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Quantum Jarzynski Equality

e Classical Jarzynski Equality
¢ Definition of Work in quantum system

Introduction to a Trapped ion system

e Trapping ions
e Basic Operations
e Internal and External Degree of Freedom

Experimental Test of Quantum Jarzynski Equality

e Experimental Procedure

e Thermal State Preparation
¢ Projective Measurement
e Work Distribution

Conclusion and Outlook
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JarzynskKi'Eqguality

:
» spring

wall

particle
rubber band
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<v3> > AF

Fluctuation Dissipation (W)~ AF + o/ 2K, T
Theorem

Jarzynski Equality <e_'BW> =g /AF

C. Jarzynski, Phys. Rev. Lett. 78, 2690 (1997) .
Also, G.E. CrooksPhys. Rev. E 60, 2721{2726 (1999). ( ,:




EXperimental Demonstration on Classical Equality
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™7 Asiet bulge Europhys. Lett. 70, 593 (2005) Phys. Rev. Lett. 96, 070603 (2006)
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O.-P. Saira, Y. Yoon, T. Tanttu, M. Mo6ttonen,
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Quantum JarzynskKi'Equality

S. Mukamel, Phys. Rev. Lett. 90, 170604 (2003), H. Tasaki, cond-mat/0009244
(2000), J. Kurchan, cond-mat/0007360 (2000).

Work in Quantum Regime W = Em (tf )— En (tl )

Proof of the Equality  (exp(— AW )) = exp|- A(F, —F )]= =~

Initial and final free energy Zi ZeXp[— ( )]: EXP _,BFi(f))

<exp(—ﬂW)>=ZiiZn:eXp[— ZKmn expl- A[E, (t, )~ E,(4)]

y,




Quantum JarzynskKi'Equality

Employing Trapped Cold lons to Verify the Quantum Jarzynski Equality, Gerhard Huber,
Ferdinand Schmidt-Kaler, Sebastian Deffner and Eric Lutz, Phys. Rev. Lett. 070403 (2008).




Quantum JarzynskKi'Equality

Adiabatic Process

Instantaneous Process




Introduction to a Trapped ion system

e Trapping ions
e Basic Operations
e Internal and External Degree of Freedom
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Linear lon Trap @ Tsinghua University
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Irapped’lon ' Harmonic Oscillator




Pulsed'Laser Configuration
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Effective Force induced by Laser beam




Pulsed'Laser Configuration
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Initialization — eptical’ pumping

171Yb+

* Duration ~ 1 us
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171Yb+

l e Duration ~ 0.4 ms
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Internal’and External Degree of Freedom

/- Internal States \ /— External States \

T —O .
&2 \— |
Wy 1) T -
0) "
V) —@
\_ 2N /
=2
(e)_ha) (m):p_ l 252
HO =22 (D[-|(r) R =g+ g mals
_ ha;HF o, = ha)m(a+a+ %)
D. Leibfried, et al., RMP 75, 281{324 (2003). 0,




Connecting Internal’and External Degree ofi Feedom

12)

1)
0

12)
1)

. =—ihnQo*a’ +hc.

I T

o =—ihnQo a’ +hc.

D. Leibfried, et al., RMP 75, 281{324 (2003).
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Internal’and External Degree of Freedom
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Work Distribution




Propoesal for the Test with Trapped lon System

Employing Trapped Cold lons to Verify the Quantum Jarzynski Equality, Gerhard Huber,
Ferdinand Schmidt-Kaler, Sebastian Deffner and Eric Lutz, Phys. Rev. Lett. 070403 (2008).
1. Prepare Thermal State
2. Project to a phonon number state, n

3. Provide Work on the System

4. Project to a phonon number state, m

5. Repeat the whole sequence from step 1

by,




S RreparenmeRmealfState

a. Prepare |n=0), motional ground state
b. Let it heat up

by,
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Sideband Cooling
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0.2 () = 0.154 (+31)/ms
<n> (M) proj = 0.132 (£4) /ms

0.1 ./0

y

@ Blue-sideband fitting
O Projective measurement

0 02 04 06 08 107(ms)

Q. A. Turchette et al., Phys. Rev. A. 61, 063418 (2000).
Q. A. Turchette et al., Phys. Rev. A. 62, 053807 (2000). &
C. J. Myatt, et al., Nature 403, 269{273 (2000). »;
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(Yo = 0.157(16)
5 T.. = 480 (+8)nK
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2. ProJECT tora phonenrnumBersstate; (i)

1. Prepare Thermal State

2. Project to a phonon
number state, n

|{,n-1), m=m+1

[4,n) = | T,n)

3. Provide Work on the
System

4. Project to a phonon
number state, m

5. Repeat the whole
sequence from step 1

If n£0, |T,n) = |{,n-1)
fn=0, [1,0) - |1,0)

Detection: Fluorescence?

