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Quantum thermodynamics

When dealing with increasing complexity we need some simple
guidelines without going into the gory details.
For example no-go theorems:

I CATIITOL COOT G SYSUCTITI e
A linear network cannot operate as a refr

v.‘ganébusly we go downhill -
opy generation should be positive.




Carnot efficiency of a 3-level amplifier
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Laser Cooling reversing the 3—level amplifier
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Geusicl, Bois E, De GrasseR, Scovil H. J. App. Phys.30:11131959)

D. J. Wineland and H. Dehmelt, Bull. Am. Phys. Soc. 20, 637 (1975); T. W. Hansch and A. L.

Schawlow, "Cooling of Gases by Laser Radiation,” Opt. Commun. 13, 68 (1975).
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Inserting Dynamics into Thermodynamics

Open quantum system System Bath

P Radtatton
0= —i[H ,p]+ L D(p) oo > Te
R
X = +i[H,X]+L";(X)+%<J Bath System Bath
Heisenberg equation of motion Q
| > Te
LD is the generator of the

quantum dynamical semigroup

(Quantum Master Equation)

L, Lindblad’s form

Lyx)= 2 ngVjJ’—l/z{YiYitX}



ronniekosloff
Rectangle


Imserting Dynamics imto Thermodynamics
System Bath

0) The zeroth law of thermodynamics: 1's — T’ S
(Q: Isothermal partition = weak coupling limit TS
Pse = Ps®Py | At all times. Y

1) Time derivative of first law of thermodynamics: energy balance

Q: Quantum definition of work and heat current

E (L (H)>+< > System (}}%

Radiation
P

E = Q = P .-f...:;c.:::;l::::::::;i::::::...'1ii'---"i"-i3':i:'1i?':i:f}}fgj};}i;f}lj;:::'iiir"-'-'-"'r'-iI:ifffifffiffflf:li""'f"'"?3?'::35535333'" 4

2) Second law of thermodynamics: irreversibility: work — heat

%Ss+g—tSBZO S=-te{pnp}




Inserting Dynamics into Thermodynamics

Open quantum system:

Internal energy SyStem/.
ddEtS =tr{p,H}+tr{p,H} @ :
Heat current ‘
TJ=tr{pH3Y=> T, =D Tr{(L p)H.}
Kk k

Power

P =tr{p,H.}

R. Alicki, J.phys. A Math. Gen. 12 L103 (1979)
A. Levy and RK arXiv:1402.3825; EPL 107 20004 (2014)



Quantum devices

* Photo-voltaic devices
* Molecular electronics
* Quantum refrigerators
* Quantum heat engines

It is desired to have a
framework consistent
with thermodynamics




Framework




d o,
dt

Framework

Local approach

= —i[H,, p,]+ (L0 + G +..)p,




Framework

Global approach

Local approach

Q



Local and Global approaches to quantum transport

H =ma'a+aobb+e(ab+ab) @@
H =g, (@+a")®R +g.,(b+b)®R J, J,

The reduced dynamics

dp
dt

= _i[Hs’ps]+‘41ps +L::ps

The heat flow from the hot (cold) bath
jh(c) = Tr[(L}:(c)ps) H,]

A. Levy and R. Kosloff, EPL 2014 EPL 107 20004
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Local and Global approaches to quantum transport

H. =wa'a+awb'b+s(@b+ab")
A V@@V T
H.=0,@+a)®R +g, (b+b")®R Iy J
int Ah h Bc C

The reduced dynamics

d .
d‘t)s =—I[H, p ]+ £ o, + £ p,

The first Law:

jh+jC:O

The heat flow from the hot (cold) bath
jh(c) = Tr[(L}:(c)ps) H,]

A. Levy and R. Kosloff, EPL (accepted,2014)
10



Local and Global approaches to quantum transport

H. =wa'a+awb’b+s(@b+ab’
Teearabbrabh) R @)@ T
H.=0,@+a)®R +g, (b+b")®R I J
int Ah h Bc C

The reduced dynamics

d .
d‘t)s =—I[H, p ]+ £ o, + £ p,

The heat flow from the hot (cold) bath
jh(c) = Tr[(L}:(c)ps) H,]

A. Levy and R. Kosloff, EPL (accepted,2014)

T, >T,

The first Law:

jh+jC:O

The second Law:

Jn T

Th Tc

J. =0

>0

11
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Local approach

The reduced dynamics

dp. . 7\

(;t) :_I[Hs’ps]+‘4|ps+4ps @
4P:%7h(:a,PaT:+e_ﬂ“% a', pa]+he) Tn>Te
Lp=2 (b, pb'+e o', pb]+ )

