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Classical	  thermodynamics	  
The	  heat	  engine	  paradigm	  

S	  O	   R	  
W Q

A	  working	  fluid	  S	  exchanges	  heat	  Q	  with	  
a	  thermal	  reservoir	  R	  (temperature	  T)	  and	  
work	  W	  with	  an	  operator	  O	  



From	  the	  applied	  side…	  

Heat	  is	  extracted	  
from	  the	  bath	  and	  
converted	  into	  
«	  good	  »	  work	  Wext	  

S	  O	   R	  
Wext Q



…to	  the	  fundamental	  one	  

Thermodynamic	  
irreversibility	  
ΔiS	  =	  ΔSsys	  +	  ΔSR>=0	  

S	  O	   R	  
-Wext -Q 

A	  transformation	  is	  not	  always	  reversible	  



Classical	  thermodynamics	  

Work	  extraction	  is	  optimal	  if	  it	  is	  
reversible.	  

Wext	  =	  -‐ΔF	  –	  ΔiS/T	  
(For	  isoT	  processes)	  	  



Down	  to	  the	  microscopic	  scale	  
	  

S	  O	   R	  
W Q

Description	  of	  the	  system	  =	  ensemble	  of	  
micro-‐states	  =	  the	  system’s	  phase	  space	  

Why	  irreversibility,	  if	  the	  physical	  laws	  are	  
reversible???	  



Classical	  stochastic	  thermodynamics	  	  
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ẇ = Trq[⇢q(t) ˙Hq(t)] (5)

Pe(t) = Trq


⇢q(t)

✓
�z + 1

2

◆�
(6)

Hq(t) = Trm[⇢m(t)(H0 + V )] =

h(⌫0 + �(t))

2

[�z + 1] (7)

�(t) = Trm[⇢m(t)gm(b + b†)] (8)

Hm(t) = Trq[⇢q(t)(Hm + V )] = h⌦b†b + hgmPe(t)(b + b†) (9)

Em(t) = h⌦Trm[⇢m(t)b†b] (10)

˙U =

h ˙�(t)

2
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S	  O	   R	  
W Q

Evolution	  of	  the	  system	  :	  trajectories	  γ	  in	  
the	  system’s	  phase	  space	  

	  =>	  deterministic	  drive	  O	  
	  =>	  stochastic	  perturbation	  R	  



Classical	  irreversibility	  
	  The	  coupling	  to	  the	  stochastic	  entity	  breaks	  
the	  microscopic	  reversibility	  of	  physical	  laws	  

Experimental	  evidence:	  
-‐  Apply	  a	  protocol	  H(t)	  from	  ρi	  to	  ρf	  	  
-‐  Reverse	  the	  protocol	  H(tf-‐t),	  end	  up	  in	  ρ’i	  	  
-‐  If	  ρi	  ≠ρ’i	  the	  process	  is	  irreversible	  	  

SO R	  
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= ẇ = � ˙Em (11)
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1
, Jean-Michel Gérard

2
, and Jean-Philippe Poizat

1

1
CEA/CNRS/UJF Joint team ” Nanophysics and semiconductors ”,Institut Néel-CNRS,
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ẇ = Trq[⇢q(t) ˙Hq(t)] (5)

Pe(t) = Trq


⇢q(t)

✓
�z + 1

2

◆�
(6)

Hq(t) = Trm[⇢m(t)(H0 + V )] =

h(⌫0 + �(t))

2

[�z + 1] (7)

�(t) = Trm[⇢m(t)gm(b + b†)] (8)

Hm(t) = Trq[⇢q(t)(Hm + V )] = h⌦b†b + hgmPe(t)(b + b†) (9)

Em(t) = h⌦Trm[⇢m(t)b†b] (10)

˙U =

h ˙�(t)

2
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ẇ = Trq[⇢q(t) ˙Hq(t)] (5)

Pe(t) = Trq


⇢q(t)

✓
�z + 1

2

◆�
(6)

Hq(t) = Trm[⇢m(t)(H0 + V )] =

h(⌫0 + �(t))

2

[�z + 1] (7)

�(t) = Trm[⇢m(t)gm(b + b†)] (8)

Hm(t) = Trq[⇢q(t)(Hm + V )] = h⌦b†b + hgmPe(t)(b + b†) (9)

Em(t) = h⌦Trm[⇢m(t)b†b] (10)

˙U =

h ˙�(t)

