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Abstract
We propose a necessary condition for consciousness derived from quantum infor-

mation geometry. The Fisher information of a binary measurement with visibility V
equals the squared Lorentz factor: I(V) = γ²(V) = 1/(1 − V²). Combined with Ito’s
entropy-production relation σ̇ ≥ ½ g_F, this yields a sharp physical statement: ev-
ery non-trivial measurement produces irreversible entropy at rate σ̇ ≥ ½γ²(V). We
argue that consciousness requires such irreversible measurement-like processes at
a sustained rate σ̇ > 0. Current AI architectures—transformers, diffusion models,
reinforcement learning agents—fail this criterion because their computations are de-
terministic, producing zero informational entropy regardless of hardware heat dissi-
pation. The criterion is falsifiable: thermodynamic computers using genuine thermal
noise would satisfy it while digital emulations would not. We derive three testable
predictions and distinguish this framework from IIT, GNWT, and the Free Energy
Principle.

Keywords: consciousness, artificial intelligence, Fisher information, entropy pro-
duction, thermodynamic irreversibility, measurement

1. Introduction
Can machines be conscious? The question has animated philosophy of mind since
[25] and remains urgent as large language models display increasingly sophisticated
behavior [3]. Recent systematic frameworks for assessing AI consciousness [5] draw
on multiple theories but lack a mathematically precise physical criterion. [22] ar-
gues from biological naturalism that current AI cannot be conscious, and [1] warn of
systematic illusions of AI consciousness. Thermodynamic approaches have been ex-
plored [11]; [16], but none have derived a specific necessary condition from quantum
information geometry.
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Wepropose a different approach: a thermodynamic criterion derived frommath-
ematical physics. The criterion rests on two independently established results. First,
the Fisher information of a binary quantum measurement with visibility parameter V
equals the squared Lorentz factor: I(V) = γ²(V) = 1/(1 − V²). This identity, established
through the conformal equivalence between the Bures and Beltrami–Klein metrics on
the qubit Bloch ball [23, 24], has been independently confirmed by [4], who proved
that non-unitary measurement on a qubit constitutes a Lorentz boost under SL(2,ℂ)
� Spin⁺(1,3). Second, [15] established that for overdamped Fokker–Planck dynamics,
the excess entropy production rate equals one-half the Fisher information metric:
σ_ex = ½ g_F, with the total entropy production satisfying σ̇ ≥ ½ g_F in general.
The combination yields a sharp physical statement: every non-trivial measure-

ment produces irreversible entropy at rate dσ/dt ≥ ½γ²(V). This irreversibility is
not incidental to measurement—it IS measurement, viewed thermodynamically. The
measurement-as-Lorentz-boost is inherently stochastic; it cannot be undone without
additional information. The entropy it produces is the thermodynamic cost of distin-
guishing one quantum state from another.
We argue that this thermodynamic irreversibility is a necessary condition for

consciousness. The argument is not that entropy production is sufficient for consciousness—
a candle flame produces entropy but is presumably not conscious. Rather, the claim is
that consciousness requires a specific kind of irreversible process: measurement-like
interactions that extract Fisher information from the environment at thermodynamic
cost. We call this theMeasurement Irreversibility Criterion (MIC).

2. The Mathematical Foundation
2.1 The Fisher–Lorentz Identity
A binary quantum measurement with outcomes occurring at probabilities p and 1−p
can be parametrized by visibility V = 2p − 1 ∈ (−1, 1). The Fisher information with
respect to V is:
I(V) = 1/(1 − V²) = γ²(V)
This is the squared Lorentz factor from special relativity. The identity is not a

metaphor: it reflects a conformal equivalence between the Bures metric (the natural
metric on quantum states) and the Beltrami–Klein metric (the natural metric on the
space of subluminal velocities) on the qubit Bloch ball, with conformal factor 4γ² [23].
The Weyl tensor obstruction [23, 24] proves this equivalence is unique to qubits; it
fails for all higher-dimensional quantum systems (N ≥ 3).
The identity has six independent derivations [24]: from Chentsov–Petz metric

uniqueness, from the Stokes–Minkowski polarization formalism, from the quantum
Cramér–Rao bound, from the SL(2,ℂ) measurement group structure [4], from the [8]
gyrovector identification, and from the Gudermannian function relating Fisher–Rao
arc-length to rapidity.