2

12



Local approach

The reduced dynamics

dp, .
CII[: =—I[H,, p.]1+ £ p. + £ p,
4P=%7h(:a,PaT:+e_ﬂ““’“ a’, pa]+hc.) T, >T,
| tate heat fl
4P=%7c(:b,pr:+e‘ﬁ°”° b, pb]+hc.) Steady state heat flow

‘7h _ (eﬂcwc _eﬂhwh )F
F>O0

l

a)c>
J, >0 for T

J, <0 for

13



Local approach

The reduced dynamics

d .
d/t)s =—I[H,, p. ]+ £ p, + £ p,

L= %yh(:a,pa*: +e P [a’ pal+he)

£p =270 1+¢ b, pbl+he)

entropy production rate

16

15

16 18 20 22 24 26 28 30 32

Ty,
A. Levy and R. Kosloff, EPL (accepted,2014)

Steady state heat flow

‘7h _ (eﬂca)c _eﬂhwh )F
F>O0

l

CC)C>
J, >0 for T

[ﬂ<0 for

Violation of the second Iaw!!1!4
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Global approach

The reduced dynamics

d :
dl[t)s =—[H;, p ]+ Lo, + £Lop,

HS = Q) de +a)_djd_

+4+ T+

_ o, T, + w, — @, i 2 d+ = aCOS(e) +bSin(9)
_ + & d =bcos(d)-asin(d)

15



Global approach

The reduced dynamics

d |
dl[t)s =—[H, pJ+ Lo+ Lp,

H =wd'd +odd

+

_o+o,, [(o-o 2 d, =acos(d)+bsin(6)
“TT 5> ) 7% d =bcos(6)-asin(d)

H.: =0 (a"'aT)@ R, + ch(b‘FbT)® R.

!

Hiy = G ((d. +d ) cos(6) - (d_ +d)sin(6) )R,
+0,, ((d, +d])sin(8) +(d_+d")cos(6)) @R,

16



Global approach

The reduced dynamics

dp.
dl[t)s =-[H,, o]+ L0, + Lp,

L= d'd +od’d

+4+ T+

o, =

o to, | |(@-o, 2 L d, = acos(9)+bs.in(9)
2 2 d_=bcos(9) —asin(d)

Lp= cosz(e) )
sm (5) )
2
Lp-= sin (9) ®
2
. cos (6?) )
2

([d., pd!1+e™[d], pd,]+hc)

y ([d_,pd ]+ [d', pd_]+h.c.)

“(d,, pd! T+ d], pd, ]+ he)

(A, pd 146 [d], pd_]+he.)

17



Global approach

The reduced dynamics

d .
d/t)s =—I[H,, p. ]+ £ p, + £ p,

R0, d'd +od'd

+04+ T+

o, =

a)h+wci\/(a)h_a)cj2+82 d, =acos(d) +bsin(0) [‘7h > O]

2 2 d_=Dbcos(d)—asin(d)

cos (9) y Always!!!

Lp=—
sm (5) )
2
Lp= sin (9) +)
2
. cos (6?) )
2

“([d,, pd!1+e " [d!, pd,]1+hc.)

y ([d_,pd ]+ [d', pd_]+h.c.)

“(d,, pd! T+ d], pd, ]+ he)

(A, pd 146 [d], pd_]+he.)

18



Global approach

The reduced dynamics

d .
d/t)s =—I[H,, p. ]+ £ p, + £ p,

>
—wdd +odd Th>Te
V2 d, =acos(d)+bsin(6) [/ >O]
h+ c h c 2
0. == zw i\/(w zwj & d =bcos(d)-asin(d) h
7 Always!!!
o100 (g, pd 1) e [d oo 1+ he)

HY, ) . .

+S|n2(<9) th (4. pd 146" [d" pd ]+ he) Spohn’s inequality

o(p(t) =-Tr[£p(In(p)~In(5))] >0

p - Stationary state

sin (9)

“(1d,, pd !+ e [d!, pd, ] +he)

cos®(0) ”([d df]+e”[d, pd ]+hec.

H. Spohn, J. Math. Phys. 19, 1227 (1978)
A. Levy and R. Kosloff, EPL (accepted,2014) 19
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Local and Global approaches to quantum transport

Global .
Rate of entropy production Local approach
J, >0
16 — %10
Local ) i
Pec Bhon 13 N
*7}1 — (e - € )F 35 12
F>0 "
a)c a)h a'| 6 18 20 22 Zl4 26 2l8 3I0 32
=
‘7,1 >0 for T T Th\
7. <0 for Ye <« Zn | qmmmm Violation of the second law!!!
! 1. 1,
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Local and Global approaches to quantum transport

- Local approach is incorrect for
strong coupling between the
junction subsystems.

