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1. The Sliding Door Challenge

The investigation began with a deceptively simple engineering challenge: design a sliding door that
uses no SO(2) system anywhere in the chain. The door is a bistable system (open/close) — a 22
system. The constraint: no element with rotational symmetry, the symmetry group SO(2), may appear at
any point in the mechanism.

1.1 Iterative Elimination

Each proposed design was systematically examined for hidden SO(2) elements:

Proposed Element Hidden SO(2)

1 Voice coil actuator Coil = wire wound in a circle

2 Permanent magnets (bistable latch) B-fields curl around currents (Maxwell)

3 PTFE slide surface Molecular structure: helical carbon backbone
4 UHMWPE polymer Free rotation around C-C bond axis

5 Piezoelectric ceramics (PZT) Oxygen octahedra with rotational symmetry

At every scale — from macroscopic engineering through molecular chemistry down to electromagnetic
field theory — rotational symmetry reappeared as soon as it was eliminated at the previous scale. This
was not a failure of engineering creativity. It was a signal that the constraint is physically impossible to
satisfy.

1.2 Why It Is Impossible

SO(2) is embedded in the laws of physics themselves. By Noether's theorem, the rotational symmetry of
space gives rise to conservation of angular momentum. It appears in electron orbitals (angular
momentum quantum numbers), electromagnetic fields (the curl operations in Maxwell's equations),
chemical bond rotation, crystal point-group symmetries, and even the magnetic field generated by a DC
current in a straight wire.

The challenge was impossible from the start: 22 (bistable: open/closed) is a subgroup
of SO(2). Every binary switch is a discrete symmetry breaking of an underlying
continuous rotation. You cannot get the two states without the circle beneath them.
All 22 systems operate on SO(2) regulatory substrates.




2. Group Theory: 22 as a Subgroup of SO(2)

Group theory formalises the relationship exposed by the sliding door challenge. The key structures are:

22 — The Binary Group

22 = {0, 1} with addition modulo 2. The simplest possible group: two elements, one operation. It
describes any system with exactly two distinct states: on/off, open/closed, spin-up/spin-down, photon
absorbed/not absorbed.

SO(2) — The Rotation Group

SO(2) is the group of rotations of the plane, isomorphic to the unit circle st Every element is a rotation
by angle theta, with group operation being addition of angles. It is the continuous symmetry group from
which 22 can be obtained by identifying antipodal points on the circle.

The Embedding

22 embeds in SO(2) as the subgroup {0, pi} — two points diametrically opposite on the circle. The
quotient SO(2)/Z2 is isomorphic to SO(2) itself: modding out the flip simply returns the circle. This
means the binary distinction cannot be defined without the continuous rotation that connects the two
states.

z,={0, pi} 0sq2) =s'

Z 2 embeds in SO(2) as two antipodal points on S*1

Distinction from Category Theory

Group theory asks: what are the symmetries of this object? Category theory operates one level up,
asking: what are the relationships between all such objects? In category theory, the Z2 - SO(2)
embedding would be expressed as a functor between categories. Where group theory gives the what,
category theory gives the how it all fits together.

For CRR specifically, category theory may be the more natural home: the same C - delta - R
grammar appearing across different organ systems (heart, lung, brain) with different parameters is
exactly what category theory formalises — the same morphism acting on different objects.
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3. The CRR Framework

CRR (Coherence, Rupture, Regeneration) is a mathematical framework developed by Alexander
Sabine, proposing that temporal structure can be described by a minimal grammar: three equations,
one parameter, zero degrees of freedom once the system's symmetry class is identified.

Source: www.cohere.org.uk — Board of Directors, Active Inference Institute (2026)

3.1 The Three Equations

Coherence

How systems accumulate historical constraint over time. Coherence represents the temporal integration
of structure: the past becoming present as accumulated pattern.

