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Abstract: How should we describe the thermodynamics of extreme quantum regimes, where features such as coherence and entanglement d
| will discuss possible limitations of a traditional statistical mechanics approach, and then describe work that applies modern techniques fr
theory of quantum information to the foundations of thermodynamics. In particular | discuss recent progress in quantum resource theories ar

that to properly encapsulate the thermodynamic structure of quantum coherence and entanglement we must make use of concepts bey
energies.
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Trajectory

Motivations + background.

Possible limitations of traditional approaches.

Resource theories & symmetry principles.

Quantum coherence in thermodynamics.

(Work with M. Lostaglio, K Korzekwa, T.
Rudolph, J. Oppenheim, M. Frenzel.)
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2nd Law of
Thermodynamics

B N

ennett (1987)
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The Thermodynamic Limit

* “"Thermodynamics means the thermodynamic limit.”

(a) Structure of kinesin (b) Kinesin “walks” along a microtubule track.
’ '
@ E t ‘t d ‘t Transport
(Except it doesn i s or g sor
\ ATP ' ATP P,
V4 Kinesin _ . '4/"\
V4 \
[P M e el 'y el e
Stalk - 74 Microtubule 1.’.‘:!.‘.’:.’.‘:.‘;.’:.’:.‘::.’.’,
|" ¢ ‘
‘: end + end
(%
f
.
Head —==
2 -

Pirsa: 15050076 Page 6/79



Non-asymptotic
thermodynamics

©]




Applications

* Active work to develop nanoscale
thermodynamic machines.

» Nanotechnology ~3$6 billion (currently)
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-Xtreme Regimes
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(H) and “ensemble of
microstates” 77
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Potential imitations of
more traditional analysis
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Traditional 2nd Law

(W) < —AF
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~-luctuation Theorems??

* Arbitrarily violent dynamics on thermal state.
* Sharpening of 2nd Law to an equality.

Core structure: P. (z) =e 7P, (—x) f=
Distribution for i - \
backward process | (e 7" 21y =1 Distribution for
‘l forward process
(W) < —AF

* C. Jarzynski, Phys. Rev. Lett. (1997)
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-luctuation Theorems

<(, / 2) — ,-\"r :

Energy/ \ Initial ’ .

exchange correlations
A B

()

(AT) = I(A : B) Only classical correlations contribute.

AR —7 [1 e }[[ |

AL ; 3k PABRLG A Poorly suited to
handling coherence
and entanglement.

*DJ, et al, Phys. Rev. E (2015)
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how should we handle
intrinsically quantum-
mechanical properties?
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Maximum entropy
principles?

Thermodynamics
A

Information-theoretic

v Bayesian techniques,
Entanglement theory,....
Statistical Mechanics

Gibbs distributions,
Partition functions,...
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Maximum entropy
orinciples?

s
Thermodynamics \\

A
“
Information-theoretic

v Bayesian techniques,
Entanglement theory,....
Statistical Mechanics

Gibbs distributions,
Partition functions,...

Pirsa: 15050076 Page 19/79



A different kind of analysis

 “Heat’, “temperature” — ambiguous/complex/
indirect...or maybe not even definable.

« Giles (1964): thermodynamics ultimately concerns

the accessibility/inaccessibility of one physical
state from another.

*"The mathematical foundations of thermodynamics”, R. Giles (1964)
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A different kind of analysis

« Thermodynamics:the accessibility/
inaccessibility of one physical state from
another under particular operations.

« Entanglement theory: the accessibility/
Inaccessibility of one quantum Sstate from
another under Local operations and
Classical Communications.
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Primitive measures

A single unit of “entropy”
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1g of ice @ 0 Celsius

A single unit of entanglement
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An adiabatic process
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An adiabatic process

Star
Maximum # ice cubes
B Supernova
that can be melted?
Remnant

\|f
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Thermodynamics

maximally ordered states

=
'

maximally disordered states
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Thermodynamic Entropy

Y

Y
P ® When does thermodynamic
/ / ordering have a unique
entropic formulation?

®
/. \ / = 5(/;)—; Z’(ﬁ)
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A unique additive entropy exists
if and only if the following 7 conditions hold:

Reflexivity p—p
Transitivity p— o and o — 7 implies p — 7
Consistency p1 — o1 and po — oo then (p1, p2) — (01, 09)

Scale invariance p — o then /):':f — o fort >0
Splitting p < (p¥, p®HY)
Stability (p.€e1) — (0.€3) then p — o

Comparability ifa—pand f — pthena— S or 8 — a

“E. Lieb & J. Ingvason The physics and mathematics of the second law (1999)
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A unique additive entropy exists
if and only if the following 7 conditions hold:

Reflexivity p—p
Transitivity p— o and o — 7 implies p = 7
Consistency p1 — oy and py — 09 then (py1.p2) — (01, 02)

Scale invariance p — o then p®" — ¢®" for t > 0
Stability (p,€1) — (0,€2) then p — o

Comparability ifa—pand 8 — pthen o — Sor 8 — a

“E. Lieb & J. Ingvason The physics and mathematics of the second law (1999)
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MINING FORZ DEEPERZ INSIGHRTS

| THINKE WE BROUCHT
THE WRonNG Teols.
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MINING FORZ DEEPERZ INSIGHTS
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The Quantum Resource
Theory Recipe:

v

1. Ordering of accessible/inaccessible states
2. Resource states.
3. Resource measures.
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@
—;-\ ~ A

Fntanglement =

separable states Z PkPk & OF
A.

Local Operations & Classical
Communications

—Entanglement is non-increasing—
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Some very recent resource
directions

* Weilenmann, Kramer, Faist, Renner (2015)
* Fritz (2015)

* Brandao, Gour (2015)

» Coecke, Fritz, Spekkens (2014)

e and others.....




