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Abstract 

Whether conscious experience is substrate-independent—capable of arising in any 

physical system that implements the appropriate computational or dynamical 

structure—remains a central challenge in philosophy of mind and consciousness 

science. This paper proposes the Container Hypothesis, a formal framework grounded 

in the mathematics of open quantum systems to establish substrate independence on 

rigorous footing. We define a container as a four-tuple (ℋ, 𝐻, {𝐿௞}, {𝛾௞})comprising 

a Hilbert space, system Hamiltonian, a set of Lindblad (jump) operators, and 

corresponding coupling rates. Within this framework, we introduce two quantitative 

measures: Quantum Substrate Specification (QSS) efficiency, which quantifies how 

effectively environment-assisted processes—analogous to noise-assisted quantum 

transport—maintain coherent information flow; and Quantum Entanglement-

correlation Fidelity (QEF) strength, which captures multi-partite quantum 

correlations available for information integration. We define container equivalence 

using the diamond norm on completely positive trace-preserving (CPTP) maps, 

providing a rigorous criterion for when two physically distinct substrates may be 

considered dynamically—and potentially phenomenologically—equivalent. We derive 

several relationships between QSS and QEF and established measures in quantum 

information theory and Integrated Information Theory (IIT), and propose two 

experimentally testable predictions involving two-dimensional electronic spectroscopy 

of candidate biological structures and correlational neuroimaging studies. We explicitly 

acknowledge that this framework does not address the hard problem of consciousness, 

operates under significant empirical uncertainty regarding biological quantum 
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coherence timescales, and should be regarded as an exploratory formal proposal rather 

than an established theory. 

 

1. Introduction 

1.1 The Substrate Independence Question 

Substrate independence is the thesis that conscious experience does not depend on the 

specific material composition of a system but rather on the pattern of information 

processing it implements. This idea is deeply rooted in functionalism (Putnam, 1967) 

and the computational theory of mind (Chalmers, 1996), and underpins much 

contemporary discussion about artificial consciousness, whole-brain emulation, and the 

moral status of non-biological minds. 

Yet substrate independence has remained largely a philosophical stance rather than a 

formally specified hypothesis. What exactly must be preserved across substrates? The 

standard functionalist answer—"the causal-functional organization"—raises the 

question of how finely that organization must be characterized. If only classical 

computational structure matters, then a sufficiently detailed digital simulation of a brain 

should be conscious. If quantum-level dynamics matter, the requirements become 

considerably more stringent. 

1.2 Motivation: Quantum Biology and Information Integration 

Recent advances in quantum biology have demonstrated that non-trivial quantum 

effects operate in certain biological systems at physiological temperatures. The most 

thoroughly established example is environment-assisted quantum transport 

(ENAQT) in photosynthetic light-harvesting complexes, where the interplay between 

coherent dynamics and environmental noise produces energy transfer efficiencies 

exceeding what either purely coherent or purely classical dynamics can achieve (Engel 

et al., 2007; Plenio & Huelga, 2008; Mohseni et al., 2008; Cao et al., 2020). The radical 

pair mechanism in avian magnetoreception provides a second well-substantiated 

example of functional quantum effects in living organisms (Hiscock et al., 2016; Ritz 

et al., 2000). 
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Whether analogous quantum effects play a functional role in neural information 

processing remains an open and contentious question. The Orchestrated Objective 

Reduction (Orch-OR) proposal of Penrose and Hameroff (Penrose, 1994; Hameroff & 

Penrose, 2014) posits quantum coherence in microtubules, while Fisher (2015) has 

proposed that nuclear spin entanglement in Posner molecules Caଽ(POସ)଺could provide 

a mechanism for quantum processing in the brain. Both proposals face serious 

challenges, particularly regarding decoherence timescales (Tegmark, 2000), and neither 

has received experimental confirmation. 

Independently, Integrated Information Theory (IIT) (Tononi, 2004; Tononi et al., 

2016) proposes that consciousness corresponds to integrated information ( Φ )—a 

measure of how much a system's whole generates information above and beyond its 

parts. Zanardi, Tomka, and Campos Venuti (2018) explored how the concept of 

integrated information can be formulated within quantum information theory, though 

they emphasized that their aim was to understand information integration in quantum 

systems rather than to explain consciousness per se. 

1.3 The Present Proposal 

This paper attempts to bridge these strands by proposing a formal framework—the 

Container Hypothesis—that specifies substrate independence in the language of open 

quantum systems. Our central claim is that the relevant level of description for assessing 

substrate equivalence is the system's Lindblad dynamics: two substrates are equivalent 

containers for consciousness if and only if their open quantum system dynamics are 

sufficiently close in the diamond norm metric on the induced CPTP maps. 

The paper is organized as follows. Section 2 develops the mathematical framework, 

introducing the container formalism, QSS efficiency, and QEF strength. Section 3 states 

the Container Hypothesis and derives its key corollaries. Section 4 proposes 

experimental predictions. Section 5 discusses limitations, open questions, and relations 

to existing theories. Section 6 concludes. 

We wish to be explicit about the epistemological status of this work. The framework 

we propose is exploratory and speculative. We present it not as an established theory 

but as a formal structure that may help organize thinking about substrate independence 
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and generate testable (if difficult) predictions. The hardest conceptual question—why 

any physical dynamics should give rise to subjective experience (the "hard problem" of 

consciousness; Chalmers, 1995)—is not resolved by this framework and may not be 

resolvable by any framework of this type. 

