift fir Physikalische Chemie, 2,
613-637.

Oren, A. (2002). Diversity of halophilic microorganisms: environments, phylogeny, physiology, and
applications. Journal of Industrial Microbiology and Biotechnology, 28(1), 56-63.

Patlak, C. S. (1953). Random walk with persistence and external bias. Bulletin of Mathematical Biophysics,
15(3), 311-338.

Skou, J. C. (1957). The influence of some cations on an adenosine triphosphatase from peripheral nerves.
Biochimica et Biophysica Acta, 23, 394-401.

Stetter, K. O. (2006). Hyperthermophiles in the history of life. Philosophical Transactions of the Royal
Society B, 361(1474), 1837-1843.

Wadhams, G. H., & Armitage, J. P. (2004). Making sense of it al: bacterial chemotaxis. Nature Reviews
Molecular Cell Biology, 5(12), 1024-1037.

Y ancey, P. H. (2005). Organic osmolytes as compatible, metabolic and counteracting cytoprotectantsin high
osmolarity and other stresses. Journal of Experimental Biology, 208(15), 2819-2830.

Taxis and Chemotaxis - Chapter 4 32



CHAPTER FIVE

Multicellular Taxis and
Chemotaxis
From Biofilms to Jellyfish

85.1 Aggregation: Why Cédlls Stick

We left Chapter 4 with the cell as a sovereign chemotactic agent —
bounded, autonomous, capable of sensing gradients and moving toward
what it lacks. The cell, however accomplished, was alone. Each cell ran
the same chemistry independently, accumulating no shared knowledge,
building no shared structures. For about two billion years after the first
cells appeared, this remained the state of biology on Earth. The world
was a microbial world. Continents and oceans were dusted with bacteria
and archaea, each going about its single-celled business, each blind to its
neighbors except as obstacles or food.

Then, sometime around 2.5 to 2.0 billion years ago, cells began to
stick. Not just temporarily, in passing collisions, but persistently —
forming aggregates, communities, and eventually true multicellular
bodies. The transition from single-celled to multicellular life was not a
single event. It happened independently at least twenty-five times in the
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history of life, in lineages as diverse as plants, animals, fungi, brown
agae, red agae, celular dime molds, and several bacterial groups.
Multicellularity, like flight or vision, is one of evolution's favorite
inventions: difficult to start, but obviously useful enough that selection
has rediscovered it again and again.

Consider just a few of these independent inventions. The animals
(kingdom Metazoa) became multicellular about 800 million years ago,
descending from a choanoflagellate-like ancestor that lived as colonial
flagellates. Plants (kingdom Plantae) became multicellular roughly a
billion years ago, from a freshwater green algal ancestor. Fungi made the
transition independently, from yeast-like single-celled ancestors. The
brown agae of the seaweed world (the giant kelps and rockweeds) are an
entirely separate multicellularity, descended from a different protist
lineage; their cells are barely related to the cells of either plants or
animals. Red algae are yet another independent multicellularity. Cellular
dime molds, which aternate between single-celled and aggregated
multicellular phases, represent a fifth lineage. Among bacteria, both the
Streptomyces (filamentous soil bacteria producing spore-bearing aerial
mycelia) and the myxobacteria (which form fruiting bodies in starvation
conditions) independently invented their own forms of multicellularity.
The list continues; current taxonomic estimates put the number of
independent transitions at twenty-five or more.

Why do cells stick? At the most basic level, because two cells
together can do things one cell cannot. A single bacterium swimmingin a
nutrient broth captures whatever it stumbles across; a clump of bacteria,
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with their bodies pressed together and their digestive enzymes pooled in
the surrounding medium, can break down food too tough for any one of
them alone. A single algal cell drifting in sunlight can photosynthesize; a
dlab of stuck-together algal cells, thicker than the diffusion length of
oxygen, can build internal anaerobic compartments that allow other
reactions impossible in the open ocean. A single fungal cell can extend a
hypha into the soil; a network of stuck-together fungal cells can extend
hyphae across hectares, harvesting nutrients from a vastly larger volume
than any single cell could reach.

Multicellularity is the discovery that the surface
area of contact between two cellsis a kind of organ.
Where cells touch, new chemistry becomes possible.

The molecular basis of cell-cell adhesion isasmall zoo of cell-surface
proteins, evolved many times independently. In animals, the cadherins
are the principal adhesion molecules. transmembrane proteins whose
extracellular domains bind those of cadherins on neighboring cells, with
the binding strength regulated by calcium concentration (cadherins were
named for being calcium-dependent adhesion proteins). The integrins
anchor cells to the extracellular matrix — the network of proteins and
polysaccharides between cells. The selectins and immunoglobulin
superfamily proteins handle more specialized adhesion events, especially
in the immune system. Plants, lacking calcium-rich extracellular fluids,
have evolved entirely different adhesion systems based on pectin and
cellulose interfaces in their cell walls. Fungi use their own families of
glycoproteins. Bacteria use pili and surface polysaccharides. The
biochemistry differs, but the principle is universal: cells touch, cells
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communicate, cells cooperate.

Once cells stick, a new problem arises. The cells in the interior of an
aggregate face a different chemica environment from the cells on the
surface. Interior cells receive less oxygen, less light, less nutrient
diffusion from outside; they accumulate more waste, more carbon
dioxide, more byproducts of neighboring metabolism. The aggregate, in
other words, has its own internal chemical gradients — gradients that no
single cell could create alone, and that every cell in the aggregate must
now sense and respond to. Multicellularity creates the gradient. The
gradient then organizes the multicellularity. This feedback is the engine
of every body plan, every tissue, every organ that has ever existed.

[Figure 5.1 — Three modes of cell-cell adhesion. Top: cadherins clasping across
the gap between two animal cells, with calciumions stabilizing the interaction.
Middle: pili extending between two bacteria, the basis of bacterial conjugation

and biofilm formation. Bottom: a plant cell wall in cross-section, with pectin-rich

middle lamella gluing adjacent cells together.]

85.2 Quorum Sensing and the First Public Conver sation

Long before true multicellularity, bacteria had already discovered
something remarkable: how to sense their own population density. The
phenomenon is called quorum sensing, and it is the first public
conversation in the history of life. A bacterium aone in the world
behaves as a hermit; the same bacterium surrounded by siblings behaves
as a member of a community. The switch is molecular: each cell
continuously secretes a small signaling molecule, called an autoinducer,
into its surroundings. When few cells are present, the autoinducer is
rapidly diluted away; when many cells are present, the autoinducer

Taxis and Chemotaxis - Chapter 5



accumulates to a threshold concentration. Above that threshold, the
bacterium senses the chemical signature of its neighbors and switches its
gene expression accordingly.

The classical example is the marine bacterium Vibrio fischeri, which
lives both as free-floating plankton in seawater and as a dense symbiotic
population in the light organ of certain squid. Free-floating cells do not
produce light; concentrated cells do. The mechanism: each V. fischeri cell
secretes a small homoserine lactone called Al-1 (autoinducer 1) at a
steady low rate. In dilute populations, Al-1 disperses faster than it
accumulates and intracellular levels remain low. In dense populations,
Al-1 accumulates above threshold. Above threshold, Al-1 binds to the
LuxR transcription factor, which activates transcription of the lux operon
encoding the bacterial luciferase enzymes. The cell glows. Many cells
glowing together produce the soft blue luminescence that the host squid
uses to camouflage itself against moonlight from above.

Quorum sensing is now known to operate in essentialy every
bacterial species examined, regulating an extraordinary range of
behaviors: biofilm formation, virulence in pathogens, antibiotic
production, sporulation, swarming motility, DNA exchange via
conjugation, and many more. Different species use different signaling
molecules — homoserine lactones in many Gram-negative bacteria, small
peptides in Gram-positives, the universal Al-2 signal in inter-species
communication — but the principle is the same. A solitary cell behaves
differently from a member of a crowd, and the difference is mediated by
molecules diffusing through the shared chemical neighborhood.
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A bacterium aloneis a hermit. A bacteriumin a
crowd is a citizen. The molecul e that tells one from
the other is the universe'sfirst public language.

From the standpoint of taxis, quorum sensing is a remarkable
extension of chemotaxis. The chemotaxing cell senses external molecules
of food or threat. The quorum-sensing cell senses external molecules of
self — molecules produced by neighboring cells of the same species. The
cell is, in effect, asking how many of itself it is among. The answer
rewrites the cell's behavior. A pathogen that would secrete virulence
factors when aone (and be neutralized by the host immune system)
instead waits silently until it has a quorum of fellow pathogens, then
secretes virulence en masse. The Pseudomonas aeruginosa infection that
fills a cystic fibrosis patient's lungs is, at the molecular level, a
guorum-sensing decision repeated trillions of times. each bacterium
continuously asks its neighbors whether it is yet time to attack.

This sensing of population context, of self-versus-other, of crowd
density, is the conceptual ancestor of every social signaling system that
follows. Animal pheromones use the same logic — molecules secreted
into the environment to coordinate behavior across multiple bodies.
Insect colony coordination, the trail pheromones of ants and the queen
substance of bees, is quorum sensing on a multicellular scale. Even
human social signaling — the way crowds in a stadium synchronize their
cheering, the way fashions sweep through populations, the way panics
spread — has a quorum-sensing flavor. We are not, as a species, the first
to discover that what to do depends on how many others are doing it.
Bacteria knew this two billion years before we did.
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[Figure 5.2 —Quorumsensing in Vibrio fischeri. Left: a few free-floating cellsin
seawater, each secreting Al-1 that dilutes away. Middle: a dense colony in a squid
light organ, Al-1 accumulating above threshold. Right: the activation of the lux
operon and the bioluminescence cascade. The squid host uses the resulting blue
glow to camouflage its silhouette against moonlight from above.]

85.3 Biomats, Stromatolites, and the Geological Record
of Cooperation

If quorum sensing is the molecular signature of bacterial cooperation,
stromatolites are its geological signature. A stromatolite is alayered rock,
typically dome-shaped or columnar, formed by the accumulated remains
of amicrobial mat — a multi-species community of bacteria and archaea
that grow as a thin biofilm on a sediment surface. Each layer of the
stromatolite represents a generation of microbial mat: cells grow upward
toward the light, sediment settles around them, the cells trap and bind the
sediment, the mat layer is buried, and a new mat grows on top. Over
thousands or millions of years, the stacking produces a layered rock that
records the activity of the microbial community in stone.

Stromatolites are among the oldest and most abundant fossils in the
geological record. The oldest known stromatolites, from the Pilbara
region of western Australia and the Barberton Greenstone Belt of South
Africa, date to approximately 3.5 billion years ago — within a few
hundred million years of the planet's formation. Stromatolite reefs
dominated the shallow oceans of the Proterozoic Eon, from 2.5 to 0.5
billion years ago, when they were the principal coastal ecosystems of the
planet. The decline of stromatolitesin the fossil record correlates with the
rise of grazing animals at the start of the Cambrian — a half-billion years
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ago, when newly evolved grazers began eating the microbial mats faster
than they could regrow.

Living stromatolites still exist today, in places where grazers cannot
reach: Shark Bay in western Australia, the Cuatro Ciénegas valley in
northern Mexico, certain apine lakes and hot springs. Studying these
living mats has reveded an extraordinary level of multi-species
coordination. A typical stromatolite microbial mat contains a dozen or
more distinct microbial metabolisms layered vertically by depth.
Cyanobacteria at the surface photosynthesize, producing oxygen and
organic carbon. Just below, chemolithotrophs use the oxygen to oxidize
reduced sulfur or iron compounds. Below the oxygen penetration depth,
anaerobic bacteria run different metabolisms — sulfate reduction,
methanogenesis, fermentation — each consuming the waste products of
the layer above and producing the substrates the layer below requires.
The whole mat is a vertically stratified ecosystem held together by
chemical gradients of oxygen, pH, sulfide, iron, and dozens of smaller
signaling molecules.

A stromatolite is a city built by chemistry. Each
microbial layer feeds the next; each layer'swasteis
the next layer's food.

The microbial mat is the conceptual precursor of every multicellular
tissue. Both are sheets of cells with internal gradients — gradients of
oxygen, of nutrients, of waste — that the cells in different positions
experience and respond to differently. The difference is that in a
microbial mat, each cell remains genetically independent; in a
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multicellular tissue, all the cells share a single genome and have
specialized into different cell types by differential gene expression. But
the chemistry is the same. A skin cell a the surface of your body,
exposed to oxygen and the open air, runs different metabolism from a
deep tissue cell starved of oxygen and bathed in metabolic byproducts.
The geometry of multicellularity is, at the chemical level, the geometry of
microbial mats applied to a single shared genome.

The geological record of cooperation extends beyond stromatolites.
Banded iron formations — the great striped rocks that dominate
Precambrian deposits — record the activity of cyanobacterial
communities producing oxygen so abundantly that it precipitated
dissolved iron out of the early oceans, depositing alternating layers of
iron oxide and silica. The atmospheric Great Oxidation Event, around 2.4
billion years ago, was a planetary-scale consequence of microbial
cooperation: cyanobacteria worldwide producing oxygen, oxygen
accumulating until it filled the oceans and then the atmosphere, oxygen
permanently transforming the chemistry of the planet. The sky we
breathe under was made by cooperating microbes, billions of years before
there was anything large enough to breathe it.

85.4 The Origin of Tissues. Sheets, Tubes, Cavities

True multicellularity in animals — the lineage that leads to al the
bodies we recognize as bodies — appeared around 600 million years ago,
in the late Ediacaran period, just before the Cambrian explosion. The first
multicellular animals were almost certainly small soft-bodied creatures
resembling modern sponges and choanoflagellate colonies. aggregations
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of similar cells with minimal specialization. Within afew tens of millions
of years, however, animals had begun to organize themselves into the
architectural unit that defines al subsequent multicellular life: the tissue.

A tissue is a sheet, tube, or three-dimensional layer of similar cells
acting together as a single functional unit. Three principles of tissue
organization emerge over and over in animal development. First, tissues
are oriented: each tissue has arecognizable inside and outside, atop and a
bottom, a polarity that distinguishes its faces. Second, tissues are
connected: cells within a tissue share specialized junctions that
mechanically link them and allow them to exchange small molecules
without leaking those molecules to the outside. Third, tissues are
coordinated: cells within a tissue receive shared signals and produce
shared responses, behaving as parts of a single organism rather than as
Independent agents.

The ssimplest body plan built from tissues is the diploblastic body —
two tissue layers, called ectoderm (outside) and endoderm (inside),
separated by athin acellular layer called mesoglea. The diploblastic body
plan defines the phylum Cnidaria (jellyfish, hydra, anemones, corals) and
the related comb jellies (Ctenophora). A jellyfish, despite its alien
appearance, is essentially atwo-layered tissue bag: ectoderm forming the
outer surface, endoderm forming the inner gastric cavity, mesoglea
between. With just these two tissues, a jellyfish can swim, hunt, sting,
digest, and reproduce.

The next architectural step, the triploblastic body plan, adds a third
tissue layer: mesoderm, between ectoderm and endoderm. This single
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innovation — the evolution of a middle tissue layer — opens up
enormous design possibilities. Mesoderm gives rise to muscle, bone,
blood, kidney, gonad, connective tissue, and the smooth muscle of the
gut. All bilaterian animals (the lineage that includes worms, mollusks,
arthropods, and chordates — that is, essentially all animals you have ever
heard of except sponges, jellies, and combs) are triploblasts. The three
tissue layers, in different proportions and configurations, account for
every body plan from earthworms to elephants.

The body is a three-layer cake. Skin and nervous
system on top, gut and respiratory surface on
bottom, muscle and bone and blood in between.

The tissues themselves come in just a few major types. Epithelial
tissue is a tight sheet of cells lining a surface — your skin, the lining of
your gut, the lining of every blood vessel. Connective tissue is a loose
mesh of cells and extracellular matrix — your bones, cartilage, tendons,
and the soft tissues that hold your organs in place. Muscle tissue is
specialized for contraction. Nervous tissue is specialized for fast
electrical signaling. These four tissue types, in different combinations and
arrangements, build every organ in your body. The same four tissue types
build every organ in every animal that has ever lived.

Each tissue type, in turn, contains a small population of stem cells —
undifferentiated cells that retain the ability to divide and produce new
cells of the tissue's specialized types. The skin's basal layer continuously
generates new keratinocytes to replace those shed from the surface. The
intestinal crypts produce new epithelial cells that migrate up the villi and
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are sloughed into the gut lumen every few days. The bone marrow's
hematopoietic stem cells produce the red and white blood cells of the
circulation, replacing about a hundred billion blood cells per day in an
adult human. Even the brain, long thought to be incapable of
regeneration, harbors small populations of neural stem cells in the
hippocampus and subventricular zone. Stem cells are the body's renewal
system: a tissue without stem cells would wear out within months. With
stem cells, atissue can be continuously rebuilt for decades.

Tissue formation is itself a chemotactic process. During embryonic
development, cells migrate to their assigned tissue positions by following
gradients of morphogens — the same signaling molecules we met in
84.7. Cells that find themselves in regions of high Sonic Hedgehog
become floor plate; cellsin regions of high BMP become ectoderm; cells
in regions of high Nodal become endoderm. The process iterates. once
initial tissues are established, those tissues secrete their own morphogens,
creating new gradients that pattern the next round of differentiation. By
the end of embryonic development, the chemical map has built itself,
layer by layer, into afully formed organism.

The remarkable thing about this process is its robustness. A
developing embryo can lose substantial fractions of its cells (to injury,
infection, or experimental manipulation) and still produce a normal
organism, because the morphogen gradients re-equilibrate around the
remaining cells and instruct them, by their position in the gradient, what
they should become. Conversely, transplanted cells often take on the
identity dictated by their new chemical neighborhood, regardless of their
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origin. The body is built not by a fixed blueprint but by a self-correcting
chemical algorithm. The cells follow the gradient; the gradient builds the
body.

[Figure 5.3 — Three body plans of increasing complexity. Top: the
choanoflagellate colony, a loose aggregation of similar cells with minimal
specialization. Middle: the diploblastic jellyfish, with ectoderm and endoderm
separated by mesoglea. Bottom: a generic triploblastic worm, with ectoderm,
mesoder m, and endoderm layered around a central gut tube. Each transition
opens new architectural possibilities.]

85.5 The Cnidarian Solution: Jellyfish, Hydra, the Nerve
Net

The Cnidaria — jellyfish, hydra, anemones, corals — deserve a
section of their own. They are the simplest animals with true tissues, and
they are the first lineage in which the universe invented the nerve net.
The cnidarian nervous system is the prototype of every brain that has ever
existed. To understand how multicellular bodies coordinate their motion,
we must understand how the nerve net works.

A jellyfish has no centralized brain, no spinal cord, no clusters of
neurons we would recognize as ganglia. What it has instead is a nerve
net: a diffuse mesh of neurons distributed throughout its tissues, with
each neuron connected to its near neighbors by chemical synapses. When
a sensory cell on the jellyfish's bell detects a touch — say, the brush of a
passing fish — it fires an action potential. The signal propagates outward
through the nerve net, neuron to neuron, in a wave of activation.
Wherever the wave reaches a muscle cell, that muscle cell contracts. The
result is a coordinated whole-body response: the jellyfish swims, or
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stings, or curlsinward, depending on the pattern of activation.

What makes the nerve net work is that it solves, with extraordinary
minimalism, the central problem of multicellular motion: how does a
body decide which way to go? A single cell can chemotax directly, by
polarizing toward a gradient. A multicellular body cannot. The cells on
one side of the body do not know what the cells on the other side are
sensing; the muscle cells do not know what the sensory cells are
detecting. Some kind of communication network is required to integrate
sensation across the body and produce a coordinated motor response. The
nerve net is the simplest possible such network: every neuron talks to its
near neighbors, and signals propagate by spreading activation.

The molecular basis of the cnidarian nerve net is essentialy the same
as your own. Cnidarian neurons fire action potentials using voltage-gated
sodium and potassium channels, the same machinery we developed in
Chapter 4. They communicate at synapses using neurotransmitters —
glutamate, GABA, acetylcholine, serotonin, dopamine, and many
neuropeptides — that are also present in your brain. The genetic toolkit
for building a nervous system is remarkably conserved from cnidarians to
humans. What differs between a jellyfish and a human is not the parts; it
IS the architecture.

The jellyfish has the same neurotransmitters as you
do. What it lacks is the centralization that turns a
net into a brain.
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Hydra, a small freshwater cnidarian, has been studied as a model
organism for more than two centuries. It has roughly 1,000 to 6,000
neurons, depending on size, organized into two interconnected nerve nets
— one in the ectoderm and one in the endoderm. Despite this minimal
hardware, hydra exhibits a surprisingly rich behaviora repertoire: it
captures prey by extending its tentacles, it locomotes by alternating
somersaults and gliding, it senses light intensity and orients accordingly,
it coordinates feeding behaviors across its whole body in response to
detection of food molecules. All of this is accomplished without a single
central processing unit. The signals themselves, propagating through the
net, are the computation.

The cnidarian nerve net was the first solution to the multicellular
coordination problem. Subsequent evolution improved on it in two ways.
First, neurons began to cluster into ganglia— local concentrations of cell
bodies that could perform more complex computations on their inputs
before passing signals onward. Second, ganglia at the front of the body
— where new stimuli would typically be encountered first as the animal
moved — consolidated into a head ganglion, the ancestor of every brain.
By the time the first bilaterians emerged, around 540 million years ago,
the head ganglion had become a clear concentration of neural processing
power. Within another hundred million years, vertebrates had built fully
developed brains with structured regions, and the long evolutionary arc to
the human brain had begun. But the underlying architecture — neurons
connected by synapses, signals propagating as electrochemical waves —
has not changed since the cnidarians first invented it.
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Cnidarians also gave the universe one of its most remarkable cell
types. the cnidocyte, the stinging cell that gives the phylum its name
(Greek knide, ‘nettle’). A cnidocyte is a single cell containing a tightly
coiled, harpoon-like projectile called a nematocyst, held under
extraordinary internal hydrostatic pressure — up to 150 atmospheres in
some species. When a sensory hair on the cnidocyte's surface is
mechanically triggered (typicaly by contact with prey), the cell
discharges its nematocyst in milliseconds, firing the harpoon outward at
accelerations estimated at over five million times Earth's gravity. The
harpoon embeds in the prey and injects venom; the prey is paralyzed; the
tentacle pulls it toward the mouth. Each cnidocyte fires only once and is
then discarded, replaced by a freshly developed neighbor. A single
jellyfish tentacle may carry millions of cnidocytes, each ready to fire on
contact.

The Portuguese man o' war (Physalia physalis) is perhaps the most
spectacular cnidarian. Despite its appearance as a single jellyfish, it is
actually a colonial siphonophore — a cooperative assembly of genetically
identical but morphologically distinct individuals (called zooids), each
gpecialized for a different role. One zooid forms the gas-filled float;
another lineage of zooids forms the long tentacles that hang below; a
third forms the digestive structures; a fourth handles reproduction. None
of these zooids could survive alone. Together, they function as an
integrated organism, complete with division of labor among its parts. The
Portuguese man o war is a glimpse of an evolutionary path
multicellularity did not quite take — a path in which the units of
cooperation remain individual organisms rather than cells of a single
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body. The line between ‘multicellular individual’ and ‘cooperative
colony’ blurs, in cases like this, almost beyond recognition.

