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Quantum resources

Why so much interest?

Quantum does it better!

Quantum objects give an advantage over ordinary ones.
Unifying theme in quantum information: quantum is a
resource.

This idea is made mathematically rigorous with resource
theories.
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What is a resource?

Something becomes a resource when there’s some limitation.

Oil as a resource
Oil is a resource because e.g. cars need fuel.
It becomes more valuable if there isn’t much of it.
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Quantum resource theories [Chitambar & Gour]

Everything starts with a restriction on the allowed
operations (i.e. channels). . .

Only a subset of operations can be performed (free
operations), dictated by the physical setting:

the identity channel is free;
the composition of free operations is free;
the tensor product of free operations is free.
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States as resources

A state ρ of A can be viewed as a channel from the trivial
quantum system I to A.

Free operations from I to A are the free states of A.

Main question
Can ρ be converted into σ with free operations?

If this happens, ρ is more valuable than σ. . .
Indeed, we can reach a larger set of states from it.
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Success of resource theories

A lot of results:

entanglement theory [Plenio & Virmani, Horodecki et al.];
quantum thermodynamics [Goold et al., Lostaglio];
quantum coherence [Streltsov et al.];
symmetry and reference frames [Bartlett et al.];
complex numbers in quantum theory [Wu et al. (CMS)].
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Are resource theories really quantum?

The definition of quantum resource theory doesn’t employ
quantum concepts!

The key is the restriction!
Start from an underlying (physical) theory where:

1 we can compose systems;
2 there is a trivial system (lack of a system);
3 we can compose processes in sequence and in parallel;
4 there is an identity;
5 we can swap systems.

Mathematically, this is a strict symmetric monoidal category.

States of A are processes from the trivial system to A.
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Resource theories as subcategories [Coecke et al.]

The restriction determines a partition of processes between
free and non-free ones:

the identity is free;
swapping resource systems is free;
sequential and parallel composition of free processes is
free.

Mathematical description of a resource theory
It’s a wide symmetric monoidal subcategory of an underlying
strict symmetric monoidal category.

Free states of A are free processes from the trivial system to A.

Carlo Maria Scandolo Quantum Resource Theories and Beyond



Resource theories
Beyond quantum: GPTs

Beyond quantum: discrete dynamical systems

Resource theories as subcategories [Coecke et al.]

The restriction determines a partition of processes between
free and non-free ones:

the identity is free;

swapping resource systems is free;
sequential and parallel composition of free processes is
free.

Mathematical description of a resource theory
It’s a wide symmetric monoidal subcategory of an underlying
strict symmetric monoidal category.

Free states of A are free processes from the trivial system to A.

Carlo Maria Scandolo Quantum Resource Theories and Beyond



Resource theories
Beyond quantum: GPTs

Beyond quantum: discrete dynamical systems

Resource theories as subcategories [Coecke et al.]

The restriction determines a partition of processes between
free and non-free ones:

the identity is free;
swapping resource systems is free;

sequential and parallel composition of free processes is
free.

Mathematical description of a resource theory
It’s a wide symmetric monoidal subcategory of an underlying
strict symmetric monoidal category.

Free states of A are free processes from the trivial system to A.

Carlo Maria Scandolo Quantum Resource Theories and Beyond



Resource theories
Beyond quantum: GPTs

Beyond quantum: discrete dynamical systems

Resource theories as subcategories [Coecke et al.]

The restriction determines a partition of processes between
free and non-free ones:

the identity is free;
swapping resource systems is free;
sequential and parallel composition of free processes is
free.

Mathematical description of a resource theory
It’s a wide symmetric monoidal subcategory of an underlying
strict symmetric monoidal category.

Free states of A are free processes from the trivial system to A.

Carlo Maria Scandolo Quantum Resource Theories and Beyond



Resource theories
Beyond quantum: GPTs

Beyond quantum: discrete dynamical systems

Resource theories as subcategories [Coecke et al.]

The restriction determines a partition of processes between
free and non-free ones:

the identity is free;
swapping resource systems is free;
sequential and parallel composition of free processes is
free.

Mathematical description of a resource theory
It’s a wide symmetric monoidal subcategory of an underlying
strict symmetric monoidal category.

Free states of A are free processes from the trivial system to A.

Carlo Maria Scandolo Quantum Resource Theories and Beyond



Resource theories
Beyond quantum: GPTs

Beyond quantum: discrete dynamical systems

Resource theories as subcategories [Coecke et al.]

The restriction determines a partition of processes between
free and non-free ones:

the identity is free;
swapping resource systems is free;
sequential and parallel composition of free processes is
free.

Mathematical description of a resource theory
It’s a wide symmetric monoidal subcategory of an underlying
strict symmetric monoidal category.

Free states of A are free processes from the trivial system to A.

Carlo Maria Scandolo Quantum Resource Theories and Beyond



Resource theories
Beyond quantum: GPTs

Beyond quantum: discrete dynamical systems

Microcanonical thermodynamics in general physical
theories [Chiribella & CMS]

It’s the simplest instance of thermodynamics.

It describes systems with fixed energy (macroscopic
constraint).

Equal a priori probability postulate
All microstates compatible with the macroscopic constraint are
equally probable.

Equilibrium state

χ =

∫
ψ dψ,

ψ pure, i.e. with maximal information.
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A thermodynamic resource theory
[Chiribella & CMS]

The equilibrium state is the free state.

Free channels: channels D that preserve the equilibrium
state.

DχA = χB

We impose some axioms such as:

Causality: information travels from the past to the future;
Purification: we can always get maximal information by
enlarging a system.

With these axioms the theory is quite close to quantum.

We get that nature should be (almost) quantum even from
resource theories!
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Section 3

Beyond quantum: discrete dynamical
systems
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Beyond quantum: discrete dynamical systems

Discrete dynamical systems
Finite set S , with a generator of dynamics ϕ : S → S .

The evolution of a (deterministic) state s ∈ S after n
time steps is ϕn (s).

An external influence is any function f : S → S .

Sometimes we need randomness.
We can model it with probability vectors p (stochastic
states).
The evolution of p after n time steps is ϕn (p).

An external influence is any stochastic map f : S → S, with
S simplex of probability vectors on S .
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Features of a (finite) discrete dynamical system
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An attractor is reached after enough time steps
There may be transient states too.
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Covariance

To get a resource theory, we need to introduce a
restriction.

We restrict ourselves to covariant influences [CMS et al.]:

f ◦ ϕ = ϕ ◦ f .

These are influences that are compatible with the
dynamics.

The idea is that the dynamical system has time to adapt to
the external influence.
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Results [CMS et al.]

Which transitions between deterministic states are
possible with covariant influences?

Let’s focus on deterministic states in cycles.
1 Deterministic influence

s
covariant7−→ s ′ iff the length of the cycle of s ′ divides the

length of the cycle of s.

2 Stochastic influence

Now from s we can jump to any s ′ in any cycle.

Stochasticity is a resource: it activates transitions.
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Conclusions

Resource theories are a very powerful tool from quantum
information. . .

but they can be applied outside of the quantum domain.
They help us answer deep foundational questions in
physics:
e.g. why the world is quantum from a thermodynamic
angle.
Resource theories are interdisciplinary!
For the first time, we applied them to dynamical systems.
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