* In the weak coupling limit

& < \J|o, — .| lOcal observables
converge to the global result.

*Non-local observables are off
forall £ . (and may lead to
violation of the second law).
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The third law of thermodynamics

Two independent formulations of the third-law of thermodynamics
both stated by Nernst.

The first known as the "Nernst heat theorem”, phrased:

@ The entropy of any pure substance in thermodynamic
equilibrium approaches zero as the temperature approaches
zero.

The second formulation is known as the unattainability principle:

@ |t is impossible by any procedure, no matter how idealised, to
reduce any assembly to absolute zero temperature in a finite
number of operations.



Nernst heat theorem and the Il-law
At steady state the Il-law implies:

d /h /W
—ASY = — 1 _ZZ >0 .

As T, — 0 the cold current should scale with temperature as:

Feo< T with an exponent o .

The ll-law implies when T, —0: ASc~—T% | a>0 .

For the case when a = 0 the fulfilment of the second law depends
on the entropy production of the other baths —%’ — .%v >0
Nernst's heat theorem then leads to the scaling condition :

I~ T and  a>0. (1)
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The unattainability principle.

A dynamical interpretation of the IlI-law:

No refrigerator can cool a system to absolute zero temperature at
finite time.

The unattainability principle is quantified by the characteristic
exponent {:

dTc(t)
dt
where ¢ is a positive constant. Solving Eq. (2), leads to:

— TS T.0 . (2)

Tc(t)l_c = TC(O)l_C —ct , for { <1 :
Tc(t) = T.(0)e ,for (=1,
1

T = TC((.E)L)C_I +ct  ,for£>1

Reaching zero temperature in finite time!
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The two third-law scaling relations can be related by accounting for
the heat capacity c\/(T) of the cold bath:

FelTo(1)) = —en(To() T

cy(Tc) is determined by the behaviour of the degrees of freedom
of the cold bath at low temperature where ¢y ~ T2 when T. — 0.
Therefore the scaling exponents are related

{=1+a—-n

When T.— 0 the cold bath state p_reaches zero entropy it

becomes pure, therefore it is unentangled with the environment.

p=Pc®Ps
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('The quest to cool to the absolute zero temperature)

hot reservoir

Quantifying the third law

dJ.
dt

o _TCOHI

cold reservoir

what is & when Tc—(

what is the exponent { when T, — 0.
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Absorption refrigerator

Using heat to cool!

X 2 D00
I.l Iili F

Coupling a flow from a hot bath
to a cooler intermediate one to
a flow from the cold bath to the
intermediate one, heat

is pumped from the cold bath.

%h Qd %c >0

ASh + &Sc +ASd >0

No moving parts
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The quantum trickle H =Hp + Hipy

Hy = (l)hall.a'|'(i)clii.b'l'(D d+d Levi & Kosloff. PRL 108, 070604 (2012)
H. = ¢(dbd+abd)

Dissipative bath

Hot bath Jq .

- Jo ™\ Coldbath | ASh + ASc +ASd >0

Entropy
production
Energy balance

TotJet+Ja=0 Jh Je | Ja

Th' Te Ta =0
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The quantum trickle semiclassical limit | H = Hy + Hing

—ivt

d=qe
t +ivt
H;.— S(abew +aﬂe ) Power source

controlledswar .
Hot bath P -

Jn

Hy= (x)ha"h+(x)clil'b

Cold bath

Entropy
production

Jh Jc
Th Tc =0

Je

Energy balance

Jn+J+P=0
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The quantum trickle semiclassical limit | H = Ho + Hint

—ivt As an Engine

Hy= (Dha'|h+(1)cl;|.b d=q¢
H;.i S(abglw'l'aﬂeﬂw) Power source Te
n=1-vV

Efficiency at Maximum power
R.K. JCP 80 1625 (1984)

Hot bath
P=—veGG

Cold bath

Entropy
production

Energy balance

Jo+JA+P=0 Jh Je

Th Tc =0




The quantum trickle absorption refrigerator
H =Ho + Hin

Hy= mha'5+mcﬂ'b

f(t) noise field
H;.— f(t)(a+b + aﬁ) Power source

Entropy
production

Energy balance
Jn+Je+P=0 e
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The quantum trickle absorption refrigerator

-~ . T
Ho = mha"'a\+(ncli|'b H = Hp + Hint | ‘(i
Hin™ f(0)(db + aB)=f(HX Equations of Motion

f(t) Guassian noise <f(t)f(t’)>=21f] 6(t—t’) then:

= +i[Hy,O]+L n(O)+L (O)+L1(0)

Ln(0)=[X,[X,0]] %
s S
L(0)= Fc(Nc+1)(b()b—1/2{bb ) v
+ I“ch(bOb—1/2{b '1'0}) L ww:.ﬂw -
Lyw(0)= Fh(Nh+1)(zf'Oa—1/2{aJ%1 O})
- FhNh(aOa—l/z{aa,O})
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The quantum trickle absorption refrigerator oo

H =Hyp + Hint
Ho = Onda+ondbb+nadd
- = E(abd'l'abd) Dissipative bath

Heat driven absorption refrigerator:

Hot bath

O = +i[Hy,01+L a(O)+L (O)+L 1(O)

Jc‘ Cold bath

La(0)= Fd(Nd+1)(ab()ab 1/2{abab'_|'FO})
+ LaNg(baOba=12{bab4,0))

In the hight temeperature limit Td —
Ld(0)=_n( [Xa[Xa()]] + [Ya[YaO]])

Guassian noise is equivalent to the high temperature limit.

The Guassian generator can be generated by quantum measurement.
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The quantum trickle absorption refrigerator

/

Hot bath

Nc—N
Jo = ho T — -
1+ g(Ncle e Te - NI teFn)
ha —1 D¢ TE
N = (eﬁ__]_) Je >0 mh{_:T_h
J ® T
COP = — = - -

<
Ja wp— o ~ Th—Tg

Otto cycle cop

limited by Carnot



ronnie
Placed Image

ronnie
Placed Image

ronnie
Typewritten Text
arXiv:1109.0728v

ronnie
Placed Image

ronnie
Placed Image

ronnie
Placed Image

ronnie
Rectangle

ronnie
Placed Image

ronnie
Rectangle

ronnie
Placed Image

ronnie
Placed Image

ronnie
Placed Image

ronnie
Placed Image

ronnie
Placed Image

ronnie
Oval

ronnie
Line


All types of refrigerators have universal properties as T.— 0.
In the power driven refrigerators the cold current becomes:
hor—25T .G . where the gain G = N- — N-
~ ————-G , where the gain G = —
SO g T T, & ¢ h

r rcrh
and [ = FSt

In the 3-level absorption refrigerator:

/c = F’wc

CMpl _ how  hoc oy,
-G where G =¢e kBTwe kpTc — e kBTp

In the Guassian noise driven refrigerator:

I = hwczi{fr -G where G=N.— N,

In the Poisson driven refrigerator:
onr
an+T

c~ hQ2_ -G, where G =(N_ —N;" 3
c h

2
and Q_ ~ 0. — a)hia) .
(o}
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hoc

Optimising the gain G is when @, — o, therefore G ~ e *87c.

The universal optimised cooling current as T. — 0 becomes:

hoc

Fe = hoc-Ye-e k6Te

Further optimisation with respect to @, is dominated by the
exponential Boltzmann factor
As a result

;o< T

obtaining: #c o< @} - yc(@}).

W o< T, allows to translate the temperature scaling relations to the
low frequency scaling relations of y.(®) ~ ®" and cy(w) ~ 0"
when @ — 0.
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The quantum trickle absorption refrigerator

Hot bath

Tihg optinial coolingrate

with the result @, o< T¢.

3x10° "

cooling rate

T =0.00015

T =0.00010

Amikam Levy, Robert Alicki, Ronnie Kosloft

Phys Rev E 85 (13420 (2012). 0 0.0005

0.001
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The quantum trickle absorption refrigerator

Hot bath

Optimizing the cooling rate when T, — 0.

hfﬂc
Jc m~/ ha) @E kTc
Theo

with the result @, o< Tk. e lingralg

3x10° "

cooling rate

T =0.00015

T =0.00010

Amikam Levy, Robert Alicki, Ronnie Kosloft

Phys Rev E 85 (13420 (2012). 0 0.0005

0.001
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The quantum trickle The IlI-law of Thermodynamics

ldeal Bose/Fermi gas cold heat bath

B

hy
@

Cooling occurs from non- £ \ R

elastic scattering of the t.\' .

gas from a heavy particle Th
with internal structure -

approximated as TLS.

Maxwell

Low density limit quantum master equation distribution

Relaxation rate y. =27n ﬁfEﬁjﬁfjﬁ'ﬁ(E(ﬁ')—E(ﬁ)—ﬁwc)fg;(ﬁ) 7, )

Particles density Transition matrix

2
L 4ra,
17 fa |T(P=P)|2 :( e ]
o P 7 b CR m
y, = (4r) 5 £ ana K ( “*"2 e
T

At low temperature
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To fulfil "Nernst's heat theorem” the scaling of the relaxation rate
is restricted to Y.(®) ~ % and a > 0.

