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Equilibrium: o 38,4, B5
 Ba =P8
o pg x exp(—PBH) (Gibbs)

O™ Law: “Temperature exists”



Relaxation in quantum systems?
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Trotzky et al., Nat. Phys. (2012) .



Known exceptions to relaxation
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Integrable systems

Strongly interacting bosons in 1D
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Relaxation in an integrable system
Splitting a strongly interacting 1D Bose gas: Relaxation?
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Hofferberth et al., Nature (2007); Gring et al., Science (2012); Langen et al., Science (2015)

(Schmiedmayer lab)



Relaxation in an integrable system

Split a 1D gas non-adiabatically Gring et al., Science (2012)
Langen et al., Science (2015)
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Relaxation in an integrable system
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Slow split: Correlations match Gibbs ensemble with effective T=1/[3

p(t — 00) = pg = exp(—FH)/Z

Gring et al., Science (2012)
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Beyond Gibbs

C(zl, ) = (U (2) 0 (20) 0T (28) Ta(2n))
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Fast split: Up to 10 different ‘temperatures’ to match!
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p(t — 00) = PecE = > exp(—0H — ;Bk/\ﬂk) , [Mk, H =0

Langen et al., Science 348 207 (2015) 1



Pre-thermalised states
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« Generalized Gibbs ensemble (GGE)

o Conserved charges prevent relaxation to ‘true’ thermal
equilibrium: = Pre-thermalised state
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Pre-thermalised states

n n 1 r o & D
p(t — 00) = PGGE = > exp(—0H — zk:ﬁk/\ﬂk) , [Mk, H =0
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« Generalized Gibbs ensemble (GGE)

o Conserved charges prevent relaxation to ‘true’ thermal
equilibrium: = Pre-thermalised state
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Some open guestions

A A 1 N\ N\ N\ N\
p(t — 00) = PecE = Z exp(—BH — E BkMy) , [Mk, Hf =0
k

e Given [ how do we identify all the ‘relevant’
charge operators Mk?

e Is it possible to design a general protocol to know if
we’re missing any?

e Can we find them from experimental measures? How?

e How do they affect the evolution of a system, e.g., after
a quench that breaks integrability?
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Fluctuation Relations (classical)

Thermodynamic Laws (1824-)
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Image: Wikipedia
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Fluctuation Relations (classical)

Thermodynamic Laws (1824-)

w>AF, AS>0

Fluctuation Relations (1993-)
Jarzynski equality
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« Obtain equilibA(m) propertiesfromibn-equil. measurements
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Fluctuation Relations (quantum)

Thermodynamic Laws (1824-
y ( ) .!.I Q[[ FK Q(' . f.l
w>AF, AS>0 | \_ |
W

Image: Wikipedia

Fluctuation Relations (1993-) Quantum FRs (1999-)
Jarzynski equality Quantum Jarzynski equality (QJE)

<e—6w> _ e—BAF
Crooks relation Tasaki-Crooks relation (TCR)

Pr(w) = " =2F) py(~w)

QJE: Tasaki (2000), Kurchan (2000), Yukawa (2000), Mukamel (2003), DeRoeck & Maes (2004)
TCR: Tasaki (2000), Monnai (2005) 18



Fluctuation Relations (quantum)

Quantum FRs (1999-)

. Quantum Jarzynski equality (QJE)
- i
N

<e—6w> _ e—BAF

W:\? v > H Tasaki-Crooks relation (TCR)
&~ it Pr(w) = &’ ~A0) Py(—w)
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QJ E An et al., Nat. Phys. 11 193 (2015) [one trapped ion]

Testing the
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QFRs: The small print

(i) Work defined via
two energy-projection measurements

W = Efin — Eini
= Tr[Ups U~ " Hsin] — Tr[pgHini]
P53 UT) =t o

Eini Ef|n “Here’s your problem—you forgot the sleaze factor”

Talkner, Hanggi et al., J. Phys. A 40 F569 (2007)
Talkner & Hanggi, PRE 93 022131 (2016) 22



QFRs: The small print

(i) Work defined via
two energy-projection measurements

W = Efin — Eini
= Tr[Ups U~ " Hsin] — Tr[pgHini]
P8 s U(T)eltin) o
Eini Eﬁn “Here’s your ;.m‘s:m—,w forgot the sleaze factor”

