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Thermodynamics of quantum information

Information Energy
Quantum regime Measure heat and work

Measurement backaction In quantum SyStemS

Entanglement e |

9T B

"/ /ﬂvm \
Quantum trajectories .~ <~ P(W)
and thermodynamics '~ S(t)

k/>

Without stabilization =

how to cool down a qubit?

This talk how to measure quantum trajectories?



Cooling down a qubit
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Cooling down a qubit
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How to get the qubit in
its ground state? -~

hwg
Needed to evacuate entropy of

errors in quantum codes
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Various strategies in superconducting circuits

Sideband cooling

Additional drive so that F¢ :M F¢ /
[t = Dong T,

12) -
l'?‘jé

2 ) - 1)  [Valenzuela et al., MIT group, Science 2006;
0 +—— Grajcar et al., Jena group, Nature Phys. 2008;
Murch et al., Berkeley group, PRL 2012]

Measure and post-select

consider only the
cases where the qubit
Is in the ground state

Single shot and QND
measurement

[Johnson et al., Berkeley group, PRL 2012;
Riste et al., Delft group, PRL 2012]



Various strategies in superconducting circuits

Fast qubit tuning

Coupling to a cold
environment with Lo (w)
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[Reed et al., Yale group, APL 2010;
Mariantoni et al., UCSB group, Science 2011]



Cooling with a Maxwell demon

e S pemon

PLAY DIVIDE Thé RED (hOT) FROM

GAME MODE - ThE BUE (O MOLCULES *

OPIIONS
B QBOUT

18440 22 00:54 (<)

Experiments in classical regime
S. Toyabe et al. (Tokyo) Nature Physics 2010
A. Bérut et al. (Lyon) Nature 2012 & EPL 2013
J. V. Koski et al. (Helsinki) arxiv 2014

Quantum version [Lloyd, PRA 1997]



Maxwell demon




-
)
=
O
L
G
=
<
©
=




-
)
=
O
L
G
=
<
©
=




Maxwell demon




Maxwell demon

2 examples with superconducting circuits

Classical demon Quantum demon
Measurement feedback Autonomous feedback



Microwave quantum optics

electronics optics
106 1(|)9 1012 1013 Frequency (Hz)

radio uwaves THz

0.001 0.1 100 10> Temperature (K)

Room T :hf/kB

quantum domain
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Superconducting circuits

1st mode ;: 7.63 GHz
Q ~ 10°




Superconducting circuits

dissipationless LC circuit... ....canonically quantized

1st mode ;: 7.63 GHz
Q ~ 10°



Superconducting circuits with Josephson junctions

dissipation-less LC circuit
\\ i /
hw()
g # hwg
LJ CJ hw()
s o @F ¢ "

+ — + Hnon—lin(&)

H =
h/26 20] 2LJ

= — FE 7 cos
20, 7

transitions observed in 1980’s [Berkeley & Saclay]
strong coupling regime of CQED in 2004 [Yale]



Circuit-QED




Maxwell demon

2 examples with superconducting circuits

Quantum demon
Autonomous feedback

[Riste et al., Delft group, PRL 2012;
Campagne-lbarcq et al., Paris group, PRX 2013]

[Geerlings et al., Yale group, PRL 2013]



Maxwell demon

Hcoupl = hxaTa

Wy =We — X/2 =D

Wr = We + /2 ==

Phase encodes qubit state



Maxwell demon

. Non degenerate quantum limited amplifiers
2Mbits/s [Yale, Nature 2010; Paris, PRL 2012]

L »

- 'ZFO <10 kbits/s
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closing the feedback loop: FPGA board

120 ns

- — 4/—[ g)

FPGA controller

D

snwdt

/ COS wdt

ADC

<6ns: 160”S§ '\  best <10 kbit/s
360ns

L'ar / 2 Mbit/s




Cooling down a qubit by measurement feedback

\0><0\+ \1><1!—At—
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At (us) [Risté et al., Delft group, PRL 2012;

Campagne-lbarcq et al., Paris group, PRX 2013]



Cooling down a qubit by measurement feedback
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Campagne-lbarcq et al., Paris group, PRX 2013]



