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Abstract: The past decade has seen an explosion of research into resource theories--simple, quantum-information-theoretic models for constrained
agents. Resource theories have provided foundational insights about thermodynamics, entanglement, and more. Y et whether resource theories can
inform science outside our neighborhood of quantum information theory has been an outstanding question. | will present what is, to my knowledge,
the first application of a resource theory to answer a pre-existing question in another field. Molecular switches, or photoisomers, surface across
nature and technologies, from our eyes to solar-fuel cells. What probability does a switch have of switching? A general answer defies standard
chemistry tools, as photoisomers are small, quantum and far from equilibrium. | will bound the switching probability by modeling a photoisomer
within a thermodynamic resource theory. Thiswork has helped pave the path for resource theories to impact science broadly.
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NYH, Springer, Eds. Durham and Rickles (2015/2017), arXiv:1509.03873.
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Photoisomers surface across nature and technologies.

* Retinal

» Kucharski et al., Nat.
Chem. 6, 441 (2014).
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Photoisomers surface across nature and technologies.

|

Worth asking,

"How effectively can these molecular switches switch?"

e

But photoisomers are quantum, far from equilibrium and nonadiabatic.

J

Headway seems to require assumptions,
some of which can be unpalatable.
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Wanied

General, simple bounds
on photoisomers' switching probability

Q%Q--'FOJ\O

Photoisomerization
yield
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Resource theories for thermodynamics

-Resource theories: simple models developed in quantum information theory

for situations that involve constraints

-Being used to extend the laws of thermodynamics...
« tosmall scales
» to coherent quantum states
» far from equilibrium

-Assumptions
* Energy conservation
 Environmental temperature
» Quantum theory
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Theorem
Theorem

Corollary
Style, until recently: Theorem

Theorem
Lemma
Lemma

-Needed: for resource theories to (1) connect to the physical world

(2) do good for the broader scientific community

-NYH, "Toward physical realizations of thermodynamic resource theories,"
Springer Eds. Durham and Rickles (2015/2017).
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_ Theorem
-Evaluate resource-theory theorems on the photoisomer. = c5ro1132 ry

Theorem
Lemma

-Bound the switching probability, and characterize coherence's role in the switching.

-Use a thermodynamic resource theory to answer a pre-existing question in chemistry.

Fundamental limitations on photoisomerization from thermodynamic resource

T

theories

Micole Yunger Halpern and David T. Limmer
Phys. Rewv. A 101, 042116 — Published 17 April 2020
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Game plan

» Background: photoisomer
» Background: thermodynamic resource theories

« Main results

» Model photoisomer in resource theory
» Bound photoisomerization probability

Fundamental limitations on photoisomerization from thermodynamic resource
theories

Micole Yunger Halpern and David T. Limmer
Phys. Rev. A 101, 04216 - Published 17 April 2020
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» Background: photoisomer

» Background: thermodynamic resource theories

« Main results

» Model photoisomer in resource theory
 Bound photoisomerization probability
» Electronic energy coherences can't increase the probability.

» Bonus results
» Opportunities

Fundamental limitations on photoisomerization from thermodynamic resource
theories

Nicole Yunger Halpern and David T. Limmer
Phys. Rev. A 101, 042116 — Published 17 April 2020

Page 12/65



Energy landscape

Rotational coordinate /

Hahn and Stock, J. Phys. Chem. (2000 and 2002).
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Energy landscape

‘Rotational coordinate /T

UH

Hahn and Stock, J. Phys. Chem. (2000 and 2002).
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Energy landscape

L, %,
-Rotational coordinate /GT
C
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is Trans

180°

Hahn and Stock, J. Phys. Chem. (2000 and 2002).
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Energy landscape

Rotational coordinate /T

-Nuclear degree of freedom

180°
Trans

Hahn and Stock, J. Phys. Chem. (2000 and 2002).
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Energy landscape

-Electronic degree of freedom

Rotational coordinate /T

-Nuclear degree of freedom
-Heavy, slow Trans

180°

Hahn and Stock, J. Phys. Chem. (2000 and 2002).
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Photoisomerization
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Photoisomerization
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Photoisomerization

-Bath needed
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Photoisomerization

Metastable state

b

Energy storage
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Resource-theory background
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What are resources?