[Figure 5.4 — A jellyfish nerve net. Sensory cells along the bell margin detect
touch, light, and water chemistry; signals propagate through the diffuse network
of neurons, muscle cells throughout the bell receive the propagated signal and
contract in coordinated waves. The whole jellyfish swims, hunts, and stings
without any central brain to coordinate it.]

85.6 Coordinated Taxis. How a Body Decides Which
Way to Go

We arrive now at the central question of multicellular motion. A
single cell can chemotax directly — sense, polarize, crawl. A body of
many cells cannot do this directly. The body's cells are differentiated;
only some of them sense, only some of them move, only some of them
decide. The cells that move are usually muscle cells, which know nothing
about chemical gradients in the outside world. The cells that sense the
gradients are usually sensory cells, which themselves cannot move. The
cells that decide what to do — neurons — are typically buried deep in the
body, far from either the sensors or the muscles. Coordinated taxis at the
body level is therefore a multi-step process. sensors detect, neurons
Integrate, muscles act.

Let us trace this process in atypical animal — say, a fish swimming
up a scent gradient toward food. Olfactory sensory cellsin the fish's nose
detect amino acids and other small molecules dissolved in the water.
Each olfactory cell is exquisitely sensitive to a specific class of molecule,
with sensitivity thresholds in the nanomolar to picomolar range. When an
odorant molecule binds an olfactory receptor protein, a
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G-protein-coupled signaling cascade depolarizes the cell, and the cell
fires an action potential. The signal propagates from the nose along the
olfactory nerve to the olfactory bulb of the brain.

In the olfactory bulb, signals from many olfactory cells converge and
are compared. The brain extracts information not just about which
odorants are present, but about their spatial distribution: is the
concentration higher on the left side of the nose or the right? Is it stronger
when the head is tilted up or down? The fish's brain integrates this
multi-dimensional spatial information into a directional estimate of the
gradient. Then, in downstream motor control regions, the brain converts
the directional estimate into a swimming command: contract the muscles
on the appropriate side of the body, with appropriate timing, to bend the
tail in the appropriate direction. The fish swims toward the food.

Notice that this entire process is, in essence, chemotaxis — the same
logic of gradient detection, comparison, and response that we have
followed since the bacterium of Chapter 4. What has changed is the
implementation. The bacterium is its own sensor, its own integrator, its
own actuator. The fish has separated these functions into specialized cells
and tissues, linked by a nervous system. The advantage is precision: a
fish can detect concentration differences a thousand times smaller than a
bacterium can, across distances a thousand times larger, and respond a
thousand times faster. The cost is complexity: building and maintaining
the integrated system requires dramatically more genetic, developmental,
and energetic investment than a single bacterium needs.
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Multicellularity does not invent new chemistry. It
separates one cell's labor across many cells, then
connects them with nerves.

The same architecture appears, in different implementations,
throughout the animal kingdom. An insect tracking a pheromone uses
olfactory neurons in its antennae, integration in its mushroom bodies, and
motor control of its wings. A snake tracking heat uses pit organs on its
face, integration in its optic tectum, and motor control of its body wall. A
bird navigating by magnetic field uses cryptochromes in its retina,
integration in its hippocampal formation, and motor control of its flight
muscles. The substrate differs; the principle is universal. Sense the
gradient. Integrate the signal. Move the body. The grammar of taxis
remains the same; only the body's anatomy changes.

There is one more wrinkle worth noting. In the bacterium, the
chemotactic decision is made on a millisecond timescale and the cell
adjusts its trgectory continuously. In the multicellular animal, by
contrast, decisions can be made on longer timescales and held for longer
periods. A fish that detects a scent may swim toward it for minutes,
despite moment-to-moment variations in the gradient. A bird may
migrate for days or weeks toward a destination it cannot directly
perceive. Multicellular taxis, in other words, develops persistence — the
ability to maintain a directional commitment longer than any single
sensory event would warrant. Persistence is implemented in the nervous
system through reverberating neural activity, working memory, and the
slow chemical signals of neuromodulators. By Chapter 6, when we reach
the hypothalamus, this persistence will have become the architecture of
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motivation itsalf.

85.7 The Beginning of Internal Gradients. Hor mones
Before Brains

While neurons were inventing fast electrical signaling, multicellular
bodies were aso inventing a sower, broader form of interna
communication: hormones. A hormone is a chemical messenger secreted
by one cell or tissue and carried, usually through the bloodstream or its
equivalent, to distant target cells that respond to it. Where neural signals
are fast, local, and directed, hormonal signals are slow, broadcast, and
chemical. Where neural signals last milliseconds and travel along defined
paths, hormonal signals last seconds to days and bathe the entire body in
achemical state.

Hormones predate brains. Sponges, the simplest multicellular
animals, have no nervous system but aready have hormone-like
signaling molecules that coordinate growth, reproduction, and immune
responses. Plants — which never evolved nervous systems — coordinate
their entire bodies through hormones. auxin shapes growth direction,
cytokinins drive cell division, gibberellins regulate stem elongation,
abscisic acid mediates stress responses, ethylene controls fruit ripening.
Fungi use hormones to coordinate mating between fungal partners and to
organize the formation of fruiting bodies. Even single-celled organisms
use hormone-like signaling: yeast secrete mating pheromones to find
compatible partners, and slime molds use cCAMP both as an aggregation
signal (Chapter 4) and as a developmental hormone.
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In animas, the hormona system became progressively more
specialized as bodies became more complex. Cnidarians have
hormone-like signaling but no dedicated endocrine organs. Insects
evolved specialized neurosecretory cells in the brain that release
hormones into the body cavity, controlling molting, metamorphosis,
reproduction, and diapause. Vertebrates evolved a hierarchy of endocrine
glands — pituitary, thyroid, adrenal, pancreas, gonads — coordinated by
the hypothalamus, which we will meet in detail in Chapter 6. Each gland
secretes specific hormones into the bloodstream; each tissue and organ
has receptors for some subset of those hormones; the resulting network of
chemical signals coordinates growth, metabolism, reproduction, stress
response, and homeostasi s across the whole body.

Neurons send urgent local telegrams. Hormones
broadcast standing orders. The body needs both.

From the standpoint of taxis, hormones are an extension of the same
gradient-sensing logic we have followed since the bacterium. A hormone
Is a molecule whose concentration encodes information; cells express
receptors that detect that concentration; the information is transduced into
intracellular signaling cascades; the cell adjusts its behavior accordingly.
What is novel about hormones is that the gradient is internal to the body.
The cdll is not chemotaxing through external space; it is chemotaxing
through an internal chemical state. The body has, in a real sense,
internalized its own environment: it now contains chemical gradients that
it itself manufactures, and the cells of the body navigate those internal
gradients the same way bacterial cells navigate the external ocean.
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This internalization is the deep continuity that links Chapter 5 to
Chapter 6. The bacterium of Chapter 4 sensed external glucose. The cell
of a multicellular body senses internal glucose — glucose at
concentrations set by the liver, modulated by insulin from the pancreas,
regulated by signals from the brain. The bacterium of Chapter 4 sensed
external pH. The cell of a multicellular body senses internal pH — pH
maintained by the kidneys, modulated by respiration, regulated by
metabolic state. Each of the cell's externa environments has been
replicated, in miniature, inside the body. The body isthe cell's new ocean.
The cells navigate that ocean by responding to the same gradients they
once navigated outside.

The architecture of hormonal signaling can be summarized in asingle
schematic equation, which describes how a target cell's response to a
hormone depends on the hormone concentration. The classical Hill
eguation capturesthis:

R=R__-[H"/ (K + [H")

Legend. R isthe cell'sresponse (e.g., the rate of a downstream signaling
event, or the fraction of receptors occupied by hormone). Rmax isthe
maximum possible response. [H] isthe local hormone concentration. K q is
the dissociation constant, the hormone concentration at which the response
is half-maximal. n isthe Hill coefficient, which captures the cooperativity
of binding: n = 1 indicates simple non-cooperative binding; n > 1 indicates
positive cooperativity (switching behavior); n < 1 indicates negative
cooperativity. The equation is the central tool of pharmacology and
endocrinology, and it describes everything from oxygen binding to
hemoglobin to the response of thyroid cellsto thyroid-stimulating hormone.
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Hormones come in severa distinct chemical classes, each with
characteristic kinetics, modes of transport, and receptor types. The mgor

classes are summarized in the table below.

Class Examples Solubility Receptor Location |  Onset / Duration
Peptide / Protein =i @ L8 2 @IILEIR (APl water-soluble cell surface seconds / minutes
growth hormone
Amine epinephri ng, norepr nephrl = water-soluble cell surface seconds / minutes
dopamine, serotonin
. cortisol, aldosterone, estrogen, - .
Steroid testosterone lipid-soluble intracellular hours/ days
. . - intracellular
Thyroid T3, T4 (thyroxine) lipid-soluble nuclear hours/ days
Eicosanoid prostaglandins, leukotrienes, lipid-soluble call surface seconds/ miinutes
thromboxanes (local)
Gas nitric oxide (NO), carbon monoxide freely diffusible intracel lular seconds / seconds
(CO), st enzyme

[Table 5.1 — The principal classes of vertebrate hormones, with representative
examples, water/lipid solubility, the cellular location of their receptors, and
characteristic timescales for onset and duration of effect. Water-soluble hormones
bind cell-surface receptors and trigger fast intracellular signaling cascades,
lipid-soluble hormones cross cell membranes directly and bind intracellular
receptors that act as transcription factors, producing slower but longer-lasting
effects.]

Notice the tempora range. The fastest hormones — gases such as
nitric oxide — produce effects within seconds and disappear in seconds,
amost matching the speed of neura signaling. The slowest hormones —
steroids and thyroid hormones — produce effects that take hours to
develop and persist for days. The body uses fast hormones for
moment-to-moment regulation (insulin to manage a mea's glucose,
epinephrine to handle a sudden fright) and slow hormones for long-term
states (cortisol for chronic stress, thyroxine for baseline metabolic rate,
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sex hormones for reproductive physiology). Different time-constants for
different decisions, all written in the same chemical alphabet.

85.8 Bridge to Chapter 6: When the Gradient Comes
from Inside

We end Chapter 5 with the body as our protagonist: a multicellular
organism with differentiated tissues, internal hormonal gradients, and a
nervous system to integrate sensation across its parts. The body is
gualitatively new in the universe. It is the first system that contains its
own environment. Every gradient the cells of the body once sensed from
outside, the body now produces from within. Glucose, oxygen, pH, ion
concentrations, temperature — all are maintained, in the body, at
internally regulated values. The cells of the body chemotax through this
internal landscape, and the landscape itself is shaped by the body's own
self-regulation.

But who regulates the regulator? If glucose, oxygen, and pH are held
at set points, what decides the set points? If hormones coordinate the
tissues, what coordinates the hormones? The answer, in vertebrates, is a
small almond-sized region at the base of the brain: the hypothalamus. The
hypothalamus is the body's master controller, the place where neural
signals from above and hormonal signals from below converge into
integrated commands. It is aso, as we will see, the seat of every basic
drive — hunger, thirst, temperature regulation, sleep, sexual behavior,
stress response, social bonding, and aggression. The hypothalamus is
where biology meets motivation.
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The story of Chapter 6 is the story of that small organ. We will see
how the hypothalamus monitors the body's internal state through both
neural and hormonal inputs, how it computes the body's needs, and how it
produces outputs — autonomic, endocrine, and behavioral — that drive
the organism toward what it lacks. We will meet the ventromedial
nucleus, the satiety center; the lateral hypothalamus, the hunger center;
the suprachiasmatic nucleus, the circadian clock; the paraventricular
nucleus, the stress integrator. We will see how Maslow's hierarchy of
needs maps, with surprising precision, onto the anatomy of these
hypothalamic nuclei. And we will meet, for the first time, the full
pharmacopeia of the brain — the neurotransmitters and neuropeptides
that the hypothalamus uses to drive behavior throughout the body.

Wher e does motivation come from? It comes from a
chemical gradient, internal to the body, sensed by
an organ the size of a grape, computed into the
imperatives of hunger and fear and longing.

But that is the next chapter. For now, we leave the body with its
tissues woven, its hormones flowing, its nervous system humming. We
have followed taxis from the field potential of t = O to the integrated
response of a multicellular organism. The gradient has changed its
material yet again — from external chemical concentration to internal
hormonal state — but the grammar of motion has not changed. There is
something a system lacks. There is a direction in which the lack is
smaller. The system goes that way. In Chapter 6, that direction will be
computed by a small region of brain tissue, and the system that follows it
will, for the first time, possess what we are willing to call awill.
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CHAPTER SX

The Hypothalamus and the
Maslowian Gradient

Ventromedial Nuclel, Homeostasis, and the Architecture of
Need

86.1 The Hypothalamus asthe Body's Control Tower

Beneath the cerebral hemispheres of every vertebrate brain, just above
the roof of the mouth, sits a small almond-sized region of tissue weighing
perhaps four grams in the adult human. It is dwarfed by the
thirteen-hundred-gram cortex above it and the hundred-billion-cell
cerebellum behind it. By volume, it constitutes less than one percent of
the brain. By function, it controls essentialy everything that matters for
the body's survival. This is the hypothalamus. It is the body's control
tower, the integrator of every internal signal, the source of every basic
drive, and the seat of motivation itself.

We arrived in Chapter 5 at the body's internal landscape: a system of
tissues and organs woven together by hormones and nerves, with
chemical gradients running through the bloodstream that the cells of the
body navigate the way bacteria cells navigate the external ocean. We
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asked, at the chapter's end, the question that motivates this one: who
regulates the regulator? If glucose, oxygen, and pH are held at set points
throughout the body, what decides the set points? The answer, in
vertebrates, is the hypothalamus. It monitors. It computes. It commands.

The hypothalamus is divided into about a dozen distinct nuclei —
anatomically discrete clusters of neurons, each specialized for a particular
function. The principal nuclei include the suprachiasmatic nucleus (the
body's master clock), the paraventricular nucleus (the stress and
metabolic integrator), the supraoptic nucleus (the source of vasopressin
and oxytocin neurons that project to the posterior pituitary), the
ventromedial nucleus (the satiety and aggression center), the lateral
hypothalamic area (the hunger and arousal center), the arcuate nucleus
(the energy-balance integrator), the preoptic area (the temperature and
sexual-behavior regulator), and several smaller specialized nuclei. Each
nucleus is a discrete computational module; together they form a tightly
integrated system that regulates every basic biological need.

What makes the hypothalamus the body's control tower is its
connections. It receives inputs from essentially everywhere. Sensory
afferents from the vagal nerves bring it signals from the gut, lungs, heart,
and viscera. Hormona signals reach it directly through specialized
capillaries that lack the blood-brain barrier in regions called
circumventricular organs, letting the hypothalamus sense blood glucose,
sodium, leptin, ghrelin, thyroid hormones, sex hormones, and stress
hormones in real time. Neural inputs from the limbic system (amygdala,
hippocampus) bring it information about emotion and memory. Inputs
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from the cortex bring it information about cognitive state. Even the retina
sends a direct projection to the suprachiasmatic nucleus, allowing the
hypothalamus to track the day-night cycle. No other brain region samples
the body's state so completely.

The hypothalamus is the place in the brain that
knows everything about the body — every gradient,
every deficit, every excess —and trand ates that
knowledge into the imperatives we call drives.

Its outputs are equally comprehensive. Through the autonomic
nervous system, the hypothalamus controls heart rate, blood pressure,
gastrointestinal motility, sweating, pupil size, and dozens of other
visceral functions, mostly without our conscious awareness. Through the
pituitary gland, which it regulates by releasing or inhibiting specific
neurohormones, it controls every other endocrine gland in the body —
thyroid, adrenal, gonad, pancreas, growth — and through them, the
metabolic state of every cell. Through projections to other brain regions,
it modulates arousal, attention, mood, and behavior. The hypothalamusis
the small organ at which the body's needs become the body's actions.

[Figure 6.1 — The hypothalamus in sagittal section. Major nuclei |abeled:
suprachiasmatic (SCN), paraventricular (PVN), supraoptic (SON), ventromedial
(VMN), lateral hypothalamic area (LHA), arcuate (ARC), preoptic. The pituitary

gland hangs below on its stalk, with the anterior lobe receiving releasing
hormones from the median eminence and the posterior lobe receiving direct neural
projections from the SON and PVN.]

The hypothalamus is also remarkably conserved across vertebrate
evolution. A reptile, a mouse, a chimpanzee, and a human al have
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hypothalami that share essentially the same nuclei in the same anatomical
relationships, performing essentially the same functions. The relative size
of the hypothalamus has barely changed across hundreds of millions of
years of vertebrate evolution, even as the cortex above it has expanded by
orders of magnitude. The cortex of a human is more than a thousand
times larger than that of a reptile of similar body weight; the
hypothalamus is roughly the same size. This conservation reflects the
deep evolutionary history of the basic drives. hunger and thirst and
temperature regulation and reproductive behavior were already ancient
when the first mammals appeared. The cortex would later wrap them in
elaborate cognitive sophistication, but the underlying hypothalamic
computations were fully developed long before there was anything to
wrap themin.

The anatomical principle that organizes the hypothalamus is the
principle of homeostasis — a term coined by the physiologist Walter
Cannon in 1929 to describe the body's tendency to maintain internal
variables within narrow ranges. Body temperature, blood glucose, blood
pH, blood osmolarity, blood pressure, heart rate, circulating hormone
levels — all are kept within ranges of a few percent around their
set-points, despite enormous variations in external conditions, activity
levels, and food availability. The hypothalamus is the brain region that
does this regulating. Each physiological variable has, somewhere in the
hypothalamus, a population of neurons that monitors it (directly or
indirectly) and compares it against a target value. When the variable
drifts from its target, those neurons activate corrective responses —
autonomic, endocrine, and behavioral — that bring it back. Homeostasis
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is the hypothalamus's central concern. Every other function it performsis,
In some sense, an elaboration of this basic regulatory logic.

86.2 The Ventromedial Nucleus: Satiety, Safety, the
Brake

Among the hypothalamic nuclei, the ventromedial nucleus (VMN,
aso caled the ventromedial hypothalamus or VMH) deserves special
attention. It is the brake of the system. Where most hypothalamic activity
drives the organism forward — toward food, toward water, toward
warmth, toward reproduction — the VMN's role is largely inhibitory. It
tells the system when to stop. When food is abundant, it suppresses
hunger. When threats are absent, it suppresses defensive aggression.
When the body is satiated and safe, the ventromedial nucleus is what
allows the organism to rest.

The VMN's role in satiety was discovered through a series of
dramatic lesion experiments in the 1940s. When investigators destroyed
the VMN of rats, the rats developed extraordinary obesity. They ate
continuously, without satiety, ballooning to two or three times their
normal weight. Conversely, when investigators stimulated the VMN with
electrical currents, the rats stopped eating immediately, even when
starved. The VMN is the off-switch for hunger. Its damage produces the
‘hypothalamic hyperphagia syndrome, occasionally seen in human
patients with tumors or surgical injuries to this region — patients who,
despite normal cognition, cannot stop eating and rapidly become severely
obese.
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The classic experiments by Anand and Brobeck in 1951 added a
complementary observation: lesions of the lateral hypothalamic area
(LHA), in contrast to VMN lesions, produced the opposite syndrome.
L ateral-hypothalamic lesioned animals stopped eating, lost weight, and
could die of starvation if not force-fed. The LHA, in other words, is the
hunger center; the VMN is the satiety center. The two structures are
anatomically adjacent, only a millimeter or two apart, but they produce
opposite behaviors. The hypothalamus, in this region, is organized as a
push-pull system: lateral neurons drive feeding, ventromedial neurons
inhibit it, and the balance between them sets the body's overall hunger
drive at any given moment.

The molecular details of how the VMN suppresses appetite have been
filled in only in recent decades. The VMN's satiety-promoting neurons
express receptors for several peripheral signals: leptin (from fat tissue,
signaling adequate energy stores), insulin (from the pancreas, signaling
adequate glucose availability), and PYY and CCK (from the gut,
signaling recent food intake). When these signals collectively indicate
that the body has enough fuel, the VMN's satiety neurons activate; they
project to and inhibit the lateral hypothalamic hunger neurons; appetite
drops. When the signals indicate energy deficit, the VMN's satiety
neurons quiet; the lateral hunger neurons release from inhibition; appetite
rises. The system is exactly the kind of comparator-driven feedback |oop
a control engineer would design to maintain stable energy reserves over
the long term.
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The VMN'srole extends beyond hunger. It is also a mgjor regulator of
defensive aggression. When confronted with a threat, an animal can
choose between fight and flight; the VMN biases this decision.
Stimulation of specific subregions of the VMN in mice produces
immediate attack behavior directed at any nearby conspecific or even an
Inanimate object — a phenomenon studied in detail by recent optogenetic
experiments. Lesion of the same regions abolishes defensive aggression
entirely. The VMN, in other words, contains both a satiety circuit and an
aggression circuit, in adjacent and partially overlapping populations of
neurons.

Why these two functions in the same nucleus? The biological logicis
deeper than it first appears. Satiety and aggression are both responsesto a
body that has its needs met. A hungry animal cannot afford to waste
energy on aggression toward potential rivals; its priority is finding food.
A satiated animal, by contrast, has the metabolic reserves to defend its
territory, its mate, or its young. The VMN integrates both behaviors
because both depend on the same fundamental signal: am | currently in a
state of metabolic plenty? Plenty unlocks aggression; scarcity inhibits it.
The VMN isthe brain region that asks this question and routes the answer
to the appropriate motor circuits.

The ventromedial nucleusis the brake on appetite
and the trigger for defense. It activates when the
body has enough — and turns dangerous when what
it has, must be protected.
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From the standpoint of the gradient logic of this book, the VMN isthe
first place we have encountered an explicit set-point comparator in the
nervous system. The VMN compares the body's current metabolic state
against a target value (encoded by leptin, glucose, insulin, and other
satiety signals). When the comparison shows the body is below target, the
VMN releases its inhibition on hunger circuits and the organism eats.
When the comparison shows the body is at or above target, the VMN
inhibits hunger circuits and shifts the organism's behavioral agenda
toward other priorities — including the defense of what has now been
acquired. The VMN, in short, is a Maslowian decision-maker: it tells the
organism whether the next gradient to follow is the gradient of need or
the gradient of protection.