2. Mathematical Framework 

2.1 Preliminaries 

We work within the standard framework of open quantum systems (Breuer & 

Petruccione, 2002). Consider a quantum system 𝑆 with a finite-dimensional Hilbert 

space ℋof dimension 𝑁. The state of 𝑆is described by a density operator 𝜌 ∈ 𝒟(ℋ), 

where 𝒟(ℋ)denotes the set of positive semi-definite operators on ℋwith unit trace. 

Under the Born-Markov approximation and the secular approximation, the time 

evolution of 𝜌is governed by the Gorini-Kossakowski-Sudarshan-Lindblad (GKSL) 

master equation: 

𝑑𝜌

𝑑𝑡
= ℒ[𝜌] = −𝑖[𝐻, 𝜌] + ෍ 𝛾௞

௞

൬𝐿௞𝜌𝐿௞
ற −

1

2
{𝐿௞

ற 𝐿௞ , 𝜌}൰ 

 

where 𝐻is the system Hamiltonian, {𝐿௞}are Lindblad (jump) operators describing the 

system-environment interaction, 𝛾௞ > 0are corresponding coupling rates, and we set 

ℏ = 1throughout. 

The formal solution generates a one-parameter family of CPTP maps {Φ௧}௧ஹ଴, where 

Φ௧(𝜌଴) = 𝜌(𝑡), forming a quantum dynamical semigroup. 

2.2 Containers 

Definition 1 (Container). A container is a four-tuple 𝒱 = (ℋ, 𝐻, {𝐿௞}, {𝛾௞})where: 

(i) ℋis a finite-dimensional Hilbert space of dimension 𝑁 ≥ 2, 

(ii) 𝐻is a self-adjoint operator on ℋ(the system Hamiltonian), 

(iii) {𝐿௞}௞ୀଵ
ெ  is a finite set of operators on ℋ (Lindblad operators), partitioned into 

thermal operators ൛𝐿௞
th}௞ୀଵ

ெth  describing coupling to a thermal environment and seed 

operators ൛𝐿௞
seed}௞ୀଵ

ெseed representing structured environmental driving, where 𝑀 =
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𝑀th + 𝑀seed, 

(iv) {𝛾௞}௞ୀଵ
ெ are positive real coupling rates associated with each Lindblad operator. 

The container must satisfy the following constraints: 

(C1) Thermodynamic consistency: The thermal operators ൛𝐿௞
th, 𝛾௞

thൟsatisfy the Kubo-

Martin-Schwinger (KMS) detailed balance condition with respect to the system 

Hamiltonian at inverse temperature 𝛽 . Specifically, if 𝐿௞
th induces a transition from 

energy eigenstate ∣ 𝑛⟩ to ∣ 𝑚⟩ , the corresponding rates satisfy 𝛾௡→௠/𝛾௠→௡ =

𝑒ିఉ(ா೘ିா೙). 

(C2) Dissipative generation: The Lindblad superoperator generated by the seed 

operators together with the Hamiltonian has a steady-state manifold whose dimension 

is strictly less than 𝑁ଶ − 1. More precisely, writing the Liouvillian superoperator as a 

superoperator ℒመacting on the operator space ℬ(ℋ), the kernel of ℒመ(the set of steady 

states) must have sufficiently low dimension that the dynamics does not trivially 

decouple into non-interacting sectors. 

Remark on C2. One might consider requiring the seed operators to generate the full 

Lie algebra 𝔰𝔲(𝑁)under commutation, by analogy with controllability conditions in 

quantum control theory. However, Lie-algebraic controllability pertains to unitary 

dynamics generated by Hamiltonians, whereas Lindblad operators act through 

dissipative superoperators on density-matrix space. The relevant concept is 

dissipative reachability—which states in 𝒟(ℋ)can be reached from a given initial 

state under the Lindblad dynamics—and this is governed by the structure of the 

Liouvillian superoperator rather than by the Lie algebra of the jump operators 

themselves (see Altafini, 2003; Ticozzi & Viola, 2014). The dissipative generation 

condition (C2) is a weaker but more appropriate requirement. 

(C3) Non-triviality: The seed operators do not commute with 𝐻, ensuring that the 

structured environmental driving induces non-trivial interplay with the coherent 

dynamics. Formally, there exists at least one 𝑘such that [𝐿௞
seed, 𝐻] ≠ 0. 

Remark. The partition of Lindblad operators into thermal and seed classes is a 

modeling choice that reflects the conceptual distinction between generic thermal noise 
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and structured environmental driving (as seen, e.g., in ENAQT). This partition is not 

unique—different decompositions of the same Liouvillian ℒmay yield different QSS 

values—and its physical significance must ultimately be justified by the specific system 

under study. 