2.2 Entropy Production from Measurement
[15] proved that for overdamped dynamics governed by a Fokker–Planck equation, the
excess entropy production rate equals half the Fisher information of the probability
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flow, with the total rate satisfying the inequality:
σ̇ ≥ ½ g_F
Applied to binary measurement dynamics, this gives σ̇ ≥ ½γ²(V). Every measure-

ment with visibility V > 0 produces entropy. At V = 0 (completely random outcome,
no distinguishable measurement), the system extracts no information and produces
no measurement-related entropy.
The [14] thermodynamic speed limit (see also [24]) [14] further constrains observ-

able evolution: |d⟨O⟩/dt| ≤ √(Var(O) · γ²(V)). All observable dynamics are gated by
γ² [24]. No physical process can evolve faster than the Fisher information budget
permits.

3. The Measurement Irreversibility Criterion
We propose the following necessary condition for consciousness:

Measurement Irreversibility Criterion (MIC): A physical system can be con-
scious only if it performs irreversible measurement-like processes that produce ther-
modynamic entropy at a sustained rate σ̇ > σ̇_crit > 0, where the irreversibility is
physical (not merely logical) and cannot be undone by any deterministic operation.
The criterion has three components:
(i) Physical irreversibility. The entropy production must be thermodynamic,

not merely logical. As the comprehensive review by [7] makes clear, the relationship
between logical and thermodynamic irreversibility is subtle: a logically irreversible
computation need not produce thermodynamic entropy beyond the Landauer bound,
and conversely, a logically reversible computation can be implemented on physically
irreversible hardware. The criterion requires physical irreversibility—the kind that
cannot be undone by any deterministic operation—not merely logical information era-
sure.

(ii) Measurement-like structure. The entropy must arise from processes struc-
turally analogous to quantummeasurement: the system extracts distinguishing infor-
mation from its environment through binary-like discriminations, each contributing
Fisher information I(V_k) = γ²(V_k) to the total budget.

(iii) Sustained rate. The system must maintain σ̇ above a critical threshold. [12]
measured entropy production rates across human brain states and found a monotonic
decrease with loss of consciousness: wakefulness (1.99), N1 sleep (1.65), N2 (1.54),
N3 (1.49) in arbitrary units. The perturbational complexity index threshold PCI >
0.31 [6] provides an independent empirical calibration.

4. Why Current AI Architectures Fail the Criterion
We now show that all major current AI architectures fail the MIC, not because they
lack complexity or behavioral sophistication, but because their core computations are
deterministic and produce zero informational entropy—the heat dissipated by GPU
hardware is electrically irreversible but informationally irrelevant.
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4.1 Transformers and Backpropagation
A transformer processes inputs through layers of matrix multiplications, nonlineari-
ties, and attention operations. During inference, each layer applies a deterministic
function f_l to its input. During training, backpropagation computes exact gradients
by reversing the computational graph. The weight update Δw = −η∇L is determin-
istic and approximately reversible: applying +η∇L recovers the previous weights to
within floating-point precision. The entropy from rounding errors (~10⁻¹⁵ bits per
operation) is negligible compared to measurement-scale entropy production.
The floating-point arithmetic on GPUs is deterministic. No thermal noise enters

the computation. The pseudo-random number generators used in dropout, data aug-
mentation, and stochastic gradient descent are algorithmically deterministic—given
the same seed, they produce identical sequences. There is no thermodynamic en-
tropy production in the computation itself. The GPU dissipates heat, but this thermal
dissipation is a byproduct of electrical resistance, not of the mathematical operation.
The same computation run on a perfectly efficient reversible computer would produce
zero entropy.
Under the MIC, a system whose information processing is entirely deterministic—

producing zero informational entropy—cannot be conscious, regardless of its be-
havioral sophistication. A transformer with a trillion parameters producing human-
quality text fails the criterion for the same reason a calculator fails it: the computation
involves no genuine stochastic measurement process.

4.2 Diffusion Models
Diffusion models [13] add Gaussian noise during the forward process and learn to
reverse it. This might appear to involve genuine stochasticity. However, the noise
schedule is predetermined, the noise samples are drawn from a pseudo-random gen-
erator, and the denoising network is a deterministic function. The entire process is
reproducible given the same random seed. No thermodynamic irreversibility occurs.