Resource Theory of
Thermodynamics

thermal states 7 = ¢ "/ /Z

g([)) = '(.1'|,[U([) X ";|,)Uw
[[-’r. 111.(”.] —_ ()

—athermality is non-increasing—

* Brandao et al, Phys. Rev. Lett. (2013)
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Use of resources:

Entanglement
.......................... P
I
U,
I 2 Quantum
s .
<o Teleportation
M
(l."‘ _______________________ ®
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Use of resources:
Thermodynamics
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Mapping the general
thermal structure

Zero-coherence states:

AN
SRR SR

7\ s

Q: Does the ordering of state

e / ® admit an entropic formulation?J

Pirsa: 15050076



“A Set of Second
Laws” (Jonathan's talk!)

. For zero coherence states, the
transformation p — o is possible A set of entropy
conditions
if and only if  Fa(p) = Folo) Va

] ! K\ O
D.(pllo) = — log [tr(a" pa”™)?)]
|

['ﬁn(/)) L= /)n(/)HA.')

l

200

*Brandao et al, PNAS (2014)
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Symmetry & the 1st Law of
Thermodynamics

» Traditional form: dFE = dQ) + dW

* Microscopic energy conservation (system+bath).

Quantum | _
Mechanical Constrains non-conservation of
Symmetry: two quantities:

i H“"]_ = (a) System energy

e (b) System “coherence”
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When is A is more asymmetric than B?

& - 99

>
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A theory of asymmetry

Related papers:

* |. Marvian,R. Spekkens Phys. Rev. A 90, (2014)

* . Marvian, R. Spekkens, New J. Phys. 15, (2013)

" @G. Gour, | Marvian, R. Spekkens Phys. Rev. A 80, 012307 (2009)
* M. Ahmadi, DJ, T. Rudolph, New. J. Phys. 15 (2013)

Pirsa: 15050076 Page 44/79



A theory of asymmetry

* “Group-theoretic Anna Karenina Principle”:
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A theory of asymmetry

* “Group-theoretic Anna Karenina Principle”:
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Resource Theory of
Asymmetry

U:G— U(g)

symmetric states UpU' = p

symmetric/covariant operations

UE(p)UT = EUpUT)

—asymmetry is non-increasing—
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A theory of asymmetry

Maximally asymmetric states

/p\ D(H)

Symmetric states
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Example, ¢ = su(2)

- | . l 2
|9 >? pa = 3] ps = | TT)’ 316D+ 511 0) {10
4 h 4 N A
Pl P2
- / \_ 7 % 7
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Use of resources:
asymmetry

F(p) ~ R(0)pR(6)'
Spatial
Rotation
£

[ |

P &




Asymmetry structure

Resource state

U-o

................. B
G-orbit .

l symmetry restoration
metric

|

resource measures
*C. Cirstoiu, DJ, (2015)
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The 1st Law of
Thermodynamics

« Traditional form: dFE = dQ + dW

« Microscopic energy conservation. (U, Hiot| =0

i (,—i[ll“..

vP|Eo) + /1 —plEy) — —E °V/plEo) + == v 1—plEr)
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Core connection

[[_f. [_[f.nll — ()

™ Global energy Thermodynamics is a

conservation  weelly  particular asymmetry

i) th
Thermal states cory

s Coherence 4mmd U(1)-asymmetry
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THERMAL C U(1) COVARIANT
Thermal operations:  £(p) = try,[U(p @ 7)UT]

Covariant operations:  7(t/, (¢)pU, (g)") = Us(g)F(p)Us(g)"

ef

Vg e G

*M. Lostaglio, DJ, T. Rudolph, Nature Comm. (2015)
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THERMAL C U(1) COVARIANT
Thermal operations:  £(p) = try,[U(p @ 7)UT]

Covariant operations:  7(t/, (¢)pU,(g)") = Us(g)F(p)Us(g)"

Hf ] € (s
Covariant

Stinespring dilation: F(p) = tro[V(p® o) V']

/

symmetric auxiliary state

“ M. Keyl, R. Werner J. Math.Phys. (1998)
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THERMAL C U(1) COVARIANT
Thermal operations:  £(p) = try,[U(p @ 7)UT]
Covariant operations: (U, (g)pU, (9)") = Ua(9)F(p)Us(g)'

Vg e (¢

Covariant
Stinespring dilation:

symmetric auxiliary state

" M. Keyl, R. Werner J.Math.Phys. (1998)
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[Applicatiq_ns of Framfworkﬂ

The insufficiency of free energy relations.

2] Coherence “work-locking”.

General thermodynamic bounds on coherence.

@) Intrinsically-quantum 2nd law constraints.

Based on:
» [ostaglio, Korzekwa, Oppenheim, DJ, arxiv.05.xx (2015)
* Lostaglio, DJ, Rudolph, Nature Comm. (2015)

* [ostaglio, Korzekwa, DJ, Rudolph, Phys. Rev. X (2015)
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(1). Insufficiency of free
energies in thermodynamics.

Consider any set of functions {D.(-)}« that
“behave like free energies”.

If p— o thenwehave {D.(p) > Du(0)}a

and D.(p) > c|lp — |

then

{D.(+)}o cannot provide a complete set of
thermodynamic constraints.
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(1). Insufficiency of free

energies in thermodynamics.
H = [1)(1]

Proof:
D, say “get closerto 7.

Symmetry says:
‘asymmetry non-increasing.”

Symmetric/incoherent states 7

(A0
10 Mo




/s a qubit worth
KT In2 of energy?
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Work / Ordered Energy

Allow a broad work definition:

‘raising a weight up a ladder by ®
height W”

7(0) = o(W) W('

W = f((HY, (H?), (H%),...) —&—
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