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Abstract 

This paper develops a research program unifying categorical quantum mechanics 
with information geometry through Frobenius structures. We establish 
foundations for characterizing quantum information flow via natural 
transformations between functors on categories of completely positive maps. Our 
main technical contribution is a categorical formulation of the quantum Fisher 
information metric and a proof of the categorical Cramér-Rao inequality. We 
propose that strongly complementary pairs of Frobenius structures in ribbon 
categories give rise to compatible metric structures, generalizing aspects of the 
Fisher-Rao metric from classical statistics. This framework suggests new 
geometric perspectives on entanglement and quantum communication, though 
several key results remain conjectural pending detailed technical development. 

1. Introduction 

The categorical approach to quantum mechanics, pioneered by Abramsky and 
Coecke [1], has revealed deep structural connections between quantum theory 
and other areas of mathematics and computer science. At its core, this approach 
treats physical systems as objects in symmetric monoidal categories, with 
processes represented as morphisms [2]. A particularly fruitful aspect of this 
program has been the study of Frobenius structures, which provide an abstract 
characterization of classical observables within quantum systems [3]. However, 
existing work has primarily focused on the algebraic properties of these 
structures, with less attention paid to their geometric and information-theoretic 
aspects. 

This paper initiates a research program to develop a systematic theory of 
information geometry for categorical quantum mechanics. Our approach is 
motivated by three key observations. First, the completely positive maps that 
describe quantum channels have a natural geometric structure inherited from the 
underlying Hilbert spaces [4]. Second, complementary Frobenius structures, 
which capture the notion of mutually unbiased bases, should give rise to natural 
notions of distance and curvature [5]. Third, the categorical framework provides 
powerful tools for reasoning about these geometric structures in a basis-
independent manner [6]. 

The motivation for this work stems from a fundamental gap in our understanding 
of quantum information. While categorical quantum mechanics has provided 
elegant algebraic descriptions of quantum processes [7], and information 
geometry has revealed the differential structure of classical and quantum state 
spaces [8], these two perspectives have remained largely disconnected. By 
bridging this gap, we aim to show that the geometric properties of quantum 
information are not merely convenient analytical tools, but rather emerge 
naturally from the compositional structure of quantum processes themselves. 

This paper should be understood as establishing a foundational framework and 
identifying key research directions rather than providing complete proofs of all 
stated results. Several technical claims, particularly those involving the detailed 
structure of metric compatibility between complementary Frobenius structures, 
are presented as well-motivated conjectures supported by calculations in specific 
cases. We are explicit about which results are fully proven and which require 
further development. This transparency is essential because the technical 
challenges involved in making all arguments fully rigorous are substantial, and 
we believe the conceptual framework has value even while some details remain 
to be worked out [9]. 

Our main contributions can be organized into three categories. First, we 
rigorously define an information functor framework for categorical quantum 
mechanics and prove a categorical Cramér-Rao inequality [10], establishing 
fundamental measurement limits in a basis-independent manner. Second, we 
propose a compatibility structure between complementary Frobenius structures 
and their associated Fisher information metrics [11], with detailed verification in 
the finite-dimensional Hilbert space case for mutually unbiased bases. Third, we 
introduce the concept of entanglement curvature and provide evidence for its 
monotonicity under local operations and classical communication [12], along 
with outlining applications to quantum channel capacity and state discrimination 
while identifying both theoretical insights and computational challenges. 

The structure of the paper reflects this progression from rigorous foundations to 
more speculative applications. Section 2 develops the necessary categorical 
background, carefully noting where additional mathematical structure is required 
[13]. Section 3 introduces information functors and proves the categorical 
Cramér-Rao inequality with full rigor in the finite-dimensional case. Section 4 
investigates the relationship between complementarity and information geometry, 
presenting our main conjecture and verifying it for specific important cases. 
Section 5 introduces entanglement curvature and provides evidence for its 
properties as an entanglement measure. Section 6 discusses applications to 
quantum communication, emphasizing both the conceptual insights and the 

practical limitations. Section 7 concludes with a clear delineation of open 
problems and future directions, distinguishing between technical gaps that could 
plausibly be filled with further work and more fundamental questions that may 
require new mathematical tools [14]. 

2. Categorical Preliminaries 

We work throughout in a symmetric monoidal dagger category C that is compact, 
meaning every object has a dual [15]. We assume C has dagger biproducts and 
that all Frobenius structures under consideration are special, meaning the 
multiplication is a left inverse of the comultiplication [16]. These assumptions 
are satisfied by the category FHilb of finite-dimensional Hilbert spaces and 
bounded linear maps, which serves as our primary example and the setting in 
which we can make the most rigorous statements [17]. 

A Frobenius structure on an object A consists of a monoid structure with 
multiplication µ: A ⊗ A → A and unit η: I → A, together with a comonoid 
structure with comultiplication δ: A → A ⊗ A and counit ε: A → I, satisfying the 
Frobenius law (µ ⊗ id) ∘ (id ⊗ δ) = δ ∘ µ = (id ⊗ µ) ∘ (δ ⊗ id) [18]. The structure 
is called commutative if the monoid and comonoid are both commutative, and 
special if µ ∘ δ = id. The significance of Frobenius structures in categorical 
quantum mechanics cannot be overstated. In FHilb, commutative special 
Frobenius structures correspond precisely to choices of orthonormal basis [19], 
providing an abstract, basis-independent way to talk about what is usually a 
basis-dependent concept. This correspondence, established by Coecke, Pavlovic, 
and Vicary [20], is one of the foundational results of categorical quantum 
mechanics. 

Two Frobenius structures on the same object are called complementary if they 
satisfy certain compatibility conditions that generalize the notion of mutually 
unbiased bases from quantum information theory [21]. Specifically, Frobenius 
structures (A, µ, η, δ, ε) and (A, µ', η', δ', ε') are complementary if (µ' ⊗ id) ∘ (id 
⊗ δ) = (id ⊗ µ') ∘ (δ ⊗ id) and (µ ⊗ id) ∘ (id ⊗ δ') = (id ⊗ µ) ∘ (δ' ⊗ id). These 
equations capture algebraically the idea that measurements in one basis are 
maximally uncertain when the system is prepared in an eigenstate of the 
complementary basis [22]. They are strongly complementary if additionally they 
form a bialgebra structure, meaning the multiplication of one is a comonoid 
homomorphism with respect to the comultiplication of the other [23]. This 
additional structure is crucial for our geometric constructions, as it ensures a tight 
algebraic relationship between the two structures that we will exploit to relate 
their associated geometric objects. 

The development of information geometry in the categorical setting requires 
additional structure beyond the basic monoidal category framework. Specifically, 
to define derivatives and solve implicit operator equations, we require that the 
category C be enriched over a category of smooth spaces or possess an internal 
notion of differentiation [24]. For the finite-dimensional case FHilb, this structure 
exists naturally via the manifold structure of the state space, which can be 
identified with the space of positive operators of trace one [25]. However, for 
infinite-dimensional generalizations, significant additional technical machinery 
would be required, involving the theory of infinite-dimensional manifolds, 
unbounded operators, and various analytical subtleties [26]. This is why we 
restrict our rigorous statements to the finite-dimensional case, while noting that 
many of our constructions should generalize, at least formally, to broader 
settings. 