2.3 Container Equivalence 

Definition 2 (Container Equivalence). Two containers 𝒱ଵ =

(ℋଵ, 𝐻ଵ, {𝐿௞
(ଵ)

}, {𝛾௞
(ଵ)

})and 𝒱ଶ = (ℋଶ, 𝐻ଶ, {𝐿௞
(ଶ)

}, {𝛾௞
(ଶ)

})are 𝜖-equivalent if there exists 

an isometry 𝑉: ℋଵ → ℋଶ (where dim ℋଵ ≤ dim ℋଶ ) such that for all 𝑡 in a 

dynamically relevant time window [0, 𝑇]: 

∥ Φ௧
(ଵ)

− 𝑉றΦ௧
(ଶ)

𝑉 ∥⋄≤ 𝜖 

 

where ∥⋅∥⋄denotes the diamond norm (also called the completely bounded trace norm), 

Φ௧
(௜)is the CPTP map generated by container 𝒱௜, and 𝑉றΦ௧

(ଶ)
𝑉denotes the map 𝜌 ↦

𝑉றΦ௧
(ଶ)

(𝑉𝜌𝑉ற)𝑉. 

The choice of the diamond norm is motivated by the fact that it captures the worst-case 

distinguishability of two quantum channels when the system is entangled with an 

ancilla, providing the operationally strongest notion of channel distance. For 𝜖 -

equivalent containers with small 𝜖, no experiment performed on the system alone—

including experiments that exploit entanglement with an external reference system—

can distinguish them operationally. 

Technical remark. When dim ℋଵ < dim ℋଶ , the composed map 𝜌 ↦

𝑉றΦ௧
(ଶ)

(𝑉𝜌𝑉ற)𝑉is completely positive but not necessarily trace-preserving, because 

the dynamics Φ௧
(ଶ) may spread the state outside the embedded subspace 𝑉ℋଵ . The 

diamond norm remains well-defined on non-CPTP linear maps, so the mathematical 

comparison is valid, but the interpretation as "operational indistinguishability" is most 

rigorous when both maps are CPTP. When dimensions are unequal, this definition 

implicitly assumes that the relevant dynamics approximately preserves the embedded 

subspace. When dim ℋଵ = dim ℋଶ, 𝑉is unitary and this technical issue vanishes. 

Remark. The time window [0, 𝑇]introduces a dependence on the timescales of interest. 
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For neural information processing, 𝑇 should cover timescales relevant to cognitive 

function (approximately 10ିଷto 10଴seconds). For different hypothesized substrates, 

this window may differ. 

2.4 Quantum Substrate Specification (QSS) Efficiency 

QSS efficiency measures the degree to which seed operators contribute to maintaining 

structured (non-thermal) dynamics, by analogy with how environmental noise enhances 

transport in ENAQT systems. 

Definition 3 (QSS Efficiency). For a container 𝒱, define the full Liouvillian ℒfull =

ℒு + ℒth + ℒseed and the purely thermal Liouvillian ℒth-only = ℒு + ℒth , where 

ℒு[𝜌] = −𝑖[𝐻, 𝜌] is the Hamiltonian part. Let 𝜌ௌ
full(𝑡) = 𝑒ℒfull௧[𝜌଴] and 𝜌ௌ

th(𝑡) =

𝑒ℒth-only௧[𝜌଴] be the evolved states from a reference initial state 𝜌଴ under the full and 

purely thermal dynamics, respectively. 

The QSS efficiency is: 

𝜂QSS(𝑡) =
∣ 𝑆(𝜌ௌ

full(𝑡)) − 𝑆(𝜌ௌ
th(𝑡)) ∣

𝑆୫ୟ୶ − 𝑆୫୧୬(𝑡)
 

 

where 𝑆(𝜌) = −Tr(𝜌ln 𝜌)is the von Neumann entropy, 𝑆୫ୟ୶ = ln 𝑁is the maximum 

entropy (corresponding to the maximally mixed state), and 𝑆୫୧୬(𝑡) =

min {𝑆(𝜌ௌ
full(𝑡)), 𝑆(𝜌ௌ

th(𝑡))}. 

Remark. The absolute value in the numerator ensures 𝜂QSS ≥ 0regardless of the sign 

of the entropy difference. Seed operators can either increase entropy relative to purely 

thermal evolution (enhancing state-space exploration) or decrease entropy (structured 

state preparation, driving the system toward specific low-entropy non-equilibrium 

steady states). The sign of 𝑆(𝜌ௌ
full) − 𝑆(𝜌ௌ

th) carries additional information—positive 

values indicate seed-induced entropy increase, negative values indicate seed-driven 

entropy reduction—and should be reported alongside 𝜂QSS. 

The denominator 𝑆୫ୟ୶ − 𝑆୫୧୬(𝑡) provides normalization ensuring 𝜂QSS ≤ 1 , with 

equality when the entropy difference equals the maximum possible range. When 

𝑆୫୧୬(𝑡) = 𝑆୫ୟ୶(both evolutions reach maximum entropy), the denominator vanishes 
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and we define 𝜂QSS = 0. 

Verification that 𝜂QSS ∈ [0,1]: When 𝑆full ≥ 𝑆th, the numerator is 𝑆full − 𝑆thand the 

denominator is ln 𝑁 − 𝑆th ; since 𝑆full ≤ ln 𝑁 , the numerator does not exceed the 

denominator. When 𝑆full < 𝑆th , the numerator is 𝑆th − 𝑆full and the denominator is 

ln 𝑁 − 𝑆full; since 𝑆th ≤ ln 𝑁, the numerator again does not exceed the denominator. 

Definition 4 (Time-Averaged QSS Efficiency). The time-averaged QSS efficiency 

over a relevant window [0, 𝑇]is: 

𝜂̄QSS =
1

𝑇
න 𝜂QSS

்

଴

(𝑡)ௗ𝑑𝑡 

 

2.5 Quantum Entanglement-Correlation Fidelity (QEF) Strength 

For a multi-partite system with Hilbert space ℋ = ⨂௜ୀଵ
௡ ℋ௜ , QEF strength captures 

quantum correlations available for information integration. 