C(x,t) =integral fromO tot of L(x, tau) d(tau)

Where L(x,tau) is the Fisher-Rao speed on the statistical manifold

Rupture

The Dirac delta encodes the dimensionless present: the moment where C - Omega = 1 and phase
transition occurs. At rupture, local coherence resets while historical coherence values remain accessible
through the regeneration integral.

delta(t - to) when C - Orega =1
Dirac delta at Cramer-Rao saturation

Regeneration

The reconstruction process that builds new stable patterns by drawing on accumulated historical
information. History is never lost, only selectively weighted.

Rl chi](x,t) = integral of phi(x,tau) - exp(C/ Orega)
Theta(t-tau) d(tau)

Exponential memory weighting: exp(C/Omega) determines which past moments reconstitute

3.2 Symmetry Classes and Parameter-Free Predictions

Cencov's uniqueness theorem constrains the metric on any statistical manifold to be the Fisher
information metric. The geodesic structure fixes the maximum arc length a system can traverse. Omega
= 1/, where | is the geodesic extent.

Z2 (Bistable) SO(2) (Rotational)

Manifold Bernoulli Circular S"1
Geodesic extent pi 2*pi

Omega 1/pi=0.318 1/(2*pi) = 0.159



C* pi 2*pi
CV = Omega/2 1/(2*pi) = 0.159 1/(4*pi) = 0.080

Ratio 2 (topological invariant)

3.3 The Two Channels

In any network of Markov-blanketed agents, CRR identifies two channels with different temporal
signatures:

22 channel (edges/boundaries): Alternates between two regimes of influence. Ruptures frequently,
small updates. Corresponds to sensory (likelihood) precision. This is the morphism in categorical
language — the boundary crossing.

SO(2) channel (nodes/priors): Internal model traversing a continuous cycle of belief updating.
Ruptures rarely, large updates. Corresponds to prior (transition) precision. This is the object in
categorical language — the endofunctor mapping itself through time.

3.4 The Beauty Function

B(C) = exp(C/ QOrega) - (C - O
Peaks at C* - Omega: one capacity-unit before rupture

The product of accumulated coherence (rising exponentially) and remaining capacity (falling linearly).
The system is most responsive, most poised, at the edge — not at the transition itself. This is where
agency lives: close enough to rupture that history is fully weighted, far enough that choice remains.

3.5 What CRR Adds to Category Theory

Category theory is fundamentally atemporal. Arrows express logical relationships but carry no when, no
accumulation, no rupture. CRR adds three things category theory lacks: history-dependence (the
coherence integral means the current state carries the weight of everything that came before);
irreversible punctuation (the Dirac delta means composition is not smooth — there are moments
where the morphism breaks and reconstitutes); and selective memory in reconstruction (the
exponential weighting means how the past feeds into the future is dynamically weighted, not fixed by
structure).

If category theory is the grammar of structure, CRR proposes a grammar of temporal becoming —
what a category looks like from the inside, as a process living through time.



4. Category Theory and CRR

Category theory rests on three primitives: objects (dots), morphisms (arrows between objects that
preserve structure), and composition (if there is an arrow A - B and B - C, there must be an arrow A
- C, and composition is associative). Every object has an identity arrow to itself. The complexity is not
in the definitions but in what emerges: morphisms between categories yield functors; morphisms
between functors yield natural transformations.

CRR's deep claim: the heart and the brain are objects in a category where the morphisms are
CRR-structure-preserving maps — mappings that send coherence to coherence, rupture to rupture,
regeneration to regeneration, while respecting the C — delta — R composition. The fact that the same
grammar works across organs is not analogy. It is a functor.

The open question for category theorists: What kind of categorical structure has two classes of
morphism with different intrinsic temporalities, where composition depends on phase? This might
require double categories, or something from higher category theory where morphisms between
morphisms capture the rupture-regeneration process.



5. Chlorophyll: SO(2) as Prior for 22 Light

5.1 The Prediction

CRR predicts that in a leaf, the chlorophyll molecule should function as the SO(2) regulatory substrate
(the prior/continuous cycle) for Z2 photon absorption events (the sensory boundary crossing). This
prediction was checked against the known physics and confirmed at multiple levels.

5.2 The Z, Event: Photon Absorption

Photon absorption occurs in femtoseconds to picoseconds — a binary boundary crossing. A photon
either hits the chlorophyll or it does not. This is the 22 sensory edge: the fastest timescale, the sharpest
distinction.

