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The character of the Law

Human Law

- Can be violated
- Fines, prisons, judges, police
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The character of the Law

Human Law Physical Law
- Can’t be violated
- No fines, police...
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The character of the Law

Human Law Physical Law AS>=0
T - Can’t be violated - Or it can...
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Better than a bound

2" law
[1824/1851/1854/...]

o | Q[ [ *I/_\I Q( : .

T, T,

<6—Bw> _ e—BAF

H(t)

>

Jarzynski equality [1997]
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Better than a bo/und

Jarzynski equality [1997]
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Enter the Quantum

/Quantum Jarzynski equality [1999}\
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Anything under the rug?

Quantum Jarzynski equality [1999]

<€—Bw> _ e—BAF

Tasaki-Crooks relation [2000]

Py (w) _ B(w—AF)
By (—w)

Underlying assumptions:
1) Work defined via Two Energy-Measurements protocol

W = Efn — Eini p[3 Py U(t) :—!/ pﬁk\\_’.

’ @@ ;

= TY[UpsU " Hgn] — Tr[psHini] \ wr
Eini Eﬁn

Talkner, Hangqi et al., J.Phys.A (2007), PRE (2006), PRE (2016)



Anything under the rug?

Quantum Jarzynski equality [1999]

<€—Bw> _ e—BAF

Tasaki-Crooks relation [2000]

Py (w) _ B(w—AF)
By (—w)

Underlying assumptions:
1) Work defined via Two Energy-Measurements protocol
I1) Initial state: canonical (Gibbs) equilibrium state:

I _
plt=0)=ps = e -

lii) Principle of microreversibility



Testing the Quantum

Quantum Jarzynski equality [1999]

Dissipated work distribution at T; = 480 nK, Av/kgT 4 = 2
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Testing the Quantum

Tasaki-Crooks relation [2000]
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Beyond Gibbs

Split a 1D gas non-adiabatically/Langen et al., Science2015]

initial gas "1{1 VN ——
PO S
. itial(Z ¢2 {Jm—-

Two-point correlation function vs. splitting rate:

>

1 ms 2 ms 3 ms 4 ms 6 ms
‘slow 20 :
split’ 0 -
H—zu -y
‘fast kf 22 | E
split” | S 8
N -20 0 20 -20 0 20 -20 0 20 -20 t; 2.0 20 0 20 -20 0 20
Zz(IJm) . Y,

-




Beyond Gibbs

Clz1,...,28) = (U1(21) 0} (21) ¥ (28) Ta(2n))
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Slow split: Correlations well described with Gibbs
distribution with... T__independent of initial T: Pre-

thermalization
p = €xXp (_BefFH) /Z

Gring et al., Science 2012; Langen et al., Science 2015




Beyond Gibbs
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Fast split: Need up to 10 different ‘temperatures’ to fit!
=> ‘Memory of conserved guantities’: generalized Gibbs

ensemble
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QFRs for GGEs

“Can we derive QFRs If initial state = GGE?”

e—BH o—BH=, BuQx
7 > PGGE = 7 :

PB = Qur, H] =0 VEk

(H) = E

E.T Jaynes Phys. Rev. (1957)

M. Rigol et al. PRL (2007)
Guryanova et al.Nat. Comms. (2016)
Halpern et al., Nat. Comms. (2016)



QFRs for GGEs: Analytical

“Can we derive QFRs If initial state = GGE?”

e—PH e—BH—=>", BrQk
P = —7— —* PGGE = ~ ,  |Qr,H| =0Vk
'~ Generalized Q. Jarzynski equality
<€—BW> _ 6—5AF

BW = B((H') s — (Hy):) + Y Be({Qi) s — (Qr)i)

: Generalized Tasaki-Crooks relation
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QFRs for GGEs: Numerics

Generalized Q. Jarzynski equality .

<65W> = eP2F g ZJ QFW(O
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Testing ground: Dicke model
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QFRs for GGEs: Numerics

Generalized Q. Jarzynski equality .

<66W> = eP2F g ZJ ng(t)
BW = puw + Bo((Q") ; — (@):) ol 9,0
Testing ground: Dicke model fime
: QJE for GGE exp(BAF)
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QFRs for GGEs: Numerics

Generalized Tasaki-Crooks relation3 |
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Summary

Deduced generalized QFRs for /7Df(W) — eﬁ(W—AF)Pb(_W)\
processes starting from a GGE
< BW> BAF

y

- Extension of g. thermo. ideas for
GGE to non-equilibrium dynamics

14|

Numerically verified with simple
model

1-2-11; 8
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<exp(By X)>
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- Possibility of reduced ‘work’
dissipation
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Outlook: 2 003
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- How to prepare GGE? oot | _ﬂﬂ
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+ Discussions with

K. Thirumalai & D. Lucas (Oxford)

Contact Jordi at jordi.murpetit@physics.ox.ac.uk
and contact me at rafael.molina@csic.es
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