2
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H(tf-t) 

ρf	   ρ’i	  ≠ρi	  ρi	   ρf	  



Quantifying	  classical	  irreversibility	  (on	  
average)	  

Average	  entropy	  production	  	  
<ΔiS>	  =	  D[ρi||ρ’i]	  

Mathematical	  distance	  between	  the	  
initial	  and	  the	  final	  system’s	  state	  

SO R	  
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ẇ = � ˙Em (12)

Pure emitter dephasing : a resource for advanced solid-state single photon sources

Alexia Au↵èves

1
, Jean-Michel Gérard

2
, and Jean-Philippe Poizat

1

1
CEA/CNRS/UJF Joint team ” Nanophysics and semiconductors ”,Institut Néel-CNRS,
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= ẇ = � ˙Em (11)
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= ẇ = � ˙Em (11)
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H(tf-t) 

ρf	   ρ’i	  ≠ρi	  ρi	   ρf	  

-‐  Start	  from	  a	  thermal	  state	  ρi	  	  =	  exp(-‐βH(ti))/Zi	  
-‐  Drive	  it	  
-‐  Wait	  for	  relaxation	  ρf	  	  =	  exp(-‐βH(tf))/Zf	  
-‐  Reverse	  the	  protocol	  
-‐  On	  average:	  <ΔiS>	  =	  (W	  -‐	  ΔF)/T	  (isoT	  process)	  
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1
, Jean-Michel Gérard

2
, and Jean-Philippe Poizat

1

1
CEA/CNRS/UJF Joint team ” Nanophysics and semiconductors ”,Institut Néel-CNRS,
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= ẇ = � ˙Em (11)
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Conditional	  term	  :	  exp(-‐βQ[γ]) 



Classical	  Jarzynski’s	  equality	  
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ẇ = Trq[⇢q(t) ˙Hq(t)] (5)

Pe(t) = Trq


⇢q(t)

✓
�z + 1

2

◆�
(6)

Hq(t) = Trm[⇢m(t)(H0 + V )] =

h(⌫0 + �(t))

2

[�z + 1] (7)

�(t) = Trm[⇢m(t)gm(b + b†)] (8)

Hm(t) = Trq[⇢q(t)(Hm + V )] = h⌦b†b + hgmPe(t)(b + b†) (9)

Em(t) = h⌦Trm[⇢m(t)b†b] (10)

˙U =

h ˙�(t)

2
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<exp(-‐β(W[γ])>γ	  =	  exp(-‐βΔF)	  	  
Classical	  Jarzynski’s	  equality	  

Δis[γ]	  	  =	  log(Pd[γ]/Pr[γr])	  =	  β(W[γ]-‐ΔF)	  
Valid	  at	  the	  single	  trajectory	  level	  
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Experimental	  evidence:	  
-‐  Start	  from	  a	  pure	  state	  ρi	  =	  |ψi><ψi|	  
-‐  Apply	  a	  protocol	  H(t)	  +	  measure	  M	  at	  {ti}	  
-‐  Reverse	  the	  protocol	  H(tf-‐t),	  measure	  M	  at	  {tN-‐i}	  	  
-‐  [H(t),M]≠0	  =>	  ρi	  ≠ρf	  =>The	  process	  is	  irreversible	  	  



Entropy	  produced	  during	  a	  quantum	  
measurement	  

SO
H(t) 

M	  

Pure emitter dephasing : a resource for advanced solid-state single photon sources

Alexia Au↵èves

1
, Jean-Michel Gérard

2
, and Jean-Philippe Poizat

1

1
CEA/CNRS/UJF Joint team ” Nanophysics and semiconductors ”,Institut Néel-CNRS,
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ẇ = Trq[⇢q(t) ˙Hq(t)] (5)

Pe(t) = Trq


⇢q(t)

✓
�z + 1

2

◆�
(6)

Hq(t) = Trm[⇢m(t)(H0 + V )] =

h(⌫0 + �(t))

2

[�z + 1] (7)

�(t) = Trm[⇢m(t)gm(b + b†)] (8)

Hm(t) = Trq[⇢q(t)(Hm + V )] = h⌦b†b + hgmPe(t)(b + b†) (9)

Em(t) = h⌦Trm[⇢m(t)b†b] (10)

˙U =

h ˙�(t)

2
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ẇ = Trq[⇢q(t) ˙Hq(t)] (5)

