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The Concept of Heat Engines

Hot source (T,)

W = Qu +Q, (15 Law)

e Qy > — Q> 0 (2" Law)
f First Law of

:- , Thermodynamics 4

£
b, Themodynanics JRETS R ‘QL

) Cold sink (T,)

R PV Diagans )
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m  The introduction of the concept of a QHE - Three-Level Masers as Heat Engines by H. Scovil and E. Schulz-Dubois,
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Quantum Systems Exotic features

O Discreteness of states O Surpass the efficiency of a classical Carnot Engine.

0 Quantum Correlations — O Surpass the maximum limit of the work done by a classical Heat Engine.
0 Quantum Coherence etc. Q Work extraction from a single heat bath via vanishing quantum coherence.
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Quantum 1st Law of Thermodynamics

m The Hamiltonian of a quantum working substance

= H =3 Enln)nl P
i |

Eigen-energy Eigen-state - - :

= Internal energy Ej - :

U= <H> — ZnPnEn
E!

Occupation probabilities

The infinitesimal change Ef

dU =Y (E,dP, + P,dE,) = dQ + dW

— dQ = Zn En dPn (The heat exchanged corresponds to the change in
occupation probabilities.)

= dW = Zn Pn dEn (The work performed corresponds to the change in the energy
eigenstates E,,.)

! dQ = TdS is applicable only to the thermal equilibrium case,
while dQ = ), E,, dP, is general for quantum mechanical systems.



Effective Temperature

What is the temperature operator T in QM?
Boltzmann distribution P, = %e‘En/ kpT

Pm = e_Em/kBT ——) kBT =

InPp—InPy,

Thermodynamical processes

QUANTUM THERMODYNAMIC CYCLES AND QUANTUM HEAT ...

PHYSICAL REVIEW E 76, 031105 (2007)

TABLE I. Quantum vs classical thermodynamic processes. Here we use “INV™ to indicate the invariance of a thermodynamic quantity
and “VAR” to indicate that it varies or changes. U is the internal energy of the working substance; T, P. E,, P, are defined in Sec. II. The
working substance of the classical thermodynamic processes considered here is the ideal classical gas.

Isothermal process

Isochoric process

Adiabatic process

Heat absorbed or released

Heat absorbed or released

No heat exchange

Classical Work done No work done Work done
INV: U, T VAR: P,V INV: V. VAR: P,T VAR: P, T,V
Heat absorbed or released Heat absorbed or released No heat exchange

Quantum Work done No work done Work done

INV: T VAR: U.E,.P,

INV: E, VAR: P, Ty

INV: P, VAR: E,. T




Quantum Carnot Engine (QCE) Cycle

a) quantum Carnot engine

AA A
T
B
D
T 1¢
|
P
P, P p.
(b) classical Carnot engine
A
1
P
T, T3
] 1 >
Vo V3 v
(c) T-S diagram of QCE (CCE]
A
T
A @) B (2)
SO I
h
o
- D ,(4) C,3)
| |
S(A) S@®B) S

A — B (C — D) : quantum isothermal processes
B — C (D — A) : quantum adiabatic processes
Thermodynamical reversibility of the QCE cycle:

» At point A and point C, the working substance is an effective temperature
T(A)=T,, and T (C)=T,

Ty
a=—

T,

> Ey(B)-En(B)=a(E(C)-En(C))
En(A)-En(A)=a(E,(D)-E(D)), ]

(All energy gaps are changed by the same ratios in the two quantum adiabatic

processes.)
A8 = T, (S(B) — S(A
n(S(B) — S( ))} S=—kBZ P.InP,

oC;tD =T (S(D) _ S(C)) (Thermodynamical entropy)
A) =S
1st Law: AU = 0 —» W¢ = QfB+Q52 = (T, — TD(S(B) — S(4)), ng)) = SEC;
w T
> n=—g=1-
Qin Th Classical results
> PWC(W¢>0)T,>T,
6



Quantum Otto Engine (QOE) Cycle

(a) quantum Otto engine

» A—B (C—D) quantum isochoric process

» B—C (D—A) quantum adiabatic process

> Q4 = TnER(Pu(B) — Py(A))

> Qi = ZnEL(Pu(D) — Po(0))

> Wy = Q2 + Qi = Sn(ER — ED(B.(B) — P (4))
Pn(B) = Pn(C); Pn(A) = Pn(D)

» All energy gaps are changed by the same ratios in

>

‘ -
2 T B
= \-111 = ~_ L B)=T,
N
AN EREEV S e T
DT (D) =Ty
l_}(} l_‘—‘(}'l Pc

(b) classical Otto engine

l_)

LT,

v

the quantum adiabatic stages (!!! not necessary !!!). (c) T-S diagram of QOE (COE)

A

. B(2)
l W
T
> EN —ER = a(EL —EL), a # T—h (Model independent) A 5
l
i
. . DI(4) C (3)
> n= % =1 —i (a is an important parameter) | | >
" S(A) S@®B) s .

