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Abstract: Microcanonical thermodynamics studies the operations that can be performed on systems with well-defined energy. So far, this approach
has been applied to classical and quantum systems. Here we extend it to arbitrary physical theories, proposing two requirements for the development
of ageneral microcanonica framework. We then formulate three resource theories, corresponding to three different choices of basic operations. We
focus on a class of physical theories, called sharp theories with purification, where these three sets of operations exhibit remarkable properties. In
these theories, a necessary condition for thermodynamic transitions is given by a suitable majorisation criterion. This becomes a sufficient condition
in al three resource theories if and only if the dynamics allowed by the theory satisfy a condition that we call "unrestricted reversibility”. Under this
condition, we derive a duality between the resource theory of microcanonical thermodynamics and the resource theory of pure bipartite
entanglement.
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Introduction

@ Work in collaboration with Giulio Chiribella

[Chiribella & CMS '17]
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Introduction

@ Work in collaboration with Giulio Chiribella

[Chiribella & CMS '17]

@ Part of a project on the informational foundations of
thermodynamics.

@ We work in general physical theories.

This allows us to capture the informational and operational
aspects of thermodynamics.
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Resource theories: an agent-based approach

@ We have a set of resources, and transformations between
them.
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Resource theories: an agent-based approach

We have a set of resources, and transformations between
them.

Some resources come for free, others are costly.

Similarly some transformations are free, i.e. easy to
implement by some agent.

Free operations give a preorder on resources: A more
v free
valuable than B if A — B.
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Resource theories: an agent-based approach
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Free operations give a preorder on resources: A more
: free
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Resource theories: an agent-based approach

We have a set of resources, and transformations between
them.

Some resources come for free, others are costly.

Similarly some transformations are free, i.e. easy to
implement by some agent.

Free operations give a preorder on resources: A more
. free
valuable than B if A — B.

This preorder yields the allowed thermodynamic transitions.

This is very useful for describing microscopic thermodynamics.
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How to address general physical theories

@ We use OPTs, a variant of GPTs based on circuits
[Chiribella et al., Hardy].

P Fam A f ./4 / E
)
Q %

@ p is a state
@ A and B are transformations

@ a and b are effects
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How to address general physical theories

@ We use OPTs, a variant of GPTs based on circuits
[Chiribella et al., Hardy].

0

@ p is a state
@ A and B are transformations

@ a and b are effects

A circuit with no external wires represents a (joint) probability.
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Linear structure & purity

@ Probabilities induce sums for transformations.
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Linear structure & purity

@ Probabilities induce sums for transformations.

@ We define real vector spaces spanned by states and
effects. We assume they're finite-dimensional.
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Linear structure & purity

@ Probabilities induce sums for transformations.

@ We define real vector spaces spanned by states and
effects. We assume they're finite-dimensional.

@ We can define coarse-graining and purity through sums.

A transformation 7 is pure if T = >_.7T; implies 7; = p;T ,
where {p;} is a probability distribution.
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Outline

@ Microcanonical thermodynamics
@ General setting
@ Resource theories

© Sharp theories with purification
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Microcanonical thermodynamics General setting
Resource theories

Section 1

Microcanonical thermodynamics
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Microcanonical thermodynamics General setting
Resource theories

Microcanonical thermodynamics

@ It's the simplest instance of thermodynamics.
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Microcanonical thermodynamics General setting

Resource theories

Microcanonical thermodynamics

@ It's the simplest instance of thermodynamics.

@ It describes systems with fixed energy (macroscopic
constraint).
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Resource theories

Microcanonical thermodynamics

@ 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.
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Microcanonical thermodynamics General setting
Resource theories

Microcanonical thermodynamics

@ 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.

So far studied only in classical and quantum theory, we want
to extend it to arbitrary physical theories.
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Microcanonical thermodynamics General setting
Resource theories

Fixing the energy: guiding principle

@ How do we fix the energy in GPTs?
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Microcanonical thermodynamics General setting
Resource theories

Fixing the energy: guiding principle

@ How do we fix the energy in GPTs?

@ We don't know even what energy is. ..
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Microcanonical thermodynamics General setting

Resource theories

Fixing the energy: guiding principle

@ How do we fix the energy in GPTs?
@ We don't know even what energy is. ..