Pe(t) = Trq


⇢q(t)

✓
�z + 1

2

◆�
(6)

Hq(t) = Trm[⇢m(t)(H0 + V )] =

h(⌫0 + �(t))

2

[�z + 1] (7)

�(t) = Trm[⇢m(t)gm(b + b†)] (8)

Hm(t) = Trq[⇢q(t)(Hm + V )] = h⌦b†b + hgmPe(t)(b + b†) (9)

Em(t) = h⌦Trm[⇢m(t)b†b] (10)

˙U =

h ˙�(t)

2
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1
, Jean-Michel Gérard

2
, and Jean-Philippe Poizat

1

1
CEA/CNRS/UJF Joint team ” Nanophysics and semiconductors ”,Institut Néel-CNRS,
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Boundary	  term Conditional	  term 
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ẇ = � ˙Em (12)

SO
H(tf-t) 

ρf	   ρ’i	  ≠ρi	  ρi	   ρf	  
M	  

Pure emitter dephasing : a resource for advanced solid-state single photon sources

Alexia Au↵èves
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BP 166, 25, rue des Martyrs, 38042 Grenoble Cedex 9, France and

2
CEA/CNRS/UJF Joint team ” Nanophysics and semiconductors”,

CEA/INAC/SP2M, 17 rue des Martyrs, 38054 Grenoble, France

⇤

(Dated: November 16, 2015)

PACS numbers: 42.50.Ct; 42.50.Gy; 42.50.Pq ; 42.65.Hw

~ (1)

L[⇢s] (2)

kb (3)

g2
m/� (4)
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Pd[γ]/Pr[γr]=pi[σ0]/pf[σN]*Pd[γ|σ0]/Pr[γr|σN] 

Boundary	  term:	  pi[σ0]=1	  (pure	  state)	  
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ẇ = � ˙Em (12)

Pure emitter dephasing : a resource for advanced solid-state single photon sources

Alexia Au↵èves

1
, Jean-Michel Gérard

2
, and Jean-Philippe Poizat

1

1
CEA/CNRS/UJF Joint team ” Nanophysics and semiconductors ”,Institut Néel-CNRS,
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Pd[γ]/Pr[γr]=pi[σ0]/pf[σN]*Pd[γ|σ0]/Pr[γr|σN] 

Pd[γ|σ0]=Πi|<σi+1|U(ti+1,ti)|σi>|2	  
Pr[γr|σN]=Πi|<σi+1|U(ti+1,ti)|σi>|2	  
Conditional	  term	  =	  1 
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ẇ = � ˙Em (12)

SO
H(tf-t) 

ρf	   ρ’i	  ≠ρi	  ρi	   ρf	  
M	  

Pure emitter dephasing : a resource for advanced solid-state single photon sources

Alexia Au↵èves
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<Δis[γ]>γ	  	  =	  -‐Tr[ρf	  log(ρf)]	  =	  ΔSVN	  
Entropy	  production	  =	  Change	  of	  the	  
system’s	  Von	  Neumann’s	  entropy	  	  

Δis[γ]	  	  =	  log(Pd[γ]/Pr[γr])	  =	  -‐	  log(pf[σN])	  
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In	  the	  classical	  world,	  irreversibility	  
affects	  work	  extraction	  =	  has	  some	  
energetic	  imprint	  
Is	  there	  a	  quantum	  counterpart?	  



A	  new	  paradigm	  for	  stochastic	  
thermodynamics:	  Thermodynamics	  without	  

bath	  

Replace	  the	  thermal	  source	  
of	  stochasticity	  by	  a	  
genuinely	  quantum	  one	  =	  a	  
measuring	  apparatus	  
…and	  proceed	  by	  analogy	  
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-‐  Stochastic	  trajectories=>Quantum	  trajectories	  
-‐  Stochastic	  thermodynamic	  quantities	  U,	  W,	  Q	  

=>	  Quantum	  thermodynamic	  quantities	  



Elementary	  model	  for	  quantum	  trajectories	  

-‐	  S	  driven	  and	  measured	  each	  ti	  
-‐	  M:	  stochastic	  outcomes	  
{k(t1),k(t2),	  …k(tN)}	  
-‐  Each	  ti:	  S	  is	  projected	  on	  	  
|k(ti)>:	  Measurement	  induced	  	  	  	  	  	  
back-‐action=quantum	  jump	  

-‐  S:	  	  {Gt(t-‐t1)|k(t1)>;	  Gt(t-‐t2)|k(t2)>,…Gt	  (t-‐tN)k(tN)>	  }	  
-‐  Gt	  =	  evolution	  operator	  
=>	  Elementary	  quantum	  trajectory,	  where	  
stochasticity	  is	  quantum	  and	  not	  thermal	  

SO
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…2007:	  Cavity	  Quantum	  
ElectroDynamics,	  life	  and	  
death	  of	  a	  photon	  

Quantum	  trajectories	  are	  real!!!	  