Definition 5 (Pairwise Quantum Discord). For subsystems 𝐴௜and 𝐴௝with reduced 

state 𝜌஺೔஺ೕ
, the quantum discord is: 

𝛿௜௝ = 𝐼(𝐴௜: 𝐴௝) − 𝐽(𝐴௜: 𝐴௝) 

 

where 𝐼(𝐴௜: 𝐴௝) = 𝑆(𝜌஺೔
) + 𝑆(𝜌஺ೕ

) − 𝑆(𝜌஺೔஺ೕ
)is the quantum mutual information, and 

𝐽(𝐴௜: 𝐴௝) = 𝑆(𝜌஺೔
) − min ൛ஈೕൟ 𝑆(𝜌஺೔∣{ஈೕ})is the classical correlation, minimized over all 

local projective measurements ൛Π௝ൟon subsystem 𝐴௝. 

Definition 6 (Total Multi-Partite Correlation). The total multi-partite correlation of 

an 𝑛-partite state 𝜌is: 

𝒞௡ = ෍ 𝑆(

௡

௜ୀଵ

𝜌஺೔
) − 𝑆(𝜌) 

 

This quantity, also known as the total correlation or multi-information, equals the 

relative entropy 𝐷(𝜌 ∥ ⨂௜𝜌஺೔
) and measures the total (classical plus quantum) 

correlations among all subsystems. 
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Definition 7 (QEF Strength). The QEF strength is: 

ΦQEF = 𝛿̄ + 𝜆ௗ𝒞௡ 

 

where 𝛿̄ =
ଶ

௡(௡ିଵ)
෍ 𝛿௜௝

௜ழ௝
 is the mean pairwise quantum discord and 𝜆 > 0 is a 

weighting parameter. 

Remark on the parameter 𝜆. The weighting parameter 𝜆is currently unconstrained 

by theory. This is a notable limitation. The two components 𝛿̄and 𝒞௡scale differently 

with system size 𝑛 : for typical quantum states, 𝛿̄ remains bounded while 𝒞௡ grows 

with 𝑛 , so 𝜆 effectively determines which component dominates for large systems. 

Future work should seek to derive 𝜆 from more fundamental considerations—for 

instance, by requiring scale-invariance of ΦQEFunder coarse-graining, or by fitting to 

empirical data once available. In the interim, results should be reported for a range of 

𝜆values to assess sensitivity. 

2.6 Relation to ENAQT Efficiency 

In ENAQT systems, the transport efficiency is typically defined as: 

𝜂ENAQT = න 𝜅trap

ஶ

଴

ௗTr(∣ 𝑗trap⟩⟨𝑗trap ∣ ௗ𝜌(𝑡))ௗ𝑑𝑡 

 

where 𝜅trapis the trapping rate constant at a designated site ∣ 𝑗trap⟩, with dimensions of 

inverse time. This measures the total probability of successful exciton capture. 

Proposition 1 (Conditional Relationship Between QSS and ENAQT Efficiency). 

For network Hamiltonians where the dephasing rate that simultaneously maximizes 

delocalization (as measured by the inverse participation ratio of the steady state) and 

maximizes trapping efficiency, and when seed operators are pure dephasing operators 

𝐿௞ =∣ 𝑘⟩⟨𝑘 ∣ acting on individual sites, the time-averaged QSS efficiency 𝜂̄QSS is a 

monotonically increasing function of 𝜂ENAQT. 

Proof sketch. In ENAQT, the optimal noise regime corresponds to a dephasing rate 

𝛾∗ that breaks localization induced by static disorder while preserving sufficient 
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coherence for constructive interference effects (Plenio & Huelga, 2008; Rebentrost et 

al., 2009). For the restricted class of networks specified in the proposition, the noise 

level that maximizes exciton delocalization (making site populations more entropic, 

thereby maximizing the numerator of 𝜂̄QSS ) coincides with the noise level that 

maximizes trapping at the sink. Within this regime, increasing 𝜂ENAQTcorresponds to 

increasing departure of the full dynamics from the purely thermal dynamics (under 

which the system either localizes due to Anderson-type effects or thermalizes without 

efficient directed transport), hence 𝜂̄QSSincreases. 

Important caveat. This monotonic relationship does not hold in general. For networks 

where delocalization and trapping are competing objectives—for instance, networks 

where the trap is far from the initial excitation site, so that efficient trapping requires 

localization at the trap rather than delocalization—QSS efficiency and ENAQT 

efficiency may exhibit opposite dependences on noise strength. The proposition is 

restricted to the specific class of networks where these objectives are aligned. 

Numerical studies on small network models (3–7 sites) indicate that this alignment 

occurs in a significant but not universal subset of random network topologies. 

2.7 Relation to Integrated Information 

Proposition 2 (Weak Order Relation with Quantum Integrated Information). Let 

ΦIIT
ொ denote the state-based quantum generalization of integrated information defined 

in the framework of Zanardi, Tomka, and Campos Venuti (2018). For systems with 

ΦQEF = 0 (zero quantum correlations), ΦIIT
ொ

= 0 (zero quantum integrated 

information). 