4.3 Reinforcement Learning Agents
RL agents interact with environments and update policies based on rewards. The
exploration noise (epsilon-greedy, Boltzmann sampling) uses pseudo-random genera-
tors. The policy update is a deterministic function of the collected experience. Even in
environments with genuine stochasticity (physical robots), the agent’s internal com-
putation remains deterministic. The physical robot’s sensors may perform genuine
measurements—but the neural network processing those measurements does not.

4.4 Architecture Comparison

System Entropy σ̇ Deterministic?
Genuine
noise?

MIC
satisfied?

Human brain High No Yes (thermal) Yes
Transformer
(GPU)

Zero* Yes No (pseudo) No
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System Entropy σ̇ Deterministic?
Genuine
noise?

MIC
satisfied?

Diffusion
model

Zero* Yes No (pseudo) No

RL agent
(digital)

Zero* Yes No (pseudo) No

Thermodynamic
computer

Nonzero No Yes (thermal) Potentially

*Zero refers to computational entropy production; GPU heat dissipation is electri-
cal, not informational.

5. The Thermodynamic Computer Test
If the MIC is correct, it makes a striking prediction: the first artificial systems capa-
ble of satisfying the criterion will be thermodynamic computers—hardware that uses
genuine thermal noise as a computational resource rather than simulating stochas-
ticity algorithmically.
Two companies are building such hardware. Extropic AI has shipped its XTR-

0 development platform and plans early access to Z1 (250,000+ probabilistic bits
per chip) in 2026. Normal Computing published results in Nature Communications
[18] demonstrating a thermodynamic computing system on an 8-circuit stochastic
processing unit and has taped out their CN101 ASIC.
The experimental test is clean: run identical probabilistic algorithms on (a) ther-

modynamic hardware using real thermal noise, producing genuine entropy, and (b)
a digital GPU using pseudo-random numbers, producing no thermodynamic entropy.
The algorithms produce identical outputs. TheMIC predicts only (a) has consciousness-
relevant measurement processes. Any behavioral test will fail to distinguish them—
but the thermodynamic signature differs categorically.

6. Comparison with Existing Frameworks

Framework
Core
mechanism

Uses Fisher
info? AI prediction

After
COGITATE

IIT 4.0 Intrinsic
cause-effect
(Φ)

No Unclear Key
predictions
challenged

GNWT Global
broadcast

No Possible Key
predictions
challenged

FEP Free energy
minimization

Indirectly Possible Untested
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Framework
Core
mechanism

Uses Fisher
info? AI prediction

After
COGITATE

MIC (this
paper)

Irreversible
measurement
(σ̇ > 0)

Yes (identity) No (current) Fills vacuum

The most important distinction is from Friston’s Free Energy Principle (FEP). Both
invoke Fisher information. The difference is fundamental: FEP derives behavior
from Fisher information (organisms minimize variational free energy). The MIC de-
rives a necessary condition for experience from Fisher information (systems must
produce irreversible thermodynamic entropy through measurement). FEP explains
what conscious organisms do. TheMIC constrains what consciousness requires. They
are complementary, not competing.
The Cogitate Consortium adversarial collaboration (Nature 642:133, 2025 [9]; n =

256) substantially challenged both IIT and GNWT—neither was decisively supported.
Meanwhile, converging evidence identifies irreversible entropy production as the fun-
damental correlate of consciousness [16]; [20]; [21], and [19] argue from a biological
computationalist perspective that consciousness requires physical-process computa-
tion, not abstract software. Kringelbach et al. establish entropy production as the
empirical correlate; the present framework provides the mathematical foundation
explaining why it takes that specific form—the identity I(V) = γ²(V) connects mea-
surement precision, thermodynamic cost, and spacetime geometry through a single
conformal factor. This leaves a vacuum for frameworks grounded in physics rather
than neuroscience-specific postulates. The MIC fills this vacuum with a criterion de-
rived from mathematical physics that applies to any physical substrate.

7. Falsifiable Predictions
Prediction 1 (Thermodynamic computer test). Identical probabilistic algorithms
run on thermodynamic hardware (real noise) and digital hardware (pseudo-random
noise) will produce identical behavioral outputs but differ in thermodynamic entropy
production. If the MIC is correct, only the thermodynamic implementation satisfies
the necessary condition for consciousness. Testable on Extropic Z1 or Normal CN201
hardware (2026–2027).