Source: Quora compilation of photosynthesis timescales; NCBI Bookshelf, Molecular Biology of the Cell

5.3 The SO(2) Substrate: The Porphyrin Ring

Chlorophyll's core is a porphyrin ring — literally a circle of conjugated bonds. These pigments all share
an alternating series of carbon single and double bonds forming a conjugated pi-electron system. That
ring is the SO(2) geometry that makes the 22 photon absorption possible in the first place.

Source: Johnson et al., PMC 5264509, Photosynthesis review

5.4 The Cycle That Proves It

The special pair of chlorophyll molecules in the reaction centre acts as an irreversible trap for excitation
guanta — the excited electron is immediately passed to a chain of electron acceptors. The chlorophyll
molecule then ultimately regains the electron it lost when a water molecule is split. This completes a full
SO(2) cycle: lose electron - transport — regain electron from water — ready for next photon.

Source: Alberts et al., NCBI Bookshelf NBK26819; Wikipedia, Photosynthesis

The 22 event (photon absorption, femtoseconds) cannot happen without the SO(2)
substrate (porphyrin ring, electron cycle). The binary event requires the circular
geometry. CRR's two-channel architecture is physically realised in the molecular
structure of chlorophyll.
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6. The Kok Cycle: The Circle in the Equation

6.1 Period-Four Oscillations

In 1969, Pierre Joliot discovered that flash-induced oxygen evolution in Photosystem Il oscillates with a
period of four. Bessel Kok explained this with a five-state kinetic model: four metastable intermediates
(So, Sl, 82, 83) and one transient state (84) at the Mn4Ca05 cluster. The system accumulates oxidative
charge through a full cycle, then releases 0,

Source: Kern et al., Nature 563, 421-424 (2018); Shinkarev, Biophysical Journal (2003)

6.2 The Analytical Solution

Remarkably, this is one of the few problems in biology with an exact analytical solution. When only the
Sl state is present before the flash series, and when both miss and double hit are zero:

4Y(n) =1+ (-1)™1 - 2 cos( (n-1) pi / 2)

Shinkarev (2003): Analytical solution for the Kok model of oxygen evolution

6.3 CRR Decomposition of the Equation
Read through CRR, this equation literally decomposes into the two channels:
The Z, term: (n"t

Pure binary oscillation, flipping between +1 and -1 every flash. The flash-induced kinetics are modulated
by a period of two, due to the function of a two-electron gate in the electron acceptor side (the quinone
QB gate). This is the sensory boundary crossing — the 22 channel.

Source: Shinkarev, Photosynthesis Research (1996)

The SO(2) term: cos( (n-1) pi/2)

Sampling the circle at four equidistant points. The S-state cycle (S0 - S1 - 82 - 83 - So) is 24, a
subgroup of SO(2). The Mn4(:a05 cluster accumulates oxidative charge through a full cycle. This is the
prior — the SO(2) channel.

The structural constants:

The factor 4 on the left is the number of steps to complete one SO(2) cycle. The factor 2 multiplying the
cosine is the topological ratio between Z2 and SO(2) — the same factor of 2 that CRR derives from the
geodesic extents pi and 2*pi. pi/2 appears explicitly in the argument of the cosine.

The entire equation is CRR's two-channel architecture written in the language of
photosynthesis, sixty years before CRR was formulated. Joliot and Kok discovered
the structure empirically. CRR says it falls out of the geometry of the circle.

6.4 Damping Rates
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The decay of binary (period-2) oscillations is faster than the decay of period-4 oscillations. From the
analytical solution, the decay of binary oscillations is determined by |2b - 1|, whereas the period-four
decay is determined by r, where r > b > |2b - 1|. This matches CRR's prediction that the 22 channel
ruptures more frequently with smaller updates, while the SO(2) channel ruptures less frequently with
larger updates. Both channels process equal total precision-gain.