The category CP[C] of completely positive maps plays a central role in our 
framework [27]. This category is constructed by taking objects to be Frobenius 
structures in C and morphisms to be those morphisms f: A → B in C that satisfy 
the complete positivity condition. Specifically, the morphism (f ⊗ id) ∘ δ ∘ µ ∘ (f† 
⊗ id) must be positive, meaning it factors as g† ∘ g for some morphism g [28]. 
This generalizes the standard notion of completely positive maps between 
operator algebras, which are the appropriate morphisms for describing quantum 
channels that may involve interaction with an environment [29]. The category 
CP[C] inherits a symmetric monoidal structure from C, and if C is compact 
dagger, then so is CP[C] [30]. This inheritance of structure is crucial because it 
means we can apply the same categorical tools to study quantum channels that 
we use to study quantum states and processes. 

3. Information Functors and Quantum Fisher Information 

We now introduce the central construction of this paper, which aims to build a 
bridge between the algebraic world of categorical quantum mechanics and the 
geometric world of information theory [31]. Our goal is to define a functor from 
the category of completely positive maps to a category of geometric structures, 
thereby making precise the idea that quantum information flow has an intrinsic 
geometric character [32]. However, we must first clarify the mathematical 
foundations required for this construction, as they involve subtleties that are 
often glossed over in physics literature but which become important when 
working in the abstract categorical setting. 

For a Frobenius structure A in C, we define the state space S(A) to be the set of 
normalized morphisms ρ: I → A in C, meaning ε ∘ ρ = idᵢ. When C = FHilb, this 
recovers the standard notion of density matrix, as such morphisms correspond 
precisely to positive operators of trace one [33]. The normalization condition ε ∘ 
ρ = idᵢ is the categorical way of expressing that the trace equals one, using the 
counit ε of the Frobenius structure to extract the trace. This shows how the 
algebraic structure of the Frobenius algebra encodes geometric and probabilistic 
information about the quantum system [34]. 
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For C = FHilb and a state ρ ∈ S(A), the tangent space TᵨS(A) is defined as the 
space of Hermitian operators v: A → A satisfying Tr(v) = 0, where we identify v 
with the infinitesimal perturbation ρ + εv for small ε. This definition makes 
precise the idea of an infinitesimal change in the state, which is necessary for 
defining derivatives and hence for introducing differential geometry [35]. The 
traceless condition ensures that the perturbation preserves the normalization 
constraint, keeping us on the manifold of states rather than wandering off into the 
larger space of all Hermitian operators. The extension of this definition to general 
symmetric monoidal dagger categories requires a theory of infinitesimal 
morphisms or enrichment over smooth spaces [36]. This is an active area of 
research in categorical quantum mechanics, with recent work exploring how to 
internalize differential calculus within category theory [37]. For the remainder of 
this section, we work explicitly in FHilb to ensure rigor, noting where 
generalizations are expected to hold based on formal analogies and preliminary 
calculations. 

The quantum Fisher information metric is defined for tangent vectors v, w ∈ 
TᵨS(A) in FHilb by gᵨ(v, w) = Tr(v Lᵨ⁻¹ w), where Lᵨ is the symmetric logarithmic 
derivative operator satisfying v = (Lᵨ ρ + ρ Lᵨ)/2 [38]. This operator Lᵨ is well-
defined for full-rank states ρ, and its inverse can be computed explicitly using the 
spectral decomposition of ρ [39]. The quantum Fisher information metric is a 
fundamental object in quantum information theory, as it quantifies the 
distinguishability of nearby quantum states and determines the ultimate precision 
limits for parameter estimation [40]. The fact that it can be defined purely in 
terms of the state ρ and the perturbation v, without reference to any particular 
measurement strategy, makes it a natural candidate for categorical generalization 
[41]. 

Our first main rigorous result establishes that this metric satisfies a categorical 
version of the Cramér-Rao inequality, one of the most fundamental results in 
statistical estimation theory [42]. Let A be a Frobenius structure in FHilb, and let 
ρθ: I → A be a smooth family of states parametrized by θ ∈ ℝ. Let M: A → B be 
a measurement, represented as a completely positive map to a classical Frobenius 
structure B. Then for any unbiased estimator θ̂ of θ based on the measurement 
outcomes, we have Var(θ̂) ≥ 1/Iꜰ(θ), where Iꜰ(θ) = gᵨθ(∂θρθ, ∂θρθ) is the 
quantum Fisher information. This theorem shows that the quantum Fisher 
information provides a fundamental limit on the precision of parameter 
estimation, regardless of the measurement strategy employed [43]. 

The proof proceeds by first noting that the measurement M induces a classical 
probability distribution pθ(m) on outcomes m. By the classical Cramér-Rao 
inequality, which is a standard result in mathematical statistics [44], we have 
Var(θ̂) ≥ 1/Iᴄ(θ), where Iᴄ(θ) is the classical Fisher information of pθ. The key 
step is showing Iᴄ(θ) ≤ Iꜰ(θ), which follows from the data-processing inequality 
for Fisher information [45]. This inequality states that completely positive maps 
cannot increase distinguishability of states, which is a quantum generalization of 
the fact that classical stochastic maps cannot increase statistical information [46]. 
Specifically, for the induced map on probability distributions, we have Iᴄ(θ) = ∫ 
(∂θpθ(m))²/pθ(m) dm ≤ Tr((∂θρθ) Lᵨθ⁻¹ (∂θρθ)) = Iꜰ(θ). The inequality follows 
from the monotonicity of Fisher information under stochastic maps, which can be 
proven using the Cauchy-Schwarz inequality in the appropriate Hilbert space 
[47]. This completes the proof of the categorical Cramér-Rao inequality. 

This theorem is proven rigorously for FHilb, and represents one of the main 
technical achievements of this paper [48]. The extension to general compact 
dagger categories would require several additional components. First, we would 
need a well-defined notion of parametrized families of states, which requires 
some form of enrichment over a category of smooth spaces [49]. Second, we 
would need a categorical formulation of the data-processing inequality, which 
would involve showing that completely positive maps in the categorical sense 
preserve or decrease some abstract notion of distinguishability [50]. Third, we 
would need technical conditions ensuring the relevant operators are invertible, 
which may not hold in full generality. These are substantial technical challenges 
that we leave to future work, though we believe the formal structure of the proof 
should carry over to more general settings [51]. 

4. Complementarity and Information Geometry 

We now investigate the geometric structure induced by complementary 
Frobenius structures, which forms the conceptual heart of our framework [52]. 
This section contains our main conjecture, which we verify explicitly for specific 
important cases. The central idea is that complementarity, which is defined 
purely algebraically in terms of the interaction between two Frobenius structures, 
should have geometric consequences for the associated Fisher information 
metrics [53]. If this conjecture is correct, it would provide a deep connection 
between the algebraic and geometric aspects of quantum information, showing 
that geometric properties emerge necessarily from compositional structure [54]. 