@ Luckily we needn’'t know in detail!
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Microcanonical thermodynamics General setting

Resource theories

Fixing the energy: guiding principle

@ How do we fix the energy in GPTs?
@ We don't know even what energy is. ..

@ Luckily we needn’'t know in detail!

In quantum theory the states in the eigenspace with energy E
are those that PgpPg = p, with Pg projector on E.
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Microcanonical thermodynamics General setting
Resource theories

Fixing the energy: guiding principle

@ How do we fix the energy in GPTs?
@ We don't know even what energy is. ..

@ Luckily we needn’'t know in detail!

In quantum theory the states in the eigenspace with energy E
are those that PgpPg = p, with Pg projector on E.

It's just a linear constraint on the state space.
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Microcanonical thermodynamics General setting
Resource theories

Fixing the energy in GPTs

@ The allowed states satisfy some linear constraint
£4p) =0
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Microcanonical thermodynamics General setting

Resource theories

Fixing the energy in GPTs

@ The allowed states satisfy some linear constraint
£4p)—0

@ The allowed transformations map allowed states to
allowed states.
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Microcanonical thermodynamics General setting
Resource theories

Fixing the energy in GPTs

@ The allowed states satisfy some linear constraint
2o — 0

@ The allowed transformations map allowed states to
allowed states.

@ The allowed effects are all effects.
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Microcanonical thermodynamics General setting
Resource theories

Fixing the energy in GPTs

@ The allowed states satisfy some linear constraint
£lp)==0

@ The allowed transformations map allowed states to
allowed states.

@ The allowed effects are all effects.

Composition of constrained systems

The constraints must be applied to each system individually
even after they're composed.

{ (LA ®Zg) (paB)
(Za ® L3) (pas)
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Microcanonical thermodynamics General setting
Resource theories

Fixing the energy in GPTs

@ The allowed states satisfy some linear constraint
£40) —0

@ The allowed transformations map allowed states to
allowed states.

@ The allowed effects are all effects.

Composition of constrained systems

The constraints must be applied to each system individually
even after they're composed.

{ (LA ®Ig)(pas)
(Za ® L3) (pas)

The energy of the two individual systems stays fixed.
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Microcanonical thermodynamics General setting
Resource theories

Equal a priori probability postulate

@ Now restricted systems behave as “normal” systems.
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Microcanonical thermodynamics General setting
Resource theories

Equal a priori probability postulate

@ Now restricted systems behave as “normal” systems.

@ We can forget about the restriction to study them.
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Microcanonical thermodynamics General setting
Resource theories

Equal a priori probability postulate

@ Now restricted systems behave as “normal” systems.
@ We can forget about the restriction to study them.

@ Let's move to the equal a priori probability postulate.
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Microcanonical thermodynamics General setting

Resource theories

Equal a priori probability postulate

@ Now restricted systems behave as “normal” systems.
@ We can forget about the restriction to study them.

@ Let's move to the equal a priori probability postulate.

Microstates = deterministic pure states
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Microcanonical thermodynamics General setting
Resource theories

Equal a priori probability postulate

@ Now restricted systems behave as “normal” systems.
@ We can forget about the restriction to study them.

@ Let's move to the equal a priori probability postulate.

Microstates = deterministic pure states

Microcanonical state

Ideally

= / W dy,
e

1) deterministic pure.
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Microcanonical thermodynamics General setting

Resource theories

Some technical aspects

We want x to be invariant under reversible dynamics
(equilibrium state).
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Microcanonical thermodynamics General setting
Resource theories

Some technical aspects

We want y to be invariant under reversible dynamics
(equilibrium state).

Reversible channels

U : A — B is reversible if and only if there exists
Ut : B— A suchvthatlt U =T, andifil=' =T3.
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Microcanonical thermodynamics General setting
Resource theories

Some technical aspects

We want y to be invariant under reversible dynamics
(equilibrium state).

Reversible channels

U : A — B is reversible if and only if there exists
U:B—= Asuchthat U 'U =T, andUU™! = Tp.

We take di to be an invariant probability measure (cf.
measurable dynamical systems).
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Some technical aspects

We want y to be invariant under reversible dynamics
(equilibrium state).

Reversible channels

U : A — Bis reversible if and only if there exists
U:B—= Asuchthat U'U =T, andUU™ = Tp.