86.3 Maslow's Hierarchy asa Gradient Map

In 1943, the American psychologist Abraham Maslow proposed a
hierarchical theory of human motivation that has become one of the most
enduring frameworks in twentieth-century psychology. Maslow argued
that human needs are arranged in a layered hierarchy: the most basic at
the bottom, the most refined at the top. Lower needs must be satisfied
before higher ones become salient. The standard formulation arranges the
hierarchy in five tiers — physiological needs at the base, then safety, then
love and belonging, then esteem, then self-actualization at the apex.
Maslow later added a sixth tier above self-actualization, which he called
self-transcendence: the orientation of the self toward something larger
than itself.
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What the field of physiology has gradually established, in the eighty
years since Maslow first proposed his hierarchy, is that the layers are not
metaphor. They map, with surprising precision, onto the anatomy of the
hypothalamus and its connections. Each Maslowian tier corresponds to a
different physiological gradient that the hypothalamus tracks, a different
population of hypothalamic neurons that responds to that gradient, and a
different downstream behavioral system that the hypothalamus activates
when the gradient signals deficit. Maslow was describing, without
knowing it, the architecture of the hypothalamus.

Tier 1 — Physiological needs. Air, water, food, warmth, rest,
homeostatic ion concentrations. These are the gradients the hypothalamus
monitors most directly: glucose via the arcuate and ventromedia nuclel,
osmolarity via the supraoptic nucleus, temperature via the preoptic area,
sleep-wake state via the suprachiasmatic and tuberomammillary nuclei.
These are the gradients of survival, and the hypothalamus does not
compromise them. When physiological needs are unmet, every other
behavior ceases; the organism's entire motor and cognitive apparatus is
redirected toward restoring homeostasis.

Tier 2 — Safety needs. Shelter, security, freedom from threat. These are
the gradients the hypothalamus tracks through its connections with the
amygdala (the brain's threat detector) and the periaqueductal gray (which
orchestrates fight, flight, and freeze responses). When the amygdala flags
a threat, it signals the paraventricular hypothalamic nucleus, which
Initiates the stress response — accelerated heart rate, increased blood
pressure, redirected blood flow to muscles, and the release of cortisol and
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adrenaline that prepare the body for action. Safety needs operate on a
dlightly slower timescale than tier-1 needs but with comparable urgency
when activated.

Tier 3 — Love and belonging. Pair bonding, family, friendship, social
inclusion. The hypothalamic anchor here is oxytocin, produced primarily
by neurons in the supraoptic and paraventricular nuclel, released both
into the bloodstream (where it triggers maternal lactation and uterine
contraction) and into the brain (where it modulates social bonding and
trust). Vasopressin, a closely related nonapeptide also produced in these
nuclel, plays parallel roles in pair bonding, particularly in males. The
hypothalamus tracks the gradient of social connection through these
molecules, and behavioral imperatives are adjusted accordingly: isolated
organisms seek company; bonded organisms defend their bonds.

Tier 4 — Esteem. Status, recognition, competence. The hypothalamic
anchor here is more diffuse, involving dopamine projections from the
ventral tegmental area to the nucleus accumbens and prefrontal cortex,
with hypothalamic modulation through the orexin and arcuate nuclei.
Status hierarchies are tracked by the hypothalamus through testosterone
and cortisol levels, which themselves respond to social position and
competitive outcomes. A primate at the top of a dominance hierarchy
shows distinctive endocrine signatures (high testosterone, low baseline
cortisol) that differ from those of subordinates (lower testosterone,
elevated cortisol with poor recovery). Esteem, in this view, is the felt
experience of one's hormonal status profile.

Taxis and Chemotaxis - Chapter 6

10



Tier 5 — Self-actualization. The fullest expression of one's capacities.
This is the most cortical of the tiers, with the hypothalamus playing a
permissive rather than driving role. When tiers 1-4 are satisfied, the
hypothalamus's homeostatic and stress signals quiet, freeing cortical
attention for higher-order pursuits — creative work, intellectual
exploration, the cultivation of skills. Self-actualization depends on the
absence of lower-tier alarms more than on any specific hypothalamic
activation.

Tir 6 — Sdf-transcendence. Meaning beyond the self. The
physiological substrate of this tier is the most speculative, involving
default-mode network activity, oxytocin-mediated social bonding, and
various neuromodulatory states associated with religious experience,
meditation, and altruism. We will return to it in Chapter 7 when we
discuss the brain's endogenous pharmacy and the role of behavioral
addiction in habits like prayer and ritual.

Maslow's pyramid is not a metaphor. It isa map of
the hypothalamus, laid sideways and stacked from
bottom to top by urgency.

86.4 Parasympathetic Homeostasis. The Resting Field

The hypothalamus communicates with the body through two principal
channels. the autonomic nervous system and the endocrine system. The
autonomic nervous system itself has two opposing branches, the
parasympathetic and the sympathetic, that the hypothalamus balances
moment by moment to set the body's overall physiological tone. The
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balance between these two branches is the body's most fundamental
regulatory dial.

The parasympathetic nervous system is the body in repose. When the
hypothalamus determines that no immediate threat or scarcity demands
action, it shifts the body into parasympathetic dominance. Heart rate
slows. Breathing deepens. Blood is redirected from skeletal muscles to
the digestive tract, where peristalsis intensifies and digestive enzymes are
secreted. Pupils constrict. Salivation increases. The bladder and bowel
are released for emptying. Reproductive arousal becomes possible. The
classica summary of parasympathetic function — ‘rest and digest’ —
captures the principle: when the body is safe, it can afford to invest in
maintenance, repair, growth, and reproduction.

The principal anatomical substrate of the parasympathetic system is
the vagus nerve, the tenth cranial nerve, which projects from the
brainstem to the heart, lungs, gastrointestinal tract, and most other
visceral organs. Vagal activity is heavily modulated by the hypothalamus,
particularly by the dorsal motor nucleus and the nucleus tractus solitarius.
The principa neurotransmitter at parasympathetic synapses is
acetylcholine, which slows heart rate, dilates blood vessels in the gut, and
promotes digestive secretion. Cholinergic drugs (such as pilocarpine)
mimic parasympathetic effects; anticholinergic drugs (such as atropine)
block them.

The parasympathetic state is aso the state of social bonding. Stephen
Porges's polyvagal theory, developed in the 1990s, distinguishes a newer,
mammalian branch of the vagus nerve (the ventral vagal complex) that
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mediates the calm, socially engaged state of safe interaction. When two
people are in conversation, when a mother nurses her infant, when friends
share a meal — these are ventral vagal states, characterized by relaxed
facial muscles, prosodic vocal intonation, active listening, and the felt
experience of connection. The parasympathetic system is, in this view,
the substrate of trust.

The parasympathetic state is the body's invitation to
rest, digest, bond, and reproduce. It is also the state
in which most of the deepest |earning happens.

86.5 Sympathetic Activation: Taxisand Chemotaxis as
Fight-or-Flight

When the hypothalamus detects a threat or a scarcity, it shifts the
body from parasympathetic to sympathetic dominance. The shift can be
extraordinarily fast — within seconds of a threat being recognized, the
body's entire physiological state can flip from rest to mobilization. Thisis
the famous fight-or-flight response, first described by Walter Cannon in
1915 and now understood as the central output of the hypothalamic stress
System.

The sympathetic response begins in the paraventricular nucleus of the
hypothalamus, which receives inputs from the amygdala (signaling
threat), from circumventricular organs (signaling metabolic deficit), and
from cortical regions (signaling cognitive appraisal of danger). When the
integrated signal crosses threshold, the paraventricular nucleus activates
two paralel output pathways. The first is the fast neural pathway:
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descending sympathetic fibers stimulate the adrenal medulla to release
adrenaline (epinephrine) and noradrenaline (norepinephrine) directly into
the bloodstream. The second is the slower endocrine pathway: the
paraventricular nucleus releases corticotropin-releasing hormone (CRH),
which stimulates the anterior pituitary to release adrenocorticotropic
hormone (ACTH), which in turn stimulates the adrenal cortex to release
cortisol. The fast pathway produces effects within seconds; the slow
pathway produces effects within minutes and persists for hours.

The combined effect of these molecules is a complete physiological
shift. Heart rate accelerates. Blood pressure rises. Pupils dilate to increase
visual acuity. Bronchi dilate to increase oxygen intake. Blood is
redirected from the digestive tract and skin to the skeletal muscles.
Glucose is mobilized from liver glycogen and released into the
bloodstream. Inflammatory and immune responses are suppressed. Pain
perception is dampened. The body, in seconds, becomes a fighting and
fleeing machine, with every system tuned for immediate physical

exertion.

From the standpoint of the gradient logic of this book, the
sympathetic response is taxis at the bodily scale. The organism has
detected a threat (the gradient of danger increases as the threat
approaches) or a scarcity (the gradient of resource decreases as supplies
dwindle). The hypothalamic stress system computes the appropriate
vector of response and propagates it throughout the body. Every cell in
the body now operates in service of immediate survival. The biased
random walk of the bacterium has become the coordinated flight of the
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deer; the chemotactic response of the slime mold has become the rapid
mobilization of the human under threat. The grammar of motion is the
same; the implementation is vastly more elaborate.

Fight or flight istaxis at the scale of the body. The
threat is the gradient. The hypothalamus computes
the response. Every organ obeys.

An important refinement: the sympathetic response is not a single
uniform reaction. The hypothalamus and brainstem can produce different
patterns of sympathetic output depending on the type of threat. A
physical predator triggers the classical fight-or-flight pattern: heart rate
up, blood to muscles. A social humiliation triggers a different pattern:
blushing, parasympathetic withdrawal, freeze rather than flight. A
perceived metabolic emergency (low blood sugar, dehydration) triggers
yet another pattern, dominated by glucose mobilization and salt-seeking
behavior. The hypothalamus is not just an on/off switch; it is a pattern
generator, capable of producing dozens of distinct stress responses
tailored to the specific demand.

The chronic activation of the sympathetic stress system, beyond what
any acute threat would warrant, is the physiological substrate of what we
call anxiety. When the hypothalamic stress circuits remain persistently
activated despite the absence of external threat — because of trauma,
learned associations, or genetic predisposition — the body suffers the
wear and tear of chronic stress. cardiovascular disease, immune
suppression, metabolic dysregulation, accelerated aging. The same
machinery that saved our ancestors from saber-toothed cats can, in
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modern conditions, slowly destroy the body it was designed to protect.

[Figure 6.2 — The hypothalamic-pituitary-adrenal (HPA) axis. The
paraventricular nucleus releases CRH; the anterior pituitary releases ACTH; the
adrenal cortex releases cortisol. Cortisol acts on tissues throughout the body and

feeds back negatively on both the hypothalamus and the pituitary, normally
limiting the duration of any acute stress response.]

86.6 The Hypothalamic Phar macopeia

The hypothalamus exerts its effects through a remarkable pharmacy
of neuropeptides and neurohormones — small protein molecules, each
typically consisting of a few to a few dozen amino acids, that the
hypothalamic neurons synthesize and release. Each peptide has a
characteristic set of effects on its target tissues, mediated by specific
receptors. The ensemble forms a chemical language that the
hypothalamus uses to speak to every other organ system in the body.

Mastering this language is one of the central projects of modern

endocrinology and neuroendocrinol ogy.

The principal hypothalamic peptides and neuromodulators, with their

primary functions, are summarized in the table below.

Peptide / Hormone Source Nucleus Primary Target Function
Oxytocin supraoptlc, uterus, mammary; brain lactation, parturition; bonding, trust
paraventricular
- supraoptic, . o Lo .
Vasopressin (ADH) peraventricular kidney; brain water retention; pair bonding (males)
CRH paraventricular anterior pituitary stress axis activation (releases ACTH)
TRH paraventricular anterior pituitary thyroid axis activation (releases TSH)
GHRH arcuate anterior pituitary growth hormone release
GnRH preoptic, arcuate anterior pituitary reproductive axis (releases LH, FSH)
Somatostatin periventricular anterior pituitary; gut inhibits GH, TSH; inhibits gut motility
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Dopamine

arcuate
(tuberoinfundibular)

anterior pituitary

inhibits prolactin release

Orexin (hypocretin)

lateral hypothalamic
area

brainstem, cortex

wakefulness, arousal, appetite

lateral hypothalamic

MCH area cortex, limbic system feeding, energy balance
NPY arcuate paraventricular, LHA potent appetite stimulation
POMC/ a-MSH arcuate paraventricular, LHA appetite suppression, satiety
AgRP arcuate paraventricular blocks a-M SH; promotes feeding

[Table 6.1 — The principal hypothalamic peptides and neuromodulators,
organized by source nucleus, primary target tissue, and function. Note the central
role of the arcuate and paraventricular nuclei: between them, they orchestrate
appetite, growth, stress, reproduction, and metabolic balance. CRH =
corticotropin-releasing hormone; TRH = thyrotropin-releasing hormone; GHRH
= growth hormone-releasing hormone; GnRH = gonadotropin-releasing
hormone; MCH = melanin-concentrating hormone; NPY = neuropeptide Y;
POMC = proopiomelanocortin; a-MSH = alpha-melanocyte-stimul ating
hormone; AgRP = agouti-related peptide.]

Severa patterns emerge from this catalogue. First, most hypothalamic
peptides operate in opposing pairs or networks: NPY drives appetite,
oa-MSH suppresses it; AgRP blocks a-MSH to promote feeding; orexin
promotes wakefulness, MCH promotes feeding and energy storage. The
opposing pairs alow fine-grained regulation, with the hypothalamus
tuning the balance to match current physiological demands. Second,
many hypothalamic peptides have dua functions, acting both
peripheraly (through the bloodstream) and centrally (within the brain).
Oxytocin released from the posterior pituitary triggers uterine contraction
during birth; oxytocin released within the brain modulates socia
bonding. Vasopressin acts on the kidney to retain water; vasopressin
released in the brain influences pair-bonding behavior. The same

molecule, depending on where it is released, can carry different
messages.
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Third, the hypothalamic pharmacopeia interacts with virtually every
other neuromodulatory system in the brain. The orexin neurons of the
lateral hypothalamic area project widely, influencing dopamine release in
reward circuits, noradrenaline release in arousal circuits, and serotonin
release in mood circuits. The arcuate nucleuss POMC neurons release
endogenous opioids that modulate pain perception and reward.
Hypothalamic dysfunction therefore produces protean symptoms:
narcolepsy from orexin neuron loss, depression from dysregulated stress
signaling, obesity from leptin signaling failure, infertility from GnRH
disruption. The hypothalamusis small, but its reach is everywhere.

It is worth lingering on two systems in particular: the leptin-ghrelin
energy balance system, and the suprachiasmatic circadian clock. Both
have been worked out in remarkable detail over the past three decades,
and both illustrate the hypothalamus's regulatory logic in pure form.

Theleptin-ghrelin axis. Leptin isa 167-amino-acid hormone secreted by
adipose (fat) tissue in proportion to total body fat. The more fat a body
has stored, the more leptin it releases into the bloodstream. The
hypothalamic arcuate nucleus has dedicated leptin receptors on two
opposing populations of neurons: POMC/a-MSH neurons (which leptin
activates, suppressing appetite) and NPY/AgRP neurons (which leptin
inhibits, also suppressing appetite). When fat stores are high, leptin is
high, and the hypothalamus reduces hunger and increases energy
expenditure. When fat stores are low, leptin islow, and the hypothalamus
does the opposite. Ghrelin, the ‘hunger hormone,” is secreted by the
empty stomach and has the opposite effect: it activates NPY/AgRP

Taxis and Chemotaxis - Chapter 6

18



neurons and potently stimulates appetite. The two hormones together
form a long-term (leptin) and short-term (ghrelin) feedback system that
the hypothalamus uses to maintain stable body weight over years.

Why does this system fail in modern conditions? Why is obesity
epidemic when the leptin-ghrelin axis evolved to maintain stable weight?
Severa factors. First, the system was calibrated against ancestral food
availability — episodic, hard-won, low in calorie density. Modern diets
present calorie densities and palatability profiles the system was never
calibrated against, and it overshoots. Second, leptin resistance can
develop in obesity: the hypothalamic neurons stop responding fully to
elevated leptin, and the brake on feeding fails. Third, learned hedonic
responses to certain foods (through dopamine reward circuits) can
override the hypothalamic satiety signals. The leptin-ghrelin system is
robust in the environment it evolved in; it is brittle in the environment we
have built.

The suprachiasmatic nucleus and circadian timekeeping. The
suprachiasmatic nucleus (SCN) sits just above the optic chiasm and
contains roughly twenty thousand neurons in the human brain. It is the
body's master circadian clock. The SCN's neurons contain a molecular
oscillator built from interlocking transcription-translation feedback |oops
involving the genes Perl, Per2, Per3, Cryl, Cry2, Bmall, and Clock.
These oscillator genes produce proteins that, after a delay, suppress their
own transcription, restart, and produce a self-sustaining rhythm with a
period of approximately twenty-four hours. The SCN's neurons
synchronize with each other through synaptic connections, and the SCN
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as awhole synchronizes with the external day-night cycle through retinal
projections that reach it directly via the retinohypothalamic tract. The
SCN then broadcasts its timing signal to the rest of the hypothalamus, the
pineal gland (where it triggers nocturnal melatonin release), and through
autonomic projections to peripheral tissues. The result is a synchronized
rhythm of physiology and behavior that pervades every organ in the
body.

Disruption of circadian rhythms — through shift work, jet lag,
irregular sleep schedules, or genetic mutation of the clock genes
themselves — produces predictable consequences. metabolic
dysregulation, increased risk of cardiovascular disease, immune
suppression, mood instability. The circadian system isnot aluxury; itisa
deeply integrated coordinator of when various physiological processes
should occur. The hypothalamus is the brain region that holds the clock.

The hypothalamus speaks in a chemical language of
about thirty peptides. Each oneisa verb. Together
they conjugate every basic drive the body knows.

86.7 Mental Health as Gradient Regulation

If the hypothalamus is the body's gradient computer, then mental
illness — at least in many of its forms — is a disorder of gradient
regulation. Depression, anxiety, eating disorders, sSleep disorders,
addiction, and many forms of psychiatric distress involve dysregulation
of hypothalamic and related circuits. Understanding this connection has
been one of the deepest projects of biological psychiatry over the past
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half-century, and the picture that emerges is both clarifying and
humbling.

Major depressive disorder, the most common psychiatric illness,
involves consistent dysregulation of the hypothalamic-pituitary-adrenal
axis. Depressed patients tend to have elevated baseline cortisol, blunted
diurna cortisol rhythms, and impaired feedback regulation of cortisol
secretion. The hypothalamus, in effect, has become stuck in a low-grade
chronic stress state. Antidepressant medications that boost serotonin or
noradrenaline neurotransmission produce, among their many effects, a
normalization of HPA axis function over a period of weeks. The fact that
antidepressants take weeks to work, despite increasing neurotransmitter
levels within hours, suggests that the therapeutic effect involves slow
remodeling of hypothalamic circuits — the gradient signaling system,
recalibrating itself.

Anxiety disorders involve persistent activation of the same stress
circuits, but with a lower threshold for triggering and a slower return to
baseline. The amygdala, normally a brief warning signal, becomes
hyperactive and persistent in anxiety; its outputs to the hypothalamus
drive chronic CRH and cortisol release. Effective anxiety treatments —
whether SSRIs, benzodiazepines, or psychotherapy — typically work by
reducing this amygdal a-hypothalamic activation.

Eating disorders, especially anorexia nervosa and binge eating
disorder, involve dysregulation of the appetite circuits. The arcuate
nucleus, which normally integrates leptin, ghrelin, and other peripheral
signals to set hunger drive, fails to produce appropriate satiety or hunger
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responses. The disordered eating becomes self-reinforcing: chronic
restriction in anorexia downregulates the body's energy expenditure and
disrupts the hypothalamic set-point; chronic overeating in binge disorder
desensitizes satiety circuits and increases hedonic reward from food. In
both cases, the hypothalamic gradient regulator has lost its calibration.

Mental health, at the physiological level, isthe
proper functioning of the body's gradient computer.
Mental illness is what happens when the computer
drifts off its set-points and cannot find its way back.

Sleep disorders, perhaps the most common psychiatric complaint,
involve dysfunction of the suprachiasmatic nucleus (the master circadian
clock) and the orexin-producing neurons of the lateral hypothalamic area
(which regulate wake stability). Narcolepsy, the dramatic disorder in
which patients fall asleep abruptly during the day, is now known to be
caused by autoimmune destruction of the orexin neurons themselves.
Patients with narcolepsy lose 80 to 100 percent of their orexin-producing
cells before symptoms appear. The loss of this small population of cells
— perhaps fifty to a hundred thousand neurons in the entire brain —
produces a lifetime of disrupted sleep-wake regulation.

Addiction, which we will discuss extensively in Chapter 7, also has
deep hypothalamic involvement. The chronic use of any drug of abuse
aters the function of dopamine reward circuits, but it also aters
hypothalamic stress circuits. CRH release becomes elevated and
dysregulated; the hypothalamic-pituitary-adrenal axis shifts to a state of
chronic stress responsiveness even in the absence of external threats.
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Withdrawa from alcohol, opioids, or stimulants produces, among its
other effects, a surge of CRH activity that feels subjectively like dread
and dysphoria. The body's stress system has been hijacked by the drug,
and removing the drug leaves the system in a state of misery that the next
dose can resolve. Recovery from addiction therefore requires not just
willpower but the slow recalibration of hypothalamic circuits — a
process that, like recovery from depression, can take weeks to months,

The fact that essentially all effective psychiatric medications
modulate, directly or indirectly, the function of hypothalamic and related
circuits is one of the deeper observations of biological psychiatry. SSRIs
increase serotonin signaling, which modulates hypothalamic CRH
release. Benzodiazepines enhance GABA-A receptor function,
dampening amygdaa-hypothalamic activation. Beta-blockers block
peripheral effects of sympathetic adrenaline release. Antipsychotics block
dopamine signaling in the mesolimbic system (downstream of
hypothalamic projections). Lithium, the gold-standard mood stabilizer,
modifies inositol signaling in cells throughout the brain, including
hypothalamic neurons. Each of these medications acts on the same
gradient regulator from a different chemical angle, with the goa of
returning hypothalamic and related circuits to functional ranges.

What ties these conditions together is the recognition that psychiatric
iliness, in many cases, is not a metaphor for dysregulation but a literal
physiological dysregulation of the circuits the hypothalamus controls.
The brain is a gradient regulator; when the gradients drift out of their
proper ranges, the felt experience is distress. The question of how to
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restore those gradients to healthy ranges is the central practical question
of psychiatric medicine.

86.8 Bridge to Chapter 7: When the Brain Becomes Its
Own Drug Dealer

We end Chapter 6 with the hypothalamus as our protagonist: a small
organ that monitors every gradient in the body, computes the body's
deficits and excesses, and commands the autonomic, endocrine, and
behavioral responses that bring the body back to its set-points. The
hypothalamus is the body's first true motivator. It is the place where
chemistry becomes drive, where deficit becomes desire, where need
becomes behavior. It is also, as we have just begun to see, the seat of
every psychiatric vulnerability: depression, anxiety, eating disorders,
sleep disorders, all rooted in dysregulation of these same circuits.