Quantum	  jumps	  first	  
observed	  with	  trapped	  
ions	  (80ies)…	  

…2013:	  circuit	  Quantum	  
ElectroDynamics…	  

Necessary	  condition	  to	  observe	  a	  quantum	  
trajectory:	  Have	  a	  high	  efficiency	  detection	  

scheme	  

3 (73) 

observed 
fluorescence 

c 100 p 

Fig. 1. Three-level system relevant for discussions of detection by “electron 
shelving” quantum amplification and quantum jumps. Level 1 is assumed 
stable. Levels 2 and 3 decay radiatively to  level 1 with lifetimes T~ and 7, 
respectively where T~ < T ~ .  We assume the 1 + 3 t:ansition is driven near 
saturating intensity and the 3 + 1 fluorescent photons are detected. Atoms 
can be transferred to level 2 by, for example, the absorption of a single 
photon of frequency w12 ( E ,  - E J h .  This causes interruption of 
approximately ~ ~ / 7 ~  fluorescent 3 + 1 photons and indicates a transition of 
the atom to level 2. Because each photon causing a 1 -, 2 transition results 
in a change of r2/7, fluorescent 3 + 1 photons, a quantum amplification of 
A ,  72/73 is achieved. 

1 ion - 

we would miss detecting many 1 -+2 transitions, and the 
signal-to-noise ratio in the experiment would be corre- 
spondingly reduced. However, if we instead look for a 
change in the 3 + 1 fluorescent photons, we can detect all 
1 + 2 transitions provided 72/73 4 q - ’ .  (In a high-precision 
experiment designed to measure the 1 -+ 2 transition fre- 
quency, we usually want to alternately apply the 1 -+ 2 radi- 
ation and the 1 -+ 3 radiation in order to avoid the shifts of 
level 1 caused by the 1 -+ 3 radiation.) 

Cook and Kimble [lo] considered the situation where the 
1 -+ 2 and 1 -+ 3 radiations were applied simultaneously. Ini- 
tially, most people agreed that when the 1 + 2 radiation was 
resonant, the average fluorescence on the 1 -+ 3 transition 
would decrease. However there was discussion whether 
3 + 1 fluorescence would decrease uniformly or whether it 
would switch from “on” to “off as Cook and Kimble had 
assumed - the latter picture consistent with the idea that the 
atom would “jump” between levels 1 and 2. This second 
picture became the accepted one. This was perhaps most 
clearly explained in the discussion of Cohen-Tannoudji and 
Dalibard, who calculated the distribution function for the 
delays between successive 3 -+ 1 fluorescent photons [14]. If 
the 1 -+ 3 transition is driven with near saturation intensity, 
the mean time between emitted fluorescent 3 --* 1 photons is 
approximately 73 if the atom is not in level 2. If no photons 
are emitted after several times z3, the probability that the 
atom would be found in state 2 rapidly approaches unity, 
and we say that the atom has jumped to level 2. For times 
shorter than 73 we cannot say which level the atom is in. (In 
a real experiment, we cannot say which level the atom is in 
for durations less than the mean time between detected 
photons.) The quantum jumps were graphically illustrated 
in experiments on single atomic ions which showed 
bistability in the 3 + 1 fluorescence [15-171. Some data for 
the experiments of Ref. 17 are shown in Fig. 2. The jumps 
could also be seen on ensembles of N ions as steps between 
N + 1 fluorescence levels. A number of additional experi- 
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example: Hg+ 

2P,h (73 = 2.3 ns) ---__ p = 10-7 

fluorescence 
(194 nm) 

1” 

. . .  .... . . . . . .  . . . . . .  . .  - . . . . . . .  ___. -. . . .  __ - __ ._ -. ........... - - - - . . ......... - countdbin t .... .. .. .. 