Things that are valuable, useful, and scarce

o 4

l

Solve computational problems
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What are resources?

Buying lab
Solve computational problems equipment
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Sleep

l

Buying lab Nearly everything
Solve computational problems equipment/coffee
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Resource goals

* Quantify resources — ‘fmm

» Compare resources —» 50‘&-1 - g

« |dentify which resources can transform into others = m
L " 50)A

A

_,' : _.".i. - |
which can't, H> e 8
01y e

and how much you'd have to pay to effect a forbidden transformation

< Vhaeoy 3

i . ol e

ky @ -+ m;.g = #,._10,.-..._2_:.;,
: e

/'] s

» Distinguish what's possible and what's impossible
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Solution: resource theories

» Simple, information-theoretic models
for any situation in which only certain systems are accessible

and only certain DpE{]ﬁﬂﬂS can be performed \

free operations free systems ‘()

- Example: consenve energy » Example (thermodynamicsin a
(obey the first law) temperature-T atmosphere):

e—HIsT) 7

A
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How to model your favorite system in a thermodynamic resource theory
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How to model your favorite system in a thermodynamic resource theory

« Afew early references: Lieb and Yngvason, Amer. Math. Soc. 45, 5(1998).
Janzing et al., Int. J.Theor. Phys. 39, 12 (2000).
Branddo et al., Phys. Rev. Lett. 111, 250404 (2013).

- How to specify a system: %, (p,H) I

1
- Agent given access to bath at g = -
B

- Free states: $O thermal relative to f r( ,HE)
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Free operafions

- Thermal operations

« Tend to thermalize states

- Each free operation consists of e

SIMPLE

STEPS

—

1) Draw any free state from the bath.

2) Perform any unitary that conserves the total energy.

U= g_‘“mtr
3) Discard a subsystem.
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Free operations

—fHy
- (p,H) P (Tra(U!p'@EZ UT), H+HB—Ha)

' [U,Hil =0
Il
H+Hy=H® 1)+ (1 ® Hp)

~First law of
thermodynamics
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Modeling the photoisomer in the resource theory

NYH and Limmer, Phys. Rev. A 101 042116 (2020).

Pirsa: 22030036 Page 32/65



Modeling the photoisomer in the resource theory

G Mbﬂﬂ_ip_ﬂ_c_e ‘%pmnl & t%ﬂvf:,lizt ® %"nuc

T 52

dl;o [Helec(@} @ |§0}(¢’ | 2y lele'.: @ 2_?

- Hamiltonian: Hn,m:[

0

— (Imperfect/realizable) quantum clock
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Modeling the photoisomer in the resource theory

i ﬂbﬁﬂiﬂﬂﬁ B i) = H elec @ # nuc

2

d‘p [Helcc(qﬂ) @ h@}(ﬁﬂ | T le|.,3,; @ Z_T

b4

- Hamiltonian: H],,m:[
0

— (Imperfect/realizable) quantum clock
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Modeling photoisomerization’s steps with thermal operations

Initial molecule-and-laser state: e #mai/Z_ | @ Praser

I
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Modeling photoisomerization’s steps with thermal operations

Initial molecule-and-laser state: e ##mi/Z_ | @ Praser > (photoexcitation)

Pelec @ [(P = 0}(@' =0] I
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Second law in conventional thermodynamics
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Second law in conventional thermodynamics

- Can a system transition from one state to another spontaneously?
» Compare free energies. —» F=E - TS
+ Do they satisfy (the appropriate manifestation of) the second law? —» AF <0

- Setting: equilibrium, large-system limit, implicit averaging
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In thermodynamic resource theory

- Does any free operation map (p, H) to (o, H')?
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Second laws of thermodynamics

- One subfamily of inequalities governs the state's energy diagonal.

