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Energy conversion in small-scale devices?

* “waste” from operations: heat or unused energy
excitations

e ...can harm the operation and need to be evacuated
(equivalent to cooling)

» Use/recycle for other tasks”?

Needs better fundamental understanding....
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Good old heat engines...
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Goal: produce work with a resource that
IS easy to have.

Typically: cyclic operation

(but steady state is in many applications
more practical)

Performance goals: large power
Using available heat flow

Limited by Carnot efficiency
(only reached at zero power)
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What are the constraints on fluctuations in
these nonequilibrium devices?
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Fluctuations In mesoscopic conductors...
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Fluctuation dissipation bounds (total noise)
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Fluctuation bounds for output power
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§P > 22 in quantum systems

A. C. Barato, U. Seifert: Phys. Rev. Lett. 114, 158101 (2015).
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Fluctuation bounds for output power

Valid if f/(E)
“local detailed balance” holds
7
kP2 Can be violated 2
S©>2—= in quantum systems

A. C. Barato, U. Seifert: Phys. Rev. Lett. 114, 158101 (2015).

/Fluctuation—dissipatiom
bound Different from TUR
(entropy production not explicitly included)

b Au
S© > PAyutanh
2ky AT

\ / L. Tesser, J. Splettstoesser: Phys. Rev. Lett. 132, 186304 (2024)

Holds for any weakly interacting quantum system




Fluctuation bounds for output power

[ Thermodynamic\
uncertainty relation
(TUR)

2
SP 2kB,P
>

\_ J

AV

/Fluctuation—dissipatiom
bound

b Au
S© > PAyutanh
2ky AT

\_ /

a)

SP[(knT)2T /A

0.2

0.1}

(b) Holds when TUR

IS violated

Can be more

restrictive than TUR

(Also sets an upper
bound)

L. Tesser, J. Splettstoesser: Phys. Rev. Lett. 132, 186304 (2024)



Validity regime and further steps

Fluctuation dissipation Fluctuation dissipation Thermodynamic
theorem bound uncertainty relations
A A 2
S! = gl coth . —el tanh - < SP > sz.P

e’k e’ Apu

h

< (TL + TR> + <—el+ ;
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S' = gl coth s
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+ arbitrary bias



Validity regime and further steps

Fluctuation dissipation Fluctuation dissipation
theorem bound

A
S' = gl coth s
2k T

+ Equality - Inequality, upper AND
lower bound

+ arbitrarily strong
Coulomb interaction

- weak tunneling + arbitrary transmission

- zero temperature bias + arbitrary (temperature) bias

Thermodynamic
uncertainty relations

- Inequality

+ arbitrarily strong
Coulomb interaction

- detalled balance

+ arbitrary bias

— InteraCting nOneCIUIhbrlum SyStemS? L. Tesser, M. Acciai, C. Spanslatt, |. Safi, J. Splettstoesser: arXiv:2409.00981 (2024)
—= \\/Nhat happens if resources are nonthermal? Or in bosonic systems?
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Precision bounds for generic transport observables

Nonthermal distributions

Contact with two
reservoirs?
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Filtering or
resonant effects

C. Altimiras, H. Le Sueur,
U. Gennser, A. Cavanna,
D. Mailly, F. Pierre: Nat.
Phys. 6, 34 (2009).

...and more generic systems.



Nonthermal distributions

Contact with two
reservoirs?
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Precision bounds for generic transport observables

...and more generic systems.
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C. Altimiras, H. Le Sueur,
U. Gennser, A. Cavanna,
D. Mailly, F. Pierre: Nat.
Phys. 6, 34 (2009).

&b i

Bosonic heat transport

M. A. Aamir, P. J. Suria, J. A. M. Guzman,
C. Castillo-Moreno, J. M. Epstein,

N. Yunger Halpern, and S. Gasparinetti,
arkiv:2305.16710
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Thermodynamics of steady-state quantum transport

Multi-terminal setup with particle/energy reservoirs

Differences of potentials, temperatures,
occupations...

Induce ...particle currents —- Do work

...heat currents — Cooling Ti =T + AT/2

pr =p + Ap/2
reduce entropy — produce entropy...



Generic currents and their fluctuations

(Generic current

S
Iy’ = - [dE ) Doy ENSAE) = f(E)] s /R
: ! I S % ) g
with x(”) — x(E) = F xo(ca) — l()g fa( ) /./'j:\“‘;y//E q D.s(F) ‘ B
) ) 1 _f a(E ) . D S . 8

Particle Energy Entropy \/ N

M. Acciai*, L. Tesser*, J. Eriksson, R. Sanchez, R. S. Whitney, J. Splettstoesser: Phys. Rev. B 109, 075405 (2024).



Generic currents and their fluctuations

(Generic current

1
[V = — JdE xW) Z D f(EfAE) — f(E)]
p

h
Jo(E)
with  x\ = E) = | x\9 = log
Y 5 1 _fa(E)
Particle Energy Entropy

— Fluctuations split into classical and quantum part

| .
N ZJCZE [X(gu)lzz D, [fa (1 ifﬁ) +f, (1 ifa)] +, Bosons/fermions

aa,cl
b7a any distribution...

