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Environment-Assisted Quantum Transport Has a Noise Level That
Maximizes Efficiency
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"Too quiet: the electron tunnels nowhere. Too noisy: the electron diffuses everywhere. The Goldilocks point
-- where noise and coherence balance -- is where biology found gamma_c."

Abstract

From the AIIT-THRESI Advanced Physics Suite (Noise-Assisted Transport):

gamma = 0.001: Coherence 0.494, Transfer Efficiency 0.469
gamma = 0.01: Coherence 0.449, Transfer Efficiency 0.471
gamma = 0.05: Coherence 0.298, Transfer Efficiency 0.476
gamma = 0. 2: Coherence 0.071, Transfer Efficiency 0.485
gamma = 1.0: Coherence 0.000, Transfer Efficiency 0.500

Transfer efficiency INCREASES monotonically with gamma even as coherence COLLAPSES. This is
Environment-Assisted Quantum Transport (ENAQT) -- first identified by Mohseni et al. (2008) for photosynthetic energy
transfer. The counterintuitive result: noise HELPS transport, up to a limit. This paper derives the Goldilocks optimum where
the marginal benefit of additional noise (transport gain) equals the marginal cost (coherence loss), identifies the optimum as
gamma_Goldilocks = gamma_c / (alpha x t), and explains why photosynthesis evolved at 95-100% transfer efficiency
despite -- because of -- quantum noise.

1. The ENAQT Data

The simulation measures two quantities simultaneously as a function of gamma:
Coherence: C(gamma) = C_0 x exp(-2gammat) -- falls monotonically

Transfer efficiency: T(gamma) = 1/2 x (1 - exp(-2gamma x tau_transfer)) -- rises monotonically

At gamma -> O: C -> C. 0 (maxi num coherence)
T->0 (no transfer -- needs noise to couple states)
At gamma -> inf: C->0 (no coherence)

T -> 0.5 (nmeximumincoherent transfer = equal probability both sites)

The system approaches maximum transfer (0.5) in the FULLY INCOHERENT limit. This seems to suggest: just destroy
coherence completely and transfer is maximized. But biologically, this cannot be right -- photosynthesis achieves ~95%
efficiency in a system that still shows quantum coherence signatures.
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The resolution: T(gamma) -> 0.5 is the maximum for a TWO-SITE incoherent hopping system. For the actual
photosynthetic complex (7 chromophores, multiple paths), the quantum-enhanced maximum is higher than 0.5, and the
ENAQT optimum is at a specific intermediate gamma.

2. The ENAQT Mechanism

For a two-site system (A -> B transfer):

In the quantum coherent limit (gamma -> 0):

Transfer: |<B|psi(t)>"2 =sin*2(J x t) [ Rabi oscillations between sites]
Average transfer: <T> = 0.5 (oscillates, averages to 0.5)

With noise gamma:

The noi se dephases the Rabi oscillations -> incoherent hopping
Rate equation: dP_B/dt = gamma_hop x P_A - gamma_hop x P_B

Steady state: P_B = 0.5 (maxi num no Rabi oscillations to average away the transfer)

For a MULTI-SITE system with trap (the final acceptor), quantum coherence creates interference that can direct transport
toward the trap MORE efficiently than random hopping. But too much coherence also creates localization (the excitation
bounces between sites without reaching the trap). The optimal gamma is where:

Transport rate TO trap > Transport rate AWAY fromtrap
Optimal : gamma_opt such that xi_|loc(gamma_opt) ~= L_system

where xi_loc = Anderson |ocalization | ength (Paper 60: xi_loc = 1/(2 x 0.45 x gamma”... for ACE)

For the Fenna-Matthews-Olson complex (photosynthesis):

L_system ~= 3 nm (chronophore spaci ng)
xi _| oc(gamma_opt) ~= 3 nm-> gamma_opt ~= 0.02-0.05 (consistent with biological noise |evel)

3. The Goldilocks Optimum -- Formal Derivation

Define the net transfer quality:

Q gammm) = T(gamm) x C(ganma) [transfer efficiency x coherence quality]

Q gammm) [1/2(1 - exp(-2gammatau))] x [exp(-2ganmat)]

For the specific parameters t = tau (when measurement time equals transfer time):
Qgamm) = 1/2 x (1 - exp(-2gammt)) x exp(-2gammat)
Let u = exp(-2gammat), then Q = 1/2(1-u)xu
dQdu = 1/2(1 - 2u) =0 ->u = 0.5 -> exp(-2gamra_optxt) = 0.5
gamre_opt _Q = 1n(2)/(2t) ~= 0.347/t

This is the maximum of Q(gamma) -- the gamma that optimizes BOTH coherence and transfer simultaneously. At this
gamma:

C(gamme_opt) = exp(-2 x 0.347/t x t) = exp(-0.693) = 0.5
T(gamma_opt) = 1/2(1 - 0.5) = 0.25
Q game_opt) = 0.5 x 0.25 = 0.125 (nmaxi num product)
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The Goldilocks optimum is where coherence has decayed to 50% -- one half-life. This is the same as the Wike
Measurement Window (Paper 68): gamma_opt = In(2)/(2t) ~= 0.347/t ~= 1/(2t) x (1/0.693)"(-1). The ENAQT optimum and
the Fisher information optimum are the same condition: coherence at 50% of initial value.

