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Article

Constructing Physics From Measurements
Alexandre Harvey-Tremblay

Independent Scientist, Montréal, Canada; aht@protonmail.ch

Abstract

We reformulate fundamental physics as the solution to an entropy optimization problem rather than
an enumeration of axioms. Modeling the scientific method operationally—preparation, evolution, and
measurement—we maximize the relative entropy of the final state relative to the initial preparation,
subject to a measurement constraint. In the linear regime, the maximization of entropy yields the Dirac
equation. Extending this to the most general non-linear constraint naturally reproduces the spectral
action, leading to Einstein–Hilbert gravity and Yang–Mills gauge theory. Furthermore, imposing
positivity and realness requirements on the partition function singles out (3+1) dimensions as the
unique satisfying case. Thus, the apparent complexity of modern physics—forces, symmetries, and
dimensionality—emerges not as a set of arbitrary postulates, but as the necessary solution to a single
inference principle.

Keywords: foundations of physics

1. Introduction
Statistical mechanics (SM), in the formulation developed by E.T. Jaynes [1,2], is founded on an

entropy optimization principle. Specifically, the Boltzmann entropy is maximized under the constraint
of a fixed average energy E:

E := ∑
i

ρiEi (1)

The Lagrange multiplier equation defining the optimization problem is:

L := −kB ∑
i

ρi ln ρi + λ

(
1 − ∑

i
ρi

)
+ kBβ

(
E − ∑

i
ρiEi

)
(2)

where λ and β are Lagrange multipliers enforcing the normalization and average energy constraints,
respectively. Solving this optimization problem for ρi yields the Gibbs measure:

ρi(β) =
1

Z(β)
exp(−βEi), (3)

where Z(β) = ∑j exp(−βEj) is the partition function.
By comparison, Quantum Mechanics (QM) is not formulated as the solution to an optimization

problem, but rather consists of a collection of postulates [3,4]:

1. State Space: Every physical system is associated with a complex Hilbert space, and its state is
represented by a ray (an equivalence class of vectors differing by a non-zero scalar multiple) in
this space.

2. Observables: Physical observables correspond to Hermitian (self-adjoint) operators acting on the
Hilbert space.

3. Dynamics: The time evolution of a quantum system is governed by the Schrödinger equation,
where the Hamiltonian operator represents the system’s total energy.
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4. Measurement: Measuring an observable projects the system into an eigenstate of the correspond-
ing operator, yielding one of its eigenvalues as the measurement result.

5. Probability Interpretation: The probability of obtaining a specific measurement outcome is given
by the squared magnitude of the projection of the state vector onto the relevant eigenstate (Born
rule).

Physical theories have traditionally been constructed in these two distinct ways. Some, like QM,
are defined through a set of mathematical axioms that are first postulated and then verified against
experiments. Others, like SM, emerge as solutions to optimization problems subject to experimentally
verified constraints.

We propose to generalize the optimization methodology of E.T. Jaynes to encompass all of physics,
aiming to derive the fundamental theory from a single optimization problem over measurement
outcomes. To that end, we introduce the following axiom:

Axiom 1 (Physics). Physics is the solution to:

L[ρ̂]

︸︷︷︸
an

optimization
problem

:= − tr

(
ρ̂ ln

ρ̂

q̂

)
︸ ︷︷ ︸

minimizing information
divergence from the prior

+ λ

(
1 − tr ρ̂

)
︸ ︷︷ ︸

subject to
normalization

+ τ

(
Ē − tr(ρ̂Ĥ)

)
︸ ︷︷ ︸

and measurement
constraints

(4)

where q̂ is the prior belief (preparation), λ enforces total probability, and τ is the Lagrange multiplier enforcing
the geometric constraint Ĥ.

The paper proceeds as follows. In Section 2, we solve the entropic optimization problem explicitly.
We identify a “dimensional filter” which excludes geometries not leading to a real positive-definite
partition function, uniquely selecting (3+1) dimensions as the requisite background. Then, we apply
the entropic solution to this specific geometry. We show that in the linear regime, the optimal solution
corresponds to the Dirac equation. Finally, we generalize to the non-linear regime, where the measure-
ment constraint naturally reproduces the spectral action, thereby recovering Yang-Mills gauge theory
and Einstein-Hilbert gravity from a single inference principle.

