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Quantum dynamics vs. Relaxation

Single isolated spin:
Bloch oscillations

Single spin coupled to
large bath: Dephasing
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Eigenstate Thermalisation
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Quantum dynamics vs. Relaxation

Single isolated spin:
Bloch oscillations

Single spin coupled to
large bath: Dephasing
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Many-body (closed):
Eigenstate Thermalisation
Hypothesis (ETH)
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Trotzky et al., Nat. Phys. (2012)
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How does relaxation emerge as number of particles increases?
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Known exceptions to relaxation

«Decoherence free subspaces 0)]0) — |0)|0)
0)|1) — e?|0)|1)
i‘ 1)|0) — e'?|1)|0)
1)|1) — e?@|1)]1)

«Reservoir engineering
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«Integrable systems /] - |
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Integrable systems

Strongly interacting bosonsin 1D mostion
-500 0 g 500
N~106
E
Energy & momentum conservation in iy
. . . Normalized optical thickness
each collision preclude relaxation Kinoshita etal. Nature (2006)
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Relaxation in an integrable system

Strongly interacting bosonsin 1D x 2

initial gas ¢1{im__

initial ¢ {
z)
2
te =0ms / te >0ms \ / independent gases\
initial gas " ANV —— OO~~~
AP —_ p
; B e A AN
b niall® 4 (W.- é
2 ?
relative phase %
A¢(2)=4,(2)-¢,(2) — — | —p | WA S
. AAO_‘ o0 B
phase correlation length A,y Ao > Ay
TOF
@ c)
matterwave interference » N«
after time-of-flight ;
integrated contrast C(L)

Hofferberth et al., Nature (2007); Gring et al., Science (2012); Langen et al., Science (2015) (Schmiedmayer lab)
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Relaxation in an integrable system

Strongly interacting bosonsin 1D x 2

initial gas

initial gas

¢inlt!al(z) ¢2 (Z )

l evolutionl

relative phase
49(2)=4,(2)-¢,(2)
phase correlation length A,y

TOF
-~

matterwave interference
after time-of-flight

integrated contrast C(L)

/ independent gases \

AN A~
AN

Pg ?)

Bhgen et al., Science (2015) (Schmiedmayer lab)
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Relaxation in an integrable system

initial gas @

Czi, ..., zn) = (V1(2)Vi(21).. Wi (zn)Wa(zn))

IJ‘litJal':’z"l I’ {Z)

( 2-point 4-point 6-point 10-point
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experiment
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experiment

Slow split: Correlations match Gibbs ensemble with effective 7=1//

ot —00) > s =ep(—IH)/Z N g

(BRINO)
Langen et al., Science 348, 207 (2015)
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Relaxation in an integrable system

initial gas @

Czi, ..., zn) = (V1(2)Vi(21).. Wi (zn)Wa(zn))

malf } ¢ {z)

2-point 4-point 6-point 10-point

AV B8 4 )
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slow
split’

experiment

experiment

‘fast
spl|t

Fast split: Up to 10 different ‘temperatures’ to match!

~ N 1 N N A~ A
p(t — 00) = PGGE = > exp(—f[H — ZBkMk) , [My, H =0

e
energy other conserved
Langen et al., Science 348, 207 (2015) conservation charges

:

Dynamics vs. conservation laws jordi.murpetit@physics.ox.ac.uk

UNIVERSITY OF OXFORD




Pre-thermalised states

) .1 A S
,O(t — OO) — PGGE = = exp(—BH — ZBkMk) , [Mk, H] =0
k

Z

H

® Generalized Gibbs ensemble (GGE)
e Conserved charges prevent relaxation to ‘true’ thermal
equilibrium: - Pre-thermalised state

How do we harness this for small-N systems?
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Thermodynamic Laws

w<AF, AS>0

Wikipedia

‘Puffing Billy’ (1813),Pockey,;£é'yWaggonway, Beamish museum
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Fluctuation relations: classical

w < AF

Classical systems

Jarzynski equality

AS >0

<e—ﬂw> _ e—BAF

Crooks fluctuation

Force (pN)

relation

Pr(w) = ePW=2F)p (—w)

e Constrain PDF: P(w) — (w), (w?), (w?),

® Equilibrium properties from non-equil. measurements

Jarzynski (1997); Crooks (1999)
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Nature 437,
231 (2005)

350

360
Extension (nm)

370 380 390

UNIVERSITY OF OXFORD



Fluctuation relations: guantum
QH '-I/___\I Q('

-

w<AF, AS>0 N
- -Hf’ -
Classical systems Quantum systems
Jarzynski equality Quantum Jarzynski equality (QJE)
Crooks fluctuation relation Tasaki-Crooks relation (TCR)
Pf(W) — eﬁ(W_AF)Pb(—W) Pf(W) — eB(W_AF)Pb(—W)

QJE: Tasaki (2000), Kurchan (2000), Yukawa (2000); TCR: Tasaki (2000), Monnai (2005)