Cooling down a qubit by measurement feedback

$10)(0] + 3 1) {1] — At 1 s & &
1 FB 3 FB
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Campagne-lbarcq et al., Paris group, PRX 2013]



Maxwell demon

2 examples with superconducting circuits

Classical demon
Measurement feedback

[Riste et al., Delft group, PRL 2012;
Campagne-lbarcq et al., Paris group, PRX 2013]



Photon resolved regime
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Cavity as a qubit measurement apparatus

L Cavity frequency indicates qubit excitation
fc — fc X|€> <6‘ (here 22% at eq.)
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Cooling down a qubit using a Maxwell demon

Demon measures qubit Field displacement (@ f¢)

DRAG technique
with 240 ns pulse




Cooling down a qubit using a Maxwell demon

Demon measures qubit Field displacement (@ f¢)

Demon make the qubit release 1 ph T-pulse @ fq

1
— <400 ns < T,
9%




Cooling down a qubit using a Maxwell demon

Demon measures qubit Field displacement (@ f¢)
Demon make the qubit release 1 ph T-pulse @ fq
Demon evacuates heat wait 2 us (few Tc)

=




Cooling down a qubit using a Maxwell demon

240 ns N :

Demon (cavity) D | :
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Cooling down a qubit using a Maxwell demon

240 ns N :

Demon (cavity) D | :
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Cooling down a qubit using a Maxwell demon

Demon (cavity) D “l ,
& 0 0.4} !
!tloz_ 3
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Continuous version

Demon measures qubit drive @ fc

Demon make the qubit release drive @ fq

ﬁ
DDROP technique

Relaxation towards ‘g > ) | 04> [Geerlings et al., Yale group, PRL 2013]

Jq




Continuous version

Demon measures qubit drive @ fc
Demon make the qubit release drive @ fq
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Continuous version

Demon measures qubit drive @ fc
Demon make the qubit release drive @ fq
Here 0 05 09 14 19 Rabi
| | | ) drive
l | | (MHz)
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Continuous version

Demon measures qubit

Demon make the qubit release
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In a nutshell
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Thermal baths coupled to a 3D transmon

F1 — Fleak =+ Floss =+ Fimp

Wall impurities Dielectric losses

radiative losses % % é%




Thermal baths coupled to a 3D transmon

F1 — Fleak =+ Floss =+ Fimp

Wall impurities Dielectric losses

A
radiative losses - /Y
% éé% hard to record @

OK to record




Purcell effect

—

I'1 = eak _|: Loss—t Fimp

Open cavity so that T'1ea1 > I'ogs + L'imp

Wall impurities Dielectric losses

radiative losses \
% é é% hard to record / @

OK to record




Purcell effect from a quantum optics perspective

a1 n) = |g,n) = Sv/nle,n — 1)
? ) 1) =)+ vt T+ )




Purcell effect from a microwave engineer perspective

[Reed et al., Yale group, APL (2010)]



Purcell effect leads to fluorescence

Fleak > Floss =+ Fimp

Qubit relaxation Fluorescence signal
e—g photon emitted at w,

—__C

Energy release can be measured directly



Resonance fluorescence in frequency domain

Mollow triplet
In freq. domain
seen In atoms, semiconductors, ...

S (1024 W/Hz)

dw/2n (MHZz)
[Astafievev et al., Tsukuba

Fluorescence field as a pointer? Science 2010]
need time domain



Resonance fluorescence in time domain

Veav =~ 8 GHz vq~5 GHz I, ~0.25 MHz

<b0ut> — <b0ut>0 —

parasitic spontaneous emission
transmission into b line

Op — 10 1
o_ =|g)(e| = 5 / Lleax =~ 50 1is




Resonance fluorescence in time domain
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Resonance fluorescence in time domain