2. Results
Theorem 1 (Entropic Time Evolution). The general solution of the relative entropy optimization problem
(Axiom 1) yields the exponential evolution of the state vector:

|ψ(t)⟩ = 1√
Z

exp
(
− t

h̄
Ĥ
)
|ψ(0)⟩ (5)

This derivation makes no assumption about the complex nature of the constraint. If the operator Ĥ is anti-
Hermitian, this yields the unitary Schrödinger propagator. If Ĥ is Hermitian, this yields the Diffusion kernel.

Proof. We minimize the Lagrangian L with respect to the density operator ρ̂. Note that δ tr(ρ̂ ln ρ̂) =

tr(δρ̂(ln ρ̂ + 1)).

0 = δL[ρ̂] = −δ tr

(
ρ̂ ln

ρ̂

q̂

)
+ λδ tr

(
ρ̂
)
− τδ tr

(
ρ̂Ĥ
)

(6)

= − tr
(
δρ̂(ln ρ̂ + 1 − ln q̂)

)
+ λ tr(δρ̂)− τ tr(δρ̂Ĥ) (7)

Collecting terms inside the trace implies the operator equation:

ln ρ̂ = ln q̂ − (1 − λ)− τĤ (8)
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Exponentiating yields the updated state. We absorb the normalization constants (1 − λ) into the
partition function Z:

ρ̂(τ) =
1
Z

exp(ln q̂ − τĤ) (9)

We consider the evolution of the prior q̂ over an infinitesimal step τ. Utilizing the Symmetric Trotter
Formula eÂ+B̂ ≈ eB̂/2eÂeB̂/2 (valid to O(τ2)):

ρ̂(τ) ≈ 1
Z

exp
(
−τ

2
Ĥ
)

q̂ exp
(
−τ

2
Ĥ
)

(10)

We now apply the definition of pure states, where ρ̂ = |ψ⟩ ⟨ψ|. The equation above describes a
similarity transformation of the form ρ̂ = Mq̂M†, where M = Z−1/2 exp(− τ

2 Ĥ). For the density
operator to factorize in this manner, the underlying state vector must evolve according to the linear
map M:

|ψ(τ)⟩ = 1√
Z

exp
(
−τ

2
Ĥ
)
|ψ(0)⟩ (11)

Finally, we define the physical time parameter t to match standard units, setting τ := 2t/h̄:

|ψ(t)⟩ = 1√
Z

exp
(
− t

h̄
Ĥ
)
|ψ(0)⟩ (12)

This result constitutes a constructive derivation of the axiomatic foundations of Quantum Me-
chanics. By enforcing the Principle of Maximum Relative Entropy on the density operator, the standard
postulates (Axioms 1–5) emerge not as independent assumptions, but as necessary consequences of
the statistical mechanics of operators.

Crucially, this derivation inverts the standard logical order of Quantum Mechanics. Rather
than postulating a wavefunction ψ and trying to derive a probability interpretation, we postulate the
probability density ρ̂ and derive the wavefunction as a mathematical representation of the pure state
ideal.

1. State Space (Axiom 1): The variational principle requires the partition function Z to converge for
the probability distribution to be normalizable (tr ρ̂ = 1). This condition naturally restricts valid
solutions to trace-class operators, formally reconstructing the Hilbert space structure.

2. Observables (Axiom 2): The observables of Quantum Mechanics correspond to the constraint
operators inside the trace functional. Just as the Hamiltonian Ĥ constrains the average energy,
other observables correspond to constraints on other moments of the distribution.

3. Dynamics (Axiom 3): Theorem 1 proves that the exponential evolution is the unique trajectory
that maximizes entropy relative to a prior. The Schrödinger equation is simply the differential
form of this optimal information transport.