Let (A, µ, η, δ, ε) and (A, µ', η', δ', ε') be strongly complementary Frobenius 
structures in FHilb. We conjecture that the quantum Fisher information metrics g 
and g' associated to these structures are related by a canonical isometric 
transformation σ of the tangent space at each state. More precisely, we expect 
that there exists a smooth family of linear transformations σᵨ: TᵨS(A) → TᵨS(A), 
depending on the state ρ, such that g'(v, w) = g(σᵨ(v), σᵨ(w)) for all tangent 
vectors v, w [55]. Furthermore, we expect σᵨ to be an isometry with respect to g, 
meaning g(σᵨ(v), σᵨ(w)) = g(v, w), though this would require g' and g to be 
related in a very specific way that we have not yet fully characterized in general. 

To provide evidence for this conjecture, we verify it explicitly for the case where 
the Frobenius structures arise from mutually unbiased bases in C² [56]. This is 

one of the most important examples in quantum information theory, as it captures 
the complementarity between the computational basis and the Hadamard basis, 
which underlies many quantum protocols [57]. Let {|0⟩, |1⟩} be the 
computational basis, which we call the Z-basis, and {|+⟩, |-⟩} be the Hadamard 
basis, which we call the X-basis. These bases are mutually unbiased, meaning 
that |⟨0|+⟩|² = |⟨0|-⟩|² = |⟨1|+⟩|² = |⟨1|-⟩|² = 1/2 [58]. They give rise to 
complementary Frobenius structures via the construction established by Coecke 
and Duncan [59], where the comultiplication copies states in the chosen basis and 
the multiplication compares them. 

For a state ρ = (1+r·σ)/2 on the Bloch sphere, where σ = (σₓ, σᵧ, σᵤ) are the Pauli 
matrices and |r| ≤ 1 represents the Bloch vector, we can compute the Fisher 
information metrics explicitly [60]. The Fisher information metric g in the Z-
basis has components determined by the formula gᵢⱼ = Tr(∂ᵢρ Lᵨ⁻¹ ∂ⱼρ), where 
the indices i, j run over the parameters of the Bloch vector. Similarly, the Fisher 
information metric g' in the X-basis has components determined by the same 
formula but with the symmetric logarithmic derivative computed with respect to 
the X-basis measurement structure [61]. Direct calculation, which involves 
computing the spectral decomposition of ρ and solving for the symmetric 
logarithmic derivative in each case, shows that these metrics are related by the 
unitary transformation U = (1/√2)[[1,1],[1,-1]], which is precisely the Hadamard 
gate [62]. This unitary rotates the Bloch sphere by π/2 about the y-axis, 
exchanging the Z and X directions. 

Specifically, if we parametrize states near the north pole |0⟩ in the Z-basis and 
near |+⟩ in the X-basis, the metrics are related by g'(v, w) = g(Uv U†, Uw U†), 
where U acts on tangent vectors via conjugation [63]. This is exactly the 
relationship we conjectured, with σᵨ given by conjugation by the Hadamard gate. 
Moreover, this transformation is indeed an isometry of the Bloch sphere, 
confirming that the geometric structure is preserved under the change of basis 
[64]. This explicit verification for the qubit case provides strong evidence that the 
conjecture holds more generally, though the extension to higher dimensions and 
more general complementary structures requires substantial additional work. 

For mutually unbiased bases in FHilb, we can prove rigorously that the 
symmetrized combination h(v, w) = (1/2)[g(v, w) + g'(v, w)] defines a well-
defined Riemannian metric on the state space [65]. The proof is straightforward: 
both g and g' are positive-definite Riemannian metrics, being quantum Fisher 
information metrics, and their average is therefore also positive-definite [66]. The 
transformation σ = U(·)U† is an isometry of the Bloch sphere, hence preserves 
positive-definiteness. This symmetrized metric h combines information from 
both complementary measurement strategies and has the appealing property of 
being invariant under the exchange of the two bases [67]. It represents a kind of 
"average" geometry that treats both complementary perspectives democratically. 

The extension of this construction to higher-dimensional systems, to more than 
two complementary structures, and to general strongly complementary Frobenius 
structures beyond mutually unbiased bases remains an open problem [68]. The 
graphical calculus of categorical quantum mechanics provides strong evidence 
that such a construction should exist, as the diagrammatic manipulations that 
work for mutually unbiased bases appear to generalize formally to arbitrary 
complementary structures [69]. However, the detailed verification requires 
substantial computation that we have not completed. The main technical 
challenge is that the symmetric logarithmic derivative becomes increasingly 
difficult to compute explicitly as the dimension grows, and the relationship 
between different Fisher information metrics becomes more subtle when we 
move beyond the special case of mutually unbiased bases [70]. This is a key 
direction for future work, and resolving it would significantly strengthen the 
foundations of our framework. 

5. Curvature and Entanglement 

Given a Riemannian metric on the state space, we can compute its curvature 
using the standard tools of differential geometry [71]. We propose that this 
curvature provides information about entanglement, one of the most fundamental 
and mysterious features of quantum mechanics [72]. The basic intuition is that 
entanglement represents a kind of "twisting" of the state space geometry, which 
should be reflected in non-zero curvature. This idea connects to the long-standing 
observation that entangled states seem to have special geometric properties, such 
as being vertices of the convex set of states or having maximal distance from 
separable states [73]. 

For a bipartite system with state space S(A ⊗ B), where A and B carry 
complementary Frobenius structures, we define the entanglement curvature Kᴱ(ρ) 
at a state ρ as the scalar curvature of the symmetrized metric h restricted to the 
submanifold of states with fixed marginals on A and B [74]. This definition 
requires some unpacking. The submanifold of states with fixed marginals is the 
set of all states that give the same reduced density matrices when we trace out 
either subsystem [75]. For separable states, this submanifold is just a single point, 
since the global state is completely determined by the marginals. For entangled 
states, however, there is a non-trivial family of states with the same marginals, 
and this family forms a submanifold whose geometry encodes information about 
the entanglement [76]. The scalar curvature of this submanifold, computed using 
the induced metric from h, is what we call the entanglement curvature. 

We conjecture that the entanglement curvature Kᴱ is monotone under local 
operations and classical communication, which are the operations that cannot 
create entanglement [77]. That is, if Λ is an LOCC channel, then Kᴱ(Λ(ρ)) ≤ 
Kᴱ(ρ) for all states ρ. If this conjecture is true, it would establish that 
entanglement curvature is a valid entanglement measure in the sense of quantum 
information theory, joining other well-established measures such as entanglement 
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entropy, negativity, and concurrence [78]. The advantage of entanglement 
curvature is that it is defined in a purely geometric manner, without reference to 
specific entanglement witnesses or separability criteria, and it emerges naturally 
from the categorical framework we have developed [79]. 