But the hypothalamus is not the whole story. The molecules it
produces and orchestrates — oxytocin, vasopressin, CRH, dopamine,
orexin, the endogenous opioids — are not just regulators. They are also,
themselves, drugs. The brain, in producing these molecules and
responding to them, becomes a kind of pharmacy that synthesizesits own
pleasures and its own miseries. Every drug a human being can ever take
from outside — alcohol, opiates, stimulants, cannabinoids, psychedelics
— works by mimicking, blocking, or modulating molecules that the brain
was already making for itself. The brain isthe origina drug dealer. Every
pill we swallow imitates a molecule we aready had.
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The story of Chapter 7 is the story of this endogenous pharmacy and
the cravings it produces. We will see how the brain releases different
molecular cocktails in states of perceived abundance versus perceived
scarcity — the parasympathetic suite of oxytocin, endogenous opioids,
endocannabinoids, GABA, serotonin, prolactin, and melatonin in states
of safety and plenty; the sympathetic suite of cortisol, adrenaline,
noradrenaline, vasopressin, dynorphin, CRH, and ghrelin in states of
threat and lack. We will see how every Maslowian tier corresponds to a
particular molecular reward, and how each of us organizes our lives
around the pursuit of those rewards. We will discuss substance addictions
as hijackings of the endogenous pathways, and behavioral addictions —
to work, to sex, to gambling, to social media, to prayer, to ritual — as
homeostatic chases for endogenous molecules. We will end with the
proposition that every life is, at the chemical level, the geography of its

cravings.

When the brain becomes its own drug dealer, every
life becomes the geography of its cravings. The map
Isthe samein all of us; only the destinations differ.

But that is the next chapter. For now, we |leave the hypothalamus with
its nuclel activated, its peptides flowing, its set-points calibrated. We
have followed taxis from the field potential of t = O to the integrated
motivational state of an animal. The gradient has changed its material yet
again — from external chemical concentration to internal hormonal state
to the felt urgency of need — but the grammar of motion has not
changed. There is something a system lacks. Thereisadirection in which
the lack is smaller. The system goes that way. In Chapter 7, that direction
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will be the brain's own reward, and the system that follows it will, for the
first time, experience what we call craving.

— End of Chapter 6 —
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CHAPTER SEVEN

Crave Taxis

The Brain as Drug Factory and the Geography of Addiction

87.1 The Brain as Endogenous Phar macy

Consider a curious fact about every drug a human being can take.
Whether the substance is alcohol, heroin, cocaine, cannabis, psilocybin,
nicotine, caffeine, or any of the dozens of psychiatric medications used to
treat depression, anxiety, schizophrenia, and bipolar disorder — every
one of these molecules works by binding to a receptor that the brain
aready had, before the drug ever arrived. The receptors did not evolve to
respond to ethanol distilled from grain, or to morphine extracted from the
poppy, or to nicotine concentrated from tobacco. They evolved to
respond to molecules the brain produces for itself. Every drug we
swallow is a counterfeit, an imitation, a key cut to fit a lock that nature
aready installed.

What does this mean? It means that the brain is, in the most literal
possible sense, an endogenous pharmacy. It synthesizes its own opiates
(the endorphins, enkephalins, and dynorphins). It synthesizes its own
cannabinoids (anandamide and 2-arachidonoylglyceral). It synthesizes its
own stimulants (dopamine, noradrenaline, the trace amines). It
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synthesizes its own anxiolytics (GABA, alopregnanolone). It synthesizes
its own psychedelics (DMT, in trace amounts whose function is still
debated). It synthesizes its own hypnotics (melatonin, adenosine). It
synthesizes its own euphoriants (dopamine, oxytocin) and its own
dysphoriants (CRH, dynorphin, substance P). The pharmaceutical
industry, for all its vast investment, is essentially in the business of
imitating molecules the brain was already making.

The brain does not respond to drugs because we
invented them. The brain responds to drugs because
nature designed every receptor to answer to a key.
We are merely making copies of the keys.

Why does the brain produce all these molecules? Because each of
them performs a specific function in the regulation of mood, behavior,
attention, learning, memory, social bonding, pain perception, and dozens
of other essential processes. The brain's endogenous pharmacy is not a
luxury or an accident. It is the central machinery by which the brain
accomplishes everything it accomplishes. Every thought you have ever
had, every emotion you have ever felt, every decision you have ever
made, has been mediated by the release and reuptake of these molecules
In specific patterns at specific times in specific brain regions. You are,
neurologically, what your endogenous pharmacy says you are at any
given moment.

Each of us, then, isadrug user from birth— and a drug manufacturer
simultaneously. The cells that produce our neurotransmitters and
neuromodulators do so according to schedules set by the hypothalamus,
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the brainstem, and feedback from cortical and limbic activity. We cannot
stop producing these molecules, doing so would mean death within
minutes. We cannot stop responding to them; doing so would mean
dissociation, psychosis, or coma. We are, in this sense, all of us, addicted
to the same set of substances. The differences between us are differences
of degree, of preference, of timing — not of kind.

This chapter takes that observation serioudly. It treats the brain as the
drug dealer, our cravings as the consequences, and our lives as the
geography of our pursuit of those cravings. It proposes that what we call
addiction is, at its physiological core, the same machinery that produces
every habit, every preference, every devotional practice, every act of love
or ambition or piety we have ever undertaken. The differences between
healthy habit and pathological addiction are matters of intensity and
consequence, not of underlying mechanism. Once we see this clearly,
much that seemed mysterious about human behavior — including the
deep structure of religion, work, and social life— becomes legible as the
geography of our cravings.

[Figure 7.1 — A schematic of the brain's endogenous pharmacy. The
hypothalamus, brainstem nuclei, and limbic system release neurotransmitters and
neuromodulator s that bathe the cortex and other targetsin distinct chemical
states. Each state corresponds to a recognizable mood, behavior, or motivation.
The brain is shown not as a wired computer but as a chemical bath whose
composition the underlying nuclei continuously adjust.]

87.2 Crave Taxis. Motion Toward the Moleculethe
Brain Has Decided to Want
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Let us coin aterm for the central phenomenon of this chapter: crave
taxis. Crave taxis is the directed motion of an organism — at any scale,
but especially at the scale of human behavior — toward a stimulus that
will trigger the release of a specific endogenous molecule the brain has
come to want. The stimulus may be food, sex, social contact, victory,
music, drug, ritual, or work. The molecule may be dopamine, oxytocin,
an endogenous opioid, an endocannabinoid, or any of dozens of others.
The behavior isthe same in all cases: the brain has registered a deficit in
some preferred molecular state, and the body movesto correct the deficit.
That motion is crave taxis.

Notice the continuity with everything we have followed since Chapter
1. The bacterium of Chapter 4 chemotaxes toward an external chemical
gradient: glucose, attractant, oxygen. The neutrophil of Chapter 4
chemotaxes toward chemokines released by infected tissue. The
hypothalamus of Chapter 6 senses internal metabolic gradients and drives
behavior toward food, water, and shelter. Crave taxis is the same logic at
the next level up. The human craving a cigarette is sensing a gradient —
not of glucose or oxygen, but of nicotine — and moving toward the
source. The human craving a hug is sensing a gradient of social-bonding
molecules and moving toward another person who can supply them. The
human craving a religious experience is sensing a gradient of certain
neuromodulatory states and moving toward the rituals that reliably
produce those states.

The grammar of taxis has not changed since the
bacterium. There is something a system lacks; there
iIsadirection in which the lack is smaller; the system
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goes that way. In humans, the lack is called craving.

What distinguishes crave taxis from simpler chemotaxis is that the
gradient the human is following is not external. It is internal. The brain
has built up, through learning, a memory of which external stimuli
reliably trigger which internal molecular states, and the craving organism
navigates the world according to that internal map. A bacterium does not
need to remember where the glucose was last week; the gradient is right
here, right now. A human craving alcohol may travel miles, plan daysin
advance, override social commitments and physical discomfort, all to
reach the bottle whose contents will produce the desired molecular state.
The internalization of the gradient — the displacement of taxis from the
immediate chemical environment to the remembered association — is
what makes human behavior look so different from bacterial behavior,
and yet, at the molecular level, it is the same physiological response.

Every craving has the same genera structure. There is a felt deficit
(hunger, loneliness, anxiety, boredom). There is an expectation, learned
from past experience, that a specific stimulus will resolve the deficit
(food, contact, reassurance, novelty). There is a planning and motor
sequence that brings the organism into contact with the stimulus. Thereis
the consummatory experience itself, in which the stimulus triggers the
release of the desired molecule. There is the post-consummation state, in
which the deficit is temporarily resolved, the molecular state is back to
baseline (or above), and the organism's attention turns to other matters.
Then, eventually, the deficit returns, and the cycle begins again. This
loop is the basic unit of human motivated behavior. We will see, in §7.6

Taxis and Chemotaxis - Chapter 7



and 87.7, that it is also the basic unit of every addiction.

87.3 The Parasympathetic Suite: Drugs of Perceived
Abundance

When the body is in a state of perceived abundance and safety —
needs met, threats absent, social bonds intact — the brain produces a
characteristic cocktail of molecules that we might cal the
parasympathetic suite. These are the molecules of satiety, contentment,
connection, and rest. Each of them has specific functions, but they tend to
be released together, and their combined effect is the felt experience of
well-being. Understanding this suite is essential to understanding what
addictions are imitating.

Endogenous opioids. The brain produces three families of endogenous
opioids. endorphins (binding mu-opioid receptors), enkephalins (binding
mu and delta receptors), and dynorphins (binding kappa receptors).
Endorphins and enkephalins are released during physical exertion (the
‘runner's high’), after eating fatty or sweet foods, during orgasm, during
social bonding, and after the resolution of acute pain. They produce
feelings of warmth, satisfaction, and reduced pain perception. Heroin,
morphine, oxycodone, and the opium poppy's other alkaloids al bind
these same receptors and produce the same subjective effects, often more
intensely than the brain's own molecules can manage. Dynorphin, in
contrast, has dysphoric effects — it is released in stress and is part of the
withdrawal -state misery, which we will discussin 87.8.
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Endocannabinoids. The brain produces two principal endocannabinoids:
anandamide (named after the Sanskrit ananda, ‘bliss’) and
2-arachidonoylglycerol (2-AG). These molecules bind CB1 and CB2
receptors throughout the brain and body, modulating pain, appetite,
mood, and cognition. They are released by physical exercise (some of the
‘runner's high’ is endocannabinoid, not opioid), by moderate stress, and
by social play. THC, the active compound in cannabis, binds the same
CB1 receptors and produces the same effects. The fact that anandamide
receptors exist in the brain is the reason cannabis affects us at all; without
them, the molecule would ssimply pass through.

Oxytocin. We met oxytocin in Chapter 6 as the molecule of lactation,
parturition, and pair bonding. It is released during physical contact
(especially during sustained touch of more than twenty seconds), during
orgasm, during nursing, during the establishment of trust between
strangers, and even during interactions with familiar pets. Oxytocin
produces feelings of warmth, connection, and reduced anxiety in social
contexts. The drug MDMA (‘ecstasy’) produces strong oxytocin release
among its other effects, which is why MDMA users characteristically
describe an opening of social warmth and interpersonal connection.

Serotonin. Serotonin is produced by neurons in the raphe nuclel of the
brainstem, with projections to virtually every region of the brain. Its
functions are diverse and context-dependent, but a useful summary is that
serotonin modulates mood stability, satiety, sleep regulation, and
behavioral inhibition. Serotonin levels are typically high in states of
perceived abundance and social security. SSRIs, the principal class of
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antidepressant medications, work by blocking the reuptake of serotonin
from synaptic clefts, increasing serotonin signaling. Psilocybin and LSD
bind serotonin 2A receptors and produce psychedelic effects partly
through this binding. MDMA causes massive serotonin release as well as
oxytocin release.

GABA. Gamma-aminobutyric acid is the brain's principal inhibitory
neurotransmitter. About forty percent of all brain synapses are
GABAergic, and GABA's signaling tone determines much of the brain's
overall arousal level. High GABA signaling produces calm, relaxation,
reduced anxiety, and sedation. Benzodiazepines (Valium, Xanax, etc.)
enhance GABA-A receptor function and produce anxiolytic effects.
Alcohol enhances GABA-A function as well (among many other effects),
which accounts for much of alcohol's relaxing and disinhibiting
properties. Allopregnanolone, an endogenous neurosteroid, also enhances
GABA function and is part of the brain's natural anxiety-management
system.

Prolactin and melatonin. Prolactin, released after orgasm and during
nursing, contributes to the post-coital sense of drowsiness and
contentment. Melatonin, released by the pineal gland under control of the
suprachiasmatic nucleus, signals the onset of nighttime and induces
drowsiness. Both are ‘winding down’ molecules that the brain releases as
states transition from action toward rest.

The parasympathetic suite is the body's reward for
safety. Eat, rest, touch, bond, play. The brain pays
you in opioids and oxytocin and you keep coming
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back for more.

87.4 The Sympathetic Suite: Drugs of Perceived Scar city

When the body is in a state of perceived scarcity, threat, or
insufficiency, the brain produces a different cocktail. Where the
parasympathetic suite is relaxing and connecting, the sympathetic suiteis
mobilizing and isolating. Where the parasympathetic suite invites rest
and trust, the sympathetic suite enforces vigilance and self-preservation.
Both suites are necessary; both have evolved to respond to situations the
body cannot otherwise survive. But each carries its own pharmacology,
its own subjective character, and — aswe will seein 87.6 and 87.7 — its
own potential for hijacking by external substances and behaviors.

Adrenaline (epinephrine) and noradrenaline (norepinephrine).
Released by the adrenal medulla and by noradrenergic neurons in the
brain (especialy the locus coeruleus), these catecholamines produce the
classic fight-or-flight response. Heart rate accelerates. Pupils dilate.
Blood pressure rises. Attention narrows. Reaction time shortens. The
cocaine and amphetamine stimulants act largely by increasing
noradrenaline (and dopamine) signaling, which is why they produce
wakefulness, focus, elevated mood, and physical mobilization. Coffee
acts through an adjacent mechanism — by blocking adenosine receptors,
it removes a brake on noradrenaline release, with similar but milder
effects.

Cortisol. The principal glucocorticoid stress hormone, released from the
adrenal cortex under control of the hypothalamic-pituitary-adrenal (HPA)
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axis we met in Chapter 6. Cortisol mobilizes glucose, suppresses
immunity, and primes the body for sustained stress. Acute spikes are
healthy; chronic elevation is corrosive. Cortisol also has direct effects on
the hippocampus, where chronic exposure damages neurons and impairs
memory formation. Glucocorticoid-receptor-targeting drugs (prednisone
and other steroids used in medicine) mimic and amplify cortisol's effects,
with the same therapeutic benefits and the same long-term costs.

CRH (corticotropin-releasing hormone). Released from the
paraventricular nucleus of the hypothalamus, CRH activates the rest of
the HPA axis, but it aso acts directly within the brain to produce the
subjective experience of dread and dysphoria. CRH release is elevated in
depression, in anxiety disorders, and during the withdrawal phase of
every addiction. Drugs that block CRH receptors are being investigated
as treatments for stress-related disorders.

Dynorphin. The kappa-opioid agonist mentioned briefly in 87.3,
dynorphin is the dysphoric counterpart to the euphoric endorphins. It is
released during stress, social defeat, and the withdrawal phase of opioid
use. Salvinorin A, the active compound in Salvia divinorum, is a potent
kappa-opioid agonist and produces the characteristically disturbing rather
than pleasant experience of salvia use. The brain's own dynorphin release
iswhat makes opioid withdrawal so subjectively miserable.

Vasopressin. While vasopressin in the body retains water (its name
comes from its peripheral effect on blood vessels and kidneys),
vasopressin in the brain mediates territorial vigilance, mate-guarding, and
aggressive defense. Elevated central vasopressin is part of the
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sympathetic suite of perceived threat — particularly threats to one's mate,
territory, or status.

Ghrelin. Beyond its appetite-stimulating effects in the hypothalamus
(Chapter 6), ghrelin has anxiogenic effects in the brain when present in
elevated levels for prolonged periods. Chronic ghrelin elevation, as in
chronic food restriction, produces baseline anxiety in addition to hunger.

Substance P and orexin. Substance P is a peptide neurotransmitter
released during pain and stress; orexin (which we met in Chapter 6 as the
wakefulness peptide) is also part of the threat-response system, mediating
sustained vigilance. Both contribute to the felt experience of urgent
attention.

The sympathetic suite is the body's currency of
urgency. Cortisol and adrenaline buy you the energy
to fight or flee. The interest rate is high. Chronic
borrowers go bankrupt.

87.5 Maslowian Mapping: Which Drugsfor Which Need

We met Maslow's hierarchy in Chapter 6 and mapped each tier onto
specific hypothalamic anatomy. We can now extend that mapping to the
molecular level, asking: what specific endogenous drugs does the brain
release when each tier is satisfied? What molecules does it release when
each tier is threatened? The answers, briefly summarized, are these.

Maslowian Tier Drugs of Satisfaction Drugs of Threat / Deficit
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Physiological (food, water,
sleep, warmth)

endogenous opi oids, endocannabinoids,
GABA, melatonin

ghrelin, CRH, cortisol, orexin

Safety (shelter, security)

GABA, serotonin, oxytocin (bonding-related
safety)

cortisol, adrenaline, CRH, substance P

Love and Belonging

oxytocin, vasopressin (in pair bonds),
endogenous opioids

dynorphin, CRH, cortisol (loneliness
signal)

Esteem (status)

dopamine, serotonin, testosterone

cortisol, dynorphin (after defeat)

Self-Actualization

dopamine (flow state), endogenous opioids,
endocannabinoids

boredom signaling (low dopamine), low
serotonin

Self-Transcendence

DMT (?), oxytocin, endogenous opioids,

dynorphin, isolation-related cortisol

serotonin 2A activation

[Table 7.1 — Maslowian tiers mapped to the endogenous molecules rel eased when
each tier is satisfied versus threatened. Note that the same molecules appear at
multiple tiers (for example, cortisol at every threatened tier; oxytocin at multiple
satisfied tiers), reflecting the brain's reuse of a small molecular palette across
many functional contexts. The mapping is approximate and overlapping;
researchers continue to refineit.]

What this mapping reveals is that the brain has assigned, more or less
explicitly, a chemical reward and a chemical punishment to each of
Maslow's tiers. Satisfy your physiological needs and you receive opioids
and endocannabinoids. Achieve safety and you receive GABA and
serotonin. Find love and you receive oxytocin and more opioids. Achieve
status and you receive dopamine and testosterone. Pursue
self-actualization and you receive flow-state dopamine and
exercise-induced opioids. Reach toward self-transcendence and your
serotonin-2A receptors light up, your default-mode network reconfigures,
and the boundaries of self soften. Conversely, fall at each tier and the
brain releases the corresponding punishment: cortisol, dynorphin, CRH,

and the felt experience of distress.
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Every tier of Maslow's pyramid has a molecule for
the achievement and a molecule for the failure. Life
IS the negotiation between these two.

This mapping also explains a great deal about the structure of human
pursuits. We do not, in our daily lives, pursue Maslowian tiers as
abstractions. We pursue specific concrete activities — eating a medl,
watching a film, sending a text, finishing a project — that have, through
learning, become reliable triggers for the molecular states we want. The
food we eat is a delivery vehicle for opioids. The text we send is a
delivery vehicle for oxytocin (or, when unanswered, for cortisol). The
project we finish is a delivery vehicle for the dopamine of
accomplishment. We are, al of us, al the time, navigating an internal
molecular landscape, with our daily activities as the trail of our motion
through it.

87.6 Behavioral Addictions as Homeostatic Chases

We arrive now at the chapter's central proposition: that what we call
addiction is not a special pathology but an extreme expression of the
same crave-taxis machinery we al use, al the time, to navigate our
molecular landscape. Behavioral addictions — to gambling, to sex, to
social media, to work, to exercise, to shopping, to ritual, to prayer — are
addictions in the strict pharmacological sense, even though no external
drug isinvolved. The brain has learned that a particular activity reliably
triggers a particular molecular reward, and the organism organizesitslife
around obtaining that reward. The processis identical, at the neural level,
to substance addiction. The only difference is the source.
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Consider gambling. The slot machine, the lottery ticket, the sports bet
— each is a delivery system for dopamine. The expectation of winning,
more than winning itself, triggers dopamine release in the nucleus
accumbens. The variable-ratio reward schedule (you cannot predict when
the next win will come) is, as B. F. Skinner showed in operant
conditioning experiments seventy years ago, the most powerful
reinforcement schedule known. The gambler is not really seeking money;
the gambler is seeking the dopamine spike that the possibility of money
produces. Neuroimaging studies of compulsive gamblers show patterns
of nucleus accumbens activation during gambling essentialy
indistinguishable from those of cocaine users during drug administration.

Consider social media. Each notification, each like, each new
comment is a small unpredictable dopamine release. The variable-ratio
schedule is operating again, this time with social recognition as the
reward. Beyond dopamine, social media also delivers oxytocin (when
receiving warm messages from familiar contacts) and cortisol (when
receiving criticism or feeling left out). The platforms are designed,
sometimes deliberately, to maximize these molecular releases and the
engagement that follows. People who feel anxious or depressed when
away from their phones are not weak-willed; they are experiencing the
same withdrawal-phase dynorphin and CRH release that opioid users
experience when their drug runs out.

Consider sex addiction and pornography use. Both deliver dopamine,
endogenous opioids during orgasm, oxytocin during physical contact, and
prolactin afterward. Compulsive use follows the same trgectory as
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substance use: tolerance (novelty-seeking and escalation), withdrawal
(dysphoria when abstaining), and the loss of pleasure in non-sexual
activities as the brain's reward system recalibrates around the new
intensity baseline. The fact that no external drug is involved does not
change the underlying pharmacology. The brain is delivering its own
molecules, in patterns the brain has learned the activity will produce.

Consider work addiction. Sustained focused effort releases dopamine
(especialy when goals are met or progress is measurable), noradrenaline
(sustained attention), and, during the deeply absorbed states Mihaly
Csikszentmihalyi called flow, endogenous opioids and possibly
endocannabinoids. The workaholic is, neurologically, chasing a
molecular cocktail. Many high achievers in modern professional life
would meet the diagnostic criteria for behavioral addiction if work were
considered a substance: they cannot stop despite negative consequences
to relationships and health, they show withdrawal symptoms (irritability,
anxiety) when forced to rest, and they have organized their entire lives
around the activity. We celebrate this, often, as virtue. The brain's
response to it is indistinguishable from any other addiction.

Behavioral addictions are not metaphors for
addiction. They are addictions, full stop. The
molecule is endogenous, the receptor isreal, the
dependency is physiological.