4. Probability and Measurement (Axioms 4 & 5): The “Measurement Problem” vanishes in this
formulation because the ontological primitive is the probability density ρ̂, not the wavefunction.
The Born Rule is not an *ad hoc* postulate; it is the definition of the ensemble ρ̂ itself. Conse-
quently, Measurement is fundamentally a statistical process, not a physical collapse. Observing a
specific outcome is mathematically equivalent to conditioning the probability distribution—the
same as any other statistical theory.

Thus, Quantum Mechanics is revealed to be the statistical thermodynamics of operator algebras.
The “weirdness” of measurement disappears once we recognize that the theory describes the dynamics
of a probability density from the very start.
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2.1. Dimensional Selection of the Wavefunction
2.1.1. Field-Theoretic Entropic Functional

We begin this section by formulating the Principle of Maximum Relative Entropy for a matrix-
valued field configuration ρ̂(x). The total optimization functional F [ρ̂] is constructed as follows:

F [ρ̂] = S[ρ̂]− λ
(
N [ρ̂]− 1

)
− τ

(
E [ρ̂]− Ē

)
(13)

Expanding the terms explicitly as integrals over the spacetime manifold M:

F [ρ̂] =−
∫
M

d4x
√
−g tr

(
ρ̂(x) ln

ρ̂(x)
q̂(x)

)
(Entropic Functional)

− λ

(∫
M

d4x
√
−g tr

(
ρ̂(x)

)
− 1
)

(Normalization Constraint)

− τ

(∫
M

d4x
√
−g tr

(
ρ̂(x)Ĥ(x)

)
− Ē

)
(Energy Constraint) (14)

Where:

• ρ̂(x) is the density matrix field at point x, acting on the internal degrees of freedom.
• tr denotes the trace over the internal matrix indices.
• λ and τ are the global Lagrange multipliers.

Solving the Euler-Lagrange equations δF
δρ̂(x) = 0 yields the matrix-valued solution:

ρ̂(x) =
1
Z

exp
(

ln q̂(x)− τĤ(x)
)

(15)

Crucially, we must distinguish between the global normalization and the local algebraic properities of
the field.

We define the partition density z(x) as the local trace of the unnormalized field state:

z(x) = tr
(

exp(ln q̂(x)− τĤ(x))
)

(16)

The global partition function Z is then the integral of this density over the manifold:

Z =
∫
M

d4x
√
−g z(x) (17)

This distinction is vital for the following reason: while Z is merely a number that ensures the total
probability is unity, the partition density z(x) depends on the local algebraic structure of Ĥ. For the
theory to be physically consistent, z(x) must be real-valued and non-negative at every point x. This
requirement will act as a Dimensional Filter on the allowable spacetime algebras.

2.1.2. The Algebraic Necessity of the Exponential

To rigorously analyze the properties of the partition density z(x), we must first identify the
mathematical structure of the field.

The maximum entropy solution derived above takes the form of an exponential: ρ̂ ∝ e−τĤ .
The existence of this function imposes a strict constraint on the theory. Unlike standard Quantum
Mechanics, where states are often treated as abstract vectors, the entropic formulation requires the
generators Ĥ to belong to a unital associative algebra. This is because the exponential is defined via
its power series:

eA = ⊮+ A +
A2

2!
+

A3

3!
+ . . . (18)

To compute this series, the object A must support addition, scalar multiplication, and, crucially,
non-commutative multiplication (A · A). A vector space alone is insufficient.
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The natural algebra encoding the geometry of a spacetime with metric signature (p, q) is the
Clifford Algebra Cl(p, q). To connect this geometric algebra to the thermodynamic properties of
the Trace, we utilize the Wedderburn-Artin theorem. This theorem guarantees that every Clifford
algebra is isomorphic to a matrix algebra (or a direct sum thereof) over a specific number field K (Real,
Complex, or Quaternion). This isomorphism allows us to treat the spacetime geometry and the matrix
thermodynamics in a unified framework.

2.1.3. Dimensional Obstructions

We now classify the low-dimensional geometric algebras by testing whether their matrix repre-
sentations support a valid, probabilistic partition function. We apply two filters:

1. Algebraic Closure: The partition function Z must be a unique scalar in R. This eliminates
algebras isomorphic to Complex (C) or Quaternionic (H) matrices, as well as Reducible algebras
(Direct Sums) which imply disjoint logical sectors.