Proof sketch. If ΦQEF = 0, then 𝛿̄ = 0and 𝒞௡ = 0(since both terms are non-negative 

and 𝜆 > 0). The condition 𝒞௡ = 0implies 𝜌 = ⨂௜𝜌஺೔
—the global state is a product 

state. For a product state, any bipartition (𝐴, 𝐵)gives 𝑆(𝜌஺) + 𝑆(𝜌஻) = 𝑆(𝜌), so the 

mutual information 𝐼(𝐴: 𝐵) = 0 . Since quantum integrated information is upper-

bounded by the minimum mutual information over all bipartitions (Zanardi et al., 2018), 

we have ΦIIT
ொ

= 0. □ 

Remark. This result establishes only the consistency of zero sets of ΦQEFand ΦIIT
ொ : 

the absence of quantum correlations implies the absence of quantum integrated 
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information. The converse does not necessarily hold (zero integrated information as 

defined via minimum over bipartitions does not require zero total correlation). Beyond 

the zero boundary, we conjecture that ΦQEF and ΦIIT
ொ  are positively correlated for 

generic quantum states, but we do not claim a general monotone functional relationship. 

Establishing or refuting such a relationship requires analysis of the interplay between 

bipartition structure (central to IIT) and the pairwise discord structure captured by 

ΦQEF, which we leave to future work. We also note that this proof applies to the state-

based formulation of quantum integrated information in Zanardi et al. (2018); 

dynamical (channel-based) formulations may yield different relationships. 

2.8 Robustness Under Local Noise 

Proposition 3 (Noise Sensitivity). Under a local depolarizing channel ℰ௣
loc =

⨂௜ୀଵ
௡ ℰ௣

(௜) , where each single-party channel acts as ℰ௣
(௜)

(𝜌௜) = (1 − 𝑝)𝜌௜ + 𝑝
ூ೔

ௗ೔
 , the 

QEF strength satisfies: 

ΦQEF(ℰ௣
loc(𝜌)) ≤ 𝑔(𝑝)ௗΦQEF(𝜌) 

 

where 𝑔(𝑝) is a function satisfying 𝑔(0) = 1 , 𝑔(1) = 0 , and 𝑔 is monotonically 

decreasing on [0, 1]. 

Proof. We bound each component of ΦQEFseparately. 

Pairwise discord. The local depolarizing channel is a local operation (belonging to the 

class of CPTP maps acting on individual subsystems). Quantum discord is 

monotonically non-increasing under local operations on the unmeasured subsystem 

(Streltsov et al., 2011). For the depolarizing channel, the output state of any two-party 

subsystem (𝑖, 𝑗)can be written as: 

𝜌௜௝
ᇱ = (1 − 𝑝)ଶ𝜌௜௝ + (1 − 𝑝)𝑝 ൬𝜌௜ ⊗

𝐼௝
𝑑௝

൰ + 𝑝(1 − 𝑝) ቀ
𝐼௜

𝑑௜
⊗ 𝜌௝ቁ + 𝑝ଶ

𝐼௜௝

𝑑௜𝑑௝
 

 

The discord of this mixture is upper-bounded by the discord of the original state times 

a factor depending on 𝑝 and the dimensions 𝑑௜ , 𝑑௝ . For qubits (𝑑௜ = 𝑑௝ = 2 ), direct 

calculation using the depolarizing channel as a special case of the general monotonicity 
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result of Streltsov et al. (2011) yields 𝛿௜௝
ᇱ ≤ (1 − 𝑝)ଶ𝛿௜௝, though for general dimensions 

the scaling may be more involved. We therefore write 𝛿̄ᇱ ≤ ℎଵ(𝑝)𝛿̄, where ℎଵ(𝑝)is a 

non-increasing function with ℎଵ(0) = 1and ℎଵ(1) = 0, equal to (1−𝑝)ଶin the qubit 

case. 

Total correlation. The total correlation 𝒞௡ = 𝐷(𝜌 ∥ ⨂௜𝜌஺೔
)transforms under the local 

depolarizing channel as follows. Since the depolarizing channel factorizes as a tensor 

product ℰ௣
loc = ⨂௜ℰ௣

(௜) , and ℰ௣
loc(⨂௜𝜌஺೔

) = ⨂௜ℰ௣
(௜)

(𝜌஺೔
) , the contractivity of relative 

entropy under CPTP maps (data processing inequality) directly gives: 

𝒞௡
ᇱ = 𝐷(ℰ௣

loc(𝜌) ∥ ⨂
௜

ℰ௣
(௜)

(𝜌஺೔
)) ≤ 𝐷(𝜌 ∥ ⨂

௜
𝜌஺೔

) = 𝒞௡ 

 

For the depolarizing channel, since at 𝑝 = 1the output is a product state (all maximally 

mixed), 𝒞௡
ᇱ = 0 ; while at 𝑝 = 0 , 𝒞௡

ᇱ = 𝒞௡ . Hence there exists a non-increasing 

function ℎଶ(𝑝)(ℎଶ(0) = 1, ℎଶ(1) = 0) such that 𝒞௡
ᇱ ≤ ℎଶ(𝑝)𝒞௡. 

Taking 𝑔(𝑝) = max {ℎଵ(𝑝), ℎଶ(𝑝)}gives the required bound. □ 

Remark. This result confirms the intuitive expectation that local noise monotonically 

degrades quantum correlations and hence QEF strength. Its practical implication is that 

substrates with higher effective local noise rates will exhibit lower QEF values, 

establishing a minimum coherence requirement for any system to serve as a high-QEF 

container. 