S =t

aa,qu

M. Acciai*, L. Tesser*, J. Eriksson, R. Sanchez, R. S. Whitney, J. Splettstoesser: Phys. Rev. B 109, 075405 (2024).



Bound on classical fluctuations/precision

(Generic current

1
IV = ZJ'dE xW) Z Dl f.(E) — f4(E)]
Y

(Classical) fluctuations

02 [ar WP E 0 [ (125) 0

p#a

_|_

=5

fa)_

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).
M. Acciai*, L. Tesser*, J. Eriksson, R. Sanchez, R. S. Whitney, J. Splettstoesser: Phys. Rev. B 109, 075405 (2024).



Bound on classical fluctuations/precision

(Generic current

1
IV = ZJ'dE xW) Z Dl f.(E) — f4(E)]
Y

(Classical) fluctuations

02 [ar WP E 0 [ (125) 0

p#a

_|_

))?
o )
aa,cl S(I/)
aa,cl

fa)_

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).
M. Acciai*, L. Tesser*, J. Eriksson, R. Sanchez, R. S. Whitney, J. Splettstoesser: Phys. Rev. B 109, 075405 (2024).



Bound on classical fluctuations/precision

(Generic current

1
IV = ZJ'dE xW) Z Dl f.(E) — f4(E)]
Y

(Classical) fluctuations

| _
St = ZJdE [xéy)]zzDaﬁ Ja (1

p#a

))?
o )
aa,cl S(I/)
aa,cl

o fi—fy<fi(1£f)+s(1%1)

Reaches equality
when contact [ is “empty”

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).
M. Acciai*, L. Tesser*, J. Eriksson, R. Sanchez, R. S. Whitney, J. Splettstoesser: Phys. Rev. B 109, 075405 (2024).



Bound on classical fluctuations/precision

Generic current (I(U)) 9)
] * gV > 2 @
Iy = ﬂdE ¥ N Dyl fE) — f(E)] aacl = ¢)
y aa,cl

(Classical) fluctuations

p#a

1 | |
590 =5 |48 07 X D |1 (1£55) +4, (11,

o fi—fy<fi(1£f)+s(1%1)

Reaches equality
when contact [ is “empty”

1

O ‘X‘S‘X‘Z-FZ

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).
M. Acciai*, L. Tesser*, J. Eriksson, R. Sanchez, R. S. Whitney, J. Splettstoesser: Phys. Rev. B 109, 075405 (2024).



Bound on classical fluctuations/precision

Generic current (I(U)> 9)
{ Q) -
IV = —JdE x® Z D4 f.(E) — f(E)] aa,cl — S(y)
f y aa,cl

(Classical) fluctuations

o fi—fy<fi(1£f)+s(1%1)

Reaches equality
when contact [ is “empty”

1

1 | |
590 =5 |48 07 X D |1 (1£55) +4, (11,

p#a

O ‘X‘S‘X‘Z-FZ

More particle noise, more precision !?

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).
M. Acciai*, L. Tesser*, J. Eriksson, R. Sanchez, R. S. Whitney, J. Splettstoesser: Phys. Rev. B 109, 075405 (2024).



Bound on classical fluctuations/precision

Generic current (I(U)> 9)
{ * Q) -
IV = %JdE x® Z D4 f.(E) — f(E)] aa,cl — S(y)
y aa,cl

(Classical) fluctuations

1% 1 U 2 _
5= |48 ¢ X 0,

p#a

-, +I',.=%*, forv=N

o fi—fy<fi(1£f)+s(1%1)

Reaches equality
when contact [ is “empty”

f(1p) +h(125)

More particle noise, more precision !?

o [x| < \x\2+l
4
= (1@))2
7,2
Sa(x,cl

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).
M. Acciai*, L. Tesser*, J. Eriksson, R. Sanchez, R. S. Whitney, J. Splettstoesser: Phys. Rev. B 109, 075405 (2024).



Bound on classical fluctuations/precision

Generic current (](U)> 9)
] * gV > 2 @
Iy = ;JdE ¥ N Dyl fE) — f(E)] aacl = ¢(v)
y aa,cl

(Classical) fluctuations

o fi—fy<fi(1£f)+s(1%1)

Reaches equality
when contact [ is “empty”

1

1 | |
590 =5 |48 07 X D |1 (1£55) +4, (11,

p#a

-, +I',.=%*, forv=N

o |x| < |x|"+—
4
Kinetic uncertainty relation for quantum transport B S(E,’;Zd

|. Di Terlizzi, M. Baiesi: J. Phys. A: Math. Theor. 52, 2 (2018)

More particle noise, more precision !?

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).
M. Acciai*, L. Tesser*, J. Eriksson, R. Sanchez, R. S. Whitney, J. Splettstoesser: Phys. Rev. B 109, 075405 (2024).



What about the quantum corrections?

D. Palmquvist, L. Tesser, J. Splettstoesser: arXiv:i2410.10793 (2024).



What about the quantum corrections?

©))?