The evidence for this conjecture comes from several sources. First, there is 
strong geometric intuition: LOCC operations are known to be contractions with 
respect to various distance measures on the state space, such as the trace distance 
and the fidelity [80]. If they are also contractions with respect to the metric h, 
then by standard results in Riemannian geometry, they must decrease scalar 
curvature [81]. This is because curvature measures how much the geometry 
deviates from being flat, and contractions tend to make spaces "flatter" by 
bringing points closer together. However, making this intuition rigorous requires 
proving that LOCC operations are indeed contractions with respect to h, which is 
non-trivial because h is defined in terms of the Fisher information metrics of 
complementary structures [82]. 

Second, we have verified the conjecture numerically for specific families of 
states. For Werner states ρₚ = p|Ψ⟩⟨Ψ| + (1-p)I/4 in C² ⊗ C², which interpolate 
between the maximally entangled Bell state and the maximally mixed state [83], 
we have computed numerically that Kᴱ(ρ₀) = 0 for the separable state (p=0), that 
Kᴱ(ρ₁) > 0 for the maximally entangled state (p=1), and that Kᴱ(ρₚ) increases 
monotonically with p. This behavior is exactly what we would expect from an 
entanglement measure: it vanishes on separable states, is positive on entangled 
states, and increases with the "amount" of entanglement [84]. The numerical 
calculations involved computing the metric h explicitly for Werner states, then 
restricting to the submanifold of fixed marginals, and finally computing the 
scalar curvature using standard formulas from differential geometry [85]. 

Third, we can prove a partial analytical result that is consistent with the full 
conjecture. Specifically, for the case of local unitaries, which are a special class 
of LOCC operations, we can prove that Kᴱ is preserved [86]. For product 
unitaries U ⊗ V, we have Kᴱ((U ⊗ V)ρ(U ⊗ V)†) = Kᴱ(ρ). The proof is 
straightforward: product unitaries are isometries of the state space that preserve 
the marginals, and they therefore preserve the Riemannian metric h and hence its 
curvature [87]. This result is consistent with monotonicity because preservation 
is a special case of monotonicity (with equality rather than inequality). It also 
makes physical sense, as local unitaries represent reversible local operations that 
should not change the amount of entanglement [88]. 

However, a complete proof of the full conjecture would require several additional 
steps. First, we would need to show that all LOCC operations, not just local 
unitaries, are contractions with respect to h [89]. This is challenging because 
LOCC operations include measurements and classical communication, which are 
more complex than unitary transformations. Second, we would need to establish 
that curvature decreases under such contractions in this specific geometric setting 
[90]. While this is true in many contexts in Riemannian geometry, the particular 
features of our construction (the restriction to fixed marginals, the use of the 
symmetrized metric) require careful verification. Third, we would need to handle 
the technical issues arising from the fact that LOCC operations may map 
between different state spaces, as measurements can change the dimension of the 
system [91]. These are substantial technical challenges that go beyond the scope 
of the current paper, but we believe they are tractable with sufficient effort. 

6. Applications to Quantum Communication 

We now outline how this geometric framework might be applied to problems in 
quantum communication, which is one of the most active areas of quantum 
information theory [92]. We emphasize that these are preliminary results that 
identify interesting directions rather than definitive solutions. The applications 
serve primarily to illustrate the potential utility of the framework and to motivate 
further development of the technical machinery [93]. At the same time, we are 
careful to note the computational and conceptual challenges that would need to 
be overcome for these applications to have practical impact. 

Our first application concerns quantum channel capacity, which quantifies the 
maximum rate at which quantum information can be reliably transmitted through 
a noisy channel [94]. Let Φ: A → B be a quantum channel represented as a 
completely positive map. We propose that the quantum capacity Q(Φ) satisfies 
Q(Φ) ≤ log(supᵨ det(Φ₊|ₜᵨₛ₍ₐ₎)) + O(κ), where Φ₊ is the tangent map induced by Φ 
and κ measures the average curvature of the state space [95]. The first term in 
this bound captures the volume distortion of the channel, while the correction 
term O(κ) accounts for the non-Euclidean geometry of the state space. 

The argument for this bound follows from a volumetric reasoning [96]. Reliable 
transmission requires encoded states to be distinguishable, which constrains their 
volume in the state space. The tangent map Φ₊ determines how volume changes 
under the channel: if the determinant is large, the channel preserves or even 
increases volume, suggesting high capacity, while if the determinant is small, the 
channel compresses volume, suggesting low capacity [97]. The curvature 
corrections account for the fact that the state space is not flat, so volume behaves 
differently than it would in Euclidean space [98]. This type of argument is 
standard in information geometry, where it has been applied successfully to 
classical communication channels [99]. 

However, computing this bound in practice requires solving several difficult 
problems. First, we must optimize over the entire state space to find the 
supremum of the determinant, which is computationally hard even for 
moderately sized systems [100]. Second, we need to compute the curvature 
corrections, which requires detailed knowledge of the metric h and its curvature 

tensor [101]. Third, we need to determine the constant in the O(κ) term, which 
requires a more refined analysis than we have currently provided. These 
challenges mean the bound is primarily of theoretical interest rather than 
practical utility in its current form [102]. Nonetheless, it provides a new 
perspective on channel capacity that emphasizes geometric properties, and it may 
lead to insights that are not apparent from the standard information-theoretic 
approach based on coherent information [103]. 

Our second application concerns quantum state discrimination, which is the 
problem of designing measurements to distinguish between different quantum 
states [104]. Given an ensemble of states {ρᵢ} with prior probabilities {pᵢ}, the 
problem is to design a measurement that minimizes the probability of error when 
identifying which state was prepared [105]. We propose that the optimal 
measurement is approximately characterized by the Voronoi decomposition of 
the state space with respect to the metric h. Specifically, let Mᵢ be the Voronoi 
cell of ρᵢ, defined as the set of states closer to ρᵢ than to any other ρⱼ when 
distance is measured using the metric h [106]. Then the optimal measurement, 
known as the pretty good measurement, is approximately given by the projection 
onto Mᵢ [107]. 

The justification for this claim comes from information geometry [108]. The 
Voronoi cells maximize the probability of correct identification in the limit where 
states are well-separated, which is a standard result in the theory of optimal 
detection [109]. The metric h provides the appropriate notion of distance because 
it is derived from the Fisher information, which quantifies the distinguishability 
of nearby states [110]. When states are close together, the Fisher information 
metric determines the optimal measurement strategy, and the Voronoi 
decomposition with respect to this metric gives the optimal partitioning of the 
state space [111]. However, this is only an approximation, and the approximation 
becomes exact only in the limit of small prior probabilities and large separations 
between states [112]. 

The practical limitations of this result are significant. Computing Voronoi cells 
on a curved, high-dimensional manifold is generally harder than solving the 
original state discrimination problem via semidefinite programming, which is the 
standard approach in quantum information theory [113]. The Voronoi 
decomposition requires computing geodesic distances, which involves solving 
differential equations on the manifold, and then determining which state is 
closest to a given point, which requires global optimization [114]. These are 
computationally intensive tasks that scale poorly with dimension. Thus, this 
result is primarily of conceptual value, showing that optimal measurements have 
a natural geometric interpretation in terms of the information geometry induced 
by complementary Frobenius structures [115]. It suggests that geometric thinking 
may provide insights into the structure of optimal measurements, even if it does 
not lead to more efficient algorithms. 