Vim(t) = Vi () — 4%
) <))
‘/Im/VO £

21 qubit starts in ‘g> ol
qubit starts In \
0 \_\/Ei_‘_/f)//\ qubit starts in ‘g>or |€> 11
0 05 1 15 2 ol o

t (IUS) VRe/VO



Resonance fluorescence in time domain

Vim(t) = VIEE) (1) — / if qubit driven around Y |
yl o_ = |gie| = “E Y
‘/im/VO K

2t qubit starts in ‘g>

qubit starts In

VRe/V() qubit starts in ‘g>or |6>




Resonance fluorescence in time domain

record 4

Vie(t) = Vi) (1) - s (1) -
_ 0
Vim (t) — VIEE) (t) — / if qubit driven around Y
0.5
S * ey o
N SN /| qubit starts in | )
0 : : . qubit starts in




Resonance fluorescence in time domain

0.5 .
=
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o O
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~ 0.5}
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0 05 1 15 2



Resonance fluorescence in time domain

Similar oscillations were observed with pulsed driving in 2007

[Houck et al., Yale University, Nature 2007]
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Master equation

Relo_ (1))  {7(0) _ Tx(ozp(t)

2 2
-t {ime
0 t T
p(0) p(t)
p(0) = 0.85]e)(e| + 0.15|g) (9] Preparation
d i T~ 1 .
d_f =73 {Hap} + 71 <0ﬂ0+ - §k[0+0—/) + PU+U]> Dynamics
7= 1n + L \
— —NlVg40 4 —NVRO _
2 1 2 \ Y qult l _ 16 ,US
drive relaxation -,

[Lindblad 1976]



Resonance fluorescence in time domain

S_(t) — VRG (t) o Vfgg) (t) S_—
Vo
qubit starts in ‘g> 1.5}
qubit starts in
. -exp —thy <
2 = 1

<
VR (
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0Y———
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Yes if considering the 1.6 MHz detector bandwidth
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Fluorescence of single realizations

What can be said about single realizations?

o record
o — —Cr >R,
g ij(t)
0 | 40
20 | - 1 0
Viredt (ns'/?) OT&M\A. W 11, N\ allall M, 1° Vimdt (ns'/?) g
AN ETOLT A0 T [ :
o APRTARE  y
-0 -~ simul -40  simul
0 5 y &)LS) 15 20 0 y (5 S) 10 15 20

Knowing a given measurement record on¢ < |0, tM]
predict the result of a strong measurement that follows

Similar experiment: record weak meas of o, [Murch et al., Berkeley Group, Nature 2013]



Fluorescence of single realizations

What can be said about single realizations?

record

VRe(t)

: = [ §V]m(t)
VRe(t)dt = \/nrleak/QTr (oxp)dt + dWre
Vim (t)dt = /Nlleak /2Tr (oy p) At + dWim,

average outcome noise
(Wiener)

dW =0
dW? = dt

if p(t)is known,

detection efficiency ) < n <1



Fluorescence of single realizations

What can be said about single realizations?

VRe(t)dt = \/nrleak/ZTr (oxp)dt + dWre
tm (D) dt = v/Nlear /2T (oy p) dt + dWin

average outcome noise
(Wiener)

Vim
A
2.6
UY .-

if p(t)is known,




Fluorescence of single realizations

What can be said about single realizations?

e record v
m — E D g Re(t)
Vie(t)dt = /1T ear /2T (0x p) At + dWre
Vim (t)dt = /Nlleak /2Tr (oy p) At + dWim,

if p(t)is known,

average outcome noise
(Wiener)
1 _ _
dp = _ﬁ[H’ pldt + Teak (O'_,OO'_|_ 0+9-F ; po+9 > dt unconditional evolution

++/NMleax/2 (0—p + poy — Tr (oxp) p) AWre

| record is plugged here
+v/Ml1eak/2 (0-p + poy — Tr (oy p) p) AWin,




Fluorescence of single realizations
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Fluorescence of single realizations
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Experimental verification

How to check that prediction on p(t)?

Measure (0x ), (0y), (0z) foragiven trace {VRe(t), Vim(t)}

Problem: « time to get the same traces many times

40 | 40

20 1 T\ ! . K 20
VRedt (nsl/z) OTxAxh. w 110, N\ ,,]. . M, 1 Vi, dt (nsl/Q) 0

o U LIPS o

~40

—40

“““ simul |




Reproducible quantity

How to check that prediction on p(t)?