2. Statistical Stability: The partition function must be strictly positive (Z > 0). This eliminates ge-
ometries where the constraint operator Ĥ is skew-symmetric (Elliptic/Euclidean) or unbounded
(Split), preventing the convergence of the partition sum.

We demonstrate these exclusions via two theorems.

Theorem 2 (The Complex Filter). A valid solution requires the partition density Z to be a unique Real scalar.

• Algebras isomorphic to C or H matrices yield non-real probabilities (unless constrained externally).
• Reducible algebras (Direct Sums) yield tuple probabilities (Z1, Z2), failing to describe a single unified

vacuum.

This theorem eliminates all odd dimensions (D = 1, 3, 5) and complex/quaternionic even dimensions.

This leaves only the Simple Real algebras: Cl(2, 0), Cl(1, 1), Cl(2, 2), and Cl(3, 1). We distinguish
them via the spectral properties of their geometric operators.

Theorem 3 (The Stability Filter). Among the algebras isomorphic to Simple Real matrices, only the Lorentzian
signatures guarantee a strictly positive, convergent partition function.

Proof. We examine the trace of the exponential evolution Z(τ) = tr(e−τH) based on the geometric
nature of the operator H:

1. Euclidean Geometry (Cl(2, 0)): The natural geometric operator (the Dirac operator) is elliptic and
skew-symmetric in the real representation. Its eigenvalues are purely imaginary (±iω), leading
to an oscillatory partition function Z ∼ cos(ωτ), which inevitably takes negative values.

2. Split Geometry (Cl(2, 2)): The geometric operator is ultrahyperbolic. The presence of two
time dimensions implies the energy spectrum is unbounded from below. This "instability of
the vacuum" prevents Z from converging to a finite value, making the probability distribution
undefined.

3. Lorentzian Geometry (Cl(3, 1) & Cl(1, 1)): The geometric operator is hyperbolic. The causal
structure allows for a strictly positive energetic spectrum (bounded from below). In the Majorana
representation, the Hamiltonian is real and symmetric, guaranteeing positive eigenvalues and a
convergent sum of decaying exponentials Z = ∑ e−τEn > 0.

While Cl(1, 1) is algebraically valid, it represents 1+1D "Toy Models" lacking transverse degrees of
freedom. Thus, Cl(3, 1) stands as the unique, non-trivial geometry satisfying all entropic consistency
conditions.
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Dim Isomorphism Obstruction Status

D=0

Cl(0) R Allowed (Ordinary SM)

D=1

Cl(1, 0) R⊕R Obstructed (Disjoint Z)

Cl(0, 1) C Obstructed (Complex Z)

D=2

Cl(2, 0) M2(R) Obstructed (Oscillatory Z)

Cl(1, 1) M2(R) Allowed (1+1D Toy Models)

Cl(0, 2) H Obstructed (Quaternion Z)

D=3

Cl(3, 0) M2(C) Obstructed (Complex Z)

Cl(2, 1) M2(R)⊕M2(R) Obstructed (Disjoint Z)

Cl(1, 2) M2(C) Obstructed (Complex Z)

Cl(0, 3) H⊕H Obstructed (Disjoint Z)

D=4

Cl(4, 0) M2(H) Obstructed (Quaternion Z)

Cl(3, 1)Cl(3, 1)Cl(3, 1) M4(R)M4(R)M4(R) SELECTED (Standard Model, GR)

Cl(2, 2) M4(R) Obstructed (Unbounded Z)

Cl(1, 3) M2(H) Obstructed (Quaternion Z)

Cl(0, 4) M2(H) Obstructed (Quaternion Z)

D=5

Cl(5, 0) M2(H)⊕M2(H) Obstructed (Disjoint Z)

Cl(4, 1) M4(C) Obstructed (Complex Z)

Cl(3, 2) M4(R)⊕M4(R) Obstructed (Disjoint Z)

Cl(2, 3) M4(C) Obstructed (Complex Z)

Cl(1, 4) M2(H)⊕M2(H) Obstructed (Disjoint Z)

Cl(0, 5) M4(C) Obstructed (Complex Z)