Fig. 2. Quantum jumps observed in the experiments of Refs [17, 191. In 
these experiments on single ”*Hg ions, the 2S,iz + ’ P I i ,  transition is 
driven with narrowband radiation near 194nm. With small branching ratio 
(p lo-’) the ion decays from the 2 P , i 2  state to the metastable *D,,, level 
which can subsequently decay to the 2D,,, state or back to the ground 
state. When the ion is in one of the ’ D  states, the 1Q4nm fluorescence 
ceases for about 0.01 to 0.1 s. The sudden cessation of the fluorescence (the 
sudden transition from steady fluorescence to no fluorescence as illustrated 
by the data) indicates the “jump” of the ion from the state to the 
*D,/, state. The sudden reappearance of fluorescence indicates the jump of 
the ion from one of the 2 D  states to the ’ S I i 2  state. For times shorter than 
the inverse of the mean 3 + 1 fluorescence rate, we cannot say which level 
the ion is in. The bottom part of the figure shows a continuous recording of 
the fluorescence (arranged in five rows) for a total time of 80ms. In this 
trace, the time sample (bin) width is 4 0 ~ s .  The vertical sia!e shows quanti- 
zation due to the detection of single 3 -t 1 fluorescent photons. 

mental and theoretical malyses were published which are 
summarized in the reviews [11-131. 

3. Applications of quantum jumps and Dehmelt’s electron 

3.1. Lifetimes 

Referring to Fig. 1, assume that only 1 + 3 radiation is 
applied to the atom. Now suppose that level 3 can decay to 
level 2 with a probability much smaller than the decay 
back to level 1 as indicated in the example in Fig. 2. This 
decay is revealed by the fact that the fluorescence switches 
off for a (mean) time z2 (Fig. 2); that is, the atom makes a 
quantum jump from level 3 to level 2. From the statistics of 
the off times, z2 is determined. In some sense, this method of 
measuring lifetimes takes advantage of the ergodic theorem 
where the lifetimes can be measured in single measurements 
on an ensemble of N atoms or by making N sequential mea- 
surements on an identically prepared atom. Single atom life- 
times have been determined for Ba+(5d2D,,2) [IS, 16, 181, 

shelving amplification 
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Internal	  energy	  	  
U(t)	  =	  <ψ(t)|H(t)|ψ(t)>	  

|ψ(t)>	  =	  quantum	  state	  of	  the	  system	  

Requirements:	  	  
-‐  Know	  the	  applied	  Hamiltonian	  H(t):	  OK	  
-‐  Know	  the	  quantum	  trajectory	  |ψ(t)>:	  OK	  

	  =>	  U(t)	  can	  be	  reconstructed	  with	  experimental	  
	  	  	  	  	  	  	  data	  

-‐  Attribute	  some	  «	  energy	  »	  to	  a	  state,	  which	  is	  
not	  a	  Hamiltonian	  eigenstate:	  looks	  weird,	  but	  
high	  gain…	  



Internal	  energy	  	  

U(t)	  =	  <ψ(t)|H(t)|ψ(t)>	  
|ψ(t)>	  =	  quantum	  state	  of	  the	  system	  

What	  do	  we	  gain	  with	  this	  approach?	  
⇒ Internal	  energy	  is	  defined	  at	  any	  time,	  for	  any	  

state,	  including	  quantum	  superpositions	  of	  
energy	  states	  

⇒ Effect	  of	  the	  measurement	  visible	  on	  internal	  
energy	  =>	  Energetic	  imprint	  of	  quantum	  
measurement/	  of	  quantum	  irreversibility	  	  



Definition	  of	  work	  
Work	  is	  provided	  to	  the	  
system	  during	  the	  
deterministic	  evolution	  	  
W(ti-‐>ti+1)=U(t-‐i+1)-‐U(t+i)	  

SO
H(t) 

M	  
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t+i t-‐i+1 Due	  to	  the	  time-‐
dependence	  of	  the	  
Hamiltonian	  
Corresponds	  to	  the	  mean	  
energy	  exchanged	  with	  the	  
battery	  
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ti ti+1 

Heat	  is	  exchanged	  during	  the	  
stochastic	  quantum	  jumps	  
Q(ti)=U(t+i)-‐U(t-‐i)	  
	  
=	  Energy	  fluctuations	  induced	  
by	  measurement	  back-‐action	  
	  
=	  Only	  appear	  if	  the	  state	  has	  
coherences	  in	  the	  
measurement	  basis	  

