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Abstract: This paper explores classical and quantum entropy through the lens of relativistic observer
dependence. By modeling a spatially distributed system containing qubits, we analyze how observers
perceive entropy differently at various positions, accounting for the finite speed of information
propagation. Shannon and von Neumann entropies are reformulated as observer-relative functions,
and a spatiotemporal entropy field is introduced to describe the propagation and localization of
informational entropy in space-time. We argue that entropy, traditionally treated as a global scalar
quantity, acquires field-like behavior under relativistic constraints, suggesting a novel framework for
information theory in relativistic settings.
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1. Introduction

Entropy is central to classical and quantum information theory. Shannon entropy quantifies
uncertainty in a discrete probability distribution [1], while von Neumann entropy generalizes this
concept to quantum systems via density matrices [2].

In relativistic contexts, simultaneity becomes relative, and information cannot travel faster than
light. Consequently, observers at different space-time coordinates perceive different states of the
same system at the same coordinate time. Building on ideas from relativistic quantum information
theory [3-5], this work presents a formalism in which entropy becomes an observer-dependent,
space-time-dependent quantity. We reformulate classical and quantum entropy to include signal
delay and define an entropy field over space-time.

2. Entropy in Classical Information Theory

Let A = {0,1} Be a binary alphabet, and let X Be a discrete random variable over A, with a
probability distribution p(x). The Shannon entropy is:

HX) = =X p(x) log p(x)

Assume the information source is located at position x_s, and the observer is at position x, , with
spatial separation. r = ||xs- %,||. Given the speed of light c, the observer receives delayed
information with a time lag. At = r / c. Thus, the observer-relative Shannon entropy becomes:

Ho(t) = HX(t — At))

3. Quantum Information: von Neumann Entropy

For quantum systems, the state is described by a density matrix p, with Tr(p) = 1. The von
Neumann entropy is:

S(p) = —Tr(plog p)
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Let o(t) denote the time-evolving density matrix. The entropy as perceived by an observer at position
X, is delayed:

Sowy = St — [1xs = %1/ €))
4. Time Evolution and Dynamics

4.1. Classical Case: Markov Dynamics

Consider a binary Markov process where the probability p of the system being in state 1 evolves
according to:

dp/dt = —y(p — 0.5)

The time-dependent Shannon entropy is:
H®) = HX(®)

Incorporating information delay, the observer — relative entropy becomes:
Hory = H(X(t — A1)

4.2 Quantum Case: Lindblad Evolution
For unitary evolution of a closed quantum system:

p(t) = U@®)p(0)U 1 (t), the von Neumann entropy remains constant if p(0) is diagonal. For open
systems, the evolution is governed by the Lindblad master equation:

dp/dt = —i[H,p] + D(p)

The perceived entropy evolves as:
Sowy = S(p(t — 4))

5. Entropy as a Spacetime Field

We define an entropy field E(x, t) over space-time, accounting for relativistic delay:
E(x,t) =

H <X (t - M)), (Classical)
S (p (t - “x_c—xS”)> (Quantum)

This field exhibits discontinuities along null surfaces—i.e., the light cones—referred to as
entropy horizons.

6. Entropy Gradient and Information Flux

We define the information flux as the spatial gradient of the entropy field:
Jeon = VE(x,t)

This vector field encodes the spatial rate of change of perceived entropy. The temporal derivative dE /dt
represents the local rate of informational change.

7. Conclusion
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By incorporating the finite speed of information transfer, this work demonstrates that both
classical and quantum entropy become observer-relative quantities in space-time. The resulting
framework leads naturally to the concept of entropy as a dynamical field, with gradients and fluxes
constrained by causal structure. These insights may prove valuable in areas such as:

- Cosmological entropy flows
- Black hole thermodynamics
- Relativistic quantum communication

Future work could include coupling the entropy field with curved spacetime metrics and

exploring its behavior in general relativistic settings.
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Here are two visualizations:
1.  Entropy Delay Surface: This shows how information delay (At) increases with spatial
separation from the observer (at the origin). It forms concentric contours, similar to light cones.
2. Observer-Relative Entropy Field: This model perceived entropy as decreasing with distance

due to the delay, following an exponential decay for illustrative purposes.
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