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Motivation and context

Quantum thermodynamics studies thermodynamical processes in quantum
systems from first principles, without assuming any of the usual
thermodynamical laws. It allows to:
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Motivation and context

Quantum thermodynamics studies thermodynamical processes in quantum
systems from first principles, without assuming any of the usual
thermodynamical laws. It allows to:

@ Understand the emergence of thermodynamics from quantum
dynamics

@ Describe processes in systems with few degrees of freedom

@ Describe processes arbitrarily away from thermal equillibrium
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The dynamical third law

The 1%t and 2" laws can and have been derived from first principles in a

variety of settings. Some controversies exists regarding the dynamical third
law.

Nernst statement

"It is impossible for any process, no matter how idealized, to reduce the
entropy of a system to its absolute-zero value in a finite number of
operations’

No-go theorem for ground state cooling
given initial system-thermal bath
factorization

Lian-Ao Wu', Dvira Segal? & Paul Brumer?

Quantum Bath Refrigeration towards Absolute Zero: Challenging
the Unattainability Principle

M. Kolarl', D. Gelbwaser-Klimovsky, R. Alicki, and G. Kurizki
Phys. Rev. Lett. 109, 090601 — Published 27 August 2012
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The dynamical third law

The 1%t and 2" laws can and have been derived from first principles in a

variety of settings. Some controversies exists regarding the dynamical third
law.

Nernst statement

"It is impossible for any process, no matter how idealized, to reduce the
entropy of a system to its absolute-zero value in a finite number of
operations’

No-go theorem for ground state cooling ‘

Main findings

@ The dynamical Casimir effect (pairs creation) is a fundamental
limitation for cooling.

@ The weak coupling approximation breaks down for low temperatures.

v
’ Phys. Rev. Lett. 109, 090601 — Published 27 August 2012 | L
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A general theory of linear quantum refrigerators
Model
Generalized QBM:
Quantum Brownian Motion:

m,w

)

@ » T an

-1 Hs(t) = %PTM_lP—l—%XTV(t)X
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A general theory of linear quantum refrigerators
Model
Generalized QBM:
Quantum Brownian Motion:

m,w

)

1 ccc N 1 _ 1
o AN HS(t)ngTM 1P+§XTV(t)X

A periodic parametric driving is performed on the network:

k=+o0
V(t)=V(t+2r/wa) = Y Vie™'

k=—o00

What is the asymptotic state of the network? What are the heat currents?
How can we cool a given reservoir?
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A general theory of linear quantum refrigerators
Methods

@ For bosonic reservoirs the problem can be solved exactly

Hr = Hg(t) + ZHEa + ZHint,a

Hpo =Y (ma;/2m+mws ;qa.;/2) Hinta = Y Cayji X Gak

J gk
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A general theory of linear quantum refrigerators
Methods

@ For bosonic reservoirs the problem can be solved exactly

Hr = Hg(t) + ZHEa + ZHint,a

Hpo =Y (7a;/2m+mwh 4o ;/2) Hinta = ) Caujie X; ok

J 7,k

@ The central ingredient is the Green’s function of the system.

38,8+ Vi(Og(t.)+ [ dr o= atrt) = 50— )1

~y(t) = /00 dw I(w) cos(wt) /w Ta(w)]jk = Z iCa,lea,klé(w—wa,l)
0 [
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A general theory of linear quantum refrigerators
Methods

We assume: . e .
. 1) = t,t)e " Tal =y " A ikwa
@ Stable dynamics p@:?) /0 g(t, t)e Ek: r(w)e

o Long times g (z(w + kwd))—l Ak(UJ) + Z‘/]Akfj(w) _ ]1616,0'

@ Periodic driving ik

Under those conditions the asymptotic state is also periodic. For example:

o™P(t) =

N | =

J.k

where: hofe
U;?,I;c = 5 / dw (UJ + kwd) Aj (w)ﬂ(w)A£ (OJ)
0
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A general theory of linear quantum refrigerators

Definitions of work and heat rates

% (Hs)(t) =" % ([Hs, Hint,o]) + % (Hs)
(e %,—J W
Qa w

We obtain the instantaneous rates:
W) =5 [V(t)a (t)]