> PWC(W,>0)T,>aT,



Quantum versus Classical Otto Engines

Claim: The thermal efficiencies of a QOE and its (8) guantum Otto engine
classical counterpart (ideal gas) are equivalent. a T m B
A]. ——T\ ~__ ] h
Prove: QOE Cycle PN I B RS
DT (D)=T
.
P Pe P

=]

ElM — ElN = q(EL — EL); quantum adiabatic theorem
(b) classical Otto engine

T Mmoo m
T(C) = ;h’ T(A) — Tla p . 12 =T,
1 T(C T(D '
n=1-2+= _ro _ ., _ 1)
a T(B) T(A) T3
- Ty Ty
-
COE Cycle v, N
(c) T-S diagram of QOE (COE)
A ‘
cL—q_ Vhvy—1 " B(2)
N (Vl) A Q)
TVY~1 = constant in a classical adiabatic process
_ cl@)
l):(»'l) I
|
CL _ I3 _ Ty _ ,CL Sy s®) s°
nt=1l-o=1-2 =n=7 SR
2 1
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Special Coupled QOE and QCE Cycles

Working substance  H=w(57 +SZ)+J(SESE+S1S] +54 %)
S4=5,R1,

SE =1 S
Spin -s Spin -1/2 a (25+1) ® a

J [Sa' 5,8] = 1€4,5,
w . Bohrfrequencies

J(> 0): Anti-ferromagnetic coupling strength

Quantum Otto Engine Cycle

» Adiabatic changes: simultaneous change in w and J
(wh 2wy~ wy) and (Jp = 1 = Jn)

> Jh _ N _ r r=0 uncoupled case
wL W] '’ >0 coupled case

Relative coupling strength



m For any spin-s, E! — E! = a(EL — EL)

Same as a qubit as a working subtance

m PWC, T, > 2T,
w]

The role of spin-s and the quantum interactions on the relative work output.

3.0

—— 5=1/2

—— =1 Fig. 1. (Otto Cycle) The work obtained from

2.5 —=— 5=3/2 |

—— =2 the special coupled heat engine, W, divided by
2.0/ . the corresponding work from the uncoupled
- (r = 0)one, W,, as a function of the relative
51.5 coupling strength r for the ratios T, /T, = 2.0,
= wp/w; = 1.5 and the spin-s values, s =
1.0 - 1/2,1,3/2,2. The thermal efficiency and the
Carnot limit are given n = 1/3 and n, = 0.5,

0.5 respectively.

0.0 5 10 15 20



m The thermodynamics at deep strong coupling
regime, i.e. ] » o

m Analyses: Thermodynamical quantities are
invariant under uniform energy shifts

H = Znaen +8) [n)(n|

Adding 6 to all energy
levels is irrelevant.

Therefore, when | - oo, (s, %2) model system can
be mapped into a multilevel system with energy
spectrum:

{0,w, 2w, ...,(2s — 1w}

where n = 0 fors = 1/2, whilen =1 —%for
h
s>1/2.

3.0

2.5 —=— s=3/2 |

—— 5=2

2.0+

W/W,
=
w

11



The role of spin-s on the maximum relative work output

3.5
—— a=1.3
—— o=14
3.0 v+ a=1.5 |
W=
=25
3
2
= 2.0
1.5
1.0
05 1.0 1.5 2.0 25 30 35 40 45 50

a=1.2 |

5

3.0

ra 7
W mux/ﬂ' 0

1.0
0.5

1.0

15

—— a=1.06
—— a=1.7

—=— =18

20 25 30 35 40 45 5.0

Fig. 2. (Otto Cyle) The maximum work obtained from the special coupled heat engine, W, ., divided

by the work obtained from the uncoupled (r = 0) one, W, as a function of the value of the spin-s for

the ratio T, /T, = 2.0, and for different a = % values. Note that the thermal efficiency depends only on
l

a (n=1-1/a) and the Carnot limitisn, = 0.5.

Results:

Wm ax
Wo

0

As a increases,n=1—- mcreases while —=

> 1 — quantum coupling enhanced work output.

W, . .
% decreases monotonically when s increases.

Winax decreases.
W,

0

12
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Special Coupled Quantum Carnot Engine

m (s, 2) Heisenberg XXX system as a working substance

isothermal stageatT =T,

Th
W4 =T_ICU1JA =Twy Wp = Wy, Jp =Trwp
A
guantum guantum
adiabatic adiabatic
process process
v

isothermal stage at T =T,

A

D C

_ — T
wp = wy, Jp = rw; We = T_hwh,]c =Twc

= Thermodynamically reversible

T,
En(A) — Em(A) = %1’ (En(D) — Ep (D))
En(B) — En(B) = T%(En(m CEn(©) 13



n =1—-——
Nc Th ‘Classical results’

m PWC(W>0)T,>T,

The role of spin-s and quantum interaction on the relative work output.

3.0
—.— s—=1/2
—— s—1
2.5 —— s—3/2 |
—— 5=2
2.0
Do
)
""-\.
=
1.0
0.5
0.04 5 10 15 20

r

Fig. 3. (Carnot Cycle) The work obtained from the special coupled QCE cycle, W, , divided by the
corresponding work from the uncoupled (r = 0) one, W¢ , as a function of the relative coupling strength r for

the ratios T, /T;=2.0, w,/w, = 1.5 and the spin-s values, s = 1/2,1,3/2, 2. The classical Carnot efficiency is n, =
0.5.
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Active research interest for QHES

1. Role of quantum properties in the working substance (quantum coherence,
interactions and entanglement) on the work output and thermal efficiency.

[1] Phys. Rev. E 90, 032102 (2014)
[2] Phys. Rev. E 83, 031135 (2011).

2. Local thermodynamics and its relation with the global one; work output is not an
extensive quantity.

[1] Phys. Rev. E 83, 031135 (2011).
[2] Phys. Rev. E 92, 022142 (2015).

3. Use of quantum heat baths (entangled or quantum coherent or squeezed or non-
Markovian); classical Carnot efficiency is not the upper bound.

[1] EPL 88, 50003 (2009).
[2] Science 299, 862 (2003).

4. Role of the time-dependent changes in adiabatic branches; source of non-adiabatic
dissipation; inner friction (a fully quantum mechanical phenomena)

[1] Eur. Phys. J. D 71, 75 (2017).

[2] New J. Phys. 17, 075007 (2015).
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Thank you

Any correspondence: ferdialtintas@ibu.edu.tr

16



