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The quantum-to-classical transition remains an open problem in foundational quantum mechanics. To make some
headway into understanding the transition, we first must define what it means to be “classical”. Here, being “classical”
is defined in terms of being “objective”: we say that a system state property is objective if it is (1) simultaneously
accessible to many observers (2) who can all determine the state independently without perturbing it and (3) all
arrive at the same result [1–3].

This definition lies at the core of quantum Darwinism [2] and spectrum broadcast structure [3]. These two
frameworks extend upon decoherence theory and explain how the redundancy of classical information comes about.
First, decoherence theory describes how quantum superposition states evolve into statistical mixtures and defines
the particular pointer basis into which systems decohere [4–6]. In the parlance of (quantum) Darwinism, system
states in the pointer basis are the “selected” states under the dynamics of decoherence. Objectivity occurs when
the information about the system in this basis is “reproduced” into multiple different independent fragments of the
environment.

Within quantum Darwinism, the emergence of objectivity is marked by the condition that the quantum mutual
information I(S : F) between system S and fragment F is equal to the system entropy H(S)—or at least approximately
so: I(S : F) = (1− δ)H(S). This must occur for fragment sizes |F| that are sufficiently small fractions of the
environment, such that there are multiple copies of information in the environment.

Within spectrum broadcast structure, the emergence of objectivity is marked by the condition that the system-
fragment must have a particular classical-quantum state structure, ρSF =

∑
i pi|i⟩⟨i| ⊗ ρF1

i ⊗ · · · ⊗ ρFk
i , where

{
ρFk
i

}
i

are mutually distinguishable.
However, these two frameworks are not equivalent, despite the same underlying motivating definition of objectivity.

Moreover, recent work suggests that quantum Darwinism can falsely signal objectivity: the conditions of quantum
Darwinism can be fulfilled for some entangled states [3]; the quantum mutual information I(S : F) can be comparably
comprised of classical and quantum correlations [7, 8]; and quantum Darwinism can apparently emerge even when
spectrum broadcast structure does not [8].

We resolve these tensions by defining strong Quantum Darwinism. Strong quantum Darwinism makes the distinction
between classical and quantum information that was lacking in the original formulation of quantum Darwinism.
Shared quantum mutual information is not sufficient for objectivity: rather, shared classical accessible information
Iacc(S : F), given by the Holevo quantity χ(S : F), is necessary: I(S : F) = Iacc(S : F) = χ(S : F) = (1− δ)H(S).
The classically accessible information is complementary to quantum discord D(S : F) [9], by which we can write
I(S : F) = χ(S : F) + D(S : F). Hence, the condition of strong quantum Darwinism also implies that quantum
discord must be vanishing if objectivity is to emerge.

We prove that strong quantum Darwinism is equivalent to spectrum broadcast structure. Furthermore, strong
Quantum Darwinism addresses all the concerns mentioned above—it does not falsely signal objectivity.

The difference between traditional quantum Darwinism and strong quantum Darwinism highlights the intuition
that objectivity and classicality should depend on the amount of classical information that spreads and is shared,
rather than the quantum information per-se. Moreover, quantum discord hinders the emergence of objectivity by
causing the disturbance of the system whenever observers measure their fragment [10–12].

With the fundamental equivalence between strong quantum Darwinism and spectrum broadcast structure, we now
have consistent information theoretic and geometric tools to further explore the emergence of objectivity and the
quantum-to-classical transition.
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