(p,H) — (6,H)?

Pirsa: 22030036 Page 40/65



Second laws of thermodynamics

- One subfamily of inequalities governs the state's energy diagonal.

(p, H) = (0,H)?

lh’

(p (@ (o }

@Pz@
9 &Y

p{!_;

- Another subfamily governs the coherences.

- We want to bound a diagonal element,
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Applying the second laws of thermodynamics to the photoisomer

(p.H) = (0, H)?

JGE:]L:C@ |':"" = ﬂ}(‘iﬁ' =0]

o

= - -
o
r

¢ %

p=0 p=n
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Applying the second laws of thermodynamics to the photoisomer

Coherence theorem

A density operator can be broken into modes, each defined by a gap.

Marvian and Spekkens, Phys. Rev. A90,062110 (2014).
Lostaglio et al., Phys. Rev. X 5,021001(2015).
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Applying the second laws of thermodynamics to the photoisomer

Coherence theorem

A density operator can be broken into modes, each defined by a gap.

A Er}-klj}{kl
jik

- p@ =3 1y
TAL

Marvian and Spekkens, Phys. Rev.A90,062110 (2014).
Lostaglio et al., Phys. Rev. X 5, 021001 (2015).
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Applying the second laws of thermodynamics to the photoisomer

Coherence theorem

A density operator can be broken into modes, each defined by a gap.
The modes transform independently under thermal operations.
Basic physical reason: Markovianity

- p= ) ril K]
ik

. p@ ;=Z ik
Bk

Marvian and Spekkens, Phys. Rev.A90,062110 (2014).
Lostaglio et al., Phys. Rev. X 5,021001 (2015).
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Applying the second laws of thermodynamics to the photoisomer

Implication for photoisomer

- We want to bound a diagonal element.
- Coherences can't affect it, in the absence of external resources.
» So our bound will depend on just the states’ diagonal elements.
- So,inour calculations, we can replace the states with decohered states.
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Second laws of thermodynamics for the energy diagonal

« Janzing et al., Int. J.Theor. Phys. 39,12 (2000).
Horodecki and Oppenheim, Nat. Comm. 4, 2059 (2013).

» Mathematical toolkit: d-majorization

How to check whether (p, H) — (o, H) forfree

»Rescale each probability with an inverse Boltzmann factor.

PE,
N
Informational resource  Energetic resource

- Order the rescaled probabilities from greatest to least.

ri e’Er > s e i D Ty et

- Plot partial sums.
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Second laws of thermodynamics

How to check whether (p, H) = (o, H) for free

rMT+ro+ra=1-
?"1-1-'?'2-

™

N

T

E_.SE] + E_EE?

3 =5 ;
Y18 ki
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Second laws of thermodynamics

How to check whether (g, H) = (o, H) for free

» Plotthe (p, H) and (o, H) curves on the same plot.

- Theorem: (p, H) ~ (o, H) if and onlyif the (p, H) curve lies, everywhere,
\‘ above or on the (o, H) curve.

Encodes a bunch of inequalities
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Applying the second laws to the photoisomer

Strategy

h‘ - Forany state p to which the laser can excite the molecule,
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Applying the second laws to the photoisomer

Strategy

- Forany state p to which the laser can excite the molecule,

four parameters specify the final state.

« Plug into the second laws for the energy diagonal.
- Solve for the greatest s'™"* for which the p curve lies above/on the & curve.