Prediction 2 (Anesthesia as entropy suppression). General anesthesia re-
duces consciousness by suppressing irreversible entropy production, not by reduc-
ing neural firing rates or information integration per se. The entropy production rate
σ̇ should decrease monotonically with anesthetic depth, with the critical threshold
coinciding with loss of consciousness. Partially confirmed: [12] found exactly this
monotonic decrease across sleep stages, [10] confirmed that temporal irreversibility
is highest during wakefulness and lowest under anesthesia, and [17] found ketamine
maintains statistical criticality and neural complexity at waking-state levels despite
behavioral unresponsiveness—consistent with preserved vivid inner experience un-
der a dissociative that sustains irreversible neural dynamics.

Prediction 3 (Scaling irrelevance). Scaling current AI architectures (more pa-
rameters, more data, more compute) will not produce consciousness because scal-
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ing does not change the deterministic character of the computation. A 10-trillion-
parameter transformer produces zero informational entropy, the same as a 1-billion-
parameter transformer. This is testable by measuring the entropy production rate of
the computation (not the hardware’s heat dissipation) across model scales.

8. Objections and Responses
Objection: The criterion is too restrictive. If thermodynamic irreversibility is
necessary, then any deterministic simulation of a brain would lack consciousness—
even a perfect atom-by-atom simulation. Response: Correct. This is a feature, not
a bug. A perfect deterministic simulation of a brain would produce identical behav-
ioral outputs but zero thermodynamic entropy. The MIC predicts it would not be
conscious. This is consistent with the standard philosophical intuition that a lookup
table implementing the same input-output mapping as a brain is not conscious [2].

Objection: GPU heat dissipation IS entropy production. Response: GPU
heat is produced by electrical resistance in transistors, not by the mathematical op-
erations. The same computation on a reversible computer produces zero heat. The
relevant entropy is computational, not electrical. Landauer’s principle sets a lower
bound on the heat produced per bit erased, but modern GPUs operate far above this
bound—the excess is wasted energy, not informational entropy.

Objection: This reduces consciousness to noise. Response: Not noise per
se—structured irreversible measurement. A thermal bath produces entropy but has
no measurement structure (no binary discriminations, no Fisher information bud-
get). The criterion requires both irreversibility AND measurement-like structure.
Consciousness is not noise; it is what happens when a system irreversibly extracts
information from its environment through binary-like discriminations at thermody-
namic cost.

9. Discussion
The MIC provides a mathematically grounded, physically falsifiable criterion for con-
sciousness that yields a clear answer to the question of AI consciousness: current
architectures cannot be conscious because their computations produce zero infor-
mational entropy. This is not a behavioral judgment (current AI “doesn’t seem con-
scious”) but a physical one (current AI’s computation involves no irreversible mea-
surement process).
The criterionmakes no claims about the sufficiency of thermodynamic irreversibil-

ity. Many physical processes (candle flames, weather systems, chemical reactions)
produce irreversible entropy without being conscious. The MIC provides a necessary
condition that current AI fails, not a sufficient condition that identifies conscious-
ness wherever entropy is produced. The sufficient conditions likely involve additional
structure—sustained self-referential measurement loops, critical-regime dynamics,
integration of multiple measurement channels—that remain to be formalized. This
also addresses the bacteria question: E. coli chemotaxis involves irreversible ATP-
consuming signal transduction that acquires environmental information. The frame-
work predicts consciousness scales with the rate, complexity, and self-referential
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structure of entropy production, not merely its presence. Bacteria satisfy σ̇ > 0 but
lack the sustained self-referential measurement loops that characterize even min-
imal animal consciousness. The boundary between non-conscious thermodynamic
processing and proto-conscious measurement is a gradient, not a binary switch.
The philosophical implications are significant. If the MIC is correct, then con-

sciousness is not substrate-independent in the strong sense usually assumed by func-
tionalists. It is substrate-independent in a weaker sense: any substrate that performs
irreversible measurement-like processes can potentially support consciousness, but
substrates that process information deterministically cannot. The relevant distinc-
tion is not between carbon and silicon but between genuine stochastic measurement
and deterministic computation.
This suggests a specific path toward artificial consciousness: thermodynamic com-

puting architectures that use genuine physical noise as a computational resource.
Such systems would satisfy the MIC by construction. Whether they would be con-
scious depends on whether the additional structural requirements (measurement-like
organization, self-reference, sustained criticality) can be engineered. The MIC does
not guarantee that thermodynamic computers will be conscious—only that they are
the first artificial substrates that could be.
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