(ii) Initial state: canonical (Gibbs) equilibrium state

(]
p(t=0) = pg = % exp[— [ Hini] g 96'%

Talkner, Hanggi et al., J. Phys. A 40 F569 (2007)
Talkner & Hanggi, PRE 93 022131 (2016) 23




QFRs for GGEs

FW - - BW
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QFRs for GGEs

FW . BW
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k /

w= E, — Ei — W = A, — A Generalised work

Hickey & Genway, PRE 2014; J.Mur-Petit, A. Relanno, RAM & D. Jaksch,
Guryanova et al.; Yunger Halpern et al., Nat. Comms. (2016) Nat. Comms. (2018)



Testing ground: Dicke model

R R R ~ N 1 .
H = hwcoméTé + hwat Jr + Hine Jx,y,z — Z _O-(J,),

28 T o) st 7 oat L s
H,nt_m[(l Q)(Jra+ I 5N+ a0, 3 —I—J_a)}

Two phases g, = ,/ww,;/2  Two regimes
. g>g_ —> Superradiant « a={0, 1} — Integrable (TCM)
o Otherwise = Not integrable
26

« 0g<g_ — Subradiant



Testing ground: Dicke model

R R R ~ N 1 .
H = hwcoméTé + hwat Jr + Hine Jx,y,z — Z _O-(J,),
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. g>g_ —> Superradiant o a={0, 1} — Integrable (TCM)
o Otherwise = Not integrable
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Dicke model — Results

1. Prepare system in GGE state W: | A, M i’« U(T\') H',
2. Non-equilibrium protocol: quench a
. - H, 1 H,
3. Repeat many times to collect W U g g
statistics of work B o)
Repeat with time-reversed protocol (BW). T2 R
=y
" arw (1)
OF=" !—
v time r
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Prw(W) = e —2F6ce pgy (— W)
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QJE: Varying protocol duration t

- std: (exp(—pw)) = exp(—BAFgipbs)
- gen: (exp(—W)) = exp(—AFgce)
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QJE: Varying protocol duration T

- std: (exp(—Bw)) = exp(—BAFgibbs)
~ €N (exp(—W)) = exp(—AFgce)
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QJE: Varying protocol duration T

- std: (exp(—Bw)) = exp(—BAFgibbs)

- gen: (exp(—W)) = exp(—AFgge)
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Some open guestions

A A 1 N\ N\ N\ N\
p(t — 00) = pece = — exp(—FH — E BkMy) , [Mk, Hf =0
k

Z

0 Given H how do we identify all the ‘relevant’
charge operators i ?

M Is it possible to design a general protocol to know if
we’re missing any?

M Can we find them from experimental measures? How?

M How do they affect the evolution of a system, e.g., after
a quench that breaks integrability?
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A =" [ (0ix0jx + iy0jy) + J20i20;.]

(i)

- Conductivity = Local vs. quasi-local vs. non
- Beyond linear response (Drude weight)

Prosen, PRL 106 217206 (2011); llievski et al., PRL 115 157201 (2015)

-local charges
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> Q. phases with electric T "4 ’( ’( ,{

and magnetic dipoles [1]

» Phase diagram of JCH mcﬁmﬁ&é‘aﬂgrcﬁ [2{

» Q. probe spectroscopy for g. simulators [3]

» Protocols téll%easure 3 s i ’{d’{ ’{ F

[1] Truppe et al., Nat. Phys. 13 1173 (2017); Rvachov et al., PRL 119 143001 (2017);
Guttridge et al., PRA 96 012704 (2017).

[2] Mendonza-Arenas et al., PRA 96 023821 (2016); Prasad & Martin, arXiv:1710.02424

[3] Usui, Buca, & Jordi Mur-Petit, arXiv:1804.09237
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Th:

Testing the Quantum: TCR

Pr(w) = ePW=LRpy (—w)

kgT/h

Dorner et al., PRL 110 230601 & Mazzola et al., PRL 110 230602 (2013)
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Expt: Batalhdo et al., PRL 113 140601 (2014) [liquid NMR]



Testing the Quantum: TCR

Pr(w) = ePW=LRpy (—w)
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Also: TCR-based protocols for quantum probing (thermometry, correlations...):
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T.H. Johnson et al., PRA 93, 053619 (2016); M. Streif et al. PRA 94, 054634 (2016); ...
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