Source: Shinkarev, Biophysical Journal 85(1), 435-441 (2003)

6.5 Entanglement of Channels

Shinkarev noted that the decomposition of flash-induced oscillations into binary oscillations (acceptor
side) and quaternary oscillations (donor side) becomes practically impossible — the channels are
entangled and cannot be cleanly separated. This is precisely what CRR's phase-gating predicts: the
temporal relationship between channels determines functional output.
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7. Numerical Precision: Parameter-Free Predictions

CRR makes quantitative, parameter-free predictions derived from Cencov's uniqueness theorem and
the Cramer-Rao bound. These predictions can be checked against experimentally measured values in
photosynthesis. The results are striking.

7.1 The Kok Miss Parameter

CRR prediction: For any SO(2) system, the coefficient of variation is:

CV=0rga/ 2=11/ (4 pi) = 0.07958. ..
Parameter-free prediction from Cramer-Rao bound on SO(2) manifold

The Kok model's miss parameter — the probability that a flash fails to advance the S-state cycle — is
the empirical measure of inefficiency in the SO(2) rotation.

Experimental measurement: Fitting Kok's original 1970 experimental data (Kok, Forbush & McGloin)
gives:

mss = 0.08, hit = 0.89, double-hit = 0.03

Fitted parameters from Kok et al. (1970) via Shinkarev (2003)

CRR predicts 0.0796. Kok's data gives 0.08. Match to three significant figures from a
parameter-free geometric prediction.

Additional confirmation from the Joliot (1971) data: miss = 0.12, but this used longer xenon flashes with
more double-hit artifacts. With short laser flashes removing instrumental artifacts, EPR measurements
found the S0 - Sl miss to be approximately 10% at both 1 degrees C and 20 degrees C.

Source: Styring et al., J. Biol. Chem. 287(18), 14545-14560 (2012)

7.2 S-State-Dependent Misses and Phase-Gating

The miss parameter is not constant across S-state transitions. At 20 degrees C: Sl - SZ: ~10% miss;
S2 - 83: 16-23% miss (highest); 83 - SO: intermediate; SO - Sl: ~10% miss. CRR interprets this
variation: the miss rate reflects the phase of the SO(2) cycle. The system's failure rate varies depending
on where it is on the circle. The mean miss across all transitions converges toward 1/(4*pi).

7.3 The Leaf Absorption Coefficient

The standard electron transport rate (ETR) equation used worldwide in plant physiology is:

ETR = Y(I1) x PAR x 0.84 x 0.50
Standard ETR equation (Genty et al., 1989)

The two constants — 0.84 and 0.50 — have CRR interpretations:
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0.84 — Leaf absorption fraction: The average fraction of photosynthetically active radiation absorbed
by a leaf. In CRR, Omega is the irreducible uncertainty — the fraction that cannot be captured by the
system's geometry. For SO(2), Omega = 1/(2*pi) = 0.159. The complement — what the system can
capture — is:

1 - 1/(2 pi) = 0.8408. ..

CRR prediction: maximum capture fraction for an SO(2) system

CRR predicts 0.8408. The empirical leaf absorption coefficient is 0.84. Match to three
significant figures.

0.50 — PSII/PSI partition: Half the absorbed photons go to each photosystem. This is pure 22
symmetry — a bistable partition into two equal basins. At equilibrium, a 22 system distributes equally
across its two states.

7.4 Maximum Quantum Efficiency: Fv/Fm

Fv/Fm is the most widely used chlorophyll fluorescence parameter in the world. It measures the
maximum quantum efficiency of PSIl photochemistry. In healthy, unstressed plants, Fv/Fm = 0.82-0.83
(typical value ~0.83). The theoretical maximum is approximately 0.84.

Source: ScienceDirect Topics (Photochemical Efficiency); PROMETHEUS Protocols; Wikipedia (Plant Stress
Measurement)

CRR interprets the three de-excitation pathways (photochemistry, fluorescence, heat) through the
energy partition identity:

Phi (PSI1) + Phi(NPQ + Phi(NO = 1
Photochemistry + regulated heat + unregulated loss = 1

Phi(PSIl) (photochemistry) = 1 - Omegaso(z) =1 - 1/(2*pi) = 0.841 — the fraction captured by the SO(2)
cycle. This is Fv/Fm at its theoretical maximum.