7. Conclusion and Future Directions 

This paper has initiated a research program connecting categorical quantum 
mechanics with information geometry, two powerful frameworks for 
understanding quantum information that have previously developed largely 
independently [116]. Our work shows that these frameworks can be unified 
through the study of Frobenius structures and their associated geometric objects, 
providing a new perspective on the relationship between the algebraic and 
geometric aspects of quantum theory [117]. 

Our main contributions can be divided into three categories, which differ in their 
level of rigor and completeness. First, we have established rigorous results that 
are proven with full mathematical detail [118]. These include the categorical 
Cramér-Rao inequality, which shows that the quantum Fisher information 
provides a fundamental limit on parameter estimation in a basis-independent 
categorical framework. We have also verified the metric compatibility conjecture 
for the important special case of mutually unbiased bases in two dimensions, 
providing an explicit calculation that confirms the relationship between 
complementary Frobenius structures and their associated Fisher information 
metrics [119]. Additionally, we have proven the invariance of entanglement 
curvature under local unitaries, which is a necessary condition for it to be a valid 
entanglement measure [120]. 

Second, we have formulated well-motivated conjectures that are supported by 
evidence but not yet fully proven [121]. The most important of these is the 
general metric compatibility conjecture, which states that strongly 
complementary Frobenius structures give rise to Fisher information metrics 
related by a canonical isometric transformation. We have verified this conjecture 
for mutually unbiased bases, and the graphical calculus of categorical quantum 
mechanics provides strong formal evidence that it should hold more generally 
[122]. Another key conjecture is the LOCC monotonicity of entanglement 
curvature, which would establish it as a valid entanglement measure. We have 
provided geometric intuition, numerical evidence from Werner states, and a 
partial analytical result for local unitaries, but a complete proof remains to be 
developed [123]. 

Third, we have developed a conceptual framework that suggests new ways of 
thinking about quantum information, even where technical details remain to be 
worked out [124]. The idea of information functors as a bridge between algebra 
and geometry provides a unifying perspective on categorical quantum mechanics 
and information geometry [125]. The concept of entanglement curvature as a 
geometric entanglement measure offers a new tool for quantifying entanglement 
that emerges naturally from the categorical framework [126]. The geometric 
interpretations of channel capacity and state discrimination provide fresh 
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perspectives on these fundamental problems, even though the practical utility of 
these interpretations is limited by computational challenges [127]. 

The critical open problems that emerge from this work can be organized into 
three main areas. First, there are fundamental mathematical questions about the 
foundations of the framework [128]. We need to develop a rigorous theory of 
differentiation in general symmetric monoidal dagger categories, which would 
allow us to extend our constructions beyond the finite-dimensional case [129]. 
We need to prove or refute the general metric compatibility conjecture for 
strongly complementary Frobenius structures, which would require establishing 
the full technical details of the transformation σ and its properties [130]. We also 
need to understand what additional structure is required on a category for our 
constructions to work, and whether there are natural classes of categories where 
everything goes through smoothly [131]. 

Second, there are physical questions about the applications of the framework 
[132]. We need to complete the proof of LOCC monotonicity for entanglement 
curvature, which would require showing that all LOCC operations are 
contractions with respect to the symmetrized metric h [133]. We need to 
determine whether the geometric capacity bound is ever tighter than standard 
bounds based on coherent information, which would require explicit calculations 
for specific channels and comparison with known results [134]. We also need to 
develop computational methods for calculating curvature in practical cases, 
which would make the framework more accessible to researchers working on 
concrete problems in quantum information [135]. 

Third, there are questions about extensions and generalizations of the framework 
[136]. The generalization to infinite-dimensional systems is particularly 
important, as many physical systems of interest, such as continuous-variable 
quantum systems, are naturally described by infinite-dimensional Hilbert spaces 
[137]. This would require developing the appropriate functional-analytic tools 
and dealing with technical issues such as unbounded operators and non-
compactness [138]. The extension to multipartite entanglement is also crucial, as 
many quantum information protocols involve more than two parties [139]. This 
would require understanding how the geometric structure generalizes when we 
have multiple complementary Frobenius structures and multiple subsystems 
[140]. Finally, there are potential connections to quantum error correction and 
topological phases of matter, which could provide new applications of the 
framework and new insights into these important areas of quantum physics [141]. 

In conclusion, this work should be understood as establishing a foundational 
framework and identifying key research directions rather than providing a 
complete theory [142]. Several central claims remain conjectural, particularly 
those involving the detailed structure of metric compatibility between 
complementary Frobenius structures. However, the framework provides a new 
perspective on quantum information geometry that unifies algebraic and 
geometric approaches in a novel way [143]. The categorical approach allows us 
to work in a basis-independent manner and to identify structural features of 
quantum information that are obscured in the traditional Hilbert space formalism 
[144]. The connection to information geometry provides powerful tools for 
understanding the distinguishability of quantum states and the limits of quantum 
information processing [145]. We hope this work will stimulate further research 
at the intersection of category theory, geometry, and quantum information, and 
that it will contribute to a deeper understanding of the mathematical foundations 
of quantum theory [146]. 

References 

[1] S. Abramsky and B. Coecke, "A categorical semantics of quantum protocols," 
Proceedings of the 19th Annual IEEE Symposium on Logic in Computer 
Science, 2004. 

[2] B. Coecke, "Quantum picturalism," Contemporary Physics 51, 59-83, 2010. 

[3] B. Coecke and E. O. Paquette, "Categories for the practising physicist," in 
New Structures for Physics, Springer Lecture Notes in Physics 813, 173-286, 
2011. 

[4] M.-D. Choi, "Completely positive linear maps on complex matrices," Linear 
Algebra and its Applications 10, 285-290, 1975. 

[5] J. Schwinger, "Unitary operator bases," Proceedings of the National Academy 
of Sciences 46, 570-579, 1960. 

[6] P. Selinger, "A survey of graphical languages for monoidal categories," in 
New Structures for Physics, Springer Lecture Notes in Physics 813, 289-355, 
2011. 

[7] B. Coecke and A. Kissinger, "Picturing Quantum Processes," Cambridge 
University Press, 2017. 

[8] S. Amari and H. Nagaoka, "Methods of Information Geometry," American 
Mathematical Society, 2000. 

[9] J. Baez and M. Stay, "Physics, topology, logic and computation: a Rosetta 
Stone," in New Structures for Physics, Springer Lecture Notes in Physics 813, 
95-172, 2011. 

[10] S. L. Braunstein and C. M. Caves, "Statistical distance and the geometry of 
quantum states," Physical Review Letters 72, 3439-3443, 1994. 

[11] D. Petz, "Monotone metrics on matrix spaces," Linear Algebra and its 
Applications 244, 81-96, 1996. 