(19)

2.2. The Entropic Dirac Equation

Having established that Cl(3, 1) is the unique low-dimensional geometry capable of supporting
a real-valued entropic probability density, we now examine the dynamics of this allowed solution.
Specifically, we show that the equation governing the evolution of the density field ρ̂(x) corresponds
to the Dirac equation, expressed in the language of Spacetime Algebra[5].
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2.2.1. The Real Algebra Representation

In Section 2.1.3, we utilized the isomorphism Cl(3, 1) ∼= M4(R). To perform calculations, we fix a
faithful matrix representation. We select a Majorana representation, where the gamma matrices are
real-valued 4 × 4 matrices.

The generators of the algebra are mapped as follows

γ0 :=

[
0 0 0 1
0 0 −1 0
0 1 0 0
−1 0 0 0

]
γ1 :=

[
0 −1 0 0
−1 0 0 0
0 0 0 −1
0 0 −1 0

]
(20)

γ2 :=

[
0 0 0 1
0 0 −1 0
0 −1 0 0
1 0 0 0

]
γ3 :=

[
−1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 1

]
(21)

In this representation, the density field ρ̂(x) is a real 4 × 4 matrix field.

2.2.2. The Geometric Constraint Generator

In standard approaches, the Hamiltonian is often postulated based on phenomenological energy
spectra. Here, however, we determine Ĥ via a principle of Geometric Generality.

We seek the most general linear operator that acts upon the degrees of freedom of the field within
the constraints of the specific geometry Cl(3, 1).

1. The State Space: In the spacetime algebra Cl(3, 1), the wavefunction (spinor) corresponds to an
element of the even sub-algebra Cl+(3, 1).

2. Locality and Transformations: The field varies across the spacetime manifold. To constrain these
variations without introducing arbitrary biases, we must define a connection that accounts for
all possible local geometric transformations available to the algebra. The generators of the local
gauge group acting on the even subalgebra form the Lie algebra spin(3, 1)⊕ u(1). This implies a
connection (gauge potential) ωµ:

ωµ =
1
2

ωab
µ γab︸ ︷︷ ︸

Lorentz Rotation

+ IVµ︸︷︷︸
Phase/Scaling

(22)

where I = γ0γ1γ2γ3 is the pseudoscalar (the geometric equivalent of the imaginary unit i).
3. The Generalized Covariant Derivative: We must also account for spacetime translations (∂µ).

Combining translations with the local connection yields the full covariant derivative, which
serves as the fundamental geometric constraint on the manifold:

Dµ := ∂µ + ωµ (23)

To construct the scalar constraint generator Ĥ required for the Entropic Hamiltonian, we consider
the generator of time translations. We project the covariant derivatives onto the spatial hypersurface
spanned by the spatial gammas γi. The most general first-order linear operator constructible from
these components is:

Ĥ = γ0
(

γiDi + m
)

(24)

where m represents the scalar invariant (mass) ensuring the operator closes algebraically. This Ĥ
is precisely the Dirac Hamiltonian, representing the encoded information about how the geometry
curves and twists in the spatial directions.
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2.2.3. Emergence of the Linear Evolution

With the generator Ĥ now determined, we return to the entropic solution derived in Eq. 15:

ρ̂(x, τ) =
1
Z

exp
(

ln q̂(x)− τĤ
)

(25)

We make the physical identification of the Lagrange multiplier τ with the coordinate time x0 (ct), and
identify the prior q̂(x) as the initial condition of the field.

To determine the equation of motion, we differentiate the entropic solution with respect to the
evolution parameter. Crucially, we treat the density field ρ̂ as an element of a Left Ideal (representing
a pure state spinor). This allows the constraint operator to act via the Left Regular Representation:

∂0ρ̂ = −Ĥρ̂ (26)

Substituting the explicitly derived geometric form of Ĥ = γ0(γiDi + m):

∂0ρ̂ = −γ0(γiDi + m)ρ̂ (27)

We multiply the entire equation from the left by γ0. Recall that in the selected Cl(3, 1) signature, the
time-like direction squares to minus one ((γ0)2 = −1):