Purely	  quantum	  term:	  
«	  Quantum	  heat	  »	  Qq	  
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ti ti+1 
ΔU[γ]=W+Qq[γ]	  

Work	  
deterministically	  

exchanged	  
during	  

Hamiltonian	  
evolution 

Heat	  
stochastically	  
exchanged	  

during	  quantum	  
measurement 

Time-‐resolved	  perspective	  on	  energy	  exchanges 



Properties	  of	  quantum	  heat	  

|e> 

|g> 

θ 

A	  Qubit	  is	  prepared	  in	  the	  state	  |ψ>	  and	  measured	  in	  
the	  {|e>;|g>}	  basis:	  ΔU[γ]	  =	  Qq[γ]	   

	  |ψ>	   

The	  distribution	  of	  quantum	  heat	  has	  non-‐zero	  
components	  iff	  θ≠0	  óThe	  state	  has	  coherences	  in	  the	  
measurement	  basis	  

Qq	  distribution 



Properties	  of	  quantum	  heat	  

|e> 

|g> 

θ 

A	  Qubit	  is	  prepared	  in	  the	  state	  |ψ>	  and	  measured	  in	  
the	  {|e>;|g>}	  basis:	  ΔU[γ]	  =	  Qq[γ]	   

	  |ψ>	   

The	  mean	  quantum	  heat	  (obtained	  by	  summing	  up	  
the	  components)	  is	  zero	  <Qq>	  =	  0	  

Qq	  distribution 

co
s2
(θ
/2
)	  

si
n2
(θ
/2
)	  

sin2(θ/2) -cos2(θ/2) 



Properties	  of	  quantum	  heat	  

|e> 

|g> 

A	  Qubit	  is	  prepared	  in	  the	  mixed	  state	  ρ=p|e><e|+(1-‐
p)|g><g|,	  and	  measured	  in	  the	  {|e>;|g>}	  basis 

No	  measurement	  back-‐action	  =>	  ΔU[γ]	  =	  Qq[γ]=0	  =>	   
The	  quantum	  heat	  is	  reduced	  to	  a	  null	  component.	  

ρ 



Properties	  of	  quantum	  heat	  

|e> 

|g> 

The	  mean	  quantum	  heat	  oscillates	  as	  a	  function	  of	  the	  
measurement	  basis	  orientation	  

A	  Qubit	  is	  prepared	  in	  the	  state	  |e>	  and	  measured	  in	  
the	  	  {|+θ>,	  |-‐θ>}	  basis	  

θ 
|+θ> 

|-θ> 



Properties	  of	  quantum	  heat	  

|e> 

|g> 

There	  is	  a	  mean	  energy	  exchange	  between	  the	  
system	  and	  the	  measurement	  channel	  

A	  Qubit	  is	  prepared	  in	  the	  state	  |e>	  and	  measured	  in	  
the	  	  {|+θ>,	  |-‐θ>}	  basis	  

θ 
|+θ> 

|-θ> 



Where	  does	  the	  quantum	  heat	  comes	  
from?	  

First	  answer:	  It	  is	  always	  possible	  to	  provide	  a	  
thermodynamic	  energy	  balance	  specific	  to	  each	  
situation,	  involving	  for	  instance	  the	  classical	  source	  
used	  to	  prepare	  the	  coherences,	  or	  the	  microscopic	  
structure	  of	  the	  measurement	  channel	  



Where	  does	  the	  quantum	  heat	  comes	  
from?	  

Second	  answer:	  Quantum	  heat	  is	  a	  natural	  
byproduct	  of	  the	  standard	  quantum	  formalism	  and	  
measurement	  postulate.	  It	  is	  just	  another	  name	  for	  
energetic	  quantum	  fluctuations,	  that	  we	  use	  here	  
to	  build	  a	  new	  framework	  for	  quantum	  
thermodynamics	  



Outline	  	  

•  Classical	  concepts	  of	  thermodynamics	  	  

•  A	  new	  framework	  for	  quantum	  

thermodynamics	  

•  Applications	  	  



Operational	  approach	  to	  quantum	  heat	  
Elementary	  feedback	  stabilizing	  protocol	  