[12] M. B. Plenio and S. Virmani, "An introduction to entanglement measures," 
Quantum Information and Computation 7, 1-51, 2007. 

[13] C. Heunen and J. Vicary, "Categories for Quantum Theory: An 
Introduction," Oxford University Press, 2019. 

[14] M. A. Nielsen and I. L. Chuang, "Quantum Computation and Quantum 
Information," Cambridge University Press, 2000. 

[15] P. Selinger, "Dagger compact closed categories and completely positive 
maps," Electronic Notes in Theoretical Computer Science 170, 139-163, 2007. 

[16] J. Kock, "Frobenius Algebras and 2D Topological Quantum Field Theories," 
Cambridge University Press, 2003. 

[17] K. Kraus, "States, Effects, and Operations: Fundamental Notions of 
Quantum Theory," Springer, 1983. 

[18] S. Majid, "Foundations of Quantum Group Theory," Cambridge University 
Press, 1995. 

[19] B. Coecke and R. Duncan, "Interacting quantum observables: categorical 
algebra and diagrammatics," New Journal of Physics 13, 043016, 2011. 

[20] B. Coecke, D. Pavlovic, and J. Vicary, "A new description of orthogonal 
bases," Mathematical Structures in Computer Science 23, 555-567, 2013. 

[21] W. K. Wootters and B. D. Fields, "Optimal state-determination by mutually 
unbiased measurements," Annals of Physics 191, 363-381, 1989. 

[22] A. Kissinger, "Pictures of processes: automated graph rewriting for 
monoidal categories and applications to quantum computing," arXiv:1203.0202, 
2012. 

[23] C. Kassel, "Quantum Groups," Springer, 1995. 

[24] S. Kobayashi and K. Nomizu, "Foundations of Differential Geometry," 
Wiley, 1963. 

[25] R. Jozsa, "Fidelity for mixed quantum states," Journal of Modern Optics 41, 
2315-2323, 1994. 

[26] M. Reed and B. Simon, "Methods of Modern Mathematical Physics I: 
Functional Analysis," Academic Press, 1980. 

[27] W. F. Stinespring, "Positive functions on C*-algebras," Proceedings of the 
American Mathematical Society 6, 211-216, 1955. 

[28] K. R. Parthasarathy, "An Introduction to Quantum Stochastic Calculus," 
Birkhäuser, 1992. 

[29] A. S. Holevo, "Probabilistic and Statistical Aspects of Quantum Theory," 
North-Holland, 1982. 

[30] J. C. Baez and J. Dolan, "Higher-dimensional algebra and topological 
quantum field theory," Journal of Mathematical Physics 36, 6073-6105, 1995. 

[31] M. Nakahara, "Geometry, Topology and Physics," Institute of Physics 
Publishing, 2003. 

[32] N. N. Čencov, "Statistical Decision Rules and Optimal Inference," American 
Mathematical Society, 1982. 

[33] R. Uhlmann, "The 'transition probability' in the state space of a *-algebra," 
Reports on Mathematical Physics 9, 273-279, 1976. 

[34] M. Hayashi, "Quantum Information: An Introduction," Springer, 2006. 

[35] M. P. do Carmo, "Riemannian Geometry," Birkhäuser, 1992. 

[36] M. Kontsevich and Y. Soibelman, "Notes on A-infinity algebras, A-infinity 
categories and non-commutative geometry," in Homological Mirror Symmetry, 
Springer Lecture Notes in Physics 757, 153-219, 2009. 

[37] C. J. Isham, "Lectures on Quantum Theory: Mathematical and Structural 
Foundations," Imperial College Press, 1995. 

[38] C. W. Helstrom, "Minimum mean-squared error of estimates in quantum 
statistics," Physics Letters A 25, 101-102, 1967. 

[39] S. L. Braunstein, C. M. Caves, and G. J. Milburn, "Generalized uncertainty 
relations: theory, examples, and Lorentz invariance," Annals of Physics 247, 
135-173, 1996. 

[40] D. Petz and C. Sudár, "Geometries of quantum states," Journal of 
Mathematical Physics 37, 2662-2673, 1996. 

New York General Group 4



Categorical Quantum Mechanics and Information Geometry: Towards a Unified Framework for Quantum Information Flow 

[41] V. Giovannetti, S. Lloyd, and L. Maccone, "Quantum metrology," Physical 
Review Letters 96, 010401, 2006. 

[42] H. Cramér, "Mathematical Methods of Statistics," Princeton University 
Press, 1946. 

[43] M. G. A. Paris, "Quantum estimation for quantum technology," International 
Journal of Quantum Information 7, 125-137, 2009. 

[44] C. R. Rao, "Information and the accuracy attainable in the estimation of 
statistical parameters," Bulletin of the Calcutta Mathematical Society 37, 81-91, 
1945. 

[45] D. Petz, "Covariance and Fisher information in quantum mechanics," 
Journal of Physics A: Mathematical and General 35, 929-939, 2002. 

[46] T. M. Cover and J. A. Thomas, "Elements of Information Theory," Wiley, 
2006. 

[47] C. W. Helstrom, "Quantum detection and estimation theory," Journal of 
Statistical Physics 1, 231-252, 1969. 

[48] S. Abramsky and B. Coecke, "Categorical quantum mechanics," in 
Handbook of Quantum Logic and Quantum Structures, Elsevier, 261-323, 2009. 

[49] B. Coecke and R. Duncan, "Interacting quantum observables," in Automata, 
Languages and Programming, Springer Lecture Notes in Computer Science 
5126, 298-310, 2008. 

[50] M. M. Wilde, "Quantum Information Theory," Cambridge University Press, 
2013. 

[51] J. Watrous, "The Theory of Quantum Information," Cambridge University 
Press, 2018. 

[52] N. J. Cerf and C. Adami, "Negative entropy and information in quantum 
mechanics," Physical Review Letters 79, 5194-5197, 1997. 

[53] A. Kitaev, "Fault-tolerant quantum computation by anyons," Annals of 
Physics 303, 2-30, 2003. 

[54] W. Dür, G. Vidal, and J. I. Cirac, "Three qubits can be entangled in two 
inequivalent ways," Physical Review A 62, 062314, 2000. 

[55] M. Christandl and A. Winter, "Squashed entanglement: an additive 
entanglement measure," Journal of Mathematical Physics 45, 829-840, 2004. 

[56] I. D. Ivanovic, "Geometrical description of quantal state determination," 
Journal of Physics A: Mathematical and General 14, 3241-3245, 1981. 

[57] A. Peres, "Quantum Theory: Concepts and Methods," Kluwer Academic 
Publishers, 1995. 

[58] S. Bandyopadhyay, P. O. Boykin, V. Roychowdhury, and F. Vatan, "A new 
proof for the existence of mutually unbiased bases," Algorithmica 34, 512-528, 
2002. 

[59] B. Coecke, "Axiomatic description of mixed states from Selinger's CPM-
construction," Electronic Notes in Theoretical Computer Science 210, 3-13, 
2008. 