Consider exercise addiction. Vigorous exercise reliably releases
endogenous opioids and endocannabinoids — the famous ‘ runner's high.’
A subset of athletes develop compulsive patterns. they cannot skip a
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workout without experiencing irritability, anxiety, and depressed mood,
and they continue exercising despite injuries, iliness, or exhaustion. The
clinica diagnosis is ‘exercise dependence, and its physiological
signature is indistinguishable in form from opioid dependence. The body
has developed tolerance to its own endorphins; it now requires more
exercise to produce the same effect; and abstinence triggers
withdrawal-like symptoms.

The pattern continues across compulsive shopping, compulsive
eating, compulsive video gaming, compulsive collecting, and many other
behaviors. Each is a homeostatic chase for a specific molecular state that
has become preferred. Each follows the same loop of craving,
consummation, satisfaction, and renewed craving. Each shows tolerance,
withdrawal, and salience-driven prioritization over other life domains.
We are, as a species, extraordinarily good at devel oping addictions to our
own neurochemistry, with or without external drugs.

87.7 Substance Addictions as Hijacking the Endogenous
Pathways

Substance addictions, in this framework, are simply behavioral
addictions in which the molecular state is delivered by an externa
chemical that bypasses the normal physiological triggers. Where eating
delivers opioids through a long chain of events (taste perception, gut
signaling, post-absorptive metabolic effects), heroin delivers opioid
receptor activation directly. Where social interaction delivers oxytocin
through the slow processes of bonding and trust, MDMA causes a
massive release of stored oxytocin and serotonin in minutes. Where
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physical exertion delivers endocannabinoids over the course of thirty to
sixty minutes, smoking cannabis delivers them in seconds. The
substances are shortcuts. They produce the molecular state without the
work.

This is what makes them so dangerous. The brain is calibrated to
expect that a particular molecular reward will follow a particular kind of
effort. When a substance produces the reward without the effort, three
things happen. First, the magnitude of the reward is typically much larger
than any physiological trigger could produce — heroin produces opioid
receptor activation an order of magnitude beyond what running or eating
could ever achieve. Second, the brain compensates through homeostatic
adaptation, downregulating the receptors and upregulating opposing
systems, so that the same dose produces less effect over time. Third,
when the substance is removed, the homeostatic adaptations remain —
the receptors are still downregulated, the opposing systems are ill
upregulated — and the unsupplemented brain falls into a deep functional
deficit. This deficit is withdrawal, and it is the proximate cause of most
addiction's misery.

The major substance addictions, with their endogenous targets,

follow.

Alcohol. Enhances GABA-A receptor function (relaxation), blocks
NMDA receptors (memory disruption), increases dopamine release in the
nucleus accumbens (reward), and triggers endogenous opioid release
(euphoria). The withdrawal syndrome — hyperexcitability, anxiety,
tremor, in severe cases seizures and delirium tremens — reflects the
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homeostatic upregulation of NMDA and downregulation of GABA after
chronic exposure. Alcohol is the most damaging drug in absolute societal
terms, not because of its potency per dose, but because of its widespread
availability and cultural acceptance.

Opioids. Heroin, morphine, oxycodone, fentanyl, and their many
relatives bind mu-opioid receptors and produce euphoria, analgesia, and
respiratory depression. Tolerance develops rapidly. Withdrawal —
characterized by intense dysphoria, body aches, gastrointestinal distress,
anxiety, and sleeplessness — is among the most miserable subjective
experiences known. Naloxone reverses overdose by displacing opioids
from the receptor. Methadone and buprenorphine occupy the receptor
with longer-lasting and more controlled pharmacology, alowing
recovery without acute withdrawal.

Stimulants. Cocaine, amphetamines, and methamphetamine increase
synaptic dopamine and noradrenaline by blocking reuptake (cocaine) or
by reversing the transporters (amphetamines). Acute effects include
euphoria, confidence, wakefulness, and reduced appetite. Withdrawal
produces depression, fatigue, hyperphagia, and severe anhedonia.
Long-term use damages dopamine neurons and produces lasting deficits

in reward processing.

Cannabinoids. THC binds CB1 receptors, producing relaxation, altered
sensory perception, increased appetite, and impaired memory. Tolerance
develops with regular use. Withdrawal is real but generally mild —
irritability, sleep disturbance, reduced appetite, anxiety — though notable
in heavy users. Cannabis use disorder affects roughly nine percent of
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users at some point, comparable to alcohol but lower than opioids or

nicotine.

Nicotine. Activates nicotinic acetylcholine receptors, producing rapid
alertness, mild euphoria, and appetite suppression. Tolerance and
dependence develop very quickly — nicotine is among the most rapidly
addictive drugs known by this measure. Withdrawal — irritability,
restlessness, concentration difficulty, increased appetite — is moderate
but persistent. Nicotine is responsible for the deaths of more people
worldwide than any other drug, amost entirely through the
cardiovascular and pulmonary effects of the tobacco that deliversit.

Caffeine. Blocks adenosine receptors, removing a brake on noradrenaline
and dopamine release. Mild tolerance and dependence develop.
Withdrawa — headache, fatigue, irritability — is real but generally mild
and brief (one to three days). Roughly eighty-five percent of adults
worldwide consume caffeine daily, making it the most widely used
psychoactive drug on the planet.

Psychedelics. LSD, psilocybin, mescaline, and DMT bind serotonin 2A
receptors (among others) and produce alterations in perception,
cognition, and sense of self. Notably, classical psychedelics produce
minimal physical dependence and minima withdrawal — possibly
because tolerance develops so rapidly that compulsive daily use is
pharmacologically impossible. They do not, in any standard sense, fit the
addiction template, which is one reason they are now being investigated
as treatments for treatment-resistant depression and addiction itself.
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Dissociatives. Ketamine, PCP, dextromethorphan block NMDA
receptors and produce dissociation, anesthesia, and (at low doses) rapid
antidepressant  effects. Ketamine has been developed into lega
antidepressant treatments, and it is one of the few medications that
produce antidepressant effects within hours rather than weeks.

87.8 Tolerance, Withdrawal, and the Recalibr ation of
the Gradient

Across all the addictions, both behavioral and substance-based, three
pharmacological phenomena recur with such regularity that they have
become diagnostic markers of dependence: tolerance, withdrawal, and
craving. Each is a manifestation of the same underlying process — the
brain's homeostatic adjustment of its internal gradients in response to
repeated stimulation.

Tolerance. Repeated exposure to a stimulus produces diminished
response. The first cigarette of one's life is intensely physiologicaly
activating; the ten-thousandth cigarette barely registers above baseline.
The first drink produces marked intoxication; after years of heavy use,
the same dose may produce nothing. The first time a particular video
game is played, dopamine release is robust; after a thousand hours, the
same game produces little. Tolerance is the brain's adaptation: receptors
are downregulated, opposing systems are upregulated, the homeostatic
baseline is moved. What was once a peak experience becomes the new
ground state.
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Withdrawal. When the stimulus is removed, the homeostatic
adaptations that compensated for chronic stimulation are now unopposed,
and the system swings in the opposite direction. The acoholic in
withdrawal has GABA receptors that have downregulated and NMDA
receptors that have upregulated; without alcohol's GABA enhancement,
the brain is now hyperexcitable, with anxiety, tremor, and (in severe
cases) seizures. The opiate addict in withdrawal has mu-opioid receptors
that have downregulated and CRH/dynorphin systems that have
upregulated; without opioids to counterbalance them, the dysphoric
systems are now unmasked. The behavioral addict, similarly, has reward
circuits calibrated to the high baseline of the addictive behavior; without
that input, baseline mood drops below normal. Withdrawa is the
homeostatic equation read in reverse.

The Solomon-Corbit opponent-process theory, developed in the
1970s, captures this dynamic mathematically. Every primary affective
response (let us cal it the A-process) triggers a delayed and opposing
B-process. With repeated exposure, the A-process habituates and the
B-process strengthens. Eventually, the net experience of the stimulus
shifts from primarily rewarding (A-dominant) to primarily compensatory
(B-dominant). The drug is no longer taken to feel good; it is taken to
avoid feeling bad. The pleasure has become the cessation of pain. Thisis
the chronic phase of addiction, and it is the phase from which recovery is
most difficult.

Tolerance moves the baseline. Withdrawal is the
cost of having moved it. Recovery is the long, slow
journey of moving it back.
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Craving. The third diagnostic feature is the persistent, intrusive
desire for the substance or behavior, often present long after the acute
withdrawal phase has ended. Craving is what makes addiction recurrent.
The brain has formed associative learning between cues and rewards —
the smell of a bar, the sight of a cigarette, the chime of a phone, the time
of day when the activity usually occurs. Each cue can trigger craving,
even years after the last use. The mechanism involves the amygdala, the
hippocampus, and the prefrontal cortex, which together encode the
contextual associations that bind cue to reward. Cue exposure therapy
and cognitive-behavioral therapy for addiction work, in part, by allowing
the brain to extinguish these associations through repeated exposure to
the cue without the reward.

All of this is taxis. The withdrawing brain is sensing a molecular
gradient — its own deficit relative to its calibrated set-point — and
signaling craving as the imperative to correct the deficit. The recovering
addict, like the bacterium of Chapter 4, is being driven by a chemical
imbalance toward the source that will resolve it. The grammar of motion
has not changed. What makes addiction so difficult to overcome is
precisely that the gradient is real, the biochemistry is real, and the felt
urgency to follow the gradient is the organism's most ancient instruction.

87.9 Prayer, Ritual, and the Other Habits of the
Endogenous Drug User

We come now to one of the more interesting consequences of the
framework this chapter has been building. If addiction is fundamentally a
homeostatic chase for endogenous molecular states, and if any reliable
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trigger of those states can become the focus of crave taxis, then practices
we ordinarily think of as virtuous, spiritual, or culturally sanctioned
should be expected to follow the same physiological logic. They do.

Consider prayer. Sustained, focused prayer — particularly the
rhythmic, repetitive prayer common across religious traditions —
produces measurable changes in brain chemistry and physiology. Studies
of meditators, monks, and people engaged in repetitive prayer show
parasympathetic activation (lowered heart rate, relaxed breathing),
increased GABA signaling, increased endogenous opioid release in some
studies, and characteristic shifts in default-mode network activity. The
subjective experience — cam, connection, sometimes ecstatic
transcendence — corresponds to a recognizable molecular signature.
Prayer, performed regularly, becomes a reliable trigger for these states.
Lifelong practitioners report withdrawal-like symptoms (anxiety,
irritability, dysphoria) when prevented from practicing for extended
periods. The pattern matches every clinical criterion for habit formation.

Consider ritual generaly. Religious ritual, ceremonial chant,
communal singing, dance, drumming circles, the rhythmic movements of
prayer, the structured sequences of liturgy — all produce reliable
parasympathetic activation and oxytocin release (when performed in
groups). The endogenous opioid release during sustained singing has
been documented experimentally. The serotonin 2A activation during
meditative practices is well studied. The brain treats ritual exactly as it
treats any reliable molecular trigger: it forms expectation, it generates
craving when the ritual is unavailable, it provides reward when the ritual
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Is performed.

Consider attendance at religious services. Beyond the explicit ritual
content, communal worship combines several reliable molecular triggers:
oxytocin release from group participation, endogenous opioid release
from singing, GABA activation from calm contemplative passages,
dopamine release from anticipated spiritual reward. Habitual attendees
report distress when missing services not because they fear divine
displeasure (or not only because of that) but because they have become
physiologically calibrated to the regular molecular reset that the service
provides. The therapeutic effects of religious practice on mental health,
demonstrated repeatedly in epidemiological research, are not (only)
cultural; they are, in significant part, neurochemical.

Prayer is a habit. Ritual isa habit. Worshipisa
habit. None of this diminishes their value. It only
situates themin the same physiological framework
as everything else humans do regularly to feel as
they want to feel.

This framework should not be taken as deflationary. To say that
prayer triggers endogenous opioid release is not to say that prayer is
‘nothing but’ opioid release. The same could be said of any human
pursuit: love is ‘nothing but’ oxytocin release, friendship is ‘ nothing but’
dopamine and serotonin, art is ‘nothing but’ neural patterns. The
reduction explains nothing about the subjective meaning, the socia
significance, or the mora value of the practice. It only describes the
physiological substrate. What we choose to do with that substrate — what
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habits we cultivate, what rituals we observe, what cravings we honor and
which we resist — is the moral question that physiology cannot answer
for us.

What the framework does illuminate is the surprising structural
similarity between practices we normally categorize very differently. The
devotee performing daily prayer, the athlete maintaining a strict training
regimen, the artist showing up at the studio every morning, the addict
pursuing the next dose — all are doing the same thing at the level of the
underlying neurochemistry. They are organizing their lives around the
reliable production of preferred molecular states. What differs is the
social value placed on the activity, the consequences for health and
relationships, and the degree to which the practice contributes to or
subtracts from the person's broader flourishing. These differences are real
and important. But they are differences in the meaning and consequence
of the habit, not in the underlying mechanism.

§7.10 Why Every Lifeisthe Geography of I1ts Cravings

Step back, now, and survey what this chapter has proposed. The
human brain is an endogenous pharmacy. The body learns, through
experience, which activities reliably produce which molecular states. The
brain calibratesitself to the rewards it has received and develops cravings
when those rewards are delayed. Each of us, in the ordinary course of our
lives, is engaged in a continuous chemotactic navigation through an
internal molecular landscape — pursuing the molecules we have come to
want, avoiding the molecules we have come to dread, calibrating our
dally activities according to the molecular consequences they reliably
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produce. Our lives are, in this sense, the geography of our cravings.

What does this geography look like? It looks like a daily schedule
organized around a series of reliable molecular triggers. The morning
coffee for adenosine-block-mediated wakefulness. The mid-morning
email check for social-media dopamine. The lunch with a colleague for
oxytocin-mediated connection. The afternoon work session for
sustained-attention  noradrenaline and  accomplishment-mediated
dopamine. The after-work drink for GABA-mediated relaxation. The
evening meal with family for opioid- and oxytocin-mediated reward. The
before-bed reading or televison for dopamine-mediated novelty. The
melatonin-mediated sleep itself. We have built our civilizations around
the schedules of our endogenous pharmacology, and every cultural
innovation that has caught on has done so, in part, because it offered a
reliable new delivery mechanism for some preferred molecular state.

We are, al of us, drug users. Whether the drugs we use are
endogenous or exogenous, prescribed or recreational, sanctioned or
stigmatized, we are organizing our lives around the production and
consumption of psychoactive molecules. The monk in the monastery is
doing this. The trader on Wall Street is doing this. The mother nursing
her infant is doing this. The soldier in combat is doing this. The athlete,
the artist, the intellectual, the addict — all are pursuing the same
fundamental biochemical satisfactions, by different means and to
different ends. To recognize this is not to flatten the moral or aesthetic
distinctions between these pursuits. It is to see their underlying unity at
the level of neurochemistry, and to understand that we are, as a species,
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navigating an internal landscape with the same logic that the bacterium of
Chapter 4 uses to navigate the external ocean.

We are not divided into addicts and non-addicts. We
are divided into those whose addictions are
recognized as addictions, those whose addictions
are honored as virtues, and those whose addictions
go unnoticed because they are too ordinary to name.

The differences between us, then, are differences in our molecular
preferences and in the cultural landscapes we have constructed to satisfy
those preferences. One person has calibrated to acohol; another to
running; another to prayer; another to mathematics; another to social
validation; another to the company of friends. Each person's life is the
trail their motion has left through their preferred molecular landscape —
visible in their daily routines, their weekly rhythms, their seasonal
patterns, the shape of their decades. The geography of each lifeis unique,
but the underlying physiology is the same.

This insight has practical consequences. It suggests that treatment of
addiction — whether substance or behavioral — should focus not just on
eliminating the harmful habit but on providing aternative reliable
triggers for the molecular states the person has been pursuing. An
acoholic who finds a running practice, a vibrant socia life, and a
meaningful vocation has replaced GABA-and-dopamine delivery via
acohol with endorphin-and-oxytocin-and-flow-state delivery via the new
activities. The brain is still being managed; only the delivery system has
changed. This is, in essence, the logic behind every successful
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addiction-recovery  program  from  Alcoholics Anonymous to
mindfulness-based relapse prevention. You cannot stop the brain from
wanting; you can only redirect the wanting toward less destructive
Sources.

§7.11 Bridge to Chapter 8: Shared Cravings, Shared
Societies

We end Chapter 7 with the human as our protagonist: an
endogenous-drug-using primate whose life is the geography of its
cravings. The human has been revealed as a chemotactic agent navigating
an internal molecular landscape, with the same fundamental logic as the
bacterium but with vastly more elaborate sensory, mnemonic, and motor
systems mediating the navigation. What the human craves and what the
human moves to obtain are continuous with the universe-wide grammar
of taxis we have followed sincet = 0.

But humans are not solitary. Every craving is pursued not in isolation
but in society. The food we eat, the drugs we take, the rituals we observe,
the partners we love, the work we perform, the validation we seek — all
are obtained in social contexts, mediated by other humans, shaped by
cultural structures that have evolved over thousands of generations. To
understand human behavior fully, we must follow our chemotactic agent
into its socia environment and ask how cravings, trandated through other
primates, become societies.

The story of Chapter 8 is the story of that trandation. We will ook at
the comparative anatomy and behavior of the great apes — chimpanzees,
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bonobos, gorillas, orangutans, and humans — and ask what ther
differences and similarities reveal about the architecture of primate
motivation. We will see that chimpanzees and bonobos, despite sharing
ninety-nine percent of their DNA with each other (and roughly
ninety-eight percent with us), have profoundly different social strategies.
Chimpanzees organize around male-dominated political coalitions and
territorial aggression; bonobos around female-bonded affiliative alliances
and conflict resolution through sexua contact. Humans are, in some
respects, neither — we are a synthetic primate, capable of both strategies
and prone to both, with a Maslowian map that includes uniquely human
additions. symbolic resource, symbolic threat, scarcity mentality,
abundance mentality, language, religion, war, and the construction of the
imperial cult that Chapter 9 will address.

When chemotactic primates converge, they make
societies. The shape of the society is the shape of the
primate’'s molecular preferences, scaled to many
bodies.

But that is the next chapter. For now, we leave the human with its
cravings calibrated, its endogenous pharmacy humming, its daily
geography traced. We have followed taxis from the field potential of t =0
to the molecular preferences of a complex primate. The gradient has
changed its material yet again — from external chemical concentration to
internal hormonal state to felt urgency of need to the specific molecular
cravings learned over a lifetime — but the grammar of motion has not
changed. There is something a system lacks. Thereisadirection in which
the lack is smaller. The system goes that way. In Chapter 8, that direction
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will be social — toward other primates whose presence and behavior
either provide or threaten to withhold the molecular states the brain has

come to want.

— End of Chapter 7 —
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CHAPTER EIGHT

Primate Taxis and Chemotaxis

Apes, Chimpanzees, Bonobos, and Humans on the
Maslowian Map

§8.1 Compar ative Hypothalamic Anatomy

We arrive in this chapter at the human as one species among several,
rather than as the singular protagonist of the previous two chapters. The
human shares 98.8 percent of its DNA with chimpanzees and bonobos,
98.4 percent with gorillas, and 96.9 percent with orangutans. The
molecular machinery we developed in Chapters 6 and 7 — the
hypothal amic pharmacopeia, the parasympathetic and sympathetic suites,
the Maslowian gradient computer — is present, in essentialy the same
form, in al of these species. What differs is not the machinery but its
calibration. Each great-ape lineage has tuned the shared molecular system
Into its own characteristic social strategy. By comparing the strategies,
we learn what is universal in primate motivation and what is contingent
— what evolution had to invent and what it could choose.

The hypothalami of all great apes are remarkably similar in gross
anatomy. The same nuclel occupy the same positions: suprachiasmatic,
paraventricular, supraoptic, ventromedial, lateral, arcuate, preoptic. The
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same peptides are synthesized in the same neurons. oxytocin in the
supraoptic nucleus, CRH in the paraventricular, POMC and NPY in the
arcuate, orexin in the lateral hypothalamic area. The same downstream
targets — pituitary, autonomic nervous system, limbic and cortical
projections — are wired in the same way. A neurologist examining tissue
sections from a chimpanzee and from a human would find them virtually
indistinguishable; even a careful comparison reveals only minor
differences in the relative size of various subnuclei and in some subtle
neurochemical signatures.

Yet within this shared hardware, profound behavioral differences
emerge. A chimpanzee troop and a bonobo troop, observed in their
respective forests, look like two species with utterly different social
philosophies. A human society — even a small hunter-gatherer band —
looks like neither, while sometimes resembling both. The differences
cannot be explained by anatomy. They must be explained by relative
dose, timing, and target-tissue sensitivity of the shared molecular signals.
A small change in oxytocin receptor density in one brain region; a
dightly different vasopressin receptor distribution; a modest shift in
arginine vasopressin promoter regions; and the entire social strategy of a
speciesis transformed.

The same hypothalamic instruments are present in
every great ape. What differsis the score they have
learned to play.

The most extensively studied molecular difference between humans
and our ape relatives lies in the AVPR1A gene, which encodes the
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principal vasopressin receptor in the brain. The promoter region of this
gene contains a microsatellite repeat sequence that varies in length
between species and even between individuals within a species. Longer
repeat lengths produce more receptor expression and stronger
pair-bonding behavior; shorter repeat lengths produce less. The classic
comparison is between the prarie vole (Microtus ochrogaster),
monogamous and pair-bonding, with a long repeat sequence; and the
closely related montane vole (Microtus montanus), polygamous and
non-bonding, with a short repeat. Transferring the prairie-vole promoter
into the montane-vole brain induces pair-bonding behavior in the
previously polygamous species. Among primates, similar genetic
variation correlates with socia bonding patterns.

Other molecular differences cluster around dopamine signaling
(particularly in the prefrontal cortex, where humans show enhanced
dopaminergic innervation compared with chimpanzees), serotonin system
tuning (with the human serotonin transporter showing polymorphisms
that affect anxiety and aggression), and the regulation of FOXP2 — a
transcription factor critical for vocal learning, in which humans carry two
amino-acid substitutions absent from chimpanzees that have been shown
to affect corticostriatal synaptic plasticity in transgenic mouse models.
Each of these small genetic differences cascades through developmental
and physiological systems to produce, eventualy, the species-typical
behavioral repertoire.

[Figure 8.1 — Phylogenetic tree of the great apes, showing the divergence times.
Orangutans split from the African ape lineage about 14 million years ago.

Gorillas branched off about 9 million years ago. The chimpanzee-bonobo lineage
split from the human lineage about 6 million years ago. Chimpanzees and bonobos
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themsel ves diverged only about 2 million years ago, when the Congo River formed
and split their common ancestor's range.]

88.2 The Chimpanzee Strategy: Hierarchy, Coalition,
Patr ol

The common chimpanzee, Pan troglodytes, lives in fission-fusion
communities of perhaps thirty to one hundred fifty individuals, ranging
over territories of afew to afew dozen square kilometers in the forests of
equatorial Africa. The community is organized around a male-dominance
hierarchy. A single apha male, supported by coalitions of allied males,
occupies the top of the hierarchy at any given time. Beneath him, beta
and lower-ranking males compete continuously for position. Females
have their own hierarchy, generally less elaborately structured than the
male hierarchy and based partly on age and partly on the social skillsthey
bring.