:
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Testing the QJE with N=1 ion

Instantaneous process

Fast quench
Dissipated work distribution at T = 480 nk, hv/kgT 4 = 2

Adiabatic process

Slow quench

Probability
=t
(W]

T=5ps 7=25ps

1F

An

-2 0 2 4 6 8 -2 0 2 4 6 8

An

An et al. (Kim lab), Nature Phys. 11, 193 (2015)
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Bars: experiment

202 46 8 |ines: calculation
An
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QFRs: The small print

@Work defined via
two energy-projection measurements

U(t)

Ps T
Eini
w = Efin

— P(tfin)—I

Efi n

- Eini

= Tr[Ups U~ Hsin] — Tr[ppHini]

Talkner, Hanggi et al., J. Phys. A 40, F569 (2007);
Talkner & Hanggi, PRE 93, 022131 (2016)

“Here’s your problem—you forgot the sleaze factor.”

:
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QFRs: The small print

@Work defined via
two energy-projection measurements

P T U(t)— P(tfin}I

Eini Ein
w = Egin — Eini ,
— Tr[ Up/B U—]. Hf|n] _ Tr [pﬁ H|n|] “Here’s your problem—you forgot the sleaze factor.”

@Initial state = canonical (Gibbs) equilibrium state

B
®)
,O(t = O) = pB = %exp[—ﬁHini] g gg{S

Talkner, Hanggi et al., J. Phys. A 40, F569 (2007);
Talkner & Hanggi, PRE 93, 022131 (2016)

:
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QFRs for GGEs

Quantum systems: Gibbs Quantum systems: GGE
Q. Jarzynski equality (QJE) Generalised QJE

Tasaki-Crooks relation (TCR) Generalised TCR
Pr(w) = ePW=2F)p (—w) Prw (W) = eV=2F pg, (—W)

Aini = BEini + ZBkMk,ini, Ain = B'Egp + Z BIM ¢n
k /

w = Eiy — Eini — W = Asn — Ay Generalised work

Hickey & Genway, PRE (2014); JMP, Relafo, Molina & Jaksch,
Guryanova et al.; Yunger Halpern et al., Nature Commun. (2016) Nature Commun. 9, 2006 (2018)
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Testing ground: Dicke model

A At A ~ ~ 2 N ]' 1
H = hwcomaTa + hwat Jz + Hint 1 Jx,y,z — Z _O(J,). N_7

~ D ~ ~ ~ ~
Fhe = 22 [(1 —a)(Jea+ Jahy +a(dp st + I a)]

VN

Two phases g« = vwwat/2  Two regimes

e a={0,1 Int ble (TCM
« g>g —> Superradiant 48 1 = i Erelel 6 ¢ )

« Otherwise - Not integrable

o g<g —> Subradiant
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Testing ground: Dicke model

N\

A oA - N1
H = hwcoméTé _|_ hwat JZ _I_ Hint ' J — Z (J,),

N 28 TN s ] st 7 at 1] 3
H.nt_m[a Q) Ja+J s+ ad.a +J_a)]

‘Qrsb Ql)sb‘ g — (Qrsb _I_ QbSb)/Q

D e a & @ = Qpsp /(rsb + Qbsb)
\ 4 \\?,/ \\j,/) £09
“«»

&< Hwh
Weom

Two phases g« = vwwat/2  Two regimes

. a={0,1 Int ble (TCM
« g>g —> Superradiant 10, 1} = Integrable { )
I\Aﬂ _ :] jz At
o g<g —> Subradiant Tz Tdd

« Otherwise - Not integrable
Nature Commun. 9, 2006 (2018)
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Dicke model: Protocol

1. Prepare system in GGE state, a=0
2. Non-equilibrium protocol: quench a

3. Repeat many times to collect .
statistics of work [*] BW:-’U—{; HB" 2,/’
' PM

Repeat with time-reversed protocol (BW)

grw (t)
g = (2rsp + Qbsb)/2 =01 S gox L
Q= Qbsb/(Qrsb + Qbsb)
y CX'F‘W(t)
oL |
‘ time T

[*] Filtering protocol: Huber et al., PRL 101, 070403 (2008); JMP, Relafio, Molina & Jaksch,
An et al. (Kim lab), Nature Phys. 11, 193 (2015) Nature Commun. 9, 2006 (2018)
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QJE: Varying protocol duration t

—std: {exp(—Bw)) = exp(—SAFcibbs) -/u-(\)’ a,

—gen: (exp(—W)) = exp(—AFgce) B, Bu

14 s et e s e e i oo oo Lo

1.2}
1.0f o ST TRV S R I, .

| g g g — = = = exp(—BAFGipbs)
0.8 e SR A SR R | exp(—AFgaE)
0.6 SR SR T ]

0.001 001 01 10 100 100
Protocol duration 7 [us]

JMP, Relafio, Molina & Jaksch
— 0.1, By = 0. / Relano, '
=01 5u=03 Nature Commun. 9, 2006 (2018)
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QJE: Varying protocol duration t

—std: (exp(—Bw)) = exp(—BAFgipbs) -/U'(\), .