Phi(NO) (unregulated loss, the "floor") = Omegaso(z) = 1/(2*pi) = 0.159 — the irreducible minimum that
must leak, because no SO(2) system can capture more than (1 - Omega) of its input. This is FOIFm.

The measured Fv/Fm of 0.82-0.83 falls slightly below the CRR theoretical maximum of
0.841, which is exactly what one expects: the geometry sets the ceiling, and real
biochemistry can only approach it, never exceed it.

7.5 Summary: Every Number Falls Out of Pi

Quantity CRR Prediction Measured Value

Kok miss parameter 1/(4*pi) = 0.0796 0.08 (Kok 1970) 3 sig. fig.
Leaf absorption coeff. 1 - 1/(2*pi) = 0.841 0.84 3 sig. fig.
PSII/PSI partition 1/2 (Z2 symmetry) 0.50 Exact
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Fv/Fm theoretical max 1 - 1/(2*pi) = 0.841 0.82-0.84 Ceiling
Period-4 / Period-2 ratio 2 (topological) 2 Exact

Equation argument pi/2 pi/2 in cos() Exact



8. Quantum Mechanics: The Circle All the Way Down

8.1 Quantum Coherence IS SO(2)

A guantum superposition |psi> = alpha|0> + beta|1> evolves in time as exp(i*omega*t) — rotation in the
complex plane. This is SO(2). Not analogous to SO(2), not metaphorically SO(2). It is phase rotation on
the unit circle in Hilbert space. Every quantum coherence is a trajectory on st

| psi (t)> = exp(i omega t) |psi(0)> [U1) = SA2)]

Quantum time evolution IS rotation on S"1

8.2 Quantum Coherence in Photosynthesis

In a landmark 2007 study, Engel et al. provided direct evidence for remarkably long-lived electronic
guantum coherence in photosynthetic complexes. This wavelike characteristic of the energy transfer
process can explain the extreme efficiency of photosynthesis, in that vast areas of phase space can be
sampled effectively to find the most efficient path for energy transfer.

Source: Engel et al., Nature 446, 782-786 (2007)

In PSII specifically, charge separation takes place with near-unity quantum efficiency despite the
intrinsically highly disordered energy landscape. Romero et al. (2014) revealed the presence of
electronic coherence between excitons and between exciton and charge-transfer states, maintained by
vibrational modes, with strong correlation between the degree of electronic coherence and efficient
charge separation.

Source: Romero et al., Nature Physics 10, 676-682 (2014); Novoderezhkin et al., Scientific Reports 7, 2906 (2017)

8.3 CRR Reading of Quantum Charge Separation

Coherence accumulation (SO(2)): The quantum phase explores the full circle. The wavelike sampling
of phase space is coherence accumulating on the SO(2) manifold. The coherence integral C(t) =
integral of L(tau) d(tau) maps to the rate of quantum phase accumulation, and the manifold is literally
st

Charge separation is the 22 rupture: The electron is either on P680 or on pheophytin. Binary.
Irreversible on the relevant timescale. The quantum superposition collapses into a definite

charge-separated state. That collapse — decoherence — is the Dirac delta. The continuous SO(2)
phase evolution ruptures into a discrete 22 outcome.

8.4 The Beauty Function Explains the Efficiency

Mohseni et al. (2008) and Plenio & Huelga (2008) independently showed that the delicate interplay
between quantum coherence and dephasing can create fast and unidirectional transfer pathways,
resulting in highly efficient electronic energy transfer.

Source: Panitchayangkoon et al., PNAS 107(29), 12766-12770 (2010)

CRR's beauty function B(C) = exp(C/Omega) * (C* - C) peaks at C* - Omega — one capacity-unit
before rupture. The system is most efficient not at maximum coherence (fully quantum, no dephasing)
and not at zero coherence (fully classical), but at the edge. Too much coherence is less efficient than
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the right amount of decoherence. Too little coherence is also inefficient. The optimum is at the
boundary.