A	  Qubit	  is	  prepared	  in	  |ψi>	  =	  (|e>+|g>)/√2	  
Measurement	  projects	  in	  |ψf>=|e>	  or	  |g>	   

|e> 

|g> 

Qq=±hν0/2 

|e> 

|g> 

Measurement	   

Qq=	  hν0/2 

|ψi>	   



Operational	  approach	  to	  quantum	  heat	  
Elementary	  feedback	  stabilizing	  protocol	  

Goal:	  Stabilize	  |ψi>	  =	  (|e>+|g>)/√2	  
Protocol:	  Read	  the	  measurement	  result,	  and	  use	  a	  
feedback	  source	  to	  re-‐prepare	  |ψi>	  =	  (|e>+|g>)/√2	  

|e> 

|g> 

|e> 

|g> 

Measurement	   

Qq=	  hν0/2 

|ψi>	   

|e> 

|g> 

Feedback	   



Operational	  approach	  to	  quantum	  heat	  
Elementary	  feedback	  stabilizing	  protocol	  

Goal:	  Stabilize	  |ψi>	  =	  (|e>+|g>)/√2	  
Protocol:	  Read	  the	  measurement	  result,	  and	  use	  a	  
feedback	  source	  to	  re-‐prepare	  |ψi>	  =	  (|e>+|g>)/√2	  

|e> 

|g> 

|e> 

|g> 

Measurement	   

Qq=	  hν0/2 

|ψi>	   

|e> 

|g> 

Feedback	   



Operational	  approach	  to	  quantum	  heat	  

|e> 

|g> 

The	  feedback	  work	  spent	  to	  stabilize	  the	  superposition	  
exactly	  compensates	  the	  quantum	  heat:	  W�	  =	  -‐Qq	  
The	  quantum	  heat	  is	  a	  real,	  physical	  quantity	  =	  energy	  
required	  for	  the	  feedback	  protocol 

|e> 

|g> 

|e> 

|g> 

Measurement	   Feedback	   

Qq=	  hν0/2 W�=-‐hν0/2 



A	  realistic	  feedback	  stabilizing	  protocol	  

c)a)

b)

1

0.5

0

-0.5

-1
-0.5-1

0 0.5 1 -1
-0.5

0
0.5

1

A	  Qubit	  weakly	  monitored	  in	  the	  {|e>;|g>}	  basis	  +	  
coupled	  to	  a	  feedback	  loop 

No	  feedback	  
Decoherence	  
towards	  |e>	  or	  |g> 



A	  realistic	  feedback	  stabilizing	  protocol	  

c)a)

b)

1

0.5
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-0.5

0
0.5

1

A	  Qubit	  weakly	  monitored	  in	  the	  {|e>;|g>}	  basis	  +	  
coupled	  to	  a	  feedback	  loop 

Perfect	  feedback	  
Perfect	  stabilization 



A	  realistic	  feedback	  stabilizing	  protocol	  

c)a)

b)

1

0.5

0

-0.5

-1
-0.5-1

0 0.5 1 -1
-0.5

0
0.5

1

A	  Qubit	  weakly	  monitored	  in	  the	  
{|e>;|g>}	  basis	  +	  coupled	  to	  a	  
feedback	  loop 

The	  feedback	  source	  
has	  a	  bounded	  power	  
Imperfect	  
stabilization 



The	  quantum	  Jarzynski’s	  equality	  

Protocol:	  
-‐  ti-‐	  :	  Thermalize	  the	  

system	  
-‐  ti:	  Measure	  energy	  Ei,	  

decouple	  from	  the	  
bath	  	  

-‐  ti-‐>tf:	  Drive	  the	  
system	  H(t)	  

-‐  tf:	  Measure	  energy	  Ef	  

S

OR	  
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The	  quantum	  Jarzynski’s	  equality	  

Always	  true:	  
ΔU[γ]=Ef-‐Ei	  
<exp(-‐ΔU[γ])>γ=exp(-‐βΔF)	  

S

OR	  
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1
, Jean-Michel Gérard

2
, and Jean-Philippe Poizat

1

1
CEA/CNRS/UJF Joint team ” Nanophysics and semiconductors ”,Institut Néel-CNRS,
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With	  standard	  definition:	  
ΔU[γ]=W[γ]	  (Two-‐points	  
measurement	  protocol)	  
<exp(-‐W[γ])>γ=exp(-‐βΔF)	  

ti tf 

Classical	  Jarzynski=Quantum	  Jarzynski???	  
Nothing	  specific	  in	  quantum	  FT???	  