We take di to be an invariant probability measure (cf.
measurable dynamical systems).

It must exist and it must be unique!
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Microcanonical thermodynamics General setting
Resource theories

Some technical aspects

We want y to be invariant under reversible dynamics
(equilibrium state).

Reversible channels

U : A — Bis reversible if and only if there exists
U : B—A suchrthat 26U =T, andlll= =I5

We take di to be an invariant probability measure (cf.
measurable dynamical systems).

It must exist and it must be unique!

It exists in finite dimension, it's inherited from the Haar

measure of the group of reversible channels
[Chiribella & CMS '17].
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Microcanonical thermodynamics General setting
Resource theories

Uniqueness of the invariant probability measure

[Chiribella & CMS '17]

The invariant probability measure is unique if and only if the
action of reversible channels on deterministic pure states is
transitive.
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Microcanonical thermodynamics General setting
Resource theories

Uniqueness of the invariant probability measure

[Chiribella & CMS '17]

The invariant probability measure is unique if and only if the
action of reversible channels on deterministic pure states is

transitive.

For every pair v, ¢/ there exists a reversible channel ¢/ such
that ¢’ = U.

Microcanonical thermodynamics in general physical theories

Carlo Maria Scandolo

Pirsa: 18040091 Page 45/124



Microcanonical thermodynamics General setting

Resource theories

Uniqueness of the invariant probability measure

[Chiribella & CMS '17]

Theorem

The invariant probability measure is unique if and only if the
action of reversible channels on deterministic pure states is

transitive.

For every pair v, ¢/ there exists a reversible channel ¢/ such
that ¥/ =U1.

Examples

Al
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Microcanonical thermodynamics General setting
Resource theories

A few thoughts

@ In textbooks, the equal a priori probability postulate is
justified by the fact that the dynamic is chaotic. . .
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Microcanonical thermodynamics General setting
Resource theories

A few thoughts

@ In textbooks, the equal a priori probability postulate is
justified by the fact that the dynamic is chaotic. . .

@ and starting from a microstate one visits all microstates.
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Microcanonical thermodynamics General setting
Resource theories

A few thoughts

@ In textbooks, the equal a priori probability postulate is
justified by the fact that the dynamic is chaotic. . .

@ and starting from a microstate one visits all microstates.

But this is exactly the transitivity condition!
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Microcanonical thermodynamics General setting

Resource theories

Approaching the equilibrium

It's always possible to reach the equilibrium through random
fluctuations.
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Microcanonical thermodynamics General setting
Resource theories

Approaching the equilibrium

It's always possible to reach the equilibrium through random
fluctuations.

@ Indeed, take the transformation 7 = [U dU (dU
normalized Haar measure)

T = / UpdU = / Py = x.
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Microcanonical thermodynamics General setting
Resocurce theories

Approaching the equilibrium

It's always possible to reach the equilibrium through random
fluctuations.

@ Indeed, take the transformation 7 = [U dU (dU
normalized Haar measure)

T = / UpdU = / Py = x.

@ In finite dimension the integral can be replaced with a
finite convex combination

= Z pildi)
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Microcanonical thermodynamics General setting

Resource theories

Approaching the equilibrium

It's always possible to reach the equilibrium through random
fluctuations.

@ Indeed, take the transformation 7 = [U dU (dU
normalized Haar measure)

Ty = [updd = [pdy =x

@ In finite dimension the integral can be replaced with a
finite convex combination

X =D pithy

Random reversible (RaRe) evolution.
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Microcanonical thermodynamics General setting
Resource theories

Composing microcanonical systems

Since microcanonical states are provided “for free”, it's natural
to impose the following requirement:

The product of two microcanonical states is the
microcanonical states of the composite system

XAB = XA ® XB
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Microcanonical thermodynamics General setting

Resource theories

Composing microcanonical systems

Since microcanonical states are provided “for free”, it's natural
to impose the following requirement:

The product of two microcanonical states is the
microcanonical states of the composite system

XAB = XA ® XB

If the parts are in equilibrium, the whole is in equilibrium.
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Microcanonical thermodynamics General setting
Resource theories

Composing microcanonical systems

Since microcanonical states are provided “for free”, it's natural
to impose the following requirement:

The product of two microcanonical states is the
microcanonical states of the composite system

XAB = XA ® XB

If the parts are in equilibrium, the whole is in equilibrium.