The chimpanzee socia repertoire is dominated by three behaviors:
hierarchy maintenance, coalition formation, and territorial patrol. The
first two are everyday activities; the third is occasional but consequential.
Hierarchy maintenance involves pant-grunt vocalizations from
subordinates to dominants, submissive postures (bowing, presenting), and
the periodic displays through which dominants reaffirm their position —
branch-shaking displays, charging displays, the dramatic bipedal displays
of an apha during which he may double his apparent size with
piloerection and threatening vocalizations. Coalition formation involves
the systematic grooming of allies, the trading of tolerated mating
opportunities for political support, and the careful management of
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relationships that will be needed during the next status challenge.
Territoria patrol — perhaps the most distinctive chimpanzee behavior —
involves groups of males moving silently along the boundaries of their
territory, watching for neighboring groups. When neighbors are
encountered, the patrol may attack with lethal intent. Documented
chimpanzee warfare in the Gombe Nationa Park (the ‘Four Year War’
from 1974 to 1978) showed systematic killing of maes from a
neighboring community by alarger and stronger neighboring community,
eventually annihilating the smaller group entirely.

From the standpoint of the framework developed in Chapter 7, the
chimpanzee's social strategy is dominated by sympathetic-suite
molecules. Hierarchy challenges produce repeated cortisol spikes in
subordinates and testosterone surges in dominants. Coalition formation
involves both the bonding effects of grooming (parasympathetic,
oxytocin-mediated) and the strategic calculation of dominance (cortical,
dopamine-modulated). Territorial patrol and aggression involve
adrenaline, cortisol, vasopressin (the central vasopressin we met in
Chapter 7 as the molecule of mate-guarding and territorial defense), and
the dynorphin-mediated thrill of dominance assertion. The chimpanzee,
more than any other great ape, lives in astate of chronic mild sympathetic
activation.

The chimpanzee is the great ape of the sympathetic
suite. Satusisthe gradient. Coalition isthe
strategy. Aggression is the tool the gradient most
often callsfor.
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What does the chimpanzee crave, in the language of Chapter 7? The
chimpanzee craves rank. Status, in chimpanzee society, is the central
reward, mediated by the dopamine of victory, the testosterone of
dominance, and the socia validation of subordinates deference. A
chimpanzee that loses rank shows withdrawal-like symptoms: depressed
posture, social withdrawal, elevated cortisol that persists for days or
weeks. A chimpanzee that gains rank shows the corresponding euphoria.
The whole society is a hierarchy of cravings, with each individual
calibrated to the molecular consequences of his or her current social
position. Frans de Waal's classic ethological work has documented all of
this in extraordinary detail; what we are adding is only the molecular
vocabulary.

Chimpanzee females, while subject to the same hierarchical
pressures, organize their social lives somewhat differently. Female
chimpanzees often emigrate from their natal communities at puberty,
joining new groups where they must establish themselves from a position
of social isolation. Female friendships, where they form, are typically less
politically intense than male ones, focused more on mutual grooming and
tolerated proximity than on coalition strategy. Maternal investment in
offspring is high — chimpanzee mothers nurse for four to five years and
may not have another offspring for five to seven years between births —
and the mother-infant bond is the most physically and emotionally
intense relationship a chimpanzee has during its lifetime. Even adult
chimpanzees may continue to interact with their mothers throughout life,
and the loss of a mother is a documented source of long-lasting
depression in young adult chimps.
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88.3 The Bonobo Strategy: Affiliation, Sex, Conflict
Resolution

Bonobos, Pan paniscus, share 99.6 percent of their DNA with
chimpanzees. They diverged from chimpanzees only about two million
years ago, when the Congo River formed and split a common ancestor
population — chimpanzees north of the river, bonobos south. Yet the
social strategies that emerged in the two species are dramatically
different. Where chimpanzees are male-dominated, hierarchical, and
territorially  aggressive, bonobos are female-bonded, relatively
egdlitarian, and preferentially affiliative. Where chimpanzees resolve
conflicts through aggression and dominance display, bonobos resolve
them through sexual contact. Where chimpanzee males form patrols to
raid neighbors, bonobo encounters with neighboring communities are
typically peaceful, sometimes even friendly. Two species, two million
years apart, with profoundly different social philosophies arising from the
same underlying machinery.

What accounts for the bonobo difference? The leading hypothesis
involves the relative abundance of food in the bonobo range south of the
Congo River. The forests south of the river were spared the dramatic
Pleistocene cooling that affected the chimpanzee range to the north,
leaving bonobos in a more consistently food-abundant environment.
Female bonobos, freed from the foraging pressure that keeps chimpanzee
females spread out and weakly bonded, were able to travel together and
form the strong female-female alliances that came to define bonobo
society. Male bonobos, faced with these female alliances, could not
develop the male-dominance strategy that chimpanzees use; they had to
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find ways to be tolerated by the females and by each other. Theresult isa
society in which females hold the political center, and in which the
molecular currency is primarily oxytocin and serotonin rather than
testosterone and cortisol.

The bonobo's most famous behavioral feature — the use of sexual
contact in a wide variety of social contexts — also fits this molecular
profile. Bonobos have sex frequently, in many postions and
combinations, including face-to-face configurations rare in other primates
and same-sex interactions that are common in both males and females.
Sexual contact occurs not just for reproduction but for conflict resolution
after disagreements, for greeting after separations, for tension reduction
during food sharing, and for the formation and maintenance of alliances.
The physiological logic is straightforward: sexual contact releases
oxytocin (bonding), endogenous opioids (warmth and satisfaction), and
dopamine (reward), and the parasympathetic activation it produces is
incompatible with sympathetic aggression. A society that has learned to
deploy these molecules at the first sign of socia tension is a society that
does not need to deploy aggression to manage its relationships.

The bonobo is the great ape of the parasympathetic

suite. Connection isthe gradient. Sexual contact is

the strategy. Oxytocin and opioids are the tools the
gradient most often calls for.

From the standpoint of Chapter 7's framework, the bonobo's
neurochemistry is essentially the inverse of the chimpanzee's. Where the
chimpanzee operatesin a state of chronic mild sympathetic activation, the
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bonobo operates in chronic mild parasympathetic activation. Where the
chimpanzee chases status, the bonobo chases connection. Both strategies
work; both species have flourished for two million years;, both have
produced stable, complex societies. What this teaches us is that the
shared great-ape hypothalamus can be tuned, by relatively small genetic
and developmental adjustments, into either of two fundamentally
different socia architectures. Neither is the natural or default state. Both
are evolutionary solutions to the problem of how to live as a socidl
primate.

It is worth noting that bonobo society, despite its peaceful reputation,
IS not utopian. Bonobos can be aggressive, particularly in food
competition and during the rare occasions when their dominance
hierarchies are challenged. Female bonobos sometimes attack males,
including their own sons, and male bonobos will attempt to assert
dominance occasionally despite the femaleled system. What
distinguishes bonobo aggression from chimpanzee aggression is not its
absence but its modulation: bonobo conflicts tend to be shorter, less
escalated, and more frequently resolved through subsequent sexual or
affiliative contact than through sustained dominance assertion.

Before turning to humans, two other great apes deserve brief mention.
Gorillas (Gorilla gorilla and Gorilla beringel) live in stable harem
groups consisting of one or sometimes a few adult silverback males and
several adult females with their offspring. The silverback's role is
primarily protective rather than competitive: he guards the group against
predators and rival males, mediates internal disputes, and provides a
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stable social anchor. Gorilla daily life is unusually peaceful for a great
ape, with most days spent in lengthy feeding bouts on dense vegetation.
The molecular profile of gorilla socia life, while less studied than
chimpanzee or bonobo, appears to involve high baseline oxytocin and
serotonin signaling and relatively low cortisol, consistent with their stable
group structure and abundant food supply.

Orangutans (Pongo pygmaeus, Pongo abelii, and Pongo tapanuliensis),
uniquely among the great apes, live largely solitary lives. Adult males
maintain large individua home ranges and only periodicaly encounter
females for mating; adult females raise their offspring alone. Their social
complexity is therefore expressed primarily in their long-distance
vocalizations (males ‘long calls' carry over several kilometers of forest)
and in their extended mother-offspring bonds (orangutan offspring stay
with their mothers for up to nine years, the longest dependence of any
non-human ape). Orangutans are extremely intelligent, with documented
tool use, cumulative cultural traditions, and dramatic individual
personality differences. They are a useful reminder that the great-ape
lineage has explored many social configurations, not just the
chimpanzee-bonobo-human axis we are tracing here.

88.4 The Human Variant: Symbolic Resource, Symbolic
Threat

Humans diverged from the chimpanzee-bonobo lineage about six
million years ago. In that time, several profound changes occurred. Brain
size more than tripled. Bipeda locomotion became the norm. Tool use
became elaborate and cumulative. Complex symbolic communication —
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eventualy, language — developed. Cooperative breeding became
common, with multigenerational families and alloparental care. Cooked
food and controlled use of fire reshaped digestive physiology. Above all,
humans devel oped the capacity for symbolic thought and communication
at scales unprecedented in the rest of the animal kingdom. We can now
ask: what does this mean for the Maslowian map?

The human variant of the great-ape strategy is, in essence, a synthesis.
We retain the chimpanzee capacity for hierarchy, coalition, and territorial
aggression; we also retain the bonobo capacity for affiliation, sexual
bonding, and non-aggressive conflict resolution. We can deploy either
strategy depending on context, individual disposition, and cultural
shaping. A human in a competitive corporate environment may be
running primarily a chimpanzee strategy: tracking dominance, forming
coalitions, defending territory (now symbolic — a market share, a sphere
of influence). A human in atight-knit family may be running primarily a
bonobo strategy: maintaining bonds through frequent affectionate
contact, resolving conflicts through reconciliation rather than dominance.
The same human, in different contexts, may run different strategies on
different days.

What is genuinely new in humans is the capacity to extend the
Maslowian map into the symbolic domain. A chimpanzee competes for
tangible resources. food, mating opportunities, ranging territory. A
human competes for these too, but also for symbolic resources that have
no immediate physical correlate: money, status, fame, recognition,
religious salvation, national prestige, ideological victory. These symbolic
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resources trigger the same hypothalamic reward systems as their tangible
counterparts. The dopamine release from a promotion is neurologically
similar to the dopamine release from gaining rank in a chimpanzee troop.
The cortisol spike from a public humiliation is neurologically similar to
the cortisol spike from losing a fight. The ancient hypothalamic
machinery has been recruited to track entirely new categories of resource
and threat.

Humans can be threatened by ideas. \We can be
rewarded by symbols. The hypothalamus that
evolved to track food and predators now tracks
reputation and ideology with the same machinery.

This extension into the symbolic domain has consequences. The first
Is the temporal scale of motivation. A chimpanzee's concerns are
Immediate; a human's can stretch across decades, centuries, even
millennia (in the form of religious eschatologies and political projects
extending beyond any individual lifetime). The hypothalamus, designed
to motivate action toward immediate gradients of physical resource, now
motivates lifetime projects oriented toward symbolic gradients that may
never be fully resolved. We work for retirement, save for our children,
contribute to causes whose outcomes we will not live to see. The same
machinery that tells the chimpanzee where the next meal is now tells the
human what to do with the next forty years.

The second consequence is the abstraction of threat. A chimpanzee
facing a leopard releases cortisol; the cortisol is appropriate to the
immediate physical danger and dissipates within hours of the threat's
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resolution. A human facing a humiliating social-media comment also
releases cortisol, but the threat is symbolic, has no clear resolution, and
may persist indefinitely as the human ruminates over what was said and
how to respond. Chronic symbolic threat produces the physiological
consequences of chronic stress — cardiovascular disease, metabolic
dysregulation, immune suppressson — without any of the
predator-related concrete circumstances that evolution prepared the stress
system to handle. We are, in this sense, a species perpetually under siege
from threats that are real to our bodies but unreal to the world.

The third consequence is the cultural transmission of the Maslowian
map itself. A chimpanzee learns the local social hierarchy by direct
experience; the relevant gradients are concrete and immediately
observable. A human learns the symbolic landscape — what is
high-status, what is shameful, what is sacred, what is taboo — primarily
through cultural instruction. The map is no longer fixed by biology but is
negotiated and renegotiated across generations. This makes human
societies extraordinarily diverse in the specific contents of their
Maslowian maps, even though the underlying hypothalamic machinery is
universal across the species. One society's status symbol is another
society's curiosity; one culture's deepest taboo is another's idle pastime.
The physiology is shared; the geography of cravings has been culturally
rewritten.

A useful way to organize the chimpanzee-bonobo-human comparison
Isto lay out the typical strategy each species deploys at each Maslowian
tier. The differences and similarities revea how flexibly the same
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underlying machinery can be configured. Table 8.1 summarizes the

comparison across the principa tiers, drawing on the
comparative-ethology literature of the past five decades.
Maslowian Tier Chimpanzee Bonobo Human
tolerated co-foraging; elaborate cooperative

Physiological (food,
shelter)

competitive foraging;
food-related aggression

food-sharing especially
female-led

breeding; food production;
cooked food

Safety

male coalitional defense;
territorial patrol

female alliance; affiliative
defense

institutional safety (laws,
police, armies); shared social
safety nets

Love and Belonging

mother-infant bond;
same-sex coalitions; mating
opportunism

broad affiliative network;
sexual contact across many
partners

pair-bonded romantic love;
nuclear and extended family;
chosen friendships

Esteem (status)

explicit dominance
hierarchy; alphamale
position

status muted, female alliance
more salient than ranking

many parallel status systems
(wealth, profession, reputation,
art, learning)

Self-Actualization

limited evidence; tool use,
occasiona play in adults

play in adults; broad sensory
exploration

creative work; intellectual
pursuits; hobbies; lifelong
learning

Self-Transcendence

no evidence

no evidence

religion; philosophy; art;
participation in causes larger
than self

[ Table 8.1 — Compar ative species strategies across the Maslowian tiers. Each
species deploys a characteristic approach at each tier, with humans showing the
broadest behavioral repertoire and the only species occupying the upper two tiers
(self-actualization and self-transcendence) in any sustained way. The tableis
necessarily a generalization; individual variation within each speciesis
substantial.]

What stands out from this comparison is the human capacity to

occupy multiple tiers simultaneously and to invent new behaviors for

each. Where a chimpanzee's life is largely organized around the lower

tiers — food, safety, status — a human life routinely engages tiers from

physiological needs al the way to self-transcendence, often within a
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single day. A human eats breakfast (physiological), commutes safely
(safety), greets family with affection (love/belonging), pursues a career
(esteem), exercises a creative skill (self-actualization), and perhaps
engages in prayer or meditation or contemplation (self-transcendence).
The same human's hypothalamus is moving fluidly between tiers,
releasing different molecular cocktails for each, organizing behavior
around al of them in succession. This is a behavioral repertoire
gualitatively richer than that of any other primate, despite being built on
essentially the same hypothalamic platform.

Particularly worth noting is the human innovation of cooperative
breeding — the practice of raising offspring with help from individuals
other than the biological parents. Most great apes are not cooperative
breeders, chimpanzee and bonobo mothers raise their offspring with little
assistance from others. Humans are extraordinarily different. Across
essentially al human societies that anthropologists have studied,
child-rearing is a multi-generational, multi-individual endeavor:
grandmothers, aunts, older sblings, fictive kin, and non-related
community members al contribute. Sarah Hrdy's work on the
‘cooperative breeding hypothesis' argues that this alloparental care, more
than any other single feature, made the high human investment in
offspring (long childhoods, expensive brains, extended education)
possible. The molecular basis is partly oxytocinergic — alloparental
relationships engage the same bonding circuits as biological parenting —
and partly cultural, in the elaborate kinship systems and obligations that
human societies have constructed around child-rearing. Without
cooperative breeding, the human style of extended childhood and
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intensive cognitive development would almost certainly not be possible.

88.5 Scarcity M entality and Abundance M entality as
Hypothalamic States

The chimpanzee-bonobo contrast suggests a useful generd
framework for thinking about human variation. Different individuals,
different cultures, and even different societies during different historical
periods seem to operate in characteristic hypothalamic states that we can
usefully call scarcity mentality and abundance mentality. These states are
not metaphors. They correspond to identifiable patterns of
neurochemistry, and they shape behavior in profound ways.

Scar city mentality. When the body or mind perceives itself in a state of
insufficient resource — whether physical (food, shelter, safety) or
symbolic (status, recognition, love) — the hypothalamus shifts toward
sympathetic dominance. Cortisol baseline rises. Adrenaline reactivity
increases. Dopaminergic reward systems become more reactive to
immediate gains and more punishing of immediate losses. Cognitive
scope narrows:. attention focuses on the percelved scarcity, planning
horizons shorten, social trust diminishes. Behaviorally, scarcity mentality
produces hoarding, defensive aggression, distrust of outsiders, preference
for in-group, willingness to sacrifice long-term gain for short-term
security. The chimpanzee strategy is, in this sense, a species-level
scarcity strategy: it evolved in an environment of food competition and
territorial constraint, and it produces all the behavioral signatures of
scarcity mentality.
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Abundance mentality. When the body or mind perceives itself in a state
of sufficient or surplus resource, the hypothalamus shifts toward
parasympathetic dominance. Cortisol baseline drops. Oxytocin and
serotonin signaling rises. Cognitive scope broadens. attention can range
over longer time horizons, social trust increases, willingness to cooperate
with strangers rises, willingness to invest in long-term projects increases.
Behaviorally, abundance mentality produces sharing, exploration,
openness to outsiders, investment in art and learning and play,
willingness to sacrifice short-term gain for long-term flourishing. The
bonobo strategy is, in this sense, a species-level abundance strategy: it
evolved in an environment of food security, and it produces all the
behavioral signatures of abundance mentality.

Scarcity mentality is the chimpanzeein us.
Abundance mentality is the bonobo. We can be
either, depending on what our hypothalamus
believes about the world.

What is striking about humans is that the perception of scarcity or
abundance is largely independent of objective resource availability. A
wealthy person can live in scarcity mentality, anxious and hoarding
despite vast material security. A person of modest means can live in
abundance mentality, generous and trusting despite genuine material
uncertainty. The hypothalamic state is shaped by developmental history,
cultural training, current psychological context, and the particular
cognitive appraisals the cortex is making — not by any direct measure of
objective resource. This means that the same external circumstances can
produce vastly different behavioral responses in different individuals or
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cultures, depending on which hypothalamic state has been culturally and
developmentally selected.

It also means that human behavior at the individual and collective
level can be moved between scarcity and abundance states by
interventions that change the hypothalamus's perception of the world.
Reducing chronic stress (through social support, predictable
environments, and adequate rest) shifts toward abundance. Increasing
perceived threat (through media exposure, social comparison, or political
manipulation) shifts toward scarcity. Wars and economic crises shift
entire populations toward scarcity. Periods of peace and prosperity shift
them toward abundance. The hypothalamus, individually and
collectively, is responding to its information environment, and its
response shapes every higher cognitive and behavioral process.

There is a practical and political consequence to this. Societies that
succeed in maintaining their populations in the abundance state —
through fair distribution, secure ingtitutions, social safety nets, and
culturally validated trust — tend to be the societies that achieve the most
In art, science, exploration, and human flourishing. Societies that drift
into scarcity mentality, whether through actual deprivation or through
cultivated perception of threat, tend to become defensive, internally
conflictual, and anti-cooperative. The architecture of a society's basic
wellbeing is, in significant part, the architecture of its shared
hypothalamic state. We will return to this theme in Chapter 9.

Concrete historical examples illustrate this dynamic. The Athenian
Golden Age (roughly 480 to 404 BCE) was a period of unprecedented
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Athenian prosperity and security following the Persian Wars; its
abundance mentality produced flowerings of philosophy, drama,
architecture, and democracy that have shaped Western civilization ever
since. The Renaissance in Itay emerged from a period of relative
economic security and political stability in Italian city-states (despite the
interruptions of war and plague), and again produced an extraordinary
flowering of art, science, and humanism. The American post-war boom
from roughly 1945 to 1973 was a period of broad-based economic
security in which American civilization made enormous gains in
education, science, civil rights, and infrastructure investment.

The opposite pattern appears in periods of widespread scarcity. The
Late Bronze Age Collapse around 1200 BCE saw Mediterranean
civilizations dissolve under combined pressures of climate change, mass
migration, and resource competition; the resulting Dark Age produced
few cultural achievements. The European Late Middle Ages following
the Black Death of 1346-1353 saw populations cut in half, social trust
collapse, and a pronounced shift toward defensive religiosity,
scapegoating of minorities, and millenarian movements. The interwar
period in Europe (1918-1939), marked by economic collapse, political
instability, and pervasive anxiety about the future, produced the
conditions in which fascism could rise. Each of these scarcity periods
produced characteristic behavioral patterns at the population scale:
increased aggression, reduced cooperation, narrowed social trust, shorter
time horizons. The hypothalami of millions of individuals, each
responding to its own perceived scarcity, produced a society-wide
neurochemical state with predictable consequences.
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88.6 Socioeconomic Behavior as Aggregated Taxis

We have followed taxis from individual cells to individual primates.
The natural next step is to follow it from individuals to societies. When
millions of humans, each running their own crave-taxis through their own
internal molecular landscape, navigate the same physical and symbolic
environment together, the result is aggregated patterns of behavior that
we recognize as socioeconomic phenomena. Markets. Migrations.
Movements. Manias. Crashes. Cultural trends. Political shifts. Each of
these is, at the lowest level, the aggregated motion of many individual
primates, each pursuing their own gradient of perceived satisfaction.

Markets are the smplest case. A market is a system in which many
individuals make decisions about the allocation of scarce resources based
on their individual preferences and constraints. The aggregated decisions
produce prices that convey information about supply, demand, and
expectation. Each individual decision is, at the neural level, a piece of
crave taxis. the trader sees an opportunity, the dopamine system
computes expected reward, the prefrontal cortex weighs the risk, and the
decision is made. The aggregated behavior of many such traders produces
the patterns (trends, bubbles, crashes) that economists study. Behavioral
economics has, over the past several decades, documented many ways in
which market behavior departs from the rational-actor models of classical
economics; these departures are precisely the places where individual
psychology — the hypothalamic and limbic systems we have been
discussing — overrides the cortical calculations of expected utility.
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Migrations are similar, on a longer timescale. Humans move from
regions of perceived scarcity (war, famine, oppression, economic
stagnation) toward regions of perceived abundance (safety, opportunity,
freedom). The decison to migrate is, a the individua level, a
chemotactic response: the hypothalamus has registered persistent unmet
needs in the current location and computed that motion would be likely to
improve the situation. Aggregated across millions of individuals, this
produces the great human migrations that have shaped every era of
history. The physiology has not changed; only the scale has expanded.

A migration istaxis at the population scale. A
market is chemotaxis at the population scale. A
revolution is the collective decision that the gradient
cannot be followed from where everyoneis currently
standing.