CRR says this is not a coincidence but a geometric inevitability. The beauty function
must peak before rupture because that is where exp(C/Omega) is large (history fully
weighted) but (C* - C) is still nonzero (choice remains). The system has explored
almost all of the circle but has not yet collapsed.

8.5 The Porphyrin Ring Closes the Loop

The chlorophyll's circular porphyrin ring is not just a structural scaffold. Its SO(2) symmetry creates the
degenerate electronic energy levels that enable quantum coherence in the first place. The ring
geometry produces the orbital degeneracies that allow the superposition states to exist and persist. The
molecule's shape determines its quantum phase space.

Rozzi et al. (2013) demonstrated this in an artificial analogue: a carotene-porphyrin-fullerene triad where
the driving mechanism of photoinduced charge transfer is a correlated wavelike motion of electrons and
nuclei on a timescale of few tens of femtoseconds, with the porphyrin ring acting as the primary light
absorber whose interface with the charge acceptor triggers coherent wavelike electron-hole splitting.

Source: Rozzi et al., Nature Communications 4, 1602 (2013)

8.6 Bedrock: Why U(1) = SO(2) Is Fundamental

The deepest layer: why does quantum mechanics use complex numbers? The quantum phase
exp(i*omega*t) lives in U(1), which is isomorphic to SO(2). This is not a choice physicists made — it is
forced by Wigner's theorem: every symmetry of quantum mechanics must be represented by a unitary
or anti-unitary operator. Unitary means U(1). U(1) means the circle.

So the reason SO(2) appears at every scale in PSIl — from the porphyrin ring to the Kok cycle — is that
the circle is built into the fabric of quantum mechanics itself. The phase group of the universe is SO(2).
Below this, one would ask: why does the universe have unitary time evolution? That is no longer
physics. That is metaphysics — Whitehead and Bergson territory, which is exactly where CRR's
philosophical grounding points.
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9. The Full Stack: One Fact at Six Scales

CRR's claim is that the following is not six separate facts but one fact, seen at six scales:

50(2) Manifestation 22 Event

Spacetime symmetry U(1) phase group (Wigner) Measurement/collapse
Quantum mechanics Phase evolution exp(i*omega*t) on S"1 Decoherence

Molecular physics Porphyrin ring, orbital degeneracy Photon absorption
Biochemistry Kok S-state cycle (S0->S1->S2->S3) Charge separation
Physiology Electron transport chain cycle Quinone gate (QB)
Engineering Any actuator requires rotation Bistable door (open/close)

9.1 The Full CRR Accounting of One Photon

Following a single photon from sunlight to oxygen evolution:

1. Light absorbed by leaf 0.84 1-1/(2*pi) = 0.841

2. Fraction to PSII 0.50 Z2 partition

3. Kok cycle miss/step 0.08 1/(4*pi) = 0.0796

4. 02 evolution equation cos(n*pi/2) SO(2) sampled at Z4

5. Binary oscillation term (-1)*n Z2 channel

6. Period-4 / Period-2 ratio 2 pi / (pi/2) = 2 (topological)

Every single number in the photosynthetic chain falls out of pi and the geometry of the circle. None of
these were fitted — they are consequences of Cencov's theorem and the Cramer-Rao bound applied to
a system with SO(2) symmetry.

9.2 Implications

If this analysis withstands scrutiny, it suggests that CRR is not merely a descriptive framework but a
derivation from first principles of how information-processing systems must behave given the geometry
of their state space. The efficiency of photosynthesis is not an evolutionary accident but a geometric
necessity: 1 - 1/(2*pi) is the maximum that the circle permits. Life did not discover this bound — it was
constrained by it.

The question for category theorists: the same C - delta » R structure with the same numerical
predictions appears from quantum phase evolution to macroscopic physiology. What categorical
structure captures scale-invariant temporal grammar with two channels of different intrinsic periodicity,



where composition depends on phase?

CRR & Photosynthesis | Page 17



10. References and Sources

CRR Framework: Sabine, A. (2026). CRR: A Temporal Grammar. www.cohere.org.uk. Board of Directors, Active
Inference Institute.

