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Understanding fundamental thermodynamlc relatlons

e P\ R 2 3 RSP N s 7 XA »',A.c,;.--,,,n-v-_.;;?;-‘,
§ Extemal oontrol
] System

.,;75

from [PRE 95, 012136 (2017)]

Quantum thermodynamics:

Understanding fundamental limits (no-go theorems)
on the controllability and manipulation of quantum

d eViceS 3D cavity + qubit
Qubit L}
Understanding a deep connection between work, heat, eXC:a“;’; k =
eeanac
and information in quantum systems operation
o

\rg% @ Measurement

Feedback system

Understanding potential quantum advantages in rom [Not. Comm. 9, 1261 (2019)]
thermodynamics
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Quantum advantage in thermodynamics

- Quantum coherence improves the performance of quantum devices in many
scenarios, e.g., superdense coding, Grover’s algorithm, quantum sensing

I(l

- Itis still unclear if there exists a nontrivial “guantum advantages” in

thermodynamics

- Coherence that is built up during a heat engine cycle acts as quantum friction (disadvantage)

? - Linear response: Brandner, Bauer, Seifert, PRL (2017)
. - experimentally relevant model: Karimi and Pekola, PRB (2016)

- Some studies show that coherence improves the performance of heat engines (advantage)
Uzdin, Levy, Kosloff, PRX (2015)

classification of coherence advantages/disadvantages in thermodynamics

14



Main topic of this study

trade-off relations between “current” and “ ”
e.g. Joule heating I/ = RI?
 thermodynamic uncertainty relations Barato, Seifert, PRL 2015

(precision Of) general current &

* open system quantum speed limits Shiraishi, Funo, Saito, PRL, 2018
iraishi, Funo, Saito, ’

probability current & Funo, Shiraishi Saito, NJP, 2019

* power-efficiency trade-off relation in heat engines  shiraishi, Saito, Tasaki, PRL 2016

output power <

» trade-off relation between heat current and entropy production

coherence effect? not fully explored!



2 types of coherence

main aim of this research:

understand the effect of coherence on current-dissipation trade-off relation

for later purpose, we introduce 2 types of coherence:

1. coherence between different energy levels

2. coherence between degenerate states

block-diagonal strictly-diagonal
general p | ppq = Xe lepll, Psd = Ze,i He,ipne,i
energy level
coherence v X X
degenerac
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main aim of this research:
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Main results: coherence effect on current-dissipation ratio

current-dissipation (CD) ratio [

heat current: J(p) = Tr[HO0;p] }
)
J(p)?

:d(p) =S(p) —BJ(p

: 1 J? :
« electrical conductance: == (cf. Joule heating)

- we want large heat current and for having high-performance
thermodynamic devices (e.g. heat engines, refrigerators)

- higher CD ratio is preferred, but there exists an upper limit (CD trade-off relation)

block-diagonal strictly-diagonal
general p | ppa = Xe leplle|psqg = Xe i e iplle In the following, we derive
energy level Y, X X the CD trade-off relation and
coherence discuss how J% /& depends
degeneracy Y, Y, X on coherence (P, Ppa, Psd)
coherence




Main results: coherence effect on current-dissipation (CD) ratio

main result 1: energy level coherence always reduces the CD ratio —

J(p)? <](pbd)2 (e.g., conductance)
d(p) ~ (pbd)

- note: a stronger relation can be obtained, J(p) = J(ppq) and 6(p) = 6(Ppq)
- heat bath cannot utilize and only destroys energy level coherence

- if the Hamiltonian is non-degenerate, coherence would always lower the performance

block-diagonal strictly-diagonal
general p | ppg = Xe lleplle|psq = Ze,i [l ;pIl, ; % ‘
> e
Q
4 X X >
q g degeneracy
egeneracy v vV X ) coherence
coherence >

degeneracy i



Main results: coherence effect on current-dissipation (CD) ratio

main result 1: energy level coherence always reduces the CD ratio — disadvantage

J(p)? <](Pbd)2
d(p)  (Pba)