True in the thermodynamic limit (cf. textbook statistical
mechanics).
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Microcanonical thermodynamics General setting
Resource theories

Resource theories for microcanonical

thermodynamics

@ Let's introduce resource theories!
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Resource theories for microcanonical

thermodynamics

@ Let's introduce resource theories!

@ It's natural to take the microcanonical state as the free
state.

Microcanonical states are stable under tensor product.
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Microcanonical thermodynamics General setting
Resource theories

Resource theories for microcanonical

thermodynamics

@ Let's introduce resource theories!

@ It's natural to take the microcanonical state as the free
state.

Microcanonical states are stable under tensor product.

Three choices of free operations:

Q@ RaRe
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Microcanonical thermodynamics General setting
Resource theories

Resource theories for microcanonical

thermodynamics

@ Let's introduce resource theories!

@ It's natural to take the microcanonical state as the free
state.

Microcanonical states are stable under tensor product.

Three choices of free operations:
©Q RaRe
@ noisy
© unital
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Microcanonical thermodynamics General setting
Resource theories

RaRe channels [Uhlmann, Chiribella & CMS "15b)]

@ These are the channels that bring to equilibration.
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RaRe channels [Uhlmann, Chiribella & CMS "15b)]

@ These are the channels that bring to equilibration.

@ They're of the form

= Z p,Z/{ i
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Microcanonical thermodynamics General setting
Resource theories

RaRe channels [Uhlmann, Chiribella & CMS "15b)]

@ These are the channels that bring to equilibration.

@ They're of the form

= Z p,Z/[ i

@ They can be interpreted as random fluctuations of the
reversible dynamic.
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Microcanonical thermodynamics General setting
Resource theories

RaRe channels [Uhlmann, Chiribella & CMS '15b)]

@ These are the channels that bring to equilibration.

@ They're of the form

= Z p,Z/( i

@ They can be interpreted as random fluctuations of the
reversible dynamic.

The RaRe resource theory doesn’t need free states. ..

Carlo Maria Scandolo Microcanonical thermodynamics in general physical theories

Page 64/124



Microcanonical thermodynamics General setting
Resource theories

RaRe channels [Uhlmann, Chiribella & CMS "15b)]

@ These are the channels that bring to equilibration.

@ They're of the form

= Z p,Z/( i

@ They can be interpreted as random fluctuations of the
reversible dynamic.

The RaRe resource theory doesn’t need free states. ..
nor can we derive them from the structure of free operations.
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Microcanonical thermodynamics General setting
Resource theories

Noisy operations

[Horodecki et al., Chiribella & CMS '17]

They're generated by
© preparing the microcanonical state
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Microcanonical thermodynamics General setting
Resource theories

Noisy operations

[Horodecki et al., Chiribella & CMS '17]

They're generated by
@ preparing the microcanonical state
@ applying reversible evolutions
© discarding systems

They're of the form

7./\[7—

and their topological closure [Shor].
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Microcanonical thermodynamics General setting
Resource theories

Noisy operations

[Horodecki et al., Chiribella & CMS '17]

They're generated by
@ preparing the microcanonical state
@ applying reversible evolutions
© discarding systems

They're of the form

T

and their topological closure [Shor].

They respect the principle of cut motility (cf. Rob's talk).
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Microcanonical thermodynamics General setting
Resource theories

Unital channels

[Landau & Streater, Chiribella & CMS '17]

They're the most general class of free operations preserving
the free state Y.

Dxs =xm
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Microcanonical thermodynamics General setting
Resource theories

Unital channels

[Landau & Streater, Chiribella & CMS '17]

They're the most general class of free operations preserving
the free state Y.

DXai=Xn

Inclusions
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Sharp theories with purification

Section 2

Sharp theories with purification
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| Sharp theories with purification

o We want to have some structure to study interesting
aspects of microscopical thermodynamics.
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Sharp theories with purification

Sharp theories with purification

@ We want to have some structure to study interesting
aspects of microscopical thermodynamics.
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Sharp theories with purification

Sharp theories with purification

@ We want to have some structure to study interesting
aspects of microscopical thermodynamics.