Lcis JLrans
k}f
= - I
.',-" r
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Bounds on photoisomerization vield

—— Upper bound from
resource theory
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Bounds on photoisomerization vield

Good-laser
regime So-so laser
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Bounds on photoisomerization vield

Good-laser
regime So-so laser Bad laser
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Compare resource-theory bound with Lindblad hopping

- Toy: particle hopping amongst 4 energy levels, in contact with bath

—
Bath's

action

- Lindblad master in:ﬂ{t):—%[H,p{t)]+3’(p(r))

L
¥

~(Closed-system

X

ttansaaa: 940 = 5, (50— {51.00)

Mixes Preserves
.9 state's norm
Dissipation rate

Satisfies detailed balance:

Lindblad operators:

I -
JE.‘,:E? —8(E.,—FE- = — E 1:
= ¢ .I'r( 1 _:I BE_BEHE:: | fi){ le

s,z
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Compare resource-theory bound with Lindblad toy model

/— Isomerization yvmluwed by resource-theory bound
1.0

0.8} 1 — & (7)
oy 5.0 2

Good laser: “Z g 4] : : % _(0) l — &_(n)

0.2

0. R J
fﬂ'*‘ 10* 10¢ 10° 10% 101! 103 10!

g )& )

1.0
0.8}

= 0.6}
o
Bad laser: 204l

0.2

0'?{)"’ 10 10¢ 10° 1&'*10” 10 10V
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Takeaways

- We've derived fundamental thermodynamic limitations
on the molecule's switching probability
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What more can we learn about photoisomers
from thermodynamic resource theories?
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What more can we learn about photoisomers
from thermodynamic resource theories?

(1) The molecular switch serves as a quantum clock.

(2) Minimal work required to photoexcite the molecule in a single shot

(3) Work can be extracted from coherences. [;J E =

(4) Quantification of the post-photoisomerization energy coherences

»
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Capacity of non-Markovianity to boost the efficiency of molecular switches

Giovanni Spaventa, Susana F. Huelga, and Martin B. Plenio
Phys. Rewv. A 105, 012420 — Published 24 January 2022 k

Pirsa: 22030036 Page 60/65



Opportunity | &

» Proposals of experiments designed to realize resource-theory results
« Lorch, Bruder, Brunner, and Hofer, Q. Sci. and Tech. 3, 035014 (2018).

» Holmes, Weidt, Jennings, Anders, and Mintert, Quantum 3, 124 (2019).

\

NYH, “Toward physical realizations of thermodynamic resource theories,"
Springer, Eds. Durham and Rickles (2015/2017).
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Opportunity | 3

» Proposals of experiments designed to realize resource-theory results
» Ldrch, Bruder, Brunner, and Hofer, Q. Sci. and Tech. 3, 035014 (2018).

» Holmes, Weidt, Jennings, Anders, and Mintert, Quantum 3, 124 (2019).
* Seealso I
Alhambra, Lostaglio, and Perry, Quantum 3, 188 (2019).
Pusuluk, Farrow, Deliduman, Burnett, and Vedral, Proc. R. Soc. A474, 20180037 (2018).
Chin and Huh, arXiv:1807.11187 (2018). «+— BosonSampling
Song, Huang, Ling, and Yung, arXiv:1806.00715 (2018). <— Neutrino oscillations
Cipolla and Landi, arXiv:1808.01224 (2018). «— Spin-boson model
NYH, Beverland, and Kalev, Phys. Rev.E 101, 042117 (2020).
Tan, arXiv:2003.04527 (2020). «+— Quantum phase transitions

NYH, “Toward physical realizations of thermodynamic resource theories,"
Springer, Eds. Durham and Rickles (2015/2017).
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Recap

NYH and Limmer, Phys. Rev.A 101 042116 (2020).
NYH, Springer (2017) arXiv:1509.03873.

[
|

B | Photoisomer

-

L~ |
[ T [

—

]
&

Ao
» Thermodynamic resource theories t S

o

» How to model your favorite system .
* "Second laws" of thermodynamics

« Results
» Modeled the photoisomer in a resource theory
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Recap

NYH and Limmer, Phys. Rev.A 101 042116 (2020).

NYH, Springer (2017) arXiv:1509.03873.
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Thanks for your time!

Fundamental limitations on photoisomerization from thermodynamic resource
theories

Nicole Yunger Halpern and David T. Limmer
Phys. Rev. A 101, 042116 — Published 17 April 2020

NYH, Springer, Eds. Durham and Rickles (2015/2017), arXiv:1509.03873.
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