(e.g., conductance)

main result 2: degeneracy coherence allows increasing the CD ratio — advantage

](psd) and ](pbd)z Ag + Aqm N foct!
= . — conerence errect!
9 (Psd) 2 d(Pba) | 2' ,
A/\ also bounds CD ratio for p (using result 1)
block-diagonal strictly-diagonal
- . energy level coherence
general p | ppg = Xe Heplle|psq = Ze,i [l ;plle < 1
> S
energy level @
coherence vV X X 80
degener GCJ degeneracy
generacy v ‘ vV X ‘ 3 coherence
coherence g
degeneracy 1




Main results: coherence effect on current-dissipation (CD) ratio

main result 1: energy level coherence always reduces the CD ratio —

J(p)? <](pbd)2 (e.g., conductance)
d(p) ~ (pbd)

main result 2: degeneracy coherence allows increasing the CD ratio — advantage

](psd) ](pbd)z Ag + Aqm
< d . <
o S M S 2

1
also bounds CD ratio for p (using result 1)

coherence effect!

- physical interpretation of A: instantaneous heat fluctuation
classical (psq-dependent) part: A

coherence effect part: Ay, = (collective jumps) X (degeneracy coherence)

- when bath collectively acts on coherent degenerate states, we can improve
the CD ratio up to A, /2 — advantage!



Main results: scaling analysis of the current-dissipation ratio

O(N)
].(psd)z < Azcl and \].(pbd)z < Acl +2Aqm D O(NZ)
d(psd) 0(1) _»0(Poa)

Next, we discuss the scaling behavior of the CD trade-off relation

- suppose that Agy, is an O(N?) quantity  N:number of degeneracy or particle number

we find that ] = O(N) and 0 = O(1) scaling is possible

when A, = O(N?) via (O(N) degeneracy coherence x O(N) collective jumps)
= “ but the "
O(N) 0(1)

In the following, we show a toy model example that realizes the above observation



example: 2N-state model that realizes 4, = O(N?) scaling

N excited states |e, j)

system Hamiltonian: energy
N ) l : |
H=Y hole,j) e jl, T o
> L, - - L,
J= 0+ coe —
dissipator: ‘ ' -
N ground states |g, j)
Dlp| = Z v(€2) (LQ,OL}Z + {L}L]LQ, p}) degeneracy j
Q=w,—w

jump operators: correlated decays/excitation

. ..
75" 3.3’

4 note: essential feature of this model can be\
captured by a n-qubit super-radiance model

use these two Dicke states
(via a technique called superabsorption)

ol = le,i) (g 7], o7 = lg,3) (e,

/symmetric Dicke Iaddeh

S. Kamimura, et al., PRL 2022 /




example: 2N-state model that realizes 4, = O(N?) scaling

N excited states |e, j)

system Hamiltonian: energy .
1 | 1
H=) hwlej)eil, o e
=1 L, —r— L,
jump operators: correlated decays/excitation °T l v
L. = Z O_&j’ I = Z er,jf N ground states |g, j) :
: - degeneracy j
:13 _ ./ 3,3 _ : ./
|e e g'l, o =lg,j)ej| . Y9, ) o 4) ::Z|e,]’)
| N 7 Y
consider the following initial state (contains O(N) coherence) .
P_g — _ | fhw
Po = Dglg, +Xg, +| + pele, +)Xe, +| pe_<1+N>e
straightforward calculation shows that
Agm = O(N?) & J(po) = O(N) = realization of a

o(pg) = 0(1) “dissipation-less” heat current



example: 2N-state model that realizes 4, = O(N?) scaling

at least for this 2N-state model, we can rigorously show that

Ao = O(N) for any state p
O(N?) ON)

|J.(Qsd)2|s Aq
d(pPsd) 2
fully decohered states (i.e., psq) cannot produce a dissipation-less current:

J(psa) =O(N) = d(psq) = O(N)

* note that the CD ratio for the dissipation-less current is J(pg)%/d(pg) = O(N?), and
it goes beyond the “classical” bound:

&
“classical”
o ms
2

/ O(N) =

fully decohered states

* by noting the relation the above statement implies that

>
oy A +2 Aqm CD-ratio




H. Tajima and K. Funo

Summary of the main results iy rev Let. 127, 150604 2021)

main result 1: energy level coherence always reduces the CD ratio  (disadvantage)

J(p)* - J(Poa)?
g(p)  (Ppa)

(Current-Dissipation)

main result 2: degeneracy coherence allows increasing the CD ratio (advantage)

](psd)z
U(Psd) B 2 and d(Ppd)

](pbd)z < Acl + Aqm
> coherence effect!

main result 3: large degeneracy coherence + collective jump mechanism
— effective cancellation of the CD trade-off relation
but the

J(po) = O(N) and d(po) =0(1)

in the following, we discuss how these results are related to the performance of heat engines
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Application to heat engines

Output power and heat-to-work conversion efficiency

W W
Heat engines, refrigerators P=— and N ~= Q_H
T
universal upper bound: Carnot efficiency
4 0y T
N <Ncar = 1—
‘Qc — I[Car TH

COLD

- Carnot efficiency can be reached for infinitely slow cycles
— power vanishes

is it possible to produce finite power and reach Carnot efficiency?



classical limit: power-efficiency trade-off relation

power-efficiency trade-off relation ON) 0(1/N) Shiraishi, Saito, Tasaki, PRL 2016

0(1) |P|< 615)677(77Car — 1)

from the above theorem, finite-time Carnot engine is not possible:
Nn=MNcar = P=0
how about asymptotic realization of the Carnot efficiency with finite power?

— For classical models with reasonable assumptions, © scales at most O(N)
N ="Ncar —0(1/N) = P=0(1)

cannot be O(N), and producing
finite power is not possible

= however, by using quantum effects, we could overcome this problem



asymptotic realization of finite-power Carnot engine via coherence

In quantum systems, we can derive a power-efficiency trade-off relation

P|< (Acl + Aqm 'C,BLU<77Car — 1) Tajima, Funo, PRL 2021
o O(N?) O(1/N)

The coefficient Ay, can grow O(N?) with coherence + collective jump effects
— this would realize fundamental scaling difference between classical and quantum systems

Agm = O(N?) =

pOWe‘|: ! ‘ P < (AC] + Aqm)C,BC n(nCar _ 77)

quantum power is kept high even if 7 becomes close to 1¢ar

P < 6:86 n(nCar _ 77)

/ power drops down quickly to 0 as n becomes close to 1¢,y
classical
|
[cf. 2N-state model]

Ncar " efficiency




Coherence effect on the performance of heat engines

larger value of the current-dissipation (CD) ratio is preferred for having good heat engines
(e.g., conductance)

from the obtained CD trade-off relation, we find the following intuitions:

1. Energy level coherence lowers the engine performance

= for nondegenerate systems, coherence is always bad

2. Degeneracy coherence can be utilized to improve the engine performance

v' 2N-state model effective finite-time Carnot engine

v' 2qubit super-radiance model heat engine (cf. Tajima-Funo 2021)



H. Tajima and K. Funo

Summa ry Phys. Rev. Lett. 127, 190604 (2021)

main result 1: energy level coherence always reduces the CD ratio (disadvantage)

(Current-Dissipation)
J(p)? - J(ppa)?

d(p) — d(Pva)

main result 2: degeneracy coherence allows increasing the CD ratio (advantage)

](psd)z and J(Pba)? - Aq + Agm

< . < coherence effect!
G (os) 2 6 (Ppa) 2 !

main result 3: large degeneracy coherence + collective jump
— effective cancellation of the CD trade-off relation
but the

J(po) =0(N) and d(po) =0(1)

this scaling realizes
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