—gen: (exp(—W)) = exp(—AFggE) B, Bm
1.4 o o o o sy o o o

; - - & Beware wrong
1.2 - g<0:0=0-5" . . estimatesof 3, AF
1.0F . T B P -

g g g g - — = = exp(—BAFgibbs)
0.8 """""" """""" S i exp(—AFcce)

— -w
06 """" ShorteVOl """""""" """"" n O <eXp( )>

' QO  (exp(—pw))

0001 0.0l 01 10 100 100
Protocol duration 7 [us]

JMP, Relafio, Molina & Jaksch
— 0.1, By = 0. / Relano, '
=01 5u=03 Nature Commun. 9, 2006 (2018)
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QJE: Varying protocol duration t

—std: {exp(—Bw)) = exp(—SAFcibbs) -/u-(\)’ H, M’

—gen: (exp(—W)) = exp(—AFgce) B, Bu

LY T T T TrrT] T LA | T LA |

1.4 [ " "ol el '-'i'-' ‘il e -' i B ) '- i B ) - ‘sl el ek T ? Reveal m iSSing
' ' ' ' charges relevant
to dynamics

- = = = exp(—BAFgibbs)
exp(—AFcae)
O (exp(—W))

QO (exp(—Bw))

1.2

1.0

0.8

0.6

0001 0.0l 01 10 100 100
Protocol duration 7 [us]

. . JMP, Relafo, Molina & Jaksch,
=01 5u=03 Nature Commun. 9, 2006 (2018)

I

Dynamics vs. conservation laws jordi.murpetit@physics.ox.ac.uk UNIVERSITY OF OXFORD



Dicke model: TCR for t=1 us

0.06
0.05

ensity

o
(an]
=

0.03
0.02
0.01

Probability d

Standard work w

pini = pcee(f = 0.1, By = —0.1)

Dynamics vs. conservation laws jordi.murpetit@physics.ox.ac.uk

& Detectif p,,; is
missing charges

& Beware wrong
estimatesof 5, AF

Nature Commun. 9, 2006 (2018)
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Dicke model: TCR for t=1 s

e,B(W—AFGibbs)PBW(_W)

Prw(W) = eV =2FecEpgyy (— W)

0.06 0.06
g 0.05 g 0.05|-
S 0.04 S 0.04}
%‘ 0.03 ;*f 0.03}
20.02 S 0.02 - e
& 0.01 o 0.0 MPEREML
0.0 laaal hasasssssisnsas
40 220 0 20 40 60 80 100 120

Standard work w Generalised work W

pini = pcee(f = 0.1, By = —0.1) Nature Commun. 9, 2006 (2018)
UNIVERSITY OF OXFORD
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Summary & Outlook

Few-body q. systems:
» ldeal testing ground for Q. Thermo.

» Relaxation vs. conservation laws

New QFRs for systems with charges:
(e—W) — e—AF

» Reveal hidden charges

» Avoid biased temperature estimates

» Readily testable in experiments

Nature Commun. 9, 2006 (2018)

1.0}

0.8

0.6

0.001 0.01 0.1 1.0 10.0 100

Protocol duration 7 [us]

Outlook
» Multiple charges: XXZ...
» Efficiency of quantum nanodevices?

‘ Qrsb Qbsb

UNIVERSITY OF OXFORD
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Ongoing research projects

* Controlling dipolar interaction Epc
between polar molecules in tweezers
M. Hughes et al., to be submitted i ‘

0.4

** & *From few- to many-body:

0.2 % Quantum phases in small

- cold-matter systems (10-100 part.)
0.1 to \ .
P. Rosson, M. Kiffner, JIMP, D. Jaksch,

0 to be submitted
10

5
V/iJ

* Polar molecules for quantum simulation

with Uni. Durham & Imperial College
J. Blackmore et al., Quantum Sci Tech 4, 014010 (2019)

Dynamics vs. conservation laws jordi.murpetit@physics.ox.ac.uk UNIVERSITY OF OXFORD



Thank you!

Prof. Dieter Jaksch
Dr Jordi Mur-Petit
Dr Martin Kiffner
Dr Frank Schlawin
Dr Michael Lubasch
Dr Berislav Buca
?ﬁ Dr Carlos Sanchez
ot orded Dr Jon Coulthard
4 with Ultracold Molecules

Rafael
Molina

EPSRC

Engineering and Physical Sciences
Research Council

Armando
Relano

Paolo Rosson

www.gsum.org.uk

Joey Tindall
Hongmin Gao

E O_I\Q:_!_ a Michael Hughes

Nikita Gourianov

Q-.,"‘":.‘c DESOEQ = i’\ix&ﬁﬂ/ Benjamin Jaderberg

www.tntgo.org

Dynamics vs. conservation laws jordi.murpetit@physics.ox.ac.uk UNIVERSITY OF OXFORD