Irreversibility(ies)	  in	  Jarzynski’s	  
experiment	  

Always	  true:	  	  
Δis[γ]=β(ΔU[γ]-‐ΔF)	  
	  
Current	  approach	  
Δis[γ]=β(W[γ]-‐ΔF)	  
Δis[γ]=-‐βQirr[γ]	  
	  
Measures	  «	  classical	  
irreversibility	  »	  =	  departure	  
from	  thermal	  equilibrium	  

E1(t)	  

E2(t)	  

R	   R	  

Qirr	  



Irreversibility(ies)	  in	  Jarzynski’s	  
experiment	  

E1(t)	  

E2(t)	  

R	   R	  

But	  Jarzynski’s	  experiment	  
also	  involves	  quantum	  
irreversibility	  due	  to	  the	  
very	  act	  of	  measuring	  
Hidden	  in	  current	  
expressions	  of	  entropy	  
production	  
But	  this	  is	  typically	  the	  kind	  
of	  deviations	  we	  are	  
looking	  for…	  



Revisiting	  Jarzynski	  

Always	  true:	  	  
ΔiS[γ]=β(ΔU[γ]-‐ΔF)	  
	  

E1(t)	  

E2(t)	  

R	   R	  

Our	  approach:	  	  
ΔiS[γ]=β(W+Qq[γ]-‐ΔF)	  

=>	  βQq[γ]:	  Genuinely	  quantum	  component	  in	  
entropy	  production,	  due	  to	  quantum	  

fluctuations	  
⇒ βQq[γ]=0	  if	  adiabatic	  transformation	  	  



Revisiting	  Jarzynski	  

Always	  true:	  	  
ΔiS[γ]=β(ΔU[γ]-‐ΔF)	  
	  

E1(t)	  

E2(t)	  

R	   R	  

Our	  approach:	  	  
ΔiS[γ]=β(W+Qq[γ]-‐ΔF)	  

⇒ «	  Filters	  »	  quantum	  irreversibility	  
⇒ Relates	  energetic	  and	  entropic	  signatures	  
⇒ Quantum	  deviation	  to	  FT	  



Conclusions	  	  

A	  new	  formalism	  for	  stochastic	  quantum	  
thermodynamics	  

•  Thermal	  imprint	  of	  q	  measurement	  
•  Treat	  on	  equal	  footing	  thermal	  and	  
quantum	  stochasticity	  

• Quantum	  optics	  brings	  new	  insights	  into	  
FTs	  

• Quantum	  thermodynamics	  brings	  new	  
insights	  into	  q	  trajectories	  	  



Outlooks	  
•  Influence	  of	  quantum	  irreversibility	  on	  work	  
extraction	  in	  quantum	  engines/New	  kinds	  of	  
«	  measurement	  driven	  »	  engines	  

•  Thermodynamics	  of	  decoherence	  and	  elementary	  
quantum	  processes	  

•  Experimental	  platforms	  for	  quantum	  
thermodynamics	  

⇒ Engineered	  environments	  and	  circuit	  QED	  
(Collaboration	  France/Brazil/Australia)	  

⇒ Opto-‐mechanical	  devices	  



Microscopic	  interpretation	  

A	  Qubit	  prepared	  in	  |ψi>	  =	  (|e>+|g>)/√2	  is	  actually	  still	  
entangled	  with	  a	  classical	  source	  
|Ψi>	  =	  (|e,αe>+|g,αg>)/√2,	  with	  |αe|2	  =	  |αg|2	  -‐1	  	  

Energy	  is	  delocalized	  between	  the	  Qubit	  and	  the	  source	  
Measuring	  localizes	  the	  energy	  
=>	  Qq=	  -‐hν0/2	  in	  the	  source:	  «	  Lost	  work	  »	  
=>	  	  Qq=	  hν0/2 in	  the	  Qubit:	  «	  Gained	  work	  »	  



Microscopic	  interpretation	  
is	  nice,	  but…	  

The	  source	  is	  not	  necessarily	  accessible.	  	  
	  
Quantum	  heat	  allows	  developing	  a	  consistent	  local	  
thermodynamics,	  based	  on	  the	  observables	  of	  the	  
system	  alone.	  
	  
=>	  In	  the	  following,	  I	  keep	  the	  quantum	  heat	  as	  it	  is	  =	  an	  
energetic	  signature	  of	  coherence	  erasure	  