FH = SN (I“ )
o aa,cl S(I/)

aa,cl

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



What about the quantum corrections?

( I(U))Z For bosons, quantum contributions to
N o - .y
Ky = Séa,)d 0 noise are positive: bound holds!
aa,cl
(v))?
Q(V) > (Ia )
Bosons: 5, = 5, ¢1 + Saa.qu “w =W

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



What about the quantum corrections?

( ](1/)>2 For bosons, quantum contributions to
N o - .y
Ky = Séa,)d 0 noise are positive: bound holds!
aa,cl
(v))?
Q(V) > <Ia )
Bosons: 5, = 5, ¢1 + Saa.qu “w =W

For a tight bound, modify £ , to account for quantum corrections

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



What about the quantum corrections?

( ](v))2 For bosons, quantum contributions to
N w . .y
Ky = Séa,)d 0 noise are positive: bound holds!
aa,cl
1))?
Q(V) > (Ia )
Bosons: Saa — Paacl T Saa,qu - S(%

For a tight bound, modify £ , to account for quantum corrections

?

|
Sarqu = T JdE ) [ D Df, —f[»] s JdE x& N DyyE)fHE) — fo(E)]
p

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



What about the quantum corrections? (Bosons)

?

1
Siqu = = JdE ] [ D Df, —fﬁ>] T [a’E x& N DyyE)fAE) — fo(E)]
p

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



What about the quantum corrections? (Bosons)

?

| 1
Staau = 7 JdE ] [ D Df, —fﬁ>] T [dE x& N DyyE)fAE) — fo(E)]
pFa p

Bound on quantum contribution:

goa 5 ( 1<u>)2

aa,bos — BV 2
o

Precision is limited by bandwidth B,

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



What about the quantum corrections?

?

(Bosons)

| 1
Siqu = = JdE ] [ D Df, —fﬁ>] ? - [V =— [dE x& N DyyE)fAE) — fo(E)]
p

" p#a

Bound on quantum contribution:

gwa e ( 1<u>)2

aa,bos BV 2
o

Precision is limited by bandwidth B,

h

Estimate “activity” from observables:

_ (1@))2

— @)
= 5

aa,bos

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



What about the quantum corrections?

?

(Bosons)

h

1
Siqu = = JdE ] [ D Df, —fﬁ>] ? - [V =— [dE x& N DyyE)fAE) — fo(E)]
p

Bound on quantum contribution:

gwa e ( 1@))2

aa,bos BV 2
o

Precision is limited by bandwidth B,

Estimate “activity” from observables:

= SW

aa,bos

h g
_ " (1W)

New tight bound — KURL:

))?

S(V) (Ia )
aa,bos — Sv(y)

aa,bos

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



Precision bounds for bosons

(kg T /A

LL 7

S(N) PI(JN)

-

> 511 hos P oo
> 5{hs = Plion
— /2 2 S(] hes Py one
r o4 5 12
Ap/|pl b [kgT

* Tight bounds for large bias (high precision) and small
bandwidth (low precision)

* Tight when TUR Is not and vice versa

(1)
%a — SO(tZO\(f,)Cl — S(I/)
aa,cl
2
S(N) (IO(CV))
T Sa
2
S’v(N) <10(ly))
aa,bos — Sv(u)
aa,bos

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



Quantum noise and full fluctuations in fermionic systems

accl ~ Oaa.qu Noise can be fully supressed!

Fermions: §,, =

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



Quantum noise and full fluctuations in fermionic systems

Fermions: 5,, = 5,, . —

Precision bounds for
fermions:

With minimum reflection:

R,=mt D, (E)
E€A

S

aa,qu

Noise can be fully supressed!!

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).



Quantum noise and full fluctuations in fermionic systems

Fermions: 5,, = S,, 1 — Saa.qu Noise can be fully supressed!!
Precision bounds for 3
fermions: S 1.5
I~
an ) -
~C
2 _— -1.0
1 (IO([,/)) W e [ e
R2 aafer q) a,fer - \ | 0.9
4 aa,fer =3 |, . NS s,
s , (c) . (d) " 00
-0 0 10 -1 0 1 |
| o | Ap [kgT) AT/T
With minimum reflection:
. N v N)cl v)cl N
RCZ — 1Ilf DCXO((E) Z SI(JL,)fer Pl(,,f)er 2 SI(JL,)fer PI(J,f)er Z SI(,L,)fer/R%

Ee€A
D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).
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Conclusions

* New challenges and new opportunities in nanoscale heat
engines

* Novel goals (precision) and resources (nhonthermal/
fluctuations)

* Fluctuation-dissipation bound for nonequilibrium
steady-state heat engines

L. Tesser, J. Splettstoesser: Phys. Rev. Lett. 132, 186304 (2024).

» Kinetic uncertainty relations - valid for generic currents,
nonthermal resources

o Strongly different qguantum modifications for fermions/bosons
— expressed in terms of measurable quantities

D. Palmqvist, L. Tesser, J. Splettstoesser: arXiv:2410.10793 (2024).

popular
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summary:
noise In
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heat engines