 

3. The Container Hypothesis 

3.1 Statement 

We now state the Container Hypothesis as a three-tiered claim with decreasing 

confidence. 

Tier 1: Framework Claim (mathematical). The open quantum system dynamics of a 

physical substrate—specified by its container 𝒱 = (ℋ, 𝐻, {𝐿௞}, {𝛾௞}) —provides a 

well-defined level of description at which substrate equivalence can be assessed. Two 



13 

 

substrates with 𝜖 -equivalent containers (Definition 2, 𝜖 below a threshold 𝜖௖ ) are 

dynamically equivalent in the sense that no measurement performed on the system 

can distinguish them. 

Tier 2: Mechanism Claim (empirical, uncertain). In at least some biological systems 

associated with complex information processing, the QSS efficiency is non-trivially 

positive ( 𝜂̄QSS > 𝜂threshold  for some system-dependent threshold), indicating that 

structured environmental driving contributes functionally to the system dynamics in a 

manner analogous to ENAQT. 

Tier 3: Equivalence Claim (speculative). Conscious experience (to the extent that it 

depends on physical dynamics) is determined by the CPTP dynamics of the container 

up to 𝜖-equivalence. Two 𝜖-equivalent containers with 𝜖 < 𝜖௖give rise to equivalent 

conscious experiences, regardless of their material composition. 

Remark. Tier 1 is a mathematical statement that follows from the properties of the 

diamond norm. Tier 2 is an empirically testable claim in principle (see Section 4). Tier 

3 is a metaphysical claim that confronts the hard problem: even if two systems have 

identical dynamics, we cannot be certain they have identical experiences without an 

independent theory of how dynamics gives rise to experience. Tier 3 should be 

understood as a conditional claim: if consciousness supervenes on quantum dynamics 

(rather than on other aspects of the physical substrate), then container equivalence 

implies experiential equivalence. 

3.2 Corollaries 

The Container Hypothesis, if correct, has several corollaries. 

On multiple realizability. The hypothesis provides a precise criterion for when 

multiple realizability holds: a conscious state is multiply realizable across substrates 

that are container 𝜖-equivalent. This is more restrictive than classical functionalism 

(which requires only computational equivalence) but less restrictive than identity theory 

(which requires material identity). 

On artificial consciousness. A silicon-based system could in principle be conscious if 

its open quantum system dynamics—including its interaction with the local 



14 

 

environment—matches the dynamics of a biological neural system within diamond 

norm tolerance 𝜖௖. This is a far more demanding requirement than running the same 

classical algorithm, as it requires replicating the quantum dynamical features 

(coherences, correlations, noise structure) of the biological system. 

On the role of the environment. A notable feature of the container formalism is that 

the environment's effects are explicitly included through the Lindblad operators. The 

"container" is not the bare system but the system-plus-environment dynamics. This 

means substrate independence is not about isolated systems but about the full open-

system dynamics, including the specific way the substrate interacts with its 

surroundings. 

 

4. Experimental Predictions 

We propose two experimental predictions that can be derived from the framework, 

along with a correlational study design. 

4.1 Prediction 1: ENAQT Signatures in Microtubules 

Prediction. If microtubules serve as biological containers with non-trivial QSS 

efficiency, then two-dimensional electronic spectroscopy (2DES) experiments on 

purified tubulin polymers at physiological temperature (310 K) should reveal signatures 

of environment-assisted quantum transport similar to those observed in photosynthetic 

complexes. 

Specific signatures. (a) Long-lived off-diagonal features in 2DES spectra at waiting 

times beyond 100 fs, indicative of electronic or vibronic coherences. (b) Non-

monotonic dependence of energy transfer efficiency on temperature or solvent viscosity 

(a hallmark of ENAQT, where moderate noise enhances transport). (c) Cross-peak 

oscillation patterns that persist at physiological temperature but are absent in denatured 

(unfolded) tubulin. 

Rationale. Microtubules have been proposed as sites of quantum coherence in the 

nervous system (Hameroff & Penrose, 2014). The aromatic amino acids in tubulin 

(tryptophan, tyrosine, phenylalanine) possess electronic transition dipole moments 
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capable of excitonic coupling, similar to chromophores in photosynthetic complexes. 

Recent computational studies (Craddock et al., 2014) suggest that these couplings could 

support coherent energy transfer, but experimental verification is lacking. 

Falsification criterion. If 2DES experiments on tubulin polymers at 310 K reveal (i) 

no coherent oscillation features at waiting times beyond 50 fs, and (ii) no non-

monotonic temperature dependence of energy transfer, this would constitute strong 

evidence against the claim that microtubules serve as ENAQT-supporting containers. 

Feasibility. 2DES is a mature technique that has been successfully applied to 

photosynthetic complexes (Engel et al., 2007) and various molecular aggregates 

(Butkus et al., 2012). Its application to tubulin preparations is technically feasible with 

current instrumentation, though interpreting results in the crowded spectral landscape 

of a large protein may be challenging. 

4.2 Prediction 2: Correlational Neuroimaging Signatures 

Prediction. If neural information processing involves non-trivial quantum correlations 

(positive QEF strength), then carefully constructed classical proxies for multi-site 

correlation structure—derived from high-density EEG or MEG recordings—should 

exhibit specific dynamical patterns during tasks hypothesized to require high 

information integration. 