Measure (0x ), (0y), (0z) foragiven trace {VRe(t), Vim(t)}

Problem: « time to get the same traces many times

One solution
CX — <O-X>,0 CY - <O-Y>P
1‘|‘<UZ>,0 1"|‘<UZ>9
4
6—(Fleak—2F¢)t/2<—X (t) . CX (O) — \/grleak/ 6—(Fleak—2F¢)T/2VRed7_
0

measured traces

( Ny
6—(Fleak—21“@)t/2<=y(t) o Cy(o) _ \/grleak/ 6_(Fleak_2r"")7/2‘/1md7'
0




Reproducible quantity

How to check that prediction on p(t)?

Measure (0x ), (0y), (0z) foragiven trace {VRe(t), Vim(t)}

Problem: « time to get the same traces many times

One solution
_ <UX>p L <UY>p
0X = 14 (o2), Y = 14 (o2), T?X(t)
t
e~ (Mo 2L )/2 (1) — (x (0) = \/grleak/ e~ (Teak=2T0)7/217 d7
0

2
6—(Fleak—21“@)t/2cy(t) —Cy(o) _ \/grleak/ 6_(Fleak_2r9")7_/2‘/1md7'
0

-

my (t)



Distribution of m’s

[t =3865us I, =40.85 us

t (ps)
.
1 8.5
In|e)attimet = (0
1 —
0.8
s / .
f h[f/ 400 000 experiments at each ¢
0.4 I
| AR
O‘zj I
024 -2 0

t
mx (t) — \/Fleak/ 6_(Fleak_2F¢)T/2VRedT
0



Distribution of m’s

[h =3865us T"=40.85 s

lea
t (ps)

.
1 8.9

In|e)attimet = (O

o ,

t
mx (t) — \/Fleak/ 6_(Fleak_2F¢)T/2VRedT
0



Distribution of m’s

[t =3865us I, =40.85 us

t (ps)

.
1 8.9

In |e)at time t = () In \;r; ) attimet = 0

10— 10—

t
mx (t) — \/Fleak/ 6_(Fleak_2F¢)T/2VRedT
0



Distribution of m’s

[t =3865us I, =40.85 us

t (ps)
A
1 | >_|_| > 8.9
g)+le) ...
In NG attimet =0

10— 10—
0.8

0.8 2 |
* - 1lll * 0.6

P 0.6 : P ol
& 04

0.4

/
-
0.2 3 | 0.2

4 ~2 0 2 4 -4 -2 0 2 4
my(t) mx(t)

t
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Correlation between m and tomography

[t =3865us I, =40.85 us
In|e)at timet = ()

7 *

3 4

1 0 te o @ T e st i
mX( ) CY <0'Y>p
1+ (oz),
_2L
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Correlation between m and tomography

[t =3865us I, =40.85 us

In|e)attimet = 0
...

17 . _~

(x = (ox)p - 7
=1x <UZ>pO-:ﬂ/ -

) le
Slope gives efficiency mx (t)

n = 0.32+0.05 2 T




Correlation between m and tomography

[t =3865us I, =40.85 us

In|e)attimet = 0
7 * 7

<UX>p . 7

0 | “*:‘\:"\\\%\\N . - 0 . e e e e et R : e ° |
» e | (oy))p .
1+ <(7 Z > P
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Quantum efficiency

[t =3865us I, =40.85 us
In|e)at timet = ()

2 ]
(0x)p S
Cx = 0 ~|
-l - 0.5
2 s e 04
? -
mx (t) 77 03 kh+v v
2. “““ | 0.2
1 s - :
. = (ov)y o S } | 0.1 7
92} ~1 001 2 3 4 5 6 7 8
TS 01 2 3 s t (MS)

6_(Fleak—2rgo)t/2<'X’Y(t) _ CX,Y(O) — @m){,y(t)



Thermodynamics with quantum trajectories

1.5t exp
. _ 3 1
Qubit energy release measured directly <
~0.5
oo
t (ps)
0.5: \\\\\
04
i a !
I . . 0.3 Ffﬁ——\a—fv U
Qubit state can be followed with 30 % efficiency " |
0.
00

What can be said about the thermodynamics of all these quantum
trajectories? —} INn progress

Next: tunable qubit frequency—} quantum work statistics
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