@ Focus on a class of theories where purity and reversibility
play a fundamental level.
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Sharp theories with purification

Sharp theories with purification

@ We want to have some structure to study interesting
aspects of microscopical thermodynamics.

@ Focus on a class of theories where purity and reversibility
play a fundamental level.

@ Every description of states and dynamics can be reduced
to pure states and reversible evolutions.
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Sharp theories with purification

Sharp theories with purification

@ We want to have some structure to study interesting
aspects of microscopical thermodynamics.

@ Focus on a class of theories where purity and reversibility
play a fundamental level.

@ Every description of states and dynamics can be reduced
to pure states and reversible evolutions.

A strong version of the cut motility (cf. Rob’s talk)!

They include: real and complex quantum theory, Spekkens’
toy model, and more exotic theories [Chiribella & CMS '16].
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Sharp theories with purification

Causality [Chiribella et al |

The probability that a transformation occurs is independent of
the choice of tests performed on its output.
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Sharp theories with purification

Causality [Chiribella et al |

The probability that a transformation occurs is independent of
the choice of tests performed on its output.

@ Equivalently, for every system A there's a unique
deterministic effect w,.
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Sharp theories with purification

Causality [Chiribella et al |

The probability that a transformation occurs is independent of
the choice of tests performed on its output.

@ Equivalently, for every system A there's a unique
deterministic effect w,.

@ We can use u to define the marginals of bipartite states:

= A

pa = Irgpap = | p -
(_ B u)
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Sharp theories with purification

Causality [Chiribella et al |

The probability that a transformation occurs is independent of
the choice of tests performed on its output.

e Equivalently, for every system A there's a unique
deterministic effect wu.

@ We can use u to define the marginals of bipartite states:

= A

par =1rgpap= | P e
N u)

Thermodynamic meaning: discarding a system.
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Sharp theories with purification

Purity Preservation

Purity Preservation [Chiribella & Scandolo '15a]

The sequential and parallel composition of pure
transformations is a pure transformation.
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Sharp theories with purification

Purity Preservation

Purity Preservation [Chiribella & Scandolo '15a]

The sequential and parallel composition of pure
transformations is a pure transformation.

@ The product of two pure states is pure.
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Sharp theories with purification

Purity Preservation

Purity Preservation [Chiribella & Scandolo '15a]

The sequential and parallel composition of pure
transformations is a pure transformation.

@ The product of two pure states is pure.

@ Without Purity Preservation, information could be lost
simply by composing devices!
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Sharp theories with purification

Purity Preservation

Purity Preservation [Chiribella & Scandolo '15a]

The sequential and parallel composition of pure
transformations is a pure transformation.

@ The product of two pure states is pure.

@ Without Purity Preservation, information could be lost
simply by composing devices!
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Sharp theories with purification

Pure Sharpness

Pure Sharpness [Chiribella & Scandolo "15¢]

For every system, there exists at least one pure effect a
occurring with probability 1 on some state p.
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Sharp theories with purification

Pure Sharpness

Pure Sharpness [Chiribella & Scandolo "15¢]

For every system, there exists at least one pure effect a
occurring with probability 1 on some state p.

@ We can think of a as part of a yes/no test to check an
elementary property of the system.

Carlo Maria Scandolo Microcanonical thermodynamics in general physical theories

Page 88/124



Pirsa: 18040091

Sharp theories with purification

Pure Sharpness

Pure Sharpness [Chiribella & Scandolo "15¢]

For every system, there exists at least one pure effect a
occurring with probability 1 on some state p.

@ We can think of a as part of a yes/no test to check an
elementary property of the system.

@ Pure Sharpness guarantees that every system has at least
one elementary property.
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Sharp theories with purification

Purification [Chiribella et al ]

@ Every state po can be purified: there exists a pure state
Vg such that

(o

o
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Sharp theories with purification

Purification [Chiribella et al ]

@ Every state po can be purified: there exists a pure state
W g such that

A

(P .

()
@ Purifications of the same state differ by a reversible
transformation U/ on the purifying system:

A ~ A

B B
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Sharp theories with purification

Extended classical theory [Chiribella & CMS '16]

@ Classical theory doesn’t satisfy Purification.
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Sharp theories with purification

Extended classical theory [Chiribella & CMS '16]

@ Classical theory doesn’t satisfy Purification.