In the asymptotic state, we define the average rates per cycle:

B 1 (n+1)7 | B 1 (n+1)1
W == lim W(t) dt Qo = = lim Q(t) dt

T n—oo T n—oo [

nT

Which satisfy:

W+ Qa=0 Z‘T—_azo

[e3
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Final result for the heat rates

@ _ Q*RP + QRH + QNRH
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Final result for the heat rates

(1) Resonant processes

QZP = Z Z// dw hw plgya(w) Ng (w)—
w1 +kwq B#a k 70
- .
_ Z Z , dw h(w + kwq) o g(w) Ng(w)
p#a k70
wy T
In(w)
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Final result for the heat rates

(1) Resonant processes

ézp = z Z/,Oo dw hw pgya(w) Nq(w)—
B k0

S Z/O'/x’ dw hi(w + kwa) P& 5(w) Ng(w)
fZa T

Ey oo
QR Z/, de Khwg pl o (@) Na (@)
p#a k 70
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Final result for the heat rates

Qu = Q¥ + QI + Q™

(2)

(2) Non-resonant heating

w, khwq w

GURH _ kgo/ dw khwg pg %, (w) (Na(w)%) B
B Bgago/ d h(kwq —w) p 5 (@) (Nﬁ<w>+%) _
_B§akz>0/ dw hw pE};(w) (Na(w)+%)

P (@) = 5 Trlla(lw + kewal) Aw(w)Is () AL ()]

N. Freitas, J.P. Paz (DF-FCEyN-UBA) Linear quantum regfrigerators: the ultimate li

6 de Junio de 2015 9 /16



Final result for the heat rates

Qo = QF + QT+ O
(2)

(2) Non-resonant heating

kh kR 1
wa w, Wa w NRH -3 / dw khiwy p;’fl(w) (Na(w)_;,_,) _
k>0 ' 2

=3 [ aw =) vt ) (Nar ) -

B#a k>0

- Z/ dw b % (@) (Na(w)-k%)

BFa k>0

P (@) = 5 Trlla(lw + kewal) Aw(w)Is () AL ()]
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Final result for the heat rates

o) QRP + QRH T QNRH
(2)

(2) Non-resonant heating

khowy w khwy — w ONRH _ go/ dw khwy p;’jx(w) (Na (w)+%) _
-------------- - §ak§)/ dw fi(kwg —w) % (w) (N@(w)-r%) -
. T [t (ra)

L) T(w)
The unattainability principle holds!

At zero temperature only QNRH < 0 survives!!
There is always a minimum temperature that supports cooling
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Scaling laws

Qa%ﬁ = Z/ dw hw pB o (W) N (w)

NRH Z / dw khwg P;,ka("") (Na(w)‘ﬁ'%)

k>0

Pop(w)

pw) = = Trumw + hwal) Aj, (@) I (w) A ()]

I

Qa—wyq Qa Qatwa Qp—wa U Utwa

If Io,(w) x 0, then: _
0 <0

ANRH 2
e X Yo
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Scaling laws

Q(x%ﬂ = Z/ dw hw pB o (W) N (w)

ONRH _ -3 / dw khwg P;,ka(“’) (No‘(w)+%)

k>0

Pop(w)

pw) = = Tr[fauw + hwal) Aj, (@) I (w) A ()]

0

Qu—wa o Qatwa Q—wa  Utwa

w

If Ip(w) x 0, then:

ARP
o XY

ANRH 2
[e X Yo
Failure of the weak coupling approximation

Pairs creation into the reservoirs is a next-to-leading order effect in the
weak coupling aproximation (fourth order in the interaction Hamiltonian)
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Minimum temperature for a simple case

WP{1) = 0 4+ 592 cos(ent) 5 _ oo psat?/s)
RP _
Q2(92— (20 —wq)?)?

x — {19(20) 1800 —wa) (% — wa) — 2018 (Q0)1% (R0 —wa)}
0

@ If It (w) = Ir(w), then Q¥ < 0. No symmetry broken.
@ If I1(0) < Ir(Q0), then Q¥ > 0. Heat extracted from L.