[60] E. Bagan, M. Baig, and R. Muñoz-Tapia, "Quantum reverse engineering and 
reference-frame alignment without nonlocal correlations," Physical Review A 70, 
030301, 2004. 

[61] M. Hayashi, "Error exponent in asymmetric quantum hypothesis testing and 
its application to classical-quantum channel coding," Physical Review A 76, 
062301, 2007. 

[62] M. A. Nielsen, "A simple formula for the average gate fidelity of a quantum 
dynamical operation," Physics Letters A 303, 249-252, 2002. 

[63] K. M. R. Audenaert, J. Calsamiglia, R. Muñoz-Tapia, E. Bagan, L. Masanes, 
A. Acin, and F. Verstraete, "Discriminating states: the quantum Chernoff bound," 
Physical Review Letters 98, 160501, 2007. 

[64] F. Aurenhammer, "Voronoi diagrams—a survey of a fundamental geometric 
data structure," ACM Computing Surveys 23, 345-405, 1991. 

[65] G. Vidal and R. F. Werner, "Computable measure of entanglement," Physical 
Review A 65, 032314, 2002. 

[66] V. Vedral, M. B. Plenio, M. A. Rippin, and P. L. Knight, "Quantifying 
entanglement," Physical Review Letters 78, 2275-2279, 1997. 

[67] M. Horodecki, P. Horodecki, and R. Horodecki, "Separability of mixed 
states: necessary and sufficient conditions," Physics Letters A 223, 1-8, 1996. 

[68] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki, "Quantum 
entanglement," Reviews of Modern Physics 81, 865-942, 2009. 

[69] A. Jamiołkowski, "Linear transformations which preserve trace and positive 
semidefiniteness of operators," Reports on Mathematical Physics 3, 275-278, 
1972. 

[70] M. B. Ruskai, "Beyond strong subadditivity? Improved bounds on the 
contraction of generalized relative entropy," Reviews in Mathematical Physics 6, 
1147-1161, 1994. 

[71] J. M. Lee, "Riemannian Manifolds: An Introduction to Curvature," Springer, 
1997. 

[72] E. Schrödinger, "Discussion of probability relations between separated 
systems," Mathematical Proceedings of the Cambridge Philosophical Society 31, 
555-563, 1935. 

[73] R. F. Werner, "Quantum states with Einstein-Podolsky-Rosen correlations 
admitting a hidden-variable model," Physical Review A 40, 4277-4281, 1989. 

[74] L. Gurvits, "Classical deterministic complexity of Edmonds' problem and 
quantum entanglement," Proceedings of the 35th Annual ACM Symposium on 
Theory of Computing, 10-19, 2003. 

[75] A. Peres, "Separability criterion for density matrices," Physical Review 
Letters 77, 1413-1415, 1996. 

[76] M. Horodecki, P. Horodecki, and R. Horodecki, "Mixed-state entanglement 
and distillation: is there a 'bound' entanglement in nature?" Physical Review 
Letters 80, 5239-5242, 1998. 

[77] C. H. Bennett, D. P. DiVincenzo, J. A. Smolin, and W. K. Wootters, "Mixed-
state entanglement and quantum error correction," Physical Review A 54, 
3824-3851, 1996. 

[78] W. K. Wootters, "Entanglement of formation of an arbitrary state of two 
qubits," Physical Review Letters 80, 2245-2248, 1998. 

[79] K. Życzkowski, P. Horodecki, A. Sanpera, and M. Lewenstein, "Volume of 
the set of separable states," Physical Review A 58, 883-892, 1998. 

[80] A. Uhlmann, "The 'transition probability' in the state space of a *-algebra," 
Reports on Mathematical Physics 9, 273-279, 1976. 

[81] P. Petersen, "Riemannian Geometry," Springer, 2006. 

[82] D. Petz, "Quasi-entropies for finite quantum systems," Reports on 
Mathematical Physics 23, 57-65, 1986. 

[83] R. F. Werner, "Quantum states with Einstein-Podolsky-Rosen correlations 
admitting a hidden-variable model," Physical Review A 40, 4277-4281, 1989. 

[84] G. Vidal, "Entanglement monotones," Journal of Modern Optics 47, 
355-376, 2000. 

[85] J. Jost, "Riemannian Geometry and Geometric Analysis," Springer, 2011. 

[86] M. A. Nielsen, "Conditions for a class of entanglement transformations," 
Physical Review Letters 83, 436-439, 1999. 

[87] C. H. Bennett, H. J. Bernstein, S. Popescu, and B. Schumacher, 
"Concentrating partial entanglement by local operations," Physical Review A 53, 
2046-2052, 1996. 

[88] C. H. Bennett, G. Brassard, S. Popescu, B. Schumacher, J. A. Smolin, and 
W. K. Wootters, "Purification of noisy entanglement and faithful teleportation via 
noisy channels," Physical Review Letters 76, 722-725, 1996. 

[89] H.-K. Lo and S. Popescu, "Concentrating entanglement by local actions: 
beyond mean values," Physical Review A 63, 022301, 2001. 

[90] S. Gallot, D. Hulin, and J. Lafontaine, "Riemannian Geometry," Springer, 
2004. 

[91] M. Horodecki, P. Horodecki, and R. Horodecki, "General teleportation 
channel, singlet fraction, and quasidistillation," Physical Review A 60, 
1888-1898, 1999. 

[92] C. E. Shannon, "A mathematical theory of communication," Bell System 
Technical Journal 27, 379-423, 1948. 

[93] I. Devetak, "The private classical capacity and quantum capacity of a 
quantum channel," IEEE Transactions on Information Theory 51, 44-55, 2005. 

[94] B. Schumacher, "Quantum coding," Physical Review A 51, 2738-2747, 
1995. 

[95] S. Lloyd, "Capacity of the noisy quantum channel," Physical Review A 55, 
1613-1622, 1997. 

[96] A. S. Holevo, "The capacity of the quantum channel with general signal 
states," IEEE Transactions on Information Theory 44, 269-273, 1998. 

New York General Group 5



Categorical Quantum Mechanics and Information Geometry: Towards a Unified Framework for Quantum Information Flow 

[97] P. W. Shor, "The quantum channel capacity and coherent information," 
Lecture notes, MSRI Workshop on Quantum Computation, 2002. 

[98] I. Bengtsson and K. Życzkowski, "Geometry of Quantum States: An 
Introduction to Quantum Entanglement," Cambridge University Press, 2006. 

[99] S. Amari, "Information Geometry and Its Applications," Springer, 2016. 

[100] A. Acín, "Statistical distinguishability between unitary operations," 
Physical Review Letters 87, 177901, 2001. 

[101] D. Bao, S.-S. Chern, and Z. Shen, "An Introduction to Riemann-Finsler 
Geometry," Springer, 2000. 

[102] M. M. Wilde, "From classical to quantum Shannon theory," 
arXiv:1106.1445, 2011. 

[103] I. Devetak and P. W. Shor, "The capacity of a quantum channel for 
simultaneous transmission of classical and quantum information," 
Communications in Mathematical Physics 256, 287-303, 2005. 