The fulfilment of the unattainability principle depends on the ratio
between the relaxation rate and the heat capacity y./cy ~ w°1
where § > 1.

For three-dimentional ideal degenerate Bose gases ¢\, =< TS/Q.
For degenerate Fermi gas cy o< T.

In both cases the fraction of the gas that can be cooled decreases
with temperature. Based on a collision model when cooling occurs
due to inelastic scattering the scaling exponent of the III-law
becomes:

£=3/2
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The quantum trickle 7/he I1I-law of Thermodynamics

Harmonic cold heat bath

* Electromagnetic field
* Acoustic phonon

Hy =S ek ek

. Th

H,=G+b)2 glk)ck)+glh)e' (k)

Relaxation rate: .= HZ 5,’(12"7)‘2 5(@(k)—@c)[1—€_m(kmc I
g

For the Bosonic field in d-dimensional space :

@. -Scaling of the coupling strength

V.~ a)fa)f_l [1—e 1"

&Jf_l- Scaling of the density of modes

A. Levy and R. Kosloff, PRL 108, 070604 (2012)
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The quantum trickle The Ill-law of Thermodynamics

= a=d+Kx=>1

] . opt d+x
The final current scaling '-Z: P~ ];

NHT
The heat capacity scaling CV (];) ~ ];d
- |dl] "
The rate of temperature decrease scaling ~~—(1)
dt
8 )
Acoustic phonons: l
Dispersion law: w(k)=v|k| o F=x>1
Form factor : g(k)=|k|/\Je(k) UP

“ J

The condition x =1 exclude exotic dispersion law @(k) =| k|7 with o <1
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The quantum trickle 7he III-law of Thermodynamics

'The quest to cool to the absolute zero temperature)

3D phonon bath the existance of ground state.

Conditions on the spectral density function g(w)

H=Y {oxa*w aw+[grwaw+gwartw] } \ /

ak)—bx) = ak)+gk)/ok)

H=Y {wmb*x) ba}—Eo ,Eo =Y e Yo (k) m
Eo =Y g®)¥w(k) < ©

VY g(k)/w?(k) < 0 lg(w)P ~wk  k>2-d




The quantum trickle The IlI-law of Thermodynamics

‘The quest to cool to the absolute zero temperature) i

3D phonon vs. Bos Gas heat bath

3D—-Phonon

—  Bose gas
04N

Jc - _Tg' . — Fermi gas
1
drl’c . —Tc

I O

. ' I | | |
dt i 0.1 0z 0.3 04 0.5 0.6 07 0.8

Bose gas
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‘The quest to cool to the absolute zero temperature)

o Cold bath

Universal optimization

1; o< ﬁC!J,:-_-' F,:(aJC, TC) '(Nc — Nh)

guant  coupling gain
W.o< T, .o T.XT9=1 constant
dEt(t)—c TE, To=a L1
AS.«—-TF |, a0 .

{ =3 for cold Bose/Fermi gas. ¢ =1 harmonic bath.

o = 2 for Bose gas o = g for Fermi gas o = 3 for harmonic bath.


ronnie
Placed Image

ronnie
Placed Image

ronnie
Typewritten Text

ronnie
Typewritten Text

ronnie
Typewritten Text

ronnie
Typewritten Text

ronnie
Typewritten Text

ronnie
Typewritten Text

ronnie
Typewritten Text

ronnie
Typewritten Text

ronnie
Placed Image

ronnie
Placed Image

ronnie
Placed Image

ronniekosloff
Rectangle

ronniekosloff
Rectangle

ronniekosloff
Rectangle


Quantumgl’ IS -

e
i i .
, 52" BORE - spone— (' ) i o
Stde Elevation of Triple - e _I}_-_ sl TH e _n'L ! '5":.:”- Al +:
Expansion Engine i === — — i y
As ballt for Cunacd shios Nos. T gad 8 by 5
Voloan Iron Warks, Cylinders 10, 31, ah
82, by 3, BRaoller pressure 160 Ihe. 108 !
ropom.g 1,300 indicated borse power. T he

==
-

. and il.#. valves are of ithe piston Byvpe
the [.p. of the slide type, Bhifgin
link reverse pear; 1233 etenis

with mcking valve,

£



ronniekosloff
Highlight

ronniekosloff
Highlight

ronniekosloff
Highlight


The end Thankiyou
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working diagram : 9th May 1876

four-stroke cycle engine 1876
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