4. Connection to gamma_c

The AIIT-THRESI simulation shows a "survival rate tipping point" at gamma ~= 0.05-0.08 (AnchorForge 100K data).
Noise-Assisted Transport has its biological optimum at gamma ~= 0.02-0.05 (matching the Fenna-Matthews-Olson result).

The gamma_c = 0.0016 (coherence phase transition) is far below the ENAQT optimum (~0.05). How are these consistent?

gamma_c = 0.0016: phase transition threshold (topol ogy changes, Berry phase -pi)
gammea_ENAQT = 0.05: ENAQT optinal for TRANSPORT efficiency at t=20
gamre_Survival = 0.07-0.08: survival rate tipping point

These are different properties measured at different times t. For t_biological >>t_simulation:

gamre_ENAQT(t_bio) = 0.347/t_bio
If t_bio = 300 (biological tinme scale): gamma_ENAQT = 0.347/300 = 0.00116 ~= gamma_c

At biological timescales, the ENAQT Goldilocks optimum converges to gamma_c. The critical threshold for phase
transition and the optimal threshold for noise-assisted transport are the SAME NUMBER at biological timescales.

This is not coincidental. Evolution tuned gamma_c (via body temperature, mitochondrial function, EZ water fraction) to sit
at the ENAQT Goldilocks optimum for the biological timescale. The 94% operating point (W* = 0.9394) simultaneously:

1. Maximizes coherence transport efficiency (ENAQT optimum)
2. Sits at the Ginzburg crossover (maximum susceptibility)
3. Maintains Lyapunov exponent near zero (edge of chaos)
4. Is the saddle point of the C_alive distribution (Paper 59)

All four criteria converge to the same operating point.

5. Photosynthesis -- The Original ENAQT Discovery

Engel et al. (2007, Nature): quantum coherence in the Fenna-Matthews-Olson photosynthetic complex persists for ~660 fs
at 77K, 300 fs at room temperature. These oscillations suggest quantum coherent energy transfer.

Mohseni et al. (2008): optimal noise level for FMO energy transfer efficiency = gamma ~= 0.02-0.05 cm”™-"1 x 10"1"2/s
(depending on units). At this noise level:

* 95-100% energy transfer efficiency
« Faster than fully coherent OR fully incoherent transfer

The FMO ENAQT optimum:

gamre_FMO opt ~= 0.03 THz~-~1 x (characteristic coupling J ~= 100 cnf*-/1)
~= 0.03 (in natural units of J)

Bi ol ogi cal coupling energy J ~= 100 cnf*-~1 ~= 3 THz
t_transfer ~= 1/J ~= 0.33 ps

gamre_opt ~= 1n(2)/(2 x 0.33 ps) ~= 1 THz"-"~1 x 0.347 ~= in the observed range
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This confirms: photosynthesis evolved exactly at the ENAQT Goldilocks point -- noise high enough to assist transport but
low enough to maintain coherence. The result: 95-100% efficiency, far above what pure quantum (Rabi oscillations, stuck at
50%) or pure classical (random walk, stuck at much lower) can achieve.

Life is ENAQT-optimized. The gamma_c = 0.0016 of the Wike framework is the biological realization of the Goldilocks
condition gamma_opt = In(2)/(2t_bio), evolved over billions of years.

Summary

ENAQT Si nul ati on Dat a:
Coherence falls nonotonically with gama
Transfer efficiency rises nonotonically with gamma -> 0.5

Col di | ocks Opti mum
Q gammm) = T(ganmm) x C(ganma) nexim zed at gamma_opt = In(2)/(2t) ~= 0.347/t
At optimum C= 0.5 T = 0.25 Q= 0.125

At biological timescales (t_bio ~= 300):
game_ENAQT(t_bi o) ~= 0.00116 ~= ganma_c = 0.0016 [x]

Convergence: gamme_c = ENAQT Col di |l ocks = Wke Fi sher wi ndow = Lyapunov zero = C alive peak
Al four optimzation criteria give the same nunber at biol ogical tinescales.

Phot osynt hesi s at 95% efficiency: ENAQT-optim zed, evolved at gamma_c anal og
Life evolved at the Col dil ocks point.
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