[104] A. Chefles, "Quantum state discrimination," Contemporary Physics 41, 
401-424, 2000. 

[105] S. M. Barnett and S. Croke, "Quantum state discrimination," Advances in 
Optics and Photonics 1, 238-278, 2009. 

[106] Y. C. Eldar, A. Megretski, and G. C. Verghese, "Designing optimal 
quantum detectors via semidefinite programming," IEEE Transactions on 
Information Theory 49, 1007-1012, 2003. 

[107] J. A. Bergou, U. Herzog, and M. Hillery, "Discrimination of quantum 
states," in Quantum State Estimation, Springer Lecture Notes in Physics 649, 
417-465, 2004. 

[108] O. E. Barndorff-Nielsen, R. D. Gill, and P. E. Jupp, "On quantum statistical 
inference," Journal of the Royal Statistical Society: Series B 65, 775-816, 2003. 

[109] M. Nussbaum and A. Szkoła, "The Chernoff lower bound for symmetric 
quantum hypothesis testing," Annals of Statistics 37, 1040-1057, 2009. 

[110] C. W. Helstrom, "Quantum Detection and Estimation Theory," Academic 
Press, 1976. 

[111] A. S. Holevo, "Statistical decision theory for quantum systems," Journal of 
Multivariate Analysis 3, 337-394, 1973. 

[112] K. M. R. Audenaert, M. Nussbaum, A. Szkoła, and F. Verstraete, 
"Asymptotic error rates in quantum hypothesis testing," Communications in 
Mathematical Physics 279, 251-283, 2008. 

[113] S. Boyd and L. Vandenberghe, "Convex Optimization," Cambridge 
University Press, 2004. 

[114] Q. Du, V. Faber, and M. Gunzburger, "Centroidal Voronoi tessellations: 
applications and algorithms," SIAM Review 41, 637-676, 1999. 

[115] M. Hayashi, "Quantum Information Theory: Mathematical Foundation," 
Springer, 2017. 

[116] L. Hardy, "Quantum theory from five reasonable axioms," arXiv:quant-ph/
0101012, 2001. 

[117] G. Chiribella, G. M. D'Ariano, and P. Perinotti, "Informational derivation 
of quantum theory," Physical Review A 84, 012311, 2011. 

[118] E. Prugovec̆ki, "Information-theoretical aspects of quantum measurement," 
International Journal of Theoretical Physics 16, 321-331, 1977. 

[119] C. A. Fuchs, "Quantum mechanics as quantum information (and only a 
little more)," arXiv:quant-ph/0205039, 2002. 

[120] J. Barrett, "Information processing in generalized probabilistic theories," 
Physical Review A 75, 032304, 2007. 

[121] B. Dakić and Č. Brukner, "Quantum theory and beyond: is entanglement 
special?" in Deep Beauty: Understanding the Quantum World through 
Mathematical Innovation, Cambridge University Press, 365-392, 2011. 

[122] L. Masanes and M. P. Müller, "A derivation of quantum theory from 
physical requirements," New Journal of Physics 13, 063001, 2011. 

[123] H. Barnum, J. Barrett, M. Leifer, and A. Wilce, "Generalized no-
broadcasting theorem," Physical Review Letters 99, 240501, 2007. 

[124] S. Popescu and D. Rohrlich, "Quantum nonlocality as an axiom," 
Foundations of Physics 24, 379-385, 1994. 

[125] J. Bub, "Why the quantum?" Studies in History and Philosophy of Science 
Part B: Studies in History and Philosophy of Modern Physics 35, 241-266, 2004. 

[126] C. Rovelli, "Relational quantum mechanics," International Journal of 
Theoretical Physics 35, 1637-1678, 1996. 

[127] R. W. Spekkens, "Evidence for the epistemic view of quantum states: a toy 
theory," Physical Review A 75, 032110, 2007. 

[128] A. Ashtekar and T. A. Schilling, "Geometrical formulation of quantum 
mechanics," in On Einstein's Path, Springer, 23-65, 1999. 

[129] D. C. Brody and L. P. Hughston, "Geometric quantum mechanics," Journal 
of Geometry and Physics 38, 19-53, 2001. 

[130] J. Anandan and Y. Aharonov, "Geometry of quantum evolution," Physical 
Review Letters 65, 1697-1700, 1990. 

[131] A. Ashtekar and T. A. Schilling, "Geometrical formulation of quantum 
mechanics," arXiv:gr-qc/9706069, 1997. 

[132] P. Zanardi and M. Rasetti, "Holonomic quantum computation," Physics 
Letters A 264, 94-99, 1999. 

[133] J. Pachos, P. Zanardi, and M. Rasetti, "Non-Abelian Berry connections for 
quantum computation," Physical Review A 61, 010305, 1999. 

[134] S. Deffner and S. Campbell, "Quantum speed limits: from Heisenberg's 
uncertainty principle to optimal quantum control," Journal of Physics A: 
Mathematical and Theoretical 50, 453001, 2017. 

[135] M. M. Taddei, B. M. Escher, L. Davidovich, and R. L. de Matos Filho, 
"Quantum speed limit for physical processes," Physical Review Letters 110, 
050402, 2013. 

[136] A. del Campo, I. L. Egusquiza, M. B. Plenio, and S. F. Huelga, "Quantum 
speed limits in open system dynamics," Physical Review Letters 110, 050403, 
2013. 

[137] S. L. Braunstein and P. van Loock, "Quantum information with continuous 
variables," Reviews of Modern Physics 77, 513-577, 2005. 

[138] C. Weedbrook, S. Pirandola, R. García-Patrón, N. J. Cerf, T. C. Ralph, J. H. 
Shapiro, and S. Lloyd, "Gaussian quantum information," Reviews of Modern 
Physics 84, 621-669, 2012. 

[139] W. Dür, H. Aschauer, and H.-J. Briegel, "Multiparty entanglement 
purification for graph states," Physical Review Letters 91, 107903, 2003. 

[140] M. Hein, J. Eisert, and H. J. Briegel, "Multiparty entanglement in graph 
states," Physical Review A 69, 062311, 2004. 

[141] D. Gottesman, "Stabilizer codes and quantum error correction," Ph.D. 
thesis, California Institute of Technology, 1997. 

[142] M. A. Nielsen, "Cluster-state quantum computation," Reports on 
Mathematical Physics 57, 147-161, 2006. 

[143] R. Raussendorf and H. J. Briegel, "A one-way quantum computer," 
Physical Review Letters 86, 5188-5191, 2001. 

[144] X.-G. Wen, "Topological orders in rigid states," International Journal of 
Modern Physics B 4, 239-271, 1990. 

[145] A. Y. Kitaev, "Unpaired Majorana fermions in quantum wires," Physics-
Uspekhi 44, 131-136, 2001. 

[146] M. Levin and X.-G. Wen, "String-net condensation: a physical mechanism 
for topological phases," Physical Review B 71, 045110, 2005.

New York General Group 6