Adaptative strategy - Challenging the third law

If we choose adjust wy as wy ~ Q¢ — Ty:

T, ! 1o} 2 ;o4 o
— - 5 WL . T 6Q I% (92
dt Cy lep = ?FTLIL(TL)Q B3 'y()TII‘Jr>\L for I'r, (w) o< 7o R
€
0

Tipically, ¢, < ¢, and therefore:
K
dT 1
L - 1+Xp —d
=1 o< — T
o cu QL YonTy,
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Minimum temperature for a simple case

Qn—
WA(t) = OF + 692 cos(wqt) sRp - OTio“’d 16924 (w2 /8)

Q2(Q3 — (0 —wq)?)?

% g { R0 T (20— (20 — ) — AT T =) }

@ If I (w) = Ir(w), then Q¥ < 0. No symmetry broken.
@ If I1(0) < Ir(Q0), then Q¥ > 0. Heat extracted from L.

Adaptative strategy - Challenging the third law

If we choose adjust wy as wy ~ Q¢ — Ty:

dTy, Lo )

== L - 504

dt Cy QEP = :iiTL[L(T )M
e

Quantum Bath Refrigeration towards Absolute Zero: Challenging
the Unattainability Principle

M. Kolaf, D. Gelbwaser-Klimovsky, R. Alicki, and G. Kurizki
Phys. Rev. Lett. 109, 090601 — Published 27 August 2012

= - , WL — JOTT T
dt @l &

voTéJrAL for I, (w) o o w™E

Ti

©
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Minimum temperature for a simple case

A simple scaling argument. . .
ARP 1+
QL X 7 TL . 1
. 1+Ap
ANRH 2 = Tinin X Yy
L X Y%
V.
A numerical verification. . .
10°° T
— R0/ =107 107t
1077 === QY™ (30/ = 1071) 1
= QR(0/2 =107
& S 102
108 F
e, =1
- 2
ﬂ‘o o= 10"7 10"“ 10"5 10"‘ 10"-‘ 10‘*2
w 70/
V
12/ 16
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Main messages

® The dynamical Casimir effect is a fundamental limit for cooling in
linear quantum refrigerators.

@ This effect is non-resonant and next-to-leading order in the weak
coupling approximation.

@ The usual weak coupling approximation breaks down for low
temperatures.

arXiv:1607.04234

Fundamental limits for cooling of linear quantum refrigerators

Nahuel Freitas':? and Juan Pablo Paz!-?

N. Freitas, J.P. Paz (DF-FCEyN-UBA) Linear quantum regfrigerators: the ultimate li 6 de Junio de 2015 13 / 16



Next steps

@ Study and design thermodynamical processes in ion crystals,
nanomechanical devices, or circuit QED. Example: 'active’
sympathetic cooling.

Lens

=

Corrugated

potential
5 [

X(0) o< Foree

@ Design strategies for the generation of steady state entanglement in
open systems (quantum control?).

Bringing Entanglement to the High Temperature Limit

Fernando Galve, Leonardo A. Pachon, and David Zueco
Phys. Rev. Lett. 105, 180501 - Published 25 October 2010

Dynamical Casimir effect in a Josephson metamaterial

Pasi Lihteenmaki®, G. S. Paraoanu*, Juha Hassel’, and Pertti J. Hakonen®

@ Extend results to the non-linear regime.
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Cooling processes and minimum temperature

Design of cooling processes

Two general strategies:

)
. . P — @ Spatial symmetry, asymmetric driving
> ARP | ARH | ANRH b
Qa =CQa + Qo +Ca (directional pumping)

@ Spatial asymmetry, symmetric driving

For cooling, we need QR > 0. (heat rectification)

Minimum temperature
Still, there exists a value of Ty below which:
Q' < 1™

° QEP + QEH >0 for all Ty This value of Ty is the minimum temperature T,
(not universal, depends on the process)

Optimistic setting:
@ Equal temperatures (T = Tp)

v
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Some similar results

Rapid Communication

Dynamical Casimir effect and minimal temperature in quantum
thermodynamics

Giuliano Benenti and Giuliano Strini
Phys. Rev. A 91, 020502(R) — Published 17 February 2015
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