Operationalization. Define a classical proxy measure: 

Φ෩ (𝑡) = 𝐼corrected(𝑡) + 𝜆ௗ𝒞௡
classical(𝑡) 

 

where 𝐼corrected is the mean pairwise time-frequency mutual information between 

EEG/MEG channels after subtraction of volume conduction components (estimated via 

source reconstruction or imaginary part of coherency methods), and 𝒞௡
classicalis the total 

classical correlation across all channels. 

Key caveat. This classical proxy is not a measurement of quantum discord or quantum 

correlations. It is a classical statistical quantity computed from macroscopic 

electromagnetic field measurements. The logic of the prediction is indirect: the 

Container Hypothesis predicts that systems with higher QEF strength should exhibit 
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more structured multi-site correlations, and if some of this structure is reflected in 

macroscopic observables (EEG/MEG signals), then the proxy measure should correlate 

with cognitive states that the hypothesis associates with high QEF. This chain of 

reasoning involves multiple assumptions, each introducing uncertainty. 

Specific prediction. During transitions from unconscious to conscious states (e.g., 

recovery from anesthesia, transition from non-REM sleep to wakefulness), Φ෩ (𝑡)should 

exhibit a sharp increase that temporally precedes or coincides with behavioral markers 

of consciousness recovery, and the increase should be more pronounced than can be 

accounted for by classical neural network models of the same transitions. 

The "beyond classical" clause. The critical distinguishing prediction is not merely 

that Φ෩ increases during consciousness recovery (which classical theories also predict), 

but that the dynamical pattern of the increase—its onset timing, spatial distribution, 

and frequency structure—should be better predicted by quantum dynamical models 

incorporating ENAQT-type noise-assisted processes than by purely classical neural 

mass models. This is an extremely demanding comparison that requires careful 

computational modeling. 

Falsification criterion. If classical neural mass models can fully account for the 

observed dynamics of Φ෩ (𝑡)under all measured conditions with no need for quantum 

dynamical parameters, the mechanism claim (Tier 2) would be weakened (though not 

definitively refuted, since the classical proxy may simply fail to capture the relevant 

quantum features). 

 

5. Discussion 

5.1 Relation to Existing Theories 

Orch-OR. The Container Hypothesis shares with Orch-OR the idea that quantum 

effects in microtubules could be relevant to consciousness, but differs in several key 

respects. Orch-OR invokes a specific and controversial modification of quantum 

mechanics (objective state reduction at the Diósi-Penrose threshold), whereas the 

Container Hypothesis works entirely within standard quantum mechanics (the GKSL 
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master equation for open quantum systems). Orch-OR makes consciousness depend on 

gravitationally induced state reduction, while the Container Hypothesis makes it 

depend on the structure of open-system dynamics. The two proposals are logically 

independent: Orch-OR could be correct even if our framework is wrong, and vice versa. 

IIT. The Container Hypothesis is complementary to IIT in the following sense: IIT 

specifies what consciousness is (integrated information), while our framework specifies 

the level of physical description at which integration should be assessed. If 

consciousness requires integrated information (as IIT claims) and if quantum-level 

integrated information exceeds classical-level integrated information (as Zanardi et al., 

2018 suggest is possible), then the container formalism provides a natural language for 

substrate independence specification in quantum information-theoretic terms. However, 

our framework does not depend on IIT being correct. 

Quantum cognition. The field of "quantum cognition" uses quantum probability 

theory as a mathematical framework for modeling cognitive phenomena (Pothos & 

Busemeyer, 2013) without necessarily claiming that quantum physics operates in the 

brain. Our proposal differs in that we claim actual quantum physical effects (coherence, 

entanglement, discord) may play a role, not merely that quantum mathematics is useful 

for modeling. 

5.2 The Decoherence Challenge 

The most serious empirical challenge facing any proposal involving quantum effects in 

the nervous system is the extremely rapid decoherence at biological temperatures. 

Tegmark (2000) estimated that superpositions of neural firing states would decohere in 

approximately 10ିଵଷseconds, far faster than any neural processing timescale (10ିଷ–

10଴ seconds). 

We frankly acknowledge this challenge and do not claim to resolve it. We offer the 

following considerations, none of which constitutes a decisive rebuttal: 

ENAQT as partial response. The ENAQT paradigm demonstrates that useful quantum 

effects can persist in biological systems at physiological temperatures—but in 

photosynthesis, the relevant timescales are picoseconds and the functional process 

(energy transfer) also occurs on picosecond timescales. Whether an analogous match 
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between quantum coherence timescales and functional timescales occurs in the nervous 

system is unknown. 

Molecular-scale rather than cellular-scale quantum effects. Our framework does not 

require macroscopic quantum superpositions of neural firing states (which Tegmark's 

analysis rules out). It requires only that quantum effects at the molecular scale 

(electronic or nuclear spin coherences within individual proteins or molecular 

complexes) contribute to information processing. Decoherence times for molecular-

scale electronic coherences at biological temperatures are in the femtosecond-to-

picosecond range (similar to photosynthesis), while nuclear spin coherences can be 

significantly longer. 