Manias and crashes — the bubbles, panics, and contagions that
punctuate market history — show the limits of individual-level rationality
when many primates are responding to the same signals at the same time.
The individual trader sees others buying and infers (often correctly) that
they have information he or she does not have; the trader buys; this
confirms the impression that rising prices are warranted; more buying
ensues; the price rises further. Eventually some trigger reverses the
direction, and the same dynamic operates in reverse: the trader sees
others selling, infers bad news, sells, confirming the impression, etc. The
mechanism is essentially the same as the wave propagation through the
cnidarian nerve net we met in Chapter 5: each unit responds to its near
neighbors, and signals propagate by spreading activation. The market,
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considered as a network of trading primates, is a vast cognitive nerve net,
its dynamics shaped by the molecular neurochemistry of every individual
trader.

Political movements, similarly, can be understood as large-scale
aggregated taxis events. A movement begins with individuals registering
a particular gradient — say, economic insecurity, or perceived threats to
traditional norms, or moral outrage at perceived injustice. These
individuals seek out others sharing their concerns; they amplify each
other's perceptions through repeated communication; they develop shared
narratives that frame the gradient and propose collective action to address
it. When enough individuals are aligned, the movement begins producing
visible behavior — protests, votes, organized advocacy. The movement's
success depends on whether it can channel the underlying gradient (the
unmet needs that motivated individual participation) into effective
collective response. The deepest political movements are aimost always
responses to physiologically real gradients of unmet need; the most
ephemeral are responses to manufactured or symbolic gradients that lack
underlying biological substance.

The point is not that human socioeconomic behavior reduces to
neurochemistry — clearly, it does not, and any single-level explanation
of phenomena as complex as a civil rights movement or a financial crisis
Isincomplete. The point is rather that the aggregated patterns we observe
at the social scale are continuous with, and constrained by, the
individual-level patterns at the neurochemical scale. Societies are made
of primates whose hypothalami are doing something. Whatever else we

Taxis and Chemotaxis - Chapter 8

22



say about socia behavior, we cannot say things that are inconsistent with
what those hypothalami are physiologically capable of.

Behavioral economics has, over the past several decades, documented
many specific ways in which human economic behavior departs from the
predictions of rational-actor models — and many of these departures map
directly onto the primate physiology we have been describing. The
Ultimatum Game offers a clear example. In this experimental paradigm,
two anonymous participants must divide a sum of money: one proposes a
split; the other can either accept (in which case both receive the proposed
shares) or reect (in which case neither receives anything). Rational
economic theory predicts that the responder should accept any nonzero
offer, since any money is better than no money. In practice, responders
across cultures reliably reject offers below about thirty percent of the
total — preferring zero to what feels like an insulting alocation. The
rejection is driven by the same anterior insula activation that responds to
physical disgust and to socia violations of fairness; it is, neurologically,
an expression of cortisol- and dynorphin-mediated rejection of percelved
unfairness. The chimpanzee, incidentally, plays a more ‘rationa’
ultimatum game than the human; chimpanzees more often accept
whatever is offered. The human's inclination to rgect unfair offers may
reflect our species deeper investment in cooperative social structures and
the costs we have evolved to absorb in order to enforce fair treatment.

The Trust Game shows another characteristic primate departure from
pure rationality. In this paradigm, an investor sends some amount of
money to a trustee, knowing that the amount will be tripled before
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reaching the trustee, who then chooses how much to return. Rational
theory predicts no trust (the trustee has no incentive to return anything)
and therefore no investment. In practice, investors regularly send
substantial amounts, and trustees regularly return enough to make the
investment worthwhile. Oxytocin administration via nasal spray increases
the amount investors send, demonstrating directly that the molecular
machinery we discussed in Chapter 7 is shaping the economic behavior.
Trust, in this view, is not a sociological abstraction; it is a hypothalamic
state, mediated by specific molecules, that the human can occupy more or
less fully depending on developmental, contextual, and neurochemical
factors.

88.7 Bridgeto Chapter 9: When Many Hypothalami
Synchronize

We end Chapter 8 with the human as one species among the great
apes, sharing a deep continuity of hypothalamic architecture with
chimpanzees and bonobos but differing from both in the particular
calibration of that architecture. The human is capable of ether the
chimpanzee strategy or the bonobo strategy, capable of operating in
scarcity mentality or abundance mentality, capable of pursuing concrete
or symbolic rewards with equivalent intensity. The result is a primate that
has, more than any other, become the engineer of its own cravings —
and, through cultural transmission, the engineer of its descendants
cravings as well. What humans crave is shaped by what previous humans
have taught them to crave.
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When millions of these culturally shaped craving-machines live
together, the result is what we call society. A society is, a the lowest
physical level, a population of hypothalami all responding to a partly
shared informational environment. The molecular states of the
individuals influence each other through countless social interactions; the
aggregated behavior of the group produces the institutions, norms, and
structures that then feed back to shape the individuals experiences.
Society is a dynamic system in which neurochemistry, behavior, and
culture mutually constitute one another, generation after generation.

The story of Chapter 9, the final chapter, isthe story of human society
at this scale. We will examine the genetic differences between humans,
chimpanzees, and bonobos that underlie our distinctive socia capacities.
We will look at the spectrum from cooperative to anti-cooperative
behaviors, the spectrum of altruism, the dark tetrad of personality traits
that mark anti-cooperative individuals. We will discuss the cult of
personality and the imperia cult: how individual humans, by recruiting
many other hypothalami to synchronize on their own desires, can build
societies that serve them at the expense of everyone ese. We will
examine full-spectrum dominance — the integrated capture of physical,
mental, and spiritual resources — and its opposites. engineered scarcity
and engineered abundance as conscious policy choices that produce
dramatically different societies. We will visit Malthus, social Darwinism,
and the question of how human populations can plan for their futures
rather than merely react to their pasts. We will discuss conditioning and
behavioral mirroring as the mechanisms through which one person's
neurochemistry comes to shape another's. And we will consider the deep
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observation that the rate of change of an environment determines whether
centralization or decentralization works — fast times decentralize, slow
times centralize — and use this to understand why our own particular
historical moment is so disorienting.

When many hypothalami synchronize, society
emerges. The shape of the society reflects whose
synchronization dominated. Every history is the

history of who got to set the cravings.

But that is the next chapter. For now, we leave the human with its
primate inheritance, its dua capacities for cooperation and
anti-cooperation, its symbolic Maslowian map, and its remarkable
cultural transmission. We have followed taxis from the field potential of t
= 0 to the social behavior of an extraordinary primate. The gradient has
changed its material yet again — from external chemical concentration to
internal hormonal state to felt urgency of need to specific molecular
cravings to symbolic social rewards — but the grammar of motion has
not changed. There is something a system lacks. There is a direction in
which the lack is smaller. The system goes that way. In Chapter 9, that
direction will be collective, the synchronization of many primate
hypothalami into the structures we call civilizations.

— End of Chapter 8 —
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CHAPTER NINE

Societies, DNA, and the
Imperial Cult

Cooperation, Anti-Cooperation, and the Full-Spectrum
Gradient

89.1 Shared and Divergent Genetics: Chimp, Bonaobo,
Human

We begin the final chapter with the genome. The genome is the
deepest level of inheritance we will discuss in this book — the level
beneath which there are only the chemistry and physics of DNA itself, the
four-letter alphabet of A, T, G, and C arranged in three billion characters
across twenty-three pairs of chromosomes in every nucleated human cell.
From this aphabet, the body builds itself. From this a phabet, ultimately,
the socia structures we will discuss in this chapter emerge. To
understand human society at its physiological core, we must begin with
the small subset of genes that distinguishes us from our closest ape
relatives.

The numbers are by now familiar. Humans share 98.8 percent of their
DNA with chimpanzees and bonobos, 98.4 percent with gorillas, 96.9
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percent with orangutans. Even the chimpanzee-bonobo divergence is
small: those two species share 99.6 percent of their DNA, having split
only two million years ago. The differences that produce the dramatic
behavioral contrasts we discussed in Chapter 8 are tucked into a small
fraction of the total genome. What this small fraction contains, however,
Is consequential.

Severa categories of human-specific genetic change stand out. Brain
expansion genes include duplications of SRGAP2 (aregulator of cortical
neuron migration, with a human-specific duplicate that slows synaptic
maturation and allows extended brain development), ARHGAP11B
(which promotes the proliferation of neocortical neuron progenitors and
is found only in humans, Neanderthals, and Denisovans), and several
others affecting cortical thickness and neuron count. Vocal-learning
genes include FOXP2, with two human-specific amino-acid substitutions
that affect cortico-striatal synaptic plasticity and that, when introduced
into mice, alter their vocalization patterns. Glucose-metabolism genes
include several that alow the human bran to consume the
disproportionate share of body glucose (roughly 20 percent in adults, 60
percent in infants) that our expanded cortex requires. Dietary genes
include amylase duplications (allowing efficient starch digestion, which
expanded as agriculture spread), lactase persistence (allowing adults to
digest milk, which arose independently in several human populations
after the domestication of cattle), and alcohol dehydrogenase variants
(affecting how individuals respond to ethanal).

Taxis and Chemotaxis - Chapter 9



Most relevant to this chapter, however, are the social-bonding genes.
We met AVPRI1A in Chapter 8 — the principal vasopressin receptor in
the brain, with a microsatellite polymorphism in its promoter region that
affects pair-bonding behavior. We met OXTR — the oxytocin receptor
— whose variants affect empathy, trust, and the felt experience of social
connection. The MAOA gene (monoamine oxidase A) regulates the
breakdown of serotonin, dopamine, and noradrenaline, with low-activity
variants associated with greater aggression in stressful environments. The
COMT gene (catechol-O-methyltransferase) similarly regulates
dopamine breakdown, with different variants affecting attention, working
memory, and stress reactivity. Each of these genes contributes to the
individual variation that, aggregated across populations, produces the
characteristic social architectures of different human societies.

The genome is the slowest of the body's clocks.
Cultures change in decades; individual habitsin
years, molecular statesin seconds. But the genome
moves on the scale of millennia, and on that scale it
Is unchanged for nearly all of human history.

What is striking is how little the human genome has actually changed
across the time during which civilization itself has developed.
Agriculture began roughly 12,000 years ago; the first cities, perhaps
6,000; literacy, about 5,000; industrialization, 250; the digital age, 50.
Each of these transitions has dramatically transformed human society, yet
the underlying genome — the physiological substrate on which all this
culture has been built — is essentially unchanged from the genome of
late Pleistocene hunter-gatherers. Our hypothalami are the hypothalami
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of ancestors who lived in smal bands of fifty to a hundred fifty
individuals, foraged for their food, faced regular physical threats from
large predators, and expected most of their interactions in any given week
to be with people they had known their entire lives. The institutions and
technologies of modern society are running on hardware calibrated to a
vastly different world. Many of the pathologies of modern life — the
chronic stress, the pervasive loneliness, the obesity epidemic, the political
polarization — are at least partly explainable as mismatches between this
Pleistocene physiology and the Holocene cultura innovations we have
piled on top of it.

This mismatch will be a recurring theme through the rest of this
chapter. When we discuss cooperation and anti-cooperation, the dark
tetrad of personality, the imperial cult, and the dynamics of engineered
scarcity and abundance, we will be discussing things that emerged in
cultural history but that operate through genetic machinery far older than
any of them. Understanding the substrate is essential to understanding
what is built on top of it.

89.2 The Cooper ative Society and the Anti-Cooper ative
Society

If individuals can be characterized by their place on a
chimpanzee-to-bonobo spectrum, with chimp-typical individuals more
prone to scarcity-mentality competitive aggression and bonobo-typical
individuals more prone to abundance-mentality affiliation, then societies
can be similarly characterized. A cooperative society is one in which
ingtitutions, norms, and individual behaviors converge to produce
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widespread mutual trust, shared resources, common investment in
long-term futures, and the assumption that interactions with strangers will
more often than not be mutually beneficial. An anti-cooperative society is
one in which the opposite assumptions prevail: trust is scarce, resources
are hoarded or seized rather than shared, time horizons are short, and
interactions with strangers are presumed to be zero-sum or negative-sum
encounters.

Both kinds of society can be stable. Both have existed throughout
human history, often side by side. What determines which kind of society
develops in a given place at a given time is a complex interplay of
physical conditions (food security, freedom from externa threat),
institutional structures (laws, governance, economic rules), and cultural
transmission (the values and expectations passed across generations).
Societies are not fixed in either configuration; they can shift from
cooperative to anti-cooperative or vice versa over the course of decades,
as physical conditions and institutions change.

Cooperative societies tend to share a small number of structural
features. They have ingtitutions that enforce fair treatment (courts,
regulators, accountable governance) and that protect the weak from
exploitation by the strong. They have safety nets that prevent any
individual from facing ruinous deprivation, thereby keeping the
population in abundance mentality. They have shared narratives that
emphasize common purpose and shared destiny across whatever
differences (ethnic, religious, ideological) might otherwise divide their
members. They tend to be characterized by what political scientist Robert
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Putnam called ‘social capital’ — networks of reciprocal trust and
engagement that enable collective action even among strangers.

Anti-cooperative societies tend to share a different set of features.
They have institutions that protect the powerful from accountability
rather than the weak from exploitation. They lack safety nets, leaving
substantial portions of their populations in chronic scarcity. Their
dominant narratives emphasize in-group/out-group divisions and
zero-sum competition for limited resources. They are characterized by
low socia trust, high economic inequality, and an absence of the
cross-cutting social ties that bind cooperative societies together.

Cooperation is what a society does when its
member s trust the future. Anti-cooperation is what
they do when they fear it.

Two important caveats. First, no real society is purely cooperative or
purely anti-cooperative; every society isamix, with cooperation in some
domains (a family, a religious community, a profession) and
anti-cooperation in others (intergroup competition, electoral politics,
international rivalries). The question is which mode dominates the texture
of everyday life. Second, the difference between cooperative and
anti-cooperative societies is not a difference in the underlying human
nature of their members. The same individuals, transplanted into different
societal contexts, can produce dramatically different patterns of behavior.
Studies of diasporic communities show this clearly: people from a society
characterized by low trust will often, after relocating to a high-trust
society, develop within a generation the trust patterns of their new
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context. The hypothalamus is responsive to its environment; given a
different environment, it produces different behavior.

89.3 The Spectrum of Altruism

Within any given society, individuals vary in their willingness to
incur personal cost for the benefit of others. The full spectrum runs from
extreme altruism at one end (individuals who consistently sacrifice their
own interests for the well-being of others, sometimes to the point of
self-destruction) to extreme anti-altruism at the other (individuals who
systematically exploit others for their own benefit, regardless of the costs
they impose). Most people fall somewhere in the middle, behaving
dtruistically toward close kin, mostly cooperatively toward neighbors
and acquaintances, and somewhat self-interestedly toward strangers.

What determines an individual's position on this spectrum? Several
factors. First, genetics. twin studies suggest that altruistic tendencies are
roughly fifty percent heritable, with specific polymorphisms in the
OXTR (oxytocin receptor), AVPR1A (vasopressin receptor), and several
other genes contributing to individual differences. Second,
developmental experience: secure attachment in early childhood predicts
greater capacity for adult altruism, while neglect or trauma in early
development tends to produce individuals who experience other people
primarily as potential threats. Third, ongoing context: people behave
more altruistically when they are themselves well-resourced and feeling
secure, and less so when they are stressed, threatened, or anxious. Fourth,
cultural shaping: societies that explicitly cultivate altruistic norms
(through religious teaching, civic education, or institutional structures)
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produce, on average, more altruistic members.

The neurochemistry of altruism is now reasonably well understood.
Acts of generosity reliably produce activation in the same reward circuits
— particularly the ventral striatum and the media prefrontal cortex —
that respond to receiving rewards directly. Giving to charity activates
dopamine release; helping a stranger in need triggers oxytocin and
endogenous opioid release in the helper; cooperative interactions sustain
serotonin signaling. Altruism is not, in the neurochemical sense, a
sacrifice; it is the pursuit of a particular molecular reward through a
particular kind of action. The altruist is, in the framework of Chapter 7,
performing crave taxis toward the molecular state of having helped
someone.

This observation should not be taken as deflationary. To say that
altruism produces dopamine and opioid release is not to say that altruism
Is ‘really’ selfish. The same logic applies as in §87.9 on prayer: the
physiological mechanism does not exhaust the meaning. What mattersis
what behavior the physiology produces, and what consequences flow
from that behavior. An act of saving a drowning child does not become
less altruistic because the rescuer experienced a flush of opioid warmth
afterward. The flush is what makes the saving sustainable, and the saving
Iswhat matters.

What is interesting is what happens at the extremes. Pathological
atruism is real: individuals whose oxytocin and reward systems respond
so strongly to helping that they cannot maintain appropriate self-care,
ending up depleted, exploited, or burned out. The codependent partner of
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an addict, the parent who sacrifices everything for an indifferent adult
child, the professional caretaker who cannot say no — these individuals
are running, in the language of this book, an excessive crave taxis for the
molecules of helping. The other extreme — extreme anti-altruism, the
systematic exploitation of others — is the subject of the next section.

Altruism feels good because it rewards the brain.
The reward is not the causg; it isthetrail evolution
left behind to remind us that helping othersis one of

the things primates were built to do.

89.4 The Dark Tetrad: Narcissism, Machiavelianism,
Psychopathy, Sadism

At the anti-cooperative extreme of the human spectrum sits a
congstellation of personality traits that psychologists have come to call the
dark tetrad: narcissism, Machiavellianism, psychopathy, and sadism.
Each of these traits, considered individually, can be present in varying
degreesin any individual; they correlate with one another but are distinct,
and each captures a different aspect of the anti-cooperative social
strategy. Together they form a recognizable pattern: the individual who
treats other humans primarily as instruments to be used, exploited,
dominated, or harmed for the actor's own benefit or pleasure.

Narcissism is characterized by grandiose self-conception, sense of
entitlement, lack of empathy for others, and intense need for admiration.
Clinical narcissism (Narcissistic Personality Disorder) affects perhaps
one to six percent of the population in its severe form, with subclinical
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traits being considerably more common. The narcissist's social strategy is
to manage other people's perceptions in order to obtain admiration;
relationships are valued for what they reflect about the narcissist rather
than for the other person'sintrinsic worth.

M achiavellianism is characterized by strategic manipulation, willingness
to deceive, indifference to conventional morality when it conflicts with
self-interest, and a generally cynical view of human nature. The
Machiavellian treats social interaction as a strategic game and views
ethical constraints primarily as obstacles to be circumvented. Unlike the
narcissist, who genuinely believes in his or her own specialness, the
Machiavellian may have no particular self-aggrandizing illusions; the
orientation is toward instrumental control rather than self-image.

Psychopathy is characterized by callous lack of empathy, shallow affect,
disregard for the welfare of others, impulsivity, and a pattern of antisocial
behavior often beginning in childhood. Clinical psychopathy is rare
(roughly one percent of the population), but psychopathic traits exist on a
continuum and milder forms are more common. Brain imaging studies
show psychopaths often have reduced amygdala response to others
distress, reduced ventromedial prefrontal cortex activity during moral
reasoning, and altered functional connectivity between these regions. The
psychopath, physiologicaly, lacks the affective response that makes most
humans uncomfortable when causing harm to others.

Sadism is characterized by deriving pleasure from inflicting suffering on
others. Subclinical sadism is more prevaent than clinical sadism but still
aminority trait. Sadism is the most actively malevolent of the four traits:
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where narcissism uses others, Machiavellianism manipulates them, and
psychopathy is indifferent to their welfare, sadism actively seeks to harm
them.

Together, the dark tetrad describes a small but consistently present
subset of the human population — perhaps two to five percent at clinical
levels, more if we include subclinical expressions — whose socia
strategy is fundamentally exploitative rather than cooperative. From a
population-level standpoint, such individuals can persist in human
societies because they obtain advantages (resources, status, reproductive
opportunities) by exploiting the cooperative behaviors of others. Their
frequency in any given society depends on whether the social institutions
allow them to thrive or constrain their exploitation. Societies with strong
accountability mechanisms — courts that punish fraud, regulators that
constrain abuse, social norms that ostracize the manipulative — keep
dark-tetrad expressions to a minimum. Societies whose institutions have
weakened or been captured allow dark-tetrad individuals to rise, often to
positions of considerable power.

Every society hasits dark tetrad. What distinguishes
a healthy society from a sick one is whether its
Institutions punish dark-tetrad behavior or reward
it.

The relationship between dark-tetrad traits and political and economic
power is unsettling but well documented. Studies of corporate executives,
political leaders, and other high-status individuals show elevated rates of
certain dark-tetrad traits relative to the general population. Thisis not a
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comment on any particular individual; it is a statistical observation about
which traits, on average, facilitate the climb to power in modern
hierarchical institutions. The traits that allow an individual to manipulate
others without empathy, to deceive without shame, to dominate without
mercy, are also the traits that, in competitive hierarchical environments,
often produce success. The result is a positive selection for these traits at
the tops of many institutions, even though the same traits, expressed
widely throughout a population, would make the society dysfunctional.

89.5 The Cult of Personality and the Imperial Cult

When dark-tetrad individuals rise to positions of significant power,
they tend to construct around themselves an organizational and cultural
apparatus that students of authoritarian politics call the cult of
personality. The pattern is ancient. Roman emperors, beginning
systematically with Augustus, built around themselves the imperial cult
— areligious-political system in which the emperor was venerated as a
semi-divine figure, with his image displayed throughout the empire, his
birthday celebrated as a holy day, and refusal to participate in his
veneration treated as treason. The Pharaohs of Egypt, the kings of
M esopotamia, the emperors of China, the Stalins and Maos and Kims and
Pol Pots of the modern era — all have deployed essentially the same
playbook, with local cultural modifications. The imperial cult is one of
humanity's oldest and most reliable inventions.

What is the cult of personality, in the framework of this book? It is a
synchronization technology. The leader has needs — for admiration, for
resources, for security, for the validation of his self-image — and the cult
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Is the apparatus through which many other primates are recruited to
satisfy those needs. The subject's hypothalamus is being co-opted to serve
the leader's preferences rather than the subject's own. The rituals of
imperial veneration — the public displays of loyalty, the obligatory
expressions of admiration, the punishment of dissenters — function to
reshape the subject's molecular landscape so that the subject experiences
reward (relief from fear, social inclusion, the dopamine of conformity) by
acting in ways that benefit the leader, and punishment (cortisol of social
exclusion, dynorphin of fear) by acting in ways that do not. Within afew
generations of cult-of-personality rule, an entire population's
neurochemistry can be reshaped around the leader's preferences.