γ0∂0ρ̂ = −(γ0)2(γiDi + m)ρ̂ (28)

γ0∂0ρ̂ = −(−1)(γiDi + m)ρ̂ (29)

γ0∂0ρ̂ = (γiDi + m)ρ̂ (30)

Rearranging all terms to the left side groups the temporal and spatial derivatives into the full Dirac
operator:

(γ0∂0 − γiDi − m)ρ̂ = 0 (31)

Recognizing that in the (−+++) signature, the covariant vector derivative is ∇ = γ0∂0 + γi∂i, this
equation describes the free propagation of the probability amplitude:

(D − m)ρ̂(x) = 0 (32)

2.2.4. Recovery of the Spinor Wavefunction

The equation above applies to the density object ρ̂. However, standard quantum mechanics implies
the Dirac equation applies to a spinor ψ. We recover this description physically by decomposing the
density matrix.

In the spacetime algebra Cl(3, 1), a “pure state” corresponds to a minimal left ideal. We can
therefore decompose the density matrix ρ̂ into a geometric spinor ψ and a primitive idempotent E (a
projection operator defining the reference frame):

ρ̂pure = ψEψ̃ (33)

Substituting this ansatz into the transport equation derived above, (D − m)ρ̂ = 0:

(D − m)(ψEψ̃) = 0 (34)
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Because the constraint operator D acts via the Left Regular Representation (updating the active state
relative to the background), the derivative acts on the active spinor ψ, while the dual reference frame
Eψ̃ factors out to the right: [

(D − m)ψ
]
Eψ̃ = 0 (35)

For this equality to hold for any generic non-zero state (where the projector Eψ̃ ̸= 0), the geometric
object ψ must itself satisfy the condition:

(D − m)ψ(x) = 0 (36)

Thus, the standard Dirac equation is derived not as a mechanical axiom, but as the requisite linear
transport equation describing the conservation of information in a Cl(3, 1) geometry.

2.3. Emergence of Gravity and Yang-Mills

Having established the local structure of the Dirac operator D via the internal matrix algebra,
we now extend the Maximum Entropy principle to the global manifold. The vacuum is not a single
point; it is a statistical ensemble of spectral modes defined over the infinite-dimensional Hilbert space
H = L2(M, S).

To recover the dynamics of Gravity and Gauge fields, we apply the principle of Maximum Entropy
to the global Density Operator ρ̂.

2.3.1. The Global Entropic Functional

We define the Von Neumann entropy S of the vacuum state ρ̂:

S[ρ̂] = − trH
(
ρ̂ ln ρ̂

)
(37)

where trH denotes the infinite-dimensional trace over the spectrum of D.
For the system to admit a thermodynamic description, we must impose constraints on the total

probability and the energy content of the vacuum. In Spectral Geometry, the Dirac operator D
corresponds to the fundamental momentum, and its square D2 plays the role of the Hamiltonian
(kinetic energy). We therefore impose the following constraints:

1. Unitary Normalization: The vacuum probabilities must sum to unity.

trH(ρ̂) = 1 (38)

2. Spectral Energy Variance: To ensure stability against high-frequency divergences, we constrain
the expectation value of the geometric Laplacian D2. This fixes the energy scale of the geometry.

trH(ρ̂D2) = Ω (39)

2.3.2. The Variational Principle

We construct the Lagrangian functional L[ρ̂] to maximize the entropy subject to these constraints.
We introduce α as the multiplier for normalization, and 1/Λ2 as the multiplier for the energy constraint
(anticipating the standard spectral dimension of [Length]2):

L[ρ̂] = − trH(ρ̂ ln ρ̂)− α
(
trH(ρ̂)− 1

)
− 1

Λ2

(
trH(ρ̂D2)− Ω

)
(40)

To find the stationary state, we compute the functional derivative δL/δρ̂ = 0:
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δL = − tr
(
δρ̂(ln ρ̂ + I)

)
− α tr(δρ̂)− 1

Λ2 tr(δρ̂D2) (41)

= − tr

[(
ln ρ̂ + (1 + α)I+ 1

Λ2 D2
)

δρ̂

]
= 0 (42)