Nuclear spin coherence. Fisher (2015) proposed that ଷଵPnuclear spins in Posner 

molecules could maintain entanglement over biologically relevant timescales. This 

proposal has been critically examined by Player and Hore (2018), who estimated an 

upper bound on entanglement lifetime of approximately 37 minutes under idealized 

conditions (isolated Posner molecules in solution) and noted that spin relaxation 

mechanisms in realistic biological environments would likely reduce this further. While 

even 37 minutes would be remarkable and biologically significant if confirmed, the 

estimate involves an idealized scenario and has not been experimentally verified. We 

therefore do not rely on specific coherence-time claims but note that the question 

remains open. 

What is required. For our framework to be biologically relevant, it would need to be 

demonstrated that: (a) quantum coherences or correlations persist at molecular scales 

within neural structures for times comparable to the relevant molecular-scale 

information processing steps (not necessarily the full cognitive timescale), and (b) these 

molecular-scale quantum effects aggregate to influence neural-level information 

processing. Neither (a) nor (b) has been demonstrated in the nervous system, and both 

face significant skepticism. 

5.3 The Hard Problem 

The Container Hypothesis does not address the hard problem of consciousness 

(Chalmers, 1995)—why there is "something it is like" to be a conscious system. Our 
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framework specifies substrate equivalence conditions at the level of physical dynamics 

but does not explain why any dynamics should give rise to subjective experience. This 

is a limitation shared by all current scientific theories of consciousness, including IIT 

(which postulates but does not explain the experience-information identity) and Global 

Workspace Theory (which describes the functional architecture of consciousness but 

does not address qualia). 

If the hard problem does not admit a reductive solution, then even a complete 

specification of the dynamics associated with consciousness will not close the 

explanatory gap. Our framework would provide necessary but not sufficient conditions 

for consciousness—conditions that the physical dynamics must satisfy for 

consciousness to arise, without explaining the "arising" itself. 

5.4 Falsifiability Assessment 

We claim that the Container Hypothesis is falsifiable in principle, but acknowledge that 

practical falsification faces significant obstacles. 

Tier 2 (Mechanism Claim) is most directly testable. Prediction 1 (2DES of 

microtubules) can yield a clear negative result with current experimental capabilities. 

The definitive absence of ENAQT signatures in microtubules would not refute the 

entire framework (other biological substrates could still exhibit quantum effects), but 

would eliminate the most frequently proposed neural candidate. 

Tier 3 (Equivalence Claim) is extremely difficult to test. Testing it would require 

constructing a non-biological container that matches a biological container in its full 

CPTP dynamics (a vast engineering challenge) and then assessing whether it gives rise 

to conscious experience (which requires solving the measurement problem of 

consciousness—we do not have a consciousness-meter). Practically, Tier 3 may be 

beyond experimental reach for the foreseeable future. 

What would change our minds. If comprehensive experimental searches across 

multiple candidate biological structures (microtubules, mitochondria, ion channels, 

synaptic proteins) reveal no quantum effects at physiological temperatures beyond 

trivial thermal noise, the motivation for quantum-level substrate independence 

specification would be substantially weakened. Classical functionalism—specifying 
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substrate independence at the computational level—would be the more parsimonious 

framework. 

 

6. Conclusion 

We have proposed the Container Hypothesis, a formal framework for specifying 

substrate independence of consciousness in the language of open quantum systems. The 

framework introduces two quantitative measures—QSS efficiency and QEF strength—

to characterize the quantum dynamical properties of a physical substrate, and defines 

substrate equivalence via the diamond norm on CPTP maps. We have derived 

relationships between these measures and established quantities in quantum 

information theory and Integrated Information Theory, and proposed experimental 

predictions that are testable in principle with current technology. 

The framework has significant limitations. It does not address the hard problem of 

consciousness. Its biological relevance depends on the open question of whether 

quantum coherence effects play a functional role in neural information processing. Its 

most speculative claim (Tier 3) is beyond current experimental reach. And its 

quantitative measures involve free parameters (𝜆, 𝜖௖) not yet determined by theory. 

Despite these limitations, we believe the framework makes a useful contribution by 

translating the philosophical intuition of substrate independence into precise 

mathematical language. If quantum effects do play a role in neural information 

processing—a possibility that remains open despite skepticism—then the container 

formalism provides a natural and rigorous framework for assessing when two 

physically distinct systems are equivalent in the dynamically relevant sense. If quantum 

effects turn out to be irrelevant, the framework reduces to classical channel equivalence 

conditions in the limit of fully decohered dynamics, recovering classical functionalism 

as a special case. 
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Appendix A: Notation Summary 

Symbol Definition 

𝒱 Container four-tuple (ℋ, 𝐻, {𝐿௞}, {𝛾௞}) 

ℋ Hilbert space of dimension 𝑁 

𝐻 System Hamiltonian 

{𝐿௞} Lindblad operators (partitioned into thermal and seed) 

{𝛾௞} Coupling rates 

ℒ Liouvillian superoperator 

Φ௧ CPTP map generated by ℒat time 𝑡 

∥⋅∥⋄ Diamond norm 

𝜂QSS QSS efficiency 

𝜂̄QSS Time-averaged QSS efficiency 

𝛿௜௝ Pairwise quantum discord 

𝛿̄ Mean pairwise quantum discord 

𝒞௡ Total multi-partite correlation 

ΦQEF QEF strength 

𝜆 Weighting parameter in QEF 

𝜖 Diamond norm tolerance for container equivalence 

𝛽 Inverse temperature 

 