If |{,n-1) no fluorescence

If |T,0) fluorescence

m;=n+1

preparation of | l,n) state

* m.: number of iterations C. Shen, et al., PRL 112, 050504 <Of{).




DETtECTION GITPRGneN State by Proejective Vieasurement

Phonon Subtraction No Fluorescence
12
L2 L
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——
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EXPErNmMentaliPrecedure
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Main Problem




Photon Shift ©Operation

Blue Sideband Adiabatic Passage
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Rapid'Adiabatic Passage

Qubit system in /1Yb*

Interaction Picture:

Hep,(t) = ga y:10) 1)

B, = A(t)
B, = Q(t) cos

A(t) ~ Detuning
Q(t) ~ Amplitude
B, = Q(t) sin

J. Zhang et al., Phys. Rev. A 89, 013608 (2014).
M. V. Berry, J. Phys. A 42, 365303 (2009).




Control of Intensity and Detuning

Q) =Q, sin(% )

0.0 0.2 0.4 0.6 0.8 1.0




IN=0) IDETECTION

After Sideband Cooling, n=0 D
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IN=4) Stater Preparation & Detection

|n=0)—|n=1) Pm LF

T, 2)
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EOCKIN) States' Preparation

0 duration of bsb laser (us) 300 0 2 4 6 8 n




3. Provide Work — Displacement Operation

o, Dependent Displacement Operation
2. Pr:ojn?gtetros?a?gonnon P. C. Haljan et al., PhyS. ReV. Lett. 94, 153602 (2005).
- vaideka;mhe : P. J. Lee et al., Journal of Optics B 7, S371 (2005).
number state, m Q
“-A— ./ Hpp = 772 (aTa +ao )
______ 5 _
H., = n—(aTa + aa+)
2
\__ )
10) H., +H, =1 ° (aJr + a)a
I4) bsh 5

Pure Displacement Operation

SB Cooling CAR | ©OyDisplacement} caAR
2 i ne2c/2 : /2

14, 010) |¢X>|a> | 4) o




Coherent State Detection

Maximally Likely Hood Fitting

A
_p_/ ( |¢>Iocﬂ BSB L P =2%:1—e‘%‘ cos(\/nTlﬂbt)]

RSB L Py = nfil—e*r cos(vnay,t

o 2

la=1.93)
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Work in'Qur System

In the rotating frame with respect to the driving laser frequency

A2
H zzf’_m%m(sz)zz + f(t)ﬁ:h&(é%%}%z(t)(é“é)
7
h 52 — ) — .
where o = o, — o, X, mo,

Adiabatically bringing to original location

For the measurement




EinalFStatenVieastuEmeEn S EIRGRVIEBAES
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1. Prepare Thermal State
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EnalrStateVieastements=—rintenm ed iatenNV oK

Dissipated Work Distribution

=
o
—

T, =45us

Probability
o Probability

)

o ME L

-2 0 2 4 6 8
An(ni-n;)

<e-ﬁW -ﬂAF> -0.989+0.072
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1. Prepare Thermal State

Dissipated Work Distribution

=
o
R

Probability
o Probability

(@)

0 lIIiﬁi_‘;{-;

-2 0 2 4 6 8
An(ngn;)
(e /F)=1.032+0.038_
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EnalrStateVieastements=—rintenm ed iatenNV oK

Dissipated Work Distribution

=
o
R

T, = 25us

Probability
o Probability
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Comparison te other. estimations

AF/kpTeg

—In <E—'|r‘|r’diss JkeTasr >

T =3 US

-2.63 (316 nK)
-2.13 (390 nK)
-1.73 (480 nK)

“0.032(+£37)
-0.033(£35)
-0.034(£34)

T =25 pus | T =45 pus

0.042(+£5
0.037 (£
0.031(%

0.006(+£34)
0.005(£33)
0.003(£31)

0)
8

5
48)

AF/kpTeg

{H‘ diss

JkTem) —

72

9 EkETeff}E

T =D US

T =25 us

T =45 us

-2.63 (316 nK)
-2.13 (390 nK)
-1.73 (480 nK)

1.601(=443)
-0.889(£346)
-0.505(£269)

0.718(£568)
-0.426(£442)
-0.260(£342)

_0.087(£154)
-0.027(£120)
0.002(£93)

AF/kpTeg

(

H'Idis-;s-; ,-Hl k B TE H}

T =D US

T =25 us

T =45 s

-2.63 (316 nK)
-2.13 (390 nK)
. -1.73 (480 nK)|1

2.573(=313)
2.033(£245)

598(£190)

0.020(=401)
0.749(£313)
0.602(£242)

0.211(=109)

0.168(485)
0.131(66)
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Conclusion and Outiook

* We experimentally verify the Quantum Jarzynski Equality
with our Trapped ion system

* It could be extended to the verification of the Equality in
open quantum system
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