Solving for the density operator yields the canonical Boltzmann distribution for the spectral
spacetime:

ln ρ̂ = −(1 + α)− D2

Λ2 =⇒ ρ̂ =
1
Z

e−
D2

Λ2 (43)

Here, Z is the partition function required for normalization. Λ is physically identified as the energy
cutoff scale (or the temperature of the geometry). The partition function is obtained by the global
trace:

Z(Λ) = trH

(
e−

D2

Λ2

)
(44)

2.3.3. Gravity and Yang-Mills from the Heat Kernel

The partition function derived above is exactly the trace of the Heat Kernel on the manifold.
The physical action of the theory is identified with this partition function. As Λ → ∞, we utilize the
standard Heat Kernel expansion for the squared Dirac operator [? ? ]:

tr

(
e−

D2

Λ2

)
∼ ∑

k≥0
Λ4−kak(D2) (45)

The Seeley-DeWitt coefficients ak generate the bosonic action:

• k = 0 (Cosmological Constant): Λ4
∫ √

gd4x.
• k = 2 (Einstein-Hilbert): Λ2

∫
R
√

gd4x.
• k = 4 (Yang-Mills):

∫
( 1

4 F2
µν + Weyl2)

√
gd4x.

Thus, General Relativity and Gauge Theory emerge universally as the thermodynamic equilibrium
state of the spectral vacuum.

2.3.4. Departure from Equilibrium: The Role of Experiment

In the phenomenological application of the Spectral Action, the functional is defined with a
general cutoff function f rather than a pure exponential:

Sspec = tr

 f

(
D2

Λ2

) (46)

Our entropic derivation singles out the exponential e−x as the “ideal gas” solution. The general
function f used in the Standard Model calculations represents the realistic vacuum, which may exhibit
deviations from pure equilibrium. We reconcile these via the Inverse Laplace Transform:

f (x) =
∫ ∞

0
g(s)e−sx ds (47)

Substituting this into the action:

tr

 f

(
D2

Λ2

) =
∫ ∞

0
g(s) tr

(
e−s D2

Λ2

)
ds (48)
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This reformulation interprets the Spectral Action as a Superstatistic. The function g(s) is the probability
density of the effective temperature scales.

• A pure exponential action implies g(s) = δ(s − 1) (Perfect Equilibrium).
• The specific coefficients required to match the Standard Model Higgs and gauge couplings

correspond to a specific distribution g(s) that departs from the delta function.

This allows for the numerical fixing of the action via experiment: the coupling constants measured
in the laboratory essentially map out the deviation g(s) of the physical universe from the maximal
entropy state.

3. Discussion
We have reformulated fundamental physics not as a set of dynamical laws assumed a priori,

but as the inevitable solution to a problem of optimization. By starting from the strict premise that
only measurements exists as ontological devices, and applying the Principle of Maximum Entropy
to construct the least biased model consistent with those measurements, we recover the structure of
spacetime and the general form of physical laws as output.

3.1. The Necessity of Algebra from Inference

Our derivation begins with a singular input: a set of measurement records. To process these
records without bias, we employ the Principle of Maximum Entropy. However, the very act of applying
this principle dictates the mathematical structure of the theory.

The solution to a MaxEnt variational problem is invariably an exponential family of the form
ρ̂ ∝ e−∑ λiOi . The mathematical operation of exponentiation is defined via a power series:

eX = 1 + X +
X2

2!
+ . . . (49)

This operation strictly requires the definitions of addition, multiplication, and scalar multiplication.
Therefore, we do not postulate that nature is algebraic; we deduce that any consistent theory of
inference must be algebraic. If we are to relate measurements to one another probabilistically, they
must form an algebra. This realization moves the foundation of physics from "geometric assumptions"
(manifolds, coordinates) to "informational necessities."

Generalizing statistical mechanics from the reals to the algebras is thus the largest possible
extensions of SM that the mathematics of exponential forms allow.

3.2. The Statistical Origin of Physical Law

With the algebra established as the necessary language of inference, fundamental physics emerges
as the statistical equilibrium of that algebra.