@ However, it admits an extension to a sharp theory with
purification.

@ Some of the systems look like classical single systems.
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Sharp theories with purification

Extended classical theory [Chiribella & CMS '16]

@ Classical theory doesn’t satisfy Purification.

@ However, it admits an extension to a sharp theory with
purification.

@ Some of the systems look like classical single systems.

@ But now composition brings in entanglement.

Coherent composition of two bits

PAB — PPeven D (1 & P) Podd
where
even = Span {|0) [0),(1) [1)}

odd = Span {|0) |1) , |1) |0)}
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Sharp theories with purification

Properties of sharp theories with purification

@ Reversible channels act transitively on deterministic pure
states.
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Sharp theories with purification

Properties of sharp theories with purification

@ Reversible channels act transitively on deterministic pure
states.

@ xaB = xa ® XB.
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Sharp theories with purification

Properties of sharp theories with purification

@ Reversible channels act transitively on deterministic pure
states.

@ xaB = xa ® XB.

Microcanonical thermodynamics is well-defined.
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Sharp theories with purification

Properties of sharp theories with purification

@ Reversible channels act transitively on deterministic pure
states.

@ XxaB = XA ® XB-
Microcanonical thermodynamics is well-defined.

© Every state p can be diagonalized:

d
p= Z P;ex;,
=1

with «;'s pure and perfectly distinguishable, and p;'s
unique.
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Sharp theories with purification

Properties of sharp theories with purification

@ Reversible channels act transitively on deterministic pure
states.

@ XxaB = XA ® XB-
Microcanonical thermodynamics is well-defined.

© Every state p can be diagonalized:

d
p= Z pic;,
=1

with «;'s pure and perfectly distinguishable, and p;'s
unique.

L . d .
X is diagonalized as = 37 ; v, {a;}7_; pure maximal set.
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Sharp theories with purification

New inclusions [Chiribella & CMS '17]

This means that RaRe convertibility is the strongest, i.e. the
hardest to satisfy.
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Sharp theories with purification

The role of majorization

@ Do the eigenvalues of states tell us anything about state
convertibility?
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Sharp theories with purification

The role of majorization

@ Do the eigenvalues of states tell us anything about state
convertibility?

@ In classical and quantum theory majorization plays an
important role.
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Sharp theories with purification

The role of majorization

@ Do the eigenvalues of states tell us anything about state
convertibility?

@ In classical and quantum theory majorization plays an
important role.

@ What about sharp theories with purification?
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Sharp theories with purification

The role of majorization

@ Do the eigenvalues of states tell us anything about state
convertibility?

@ In classical and quantum theory majorization plays an
important role.

@ What about sharp theories with purification?

Proposition ([Chiribella & CMS '17])

p can be converted into o by a unital channel if and only if
p ~ q (p and q vectors of eigenvalues).
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Sharp theories with purification

The role of majorization

@ Do the eigenvalues of states tell us anything about state
convertibility?

@ In classical and quantum theory majorization plays an
important role.

@ What about sharp theories with purification?

Proposition ([Chiribella & CMS '17])

p can be converted into o by a unital channel if and only if
p ~ q (p and q vectors of eigenvalues).

Majorisation is a necessary condition for convertibility under all
resource theories.
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Sharp theories with purification

Doubled quantum theory [Chiribella & CMS '17]

@ (Non-trivial) systems are pairs of isomorphic Hilbert

spaces A = (Ho, H1)

Carlo Maria Scandolo Microcanonical thermodynamics in general physical theories

Pirsa: 18040091 Page 106/124



Sharp theories with purification

Doubled quantum theory [Chiribella & CMS '17]

@ (Non-trivial) systems are pairs of isomorphic Hilbert
spaces A = (Ho, H1)
@ States of the form p = ppy ® (1 — p) p1

e Composition:

Ho® = (He @ Hg) @ (Hi @ 1Y)

Hi® = (Ho @ HY) © (Hi ® Hp)

Overall “parity” superselection rule.

There are states for which p > q but there's no RaRe channel
connecting them.
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Sharp theories with purification

Three equivalent axioms in sharp theories with

purification

Permutability [Hardy]

Every permutation of a pure maximal set can be implemented
by a reversible channel.
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Sharp theories with purification

Three equivalent axioms in sharp theories with
purification

Permutability [Hardy]

Every permutation of a pure maximal set can be implemented
by a reversible channel.