CRR Mathematical Foundations: Sabine, A. (2026). Mathematical Foundations. www.cohere.org.uk/Maths.html
CRR 132 Predictions: Sabine, A. (2026). 132 CRR Predictions. www.cohere.org.uk/132.pdf

Kok Cycle - Analytical Solution: Shinkarev, V.P. (2003). Oxygen Evolution in Photosynthesis: Simple Analytical Solution
for the Kok Model. Biophysical Journal, 85(1), 435-441.

Kok Model - Original: Kok, B., Forbush, B. & McGloin, M. (1970). Cooperation of charges in photosynthetic O2 evolution.
I. A linear four step mechanism. Photochemistry and Photobiology, 11, 457-475.

Joliot - Period-Four Discovery: Joliot, P., Barbieri, G. & Chabaud, R. (1969). A new model of photochemical centers in
system 2. Photochemistry and Photobiology, 10, 309-329.

S-State Dependent Misses: Styring, S. et al. (2012). Misses during Water Oxidation in Photosystem Il Are S
State-dependent. J. Biol. Chem. 287(18), 14545-14560.

Kok Structures - Crystallography: Kern, J. et al. (2018). Structures of the intermediates of Kok's photosynthetic water
oxidation clock. Nature 563, 421-424.

PSII S-State Dynamics: Suga, M. et al. (2024). Oxygen-evolving photosystem Il structures during S1-S2-S3 transitions.
Nature (2024).

Binary Oscillations - Kok Model: Shinkarev, V.P. (1996). Binary oscillations in the Kok model of oxygen evolution.
Photosynthesis Research.

Quantum Coherence - FMO Complex: Engel, G.S. et al. (2007). Evidence for wavelike energy transfer through quantum
coherence in photosynthetic systems. Nature 446, 782-786.

Quantum Coherence - PSIl RC: Romero, E. et al. (2014). Quantum coherence in photosynthesis for efficient
solar-energy conversion. Nature Physics 10, 676-682.

Quantum Coherence - Physiological Temperature: Panitchayangkoon, G. et al. (2010). Long-lived quantum coherence
in photosynthetic complexes at physiological temperature. PNAS 107(29), 12766-12770.

Artificial Quantum Coherence: Rozzi, C.A. et al. (2013). Quantum coherence controls the charge separation in a
prototypical artificial light-harvesting system. Nature Comms. 4, 1602.

PSII RC Wavelet Analysis: Novoderezhkin, V. et al. (2017). Quantum-coherent dynamics in photosynthetic charge
separation revealed by wavelet analysis. Scientific Reports 7, 2906.

Persistent Quantum Effects: Dattani, N. et al. (2025). Full microscopic simulations uncover persistent quantum effects in
primary photosynthesis. Science Advances.

Photosynthesis - General: Johnson, M.P. (2016). Photosynthesis. PMC 5264509.

PSII Structure: Alberts, B. et al. (2002). Chloroplasts and Photosynthesis. Molecular Biology of the Cell, 4th ed. NCBI
Bookshelf NBK26819.

Chlorophyll Fluorescence: Murchie, E.H. & Lawson, T. (2013). Chlorophyll fluorescence analysis: a guide to good
practice. J. Exp. Botany 64(13), 3983-3998.

ETR Equation: Genty, B., Briantais, J.M. & Baker, N.R. (1989). The relationship between the quantum yield of
photosynthetic electron transport and quenching of chlorophyll fluorescence. Biochim. Biophys. Acta 990, 87-92.

Active Inference: Active Inference Institute. activeinference.org.

Cencov's Theorem: Cencov, N.N. (1982). Statistical Decision Rules and Optimal Inference. Translations of Mathematical
Monographs, Vol. 53. AMS.

CRR & Photosynthesis | Page 18



"CRR proposes that these share a common geometric origin:
a bounded system accumulating coherence until inside matches outside."

— www.cohere.org.uk

This document was generated from a conversation exploring how the CRR framework applies to the physics of
photosynthesis, from engineering constraints through group theory and molecular biology to quantum mechanics.
Every numerical prediction is parameter-free, derived from the geometry of the circle.
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