The mechanisms are not mysterious. They draw on the same
physiological substrates we have followed throughout this book.
Repeated cue-reward pairings install Pavliovian conditioning (see Chapter
4 on chemotaxis and learning). Hypothalamic stress circuits become
attuned to the leader's signals (Chapter 6). Endogenous opioid and
oxytocin systems become recruited to the experience of group conformity
(Chapter 7). Behavioral addictions to the rituals of veneration develop
(also Chapter 7). The subjects are, neurochemically, addicts of the
imperial cult, with the cult's rituals serving as the reliable triggers of their
preferred molecular states. To leave the cult is to experience withdrawal
— the dread, the dysphoria, the socia isolation — that comes with
breaking any deeply ingrained habit.

Every imperial cult isa synchronization technology.
It captures a population's hypothalami and re-aims
them at the leader's needs. The leader becomes the
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gradient toward which all molecular reward flows.

The classical imperia cult is the most explicit form of this
phenomenon, but the underlying machinery operates in many milder
forms. Brand worship, celebrity adulation, parasocia relationships with
media figures, ideological devotion to political movements, in-group
conformity to corporate cultures — all involve, in differing degrees, the
synchronization of many individuals reward systems around a particular
focal point. The neuroscience of these phenomena is essentialy the same
as the neuroscience of overt imperial cults. What distinguishes them is
mostly the level of explicit power involved and the consequences for
those who refuse to participate. A celebrity fan club imposes few costs on
non-members; a political party imposes more; a cult of personality with
state power can impose lethal costs.

It is worth observing that not every charismatic leader is a dark-tetrad
individual, and not every devoted following is an imperia cult. There are
good leaders whose followers love them for good reasons, and bad
leaders who manage to attract few followers despite their efforts. The
molecular machinery is the same in both cases — the difference is in
what the leader is asking the synchronized hypothalami to do. A leader
asking many primates to coordinate around a humane shared purpose is
doing what cooperative leadership has always done; aleader asking them
to coordinate around the leader's own glorification and self-interest is
constructing an imperial cult. The same neurochemistry, deployed for
radically different ends.
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89.6 Full-Spectrum Dominance: Physical, M ental,
Spiritual Resource Capture

When dark-tetrad leaders successfully construct an imperial cult and
acquire substantial power, their characteristic next move is what we may
call full-spectrum dominance — the systematic capture of every category
of resource the population requires for life. The pattern recurs across
history and across cultures, with sufficient regularity to suggest
something deeply rooted in human social dynamics.

Physical resource capture. The first dimension is control over food,
land, housing, energy, and the physical infrastructure of daily life.
Authoritarian regimes characteristically channel land ownership and
resource extraction to a small elite circle around the leader. Subordinates
obtain the necessities of life only through institutions controlled by the
regime, which retains the power to withhold or redirect those necessities
at will. The Maslowian tier-1 needs of the population — food, water,
shelter, basic safety — become instruments of political control.

Mental resource capture. The second dimension is control over
information, education, public discourse, and the categories of permitted
thought. Authoritarian regimes characteristically monopolize media,
restrict access to aternative information sources, rewrite school curricula
to match official narratives, and punish public expression of dissenting
views. The aim is to limit the conceptual frameworks available to
subjects, ensuring that even private thought operates within categories the
regime has approved. When successful, this kind of capture means that
subjects may not be able to formulate alternatives to the existing order;
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their entire conceptual landscape has been constructed by the regime.

Spiritual resource capture. The third dimension is control over
religious institutions, moral authority, transcendent symbolism, and the
meanings attached to life and death. Authoritarian regimes
characteristically either co-opt existing religious institutions (binding
them to the state, putting clergy on government payrolls, using ritual to
celebrate the leader) or replace them with state ideology presented in
religious terms (the leader as semi-divine, the state as object of ultimate
loyalty, the official ideology as the answer to all human questions). The
am is to capture even the meaning-making apparatus through which
subjects understand their lives, ensuring that whatever sense of purpose
they construct flows through channels the regime controls.

Full-spectrum dominance captures the body, the
mind, and the spirit. Each level reinforcesthe
others. A subject controlled in all threeismore
thoroughly bound than a subject controlled in any
one alone.

Why does this pattern recur? Because each dimension of capture
exploits a different layer of the Maslowian hierarchy we have developed
throughout this book. Physical resource capture exploits tiers 1 and 2
(physiological and safety needs). Mental resource capture exploits tiers 3
and 4 (love/belonging and esteem — by controlling who gets included in
the in-group and who gets validated for their work). Spiritual resource
capture exploits tiers 5 and 6 (self-actualization and self-transcendence
— by determining what counts as a meaningful life and a worthy
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purpose). A regime that has captured all three has, in effect, captured the
entire Maslowian gradient. Subjects pursuing satisfaction at any tier are
channeled, by the regime, in directions that serve the regime's interests.

The opposite pattern — the dispersion rather than capture of physical,
mental, and spiritual resources — is what characterizes the most
flourishing of human societies. Distributed economic power, freedom of
information, plurality of religious and philosophical communities, and
protection of private conscience together produce a society in which
Maslowian satisfaction is available through many independent channels
rather than through a single regime-controlled channel. Such societies are
robust against the rise of dark-tetrad leadership precisely because no
single individual or small group can capture them.

89.7 Engineered Scar city vs. Engineered Abundance

Following from the discussion of full-spectrum dominance, we can
identify two opposing strategies for organizing the basic Maslowian
conditions of a society. Engineered scarcity is the deliberate maintenance
of a population in tier-1 and tier-2 deprivation, regardless of the actual
material capacity of the society to meet those needs. Engineered
abundance is the deliberate construction of institutions and policies to
ensure that as much of the population as possible has its basic needs
secure, freeing them to pursue higher tiers.

Engineered scarcity is the older strategy. For most of human history,
most political systems operated through some version of it — extracting
surplus from peasants, slaves, or laborers, concentrating that surplus in
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elite hands, and maintaining the majority population in conditions of
barely-sufficient subsistence. The strategy works because chronic mild
scarcity keeps the population in scarcity-mentality hypothalamic states
(Chapter 8): focused on immediate physical needs, anxious about the
future, willing to accept whatever short-term benefits are offered in
exchange for political acquiescence, less able to mobilize for the
longer-term collective action that would threaten the existing distribution
of resources.

Modern engineered scarcity often takes subtler forms. Stagnating
wages alongside rising costs of essential goods (housing, healthcare,
education) keep populations in chronic tier-1 anxiety despite nominal
prosperity. Manufactured competition for limited positions (university
admissions, professional licensing, housing in desirable areas) produces
constant scarcity-mentality activation. Algorithmic media amplifies
fear-related content because fear engages attention, even when objective
threats are minimal. Each of these mechanisms keeps the population's
hypothalami in the same scarcity state that ancient empires maintained
through literal hunger and physical insecurity.

Engineered abundance is the newer strategy. It became possible in
industrial societies that had developed sufficient productive capacity to
potentially meet everyone's basic needs, but it requires deliberate political
choices to actually do so. The Nordic social-democratic model, the
post-war American social settlement, and various other twentieth-century
Innovations represent attempts to engineer abundance: universal
healthcare, guaranteed education, retirement security, unemployment
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insurance, public housing, food assistance. Each of these is, in the
language of this book, a hypothalamic intervention: it removes a category
of chronic anxiety from the population, freeing the mental energy that
was being consumed by survival concerns for higher-tier pursuits.

Engineered scar city keeps populations easy to rule.
Engineered abundance lets them flourish. The
choice between them s the deepest political question
any society can answer .

The political consequences of these two strategies, as we discussed in
88.5, are predictable. Societies operating under engineered scarcity tend
to be conflictual, defensive, vulnerable to demagogic manipulation, and
prone to elevating dark-tetrad leaders who promise to resolve their
members felt insecurities. Societies operating under engineered
abundance tend to be more cooperative, more innovative, more tolerant
of diversity, and more resistant to authoritarian capture. The choice
between these two patterns is not a matter of natural law or economic
necessity. It is a political choice, made and remade in every generation,
about what kind of society to be.

Importantly, engineered abundance is not utopia. Even
well-functioning social-democratic societies have meaningful inequality,
real conflicts, and persistent problems. What distinguishes them is that
the basic Maslowian conditions for the great majority of their populations
are reliably met, freeing political life to be about higher-order questions
— how to live well, what to value, how to balance competing goods —
rather than about whether to live at al.
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89.8 Malthus, Social Darwinism, and the Failureto Plan

Two ideas from the nineteenth century deserve specific attention
because of their lasting influence on how human populations understand
themselves. The first is the Malthusian framework developed by Thomas
Robert Malthus in his 1798 Essay on the Principle of Population.
Malthus argued that human populations grow geometrically while food
supplies grow only arithmetically, and therefore that any improvement in
living conditions will inevitably be erased by population growth, which
will reduce per-capita resources back to subsistence levels. The
Malthusian framework provided a powerful rationalization for the
suffering of the poor — they were simply reproducing themselves into
renewed scarcity, and intervention to relieve their condition would only
make matters worse by further encouraging their reproduction.

Malthus was, in important respects, wrong. He failed to anticipate the
agricultural and industrial revolutions that would dramatically increase
food production per worker; he failed to anticipate the demographic
transition through which populations, as they become more prosperous,
voluntarily reduce their fertility; and he failed to anticipate the
technological innovations that would make even old ideas about
‘arithmetic’ food growth obsolete. Yet his ideas have proved remarkably
durable, recurring in various forms whenever a society needs an
intellectual framework to justify ignoring its poor.

The second idea is socia Darwinism — the application of
natural-sel ection language to human society, in which the successful are
framed as biologicaly fit and the struggling as biologicaly inferior.
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Charles Darwin himself never endorsed this application; the
social-Darwinist framework was developed primarily by Herbert Spencer
and others as arationalization for laissez-faire economic policy and, later,
for various racia and eugenic ideologies. Like Malthus, social
Darwinism provides a powerful intellectual cover for anti-cooperative
social arrangements, treating the differential outcomes that those
arrangements produce as evidence of underlying biological reality rather
than as consequences of the arrangements themselves.

Malthus and social Darwinism are not really
biology. They are rationalizations, dressed in
biological language, for ignoring what cooperation
could accomplish.

What both frameworks fail to account for is the human capacity to
plan. A bacterium cannot plan; it responds to whatever gradients are
immediately present. A chimpanzee plans only on the timescale of
immediate social maneuvering. A human can plan across decades, across
generations, across centuries. The human prefrontal cortex, with its
capacity for symbolic manipulation and long-term simulation, allows our
species to envision futures that do not yet exist and to organize collective
action toward them. This capacity is what allowed the agricultural
revolution, the scientific revolution, the industrial revolution, the various
political revolutions that produced modern democratic institutions, and
the development of the public health systems that have doubled human
life expectancy over the past century.

Taxis and Chemotaxis - Chapter 9

21



The Malthusian and social-Darwinist frameworks both treat human
suffering as a fact of nature rather than as a problem to be solved. The
framework developed throughout this book treatsit differently. Suffering,
like every other feature of biological life, is the product of physiological
processes operating within particular physical and social conditions.
Those conditions are, in significant part, engineered. Different
engineering produces different suffering. The question of how to
engineer human conditions to minimize unnecessary suffering — to keep
populations in abundance mentality, to reduce engineered scarcity, to
constrain the power of dark-tetrad individuals, to invest in the
cooperative ingtitutions that allow widespread flourishing — is the
deepest practical question political thought can address. Malthus and
social Darwinism declared the question unanswerable. Modern history, in
places where engineered abundance has been even partially implemented,
shows them to have been wrong.

§89.9 Conditioning and Behavioral Mirroring

How does one human's neurochemistry come to shape another's? Two
principal mechanisms operate: conditioning (the associative learning we
have met repeatedly since Chapter 4) and behavioral mirroring (the more
immediate alignment of physiological state through nonverbal cues).
Both are essential to understanding how societies manage to produce the
synchronized hypothalamic patterns we have been discussing.

Conditioning in human social life works at vastly longer timescales than
the bacterial chemotaxis we met in Chapter 4, but the underlying
mechanism is the same. Repeated pairings of cue with reward (or cue
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with punishment) install associative memories in the amygdala,
hippocampus, and associated structures. Over time, the cue aone
becomes capable of triggering the molecular state previously produced by
the reward or punishment. A child raised in a household where physical
affection accompanies parental displeasure may, as an adult, find
embraces vaguely threatening — the amygdala has paired the cue with
the threat. A child raised with consistent praise for academic effort may
find study intrinsically rewarding — the dopamine system has paired the
cue with the reward. Across an entire population, repeated common
conditioning produces the shared associations that we recognize as
cultural meaning.

Behavioral mirroring works on much shorter timescales. When two
humans interact, their physiological states tend to align: heart rates
synchronize, breathing patterns converge, facial expressions are
unconsciously imitated. The mechanism involves mirror neurons
(neurons that fire both when an action is performed and when the same
action is observed in another), affective contagion (the unconscious
reproduction of others emotional expressions, with corresponding
physiological consequences), and various other social-cognitive systems.
The result is that individuals in close interaction come to share
neurochemical states. A calm person can calm an anxious one through
proximity alone; an angry person can spread anger through a crowd in
seconds; a depressed parent's affective state shapes the developing
neurochemistry of achild.

Your hypothalamus is contagious. So is mine. Spend
enough time near someone in a particular molecular
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state and your hypothalamus will begin to driftin
that direction.

The implications for collective behavior are substantial. A group of
humans in extended interaction will tend toward a shared hypothalamic
state, with individual variations layered on top of a common substrate.
This is why some institutions feel inherently calming (a quiet library, a
meditation hall, a traditional barbershop where people have known each
other for years) while others feel inherently activating (a busy trading
floor, a political raly, a sports stadium). The physical and socia design
of the space, combined with the behavioral patterns of the people present,
produces a characteristic hypothalamic state that newcomers tend to drift
into within minutes. Cultural designers, knowingly or not, are designing
hypothalamic environments.

Modern digital media has discovered, somewhat by accident, the
power of these mechanisms. Socia media feeds optimized for
engagement reliably produce sustained hypothalamic activation:
notifications trigger anticipatory dopamine, outrage-provoking content
triggers cortisol release, in-group validation triggers oxytocin, public
criticism triggers dynorphin and shame. Users do not merely consume the
content; they are conditioned by it, with their hypothalamic states drifting
toward whatever the algorithm has determined will maximize their
engagement. Across a population of users, this produces popul ation-scale
shiftsin mood, attention, and social trust — with predictable political and
cultural consequences. Whether the platforms intended this outcome is
amost beside the point. The mechanisms exist; once they are deployed,
they shape the populations that use them.
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89.10 Rates of Change: Why Fast Times Decentralize
and Slow Times Centralize

There is a deep observation, often attributed to various thinkers across
multiple disciplines, that the rate of environmental change determines
whether centralized or decentralized organization works better.
Slow-changing environments favor centralization: a single
decision-maker with comprehensive information can make optimal
alocations, with minimal cost from the slow updating of those decisions.
Fast-changing environments favor decentralization: many independent
decision-makers, each responding rapidly to local conditions, can adapt
to change faster than any centralized system can. The observation has
been applied to biology (comparing the centralized vertebrate immune
system with the decentralized cellular responses), to organizations
(comparing hierarchical with flat organizational structures), to economics
(comparing planned with market economies), and to politics (comparing
autocratic with democratic governance).

From the standpoint of this book, the observation has a specific
interpretation. A centralized system processes gradients through a single
computational locus — one hypothalamus, one brain, one
decision-maker. A decentralized system processes gradients through
many local computations, each responding to the gradient information
available at itslocation. When gradients are stable, the centralized system
has the advantage of integrating information across the whole system; it
can take into account what is happening everywhere, weight the various
inputs, and produce optimized responses. When gradients are changing
rapidly, however, the centralized system's advantage erodes: by the time
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it has integrated information from across its domain and produced a
response, the gradients have shifted again. The decentralized system,
responding immediately to local conditions, can adapt faster — even if its
responses are individually less optimized.

This principle has powerful implications for how we evauate
different forms of social organization across different historical periods.
In slow-changing premodern societies — where agricultural conditions,
avallable technology, and externa threats might remain stable for
generations — centralized authority was often functional and even
beneficial. A skilled monarch, with comprehensive information about the
realm, could indeed make better decisions than uncoordinated local
actors. In fast-changing modern societies — where technology,
demographics, and external conditions can shift dramaticaly within
decades or even years — centralized authority struggles. By the time a
centralized decision is made and implemented, the conditions that
motivated it have often changed, and the decision is no longer

appropriate.

Sow times centralize. Fast times decentralize. The
shape of good governanceis not eternal; it depends
on the speed at which the world is changing.

Our particular historical moment is fast. Technological change
accelerates in domain after domain. Climate is shifting. Demographic
patterns are reorganizing. Information flows in novel ways. Geopoalitical
configurations are fluctuating. In such conditions, centralized authority
— whether in the form of imperia rule, single-leader political
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movements, or excessively concentrated economic power — is
structurally maladaptive. It cannot keep up. Decentralized structures —
distributed networks, federated systems, market mechanisms, civic
associations — can adapt more quickly, even when their individual
decisions are less optimized than a centralized planner could in principle
achieve.

This is one reason why the centralization tendencies of dark-tetrad
leaders (89.4-9.6) are particularly dangerous in fast-changing eras. The
leader's full-spectrum dominance captures the gradient-processing
apparatus of the entire society, replacing many distributed computations
with one central computation. In slow times, this might be merely
oppressive; in fast times, it is aso incompetent. The society loses both its
freedom and its adaptive capacity. The historical record of authoritarian
regimes in the twentieth century — with their notorious failures of
agricultural planning, technologica adaptation, and response to emerging
crises — is consistent with this structural analysis. Centralization is not
just amoral problem in fast times; it isasurvival problem.

Conversely, the cooperative-society design we have been discussing
throughout this chapter is, in part, a decentralization strategy. Strong civil
society, distributed economic activity, free flow of information, plurality
of social ingtitutions — al are mechanisms for processing gradients in
many places at once rather than concentrating the processing at the top.
Such societies are slower to achieve consensus on any single matter, but
they are faster to adapt overal. In our fast-changing era, the slow
consensus-building of democratic institutions is not a bug but afeature. It
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is what allows the society to keep computing the gradients even as they
shift.

89.11 Coda; Taxisfromt =0tothe Throne Room

We have reached the end of the journey this book set out to make.
Across nine chapters and roughly three hundred pages, we have followed
a single grammar of motion through every level of organization the
universe has produced. There is something a system lacks. There is a
direction in which the lack is smaller. The system goes that way. In
Chapter 1, the system was a quantum field at t = O, and the gradient was
thefield's potential energy. In Chapter 2, the system was a pair of fermion
fields, and the gradient was the binding energy of their interaction. In
Chapter 3, the system was a hydrogen cloud, and the gradient was
gravitational. In Chapter 4, the system was a cell, and the gradient was
chemical. In Chapter 5, the system was a multicellular body, and the
gradient was internal hormonal state. In Chapter 6, the system was a
vertebrate brain, and the gradient was the integrated Maslowian
computation of the hypothalamus. In Chapter 7, the system was a human,
and the gradient was the felt urgency of endogenous craving. In Chapter
8, the system was a primate society, and the gradient was the aggregated
motion of many hypothalami. And in this chapter, the system has been a
civilization, and the gradient has been the negotiated outcome of
countless individual cravings synchronized — sometimes well,
sometimes badly — across millions of bodies.

What we have not done is reduce all these levels to a single physical
mechanism. The hydrogen molecule is not a cell; the cell is not a body;
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the body is not a society. Each level involves emergent properties that
cannot be derived simply from the level beneath. A flock of starlings
cannot be deduced from the behavior of an individua starling, even
though every flock is ultimately made of individua starlings. A
symphony cannot be deduced from a description of an individua
musician, even though every symphony is ultimately performed by
individual musicians. What this book has tried to demonstrate is that the
same fundamental grammar — gradient, lack, motion toward smaller lack
— operates at every level, even while the specific mechanisms of each
level are different. The grammar is universal; the mechanisms are local.

This universality matters because it lets us see continuities that
disciplinary boundaries usually obscure. A neuroscientist studying
chemotaxis in E. coli and a political scientist studying authoritarian
movements are usually thought to be in different fields, addressing
different phenomena, using different methods. They are. But they are also
studying two manifestations of the same universal logic, separated by
many levels of emergence but governed by the same fundamental rule.
To recognize this is not to flatten the differences; it is to understand the
continuity within which the differenceslive.

Fromthefield potential of t = 0 to the imperial cult
of the modern dictator, the universe has played one
verb in many tenses. There is something a system
lacks. Thereisadirection in which thelackis
smaller. The system goes that way.
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The practical implications matter. If we recognize human society as
the latest expression of a logic that has been running since before there
were stars, we may be able to design our institutions with deeper
understanding of what they are doing. We can ask: what gradients are this
society's members responding to? What molecular states are being
rewarded, and what punished? Whose hypothadami are being
synchronized to whose cravings? Are the institutions producing
engineered scarcity or engineered abundance? Are dark-tetrad individuals
being constrained by accountability or rewarded by impunity? Is the
society in afast-changing era and therefore in need of decentralization, or
in a slow era where centralization can function? These are the questions
that the book's grammar makes available, and they are not, despite their
physical-science origins, reductive questions. They are framework
guestions, opening conversations rather than closing them.

The book has also tried to make a deeper point about the relationship
between science and meaning. The materialist framework we have used
throughout — fields, particles, molecules, cells, hypothalami,
neurochemistry — has been thoroughgoing. We have not relied on any
extrahuman or supernatural cause. Yet at no point has the materialist
framework been deflationary. The opioid release that accompanies a
parent's love for a child does not make that love less real. The dopamine
release that accompanies an artist's flow state does not make the art less
worthy of creation. The oxytocin release that accompanies a deep
friendship does not make the friendship less significant. The serotonin
shift that accompanies a profound religious experience does not make the
experience less meaningful. Materialism is the substrate; meaning is what
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we do with the substrate. The two are not in opposition. They are the
same phenomenon, viewed from inside and from outside.

What remains, at the end of this book, is the universe we began with
— full of motion, full of gradients, full of systems pursuing their lacks.
We have followed the motion from the field at t = O to the throne room of
the modern emperor. Along the way, we have seen the same logic
produce stars and cells and bodies and minds and societies. What that
logic produces next, as the universe continues to unfold, is up to those of
us who can choose. We are the first systems in the long history of the
universe that can look at the gradients we are following and ask whether
they are the gradients we want. We can engineer different gradients, build
different institutions, cultivate different cravings, train ourselves and our
descendants to navigate different molecular landscapes. The grammar of
motion is not optional, but the destinations are. The gradient will pull us
somewhere. Where it pulls us next is, for the first time in cosmic history,
achoice.

Every system in the universe goes whereitslack is
smaller. Humans are the first systemin cosmic
history that can redesign its own lacks. What we
lack, going forward, is what we will become.

And so the book ends where every chapter has ended: with the same
refrain that has carried us across every level of organization, every scale
of structure, every mode of existence we have visited. The universe has
only ever needed one verb, and it has been conjugating that verb since
before there were galaxies.
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There is something a system lacks.

Thereisadirection in which the lack is smaller.

The system goes that way.

— End of Chapter 9 —
— End of Book —
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