Functionally, the theory is defined by the entropic maximization:

L[ρ̂] := − tr

(
ρ̂ ln

ρ̂

ρ̂prior

)
︸ ︷︷ ︸

Minimizing Bias

+ λ
(
1 − tr ρ̂

)︸ ︷︷ ︸
Normalization

+ τ

(
E − tr

(
ρ̂ · Hspec

))
︸ ︷︷ ︸
The Measurement Constraint

. (50)

Here, Nature is defined not by a state vector, but by the constraint Hspec. This is the spectral
capacity of the observer—the ceiling on information density allowed by the algebraic relations. The
resulting equations of motion (General Relativity and Yang-Mills) are not arbitrary rules; they are the
probability distributions that remain maximally non-committal while strictly satisfying the algebraic
conditions required to perform the measurement.
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3.3. Operational Interpretation: The Operator Transport

The theory does not describe an object evolving in time; it describes the operator transport of
information from a preparation to a readout. Specifically, the evolution of the density matrix ρ̂(τ) is
given by:

ρ̂(τ) =
1
Z

e−
τ
2 Hspec ρ̂prior e−

τ
2 Hspec . (51)

This equation reveals that the "dynamics" of the theory is actually a Bayesian-like update. The
term e−

τ
2 Hspec updates the observer’s prior information (ρ̂prior) with the constraints imposed by the

measurement geometry (Hspec).
The "Measurement Problem" vanishes because the theory never claims to describe an independent

reality evolving in isolation. There is no collapse of the wavefunction, only the continuous updating of
the observer’s information ρ̂ relative to ρ̂0 and constrained by the measurements. The entire formalism
is a description of the inference channel connecting the prior to the posterior. This contrast with
ordinary QM in which the updating is from ψ(0) to ψ(t), requiring a collapse mechanism to connect to
a probability measure.

3.4. The Universe as the Least Biased Representation

The most radical consequence of this view is that the Universe itself—the smooth Riemannian
manifold of spacetime populated by fields—is not the container of the measurements, but the least
biased representation of them.

Standard physics assumes the stage (spacetime) exists, and actors (fields) move upon it. We
reverse this. We start with the actors (measurements in an algebra) and find that the stage is output of
the inference.

• Geometry: We do not assume 3+ 1 dimensions. We find that 3+ 1 is the specific spectral geometry
selected by the inference because all other dimensional configurations do not result in a partition
function valued in the reals, and therefore fail to satisfy the requirements of probability theory.

• Forces: We do not assume the existence of Gauge or gravitational forces. The Yang-Mills and GR
action emerges simply as the result of the most general algebraic constraint supported by the
optimization problem.

In conclusion, we do not inhabit a pre-fabricated axiomatically-existing universe; rather, we
inhabit an ensemble of measurements, and we construct the least-committal picture of the universe via
inference.

4. Conclusion
E. T. Jaynes reoriented statistical mechanics by recasting it as inference: maximum entropy

provides the least-biased assignment compatible with stated constraints, making standard rules
consequences of an information principle rather than extra physical postulates. Building on this
insight, we treat measurements themselves as the primary reality and derive the laws of nature as the
solution to a statistical inference problem.

Our contribution is to formulate physics as a variational optimization: we maximize the entropy
of the observer’s path through measurements subject to the constraints of the measurement algebra.
This naturally yields exponential-family transports, connecting Jaynesian equilibrium structure to
dynamical physics equations as maximum-entropy information flow.

Methodologically, this replaces axiom enumeration with least-commitment inference. We do
not assume a pre-existing "Universe" that is subsequently observed; rather, the set of measurement
records is mapped to its least biased representation. Pushing the algebra of these measurements to its
maximal mathematically consistent generality reveals a rigid selection mechanism:

• Enforcing the requirements of probability theory—specifically the existence of a real-valued
partition function—fixes the spectral geometry to 3 + 1 dimensions.
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• Enforcing the most general algebraic constraint supported by the optimization yields the form of
the dynamics—Dirac matter, Einstein–Hilbert gravity, and Yang–Mills gauge sectors.

This perspective preserves Jaynes’ central virtue—maximal non-commitment given stated infor-
mation—at the level of full theory formation.
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