Strong Symmetry [Barnum et al.|

For every pair of pure maximal sets there's a reversible channel
connecting them.

Carlo Maria Scandolo Microcanonical thermodynamics in general physical theories

Page 109/124



Pirsa: 18040091

Sharp theories with purification

Three equivalent axioms in sharp theories with
purification

Permutability [Hardy]

Every permutation of a pure maximal set can be implemented
by a reversible channel.

Strong Symmetry [Barnum et al.|

For every pair of pure maximal sets there's a reversible channel
connecting them.

Reversible Controllability [Lee & Selby]

Every control-reversible transformation can be implemented
reversibly.
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Sharp theories with purification

Sufficiency of majorization [Chiribella & CMS '17]

We call these axioms “unrestricted reversibility”.
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Sharp theories with purification

Sufficiency of majorization [Chiribella & CMS '17]

We call these axioms “unrestricted reversibility”.

Majorization is sufficient for RaRe channels if and only if the
theory satisfies unrestricted reversibility.
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Sharp theories with purification

Sufficiency of majorization [Chiribella & CMS '17]

We call these axioms “unrestricted reversibility”.

Majorization is sufficient for RaRe channels if and only if the
theory satisfies unrestricted reversibility.

In theories with unrestricted reversibility the following are
equivalent:
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Sharp theories with purification

Sufficiency of majorization [Chiribella & CMS '17]

We call these axioms “unrestricted reversibility”.

Majorization is sufficient for RaRe channels if and only if the
theory satisfies unrestricted reversibility.

In theories with unrestricted reversibility the following are
equivalent:

Q P ”RaRe O
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Sharp theories with purification

Sufficiency of majorization [Chiribella & CMS '17]

We call these axioms “unrestricted reversibility”.

Majorization is sufficient for RaRe channels if and only if the
theory satisfies unrestricted reversibility.

In theories with unrestricted reversibility the following are
equivalent:

Q P ~RaRe O
Q P iNoIsy g
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Sharp theories with purification

Sufficiency of majorization [Chiribella & CMS '17]

We call these axioms “unrestricted reversibility”.

Majorization is sufficient for RaRe channels if and only if the
theory satisfies unrestricted reversibility.

In theories with unrestricted reversibility the following are
equivalent:

Q P ~RaRe O
Qp iNoisy g
9 p iUnitaI a
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Sharp theories with purification

Sufficiency of majorization [Chiribella & CMS '17]

We call these axioms “unrestricted reversibility”.

Majorization is sufficient for RaRe channels if and only if the
theory satisfies unrestricted reversibility.

In theories with unrestricted reversibility the following are
equivalent:

Q P ZRaRe O
@ P ZNoisy O
o P >~ Unital O
Qp=q
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Sharp theories with purification

Conclusions

@ We saw how to describe microcanonical thermodynamics
in arbitrary physical theories. . .
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Conclusions

@ We saw how to describe microcanonical thermodynamics
in arbitrary physical theories. . .

@ and the two necessary requirements for that.
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Sharp theories with purification

Conclusions

@ We saw how to describe microcanonical thermodynamics
in arbitrary physical theories. . .

@ and the two necessary requirements for that.

@ We set up three resource theories to study
thermodynamic transitions.
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Conclusions

@ We saw how to describe microcanonical thermodynamics
in arbitrary physical theories. . .

@ and the two necessary requirements for that.

@ We set up three resource theories to study
thermodynamic transitions.

@ We studied them in sharp theories with purification. ..
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Conclusions

We saw how to describe microcanonical thermodynamics
in arbitrary physical theories. . .

and the two necessary requirements for that.

We set up three resource theories to study
thermodynamic transitions.

We studied them in sharp theories with purification. ..

and discovered some remarkable thermodynamic
properties these theories show.
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Conclusions

We saw how to describe microcanonical thermodynamics
in arbitrary physical theories. . .

and the two necessary requirements for that.

We set up three resource theories to study
thermodynamic transitions.

We studied them in sharp theories with purification. ..

and discovered some remarkable thermodynamic
properties these theories show.

Finally we saw how a thermodynamic requirement
influences the dynamics of the underlying theory.
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