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[rreversibility in classical systems

H-Theorem

ds

— >0

dt —
This provides an analytical
proof of the Second Law [...]

[BOLTZMANN, 1872]

Loschmidt's paradox

Obviously, in every arbitrary
system the course of events
must become retrograde when
the velocities of all its elements
are reversed.

[LoscHMIDT, 1876]
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Irreversibility in classical systems

Irreversibility - “Then try and do it!"
The dynamics of a system are irreversible if it is practically impossible to induce
the evolution from a uniform (disordered) state to an ordered state, although

the other direction is well possible.
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Quantifying irreversibility in quantum systems

The protocol [PERES, PRA (1984)]
Consider imperfect effective time reversal

H— —H:cV

in an echo experiment

G(H—eV)T

o) < [(r)) [6(27)) 2 o)

Loschmidt echo
Natural measure for

resemblance the of q.m. states

L(1) = |(oltp(27))[?

[GORIN ET AL., PHYS. REP. (2006);

JACQUOD AND PETITJEAN, ADV. PHYS.

(2009)]
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Quantifying irreversibility in quantum systems

The protocol [PERES, PRA (1984)] Loschmidt echo
Consider imperfect effective time reversal Natural measure for
resemblance the of q.m. states

L(1) = |(oltp(27))[?

R [GORIN ET AL., PHYS. REP. (2006);
|¢(27-)> ~ W)O) JACQUOD AND PETITJEAN, ADV. PHYS.
(2009)]

H— —H:cV

in an echo experiment

G(H—eV)T

o) < [(r))

Eigenstate Thermalisation Hypothesis
[DEUTSCH, PRA (1991); SREDNICKI, PRE (1994); RIGOL ET AL., NATURE (2008)]
Close-by energy eigenstates, although orthogonal,

|(Ei|Eit1)] =0
are indistinguishable by local observables,

[(E:|O|Ei) — (Ei11|0|Eig1)| ~ dim(H)~'/* .
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Quantifying irreversibility in quantum systems

Measuring (ir-)reversibility in quantum many-body systems
Only observables can be used to quantify (ir-)reversibility in experiment.

— |Xte — X°°|
|X0 _XOO|

E7[X]

echo peak
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Experimental realisation

NMR and Magic Echo techniques [RuM BT AL., PRB (1971);
SCHNEIDER AND SCHMIEDEL, PLA (1969)]
Experiments on dipolar- spins
a g z oz
H=Y b, (51- -8, — 35; Sj)
i<j

technique: H — —%H—i—eV

Other options for experimental realisation

e Highly controllable

[BLocH ET AL., NATURE PHYSICS (2012); GEORGESCU ET AL., REV. MOD. PHys. (2014)]

o Recent theoretical result: time
reversal by

[MENTINK ET AL., NATURE CoMM. (2015)]
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Echos in the transverse field Ising model

The transverse field Ising model

The Ising spin chain in a transverse
magnetic field

» All quantities are computed analytically.

H(g) = —Jzi:s:sfﬂ +gJZi:Sg R

—_—
+. goi +
I o Vi
is a free fermion model.

[ —]
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Echos in the transverse field Ising model

Mapping to free fermions [PFEUTY, ANN. PHys. (1970)]

) = (- S siSi 305 )
) Jordan—ngner + Fourier transformation

_ T di(9)  —idy Ck ty_
=2 ( )(d —di) \e,) o {emend = O

k>0
1 Bogoliubov rotation

= ka(g)AZ)\k , €x(g9) = Vg% —2gcosk+1
&

Computation of magnetisation and correlation functions in the ground state

[LIEB ET AL., ANN. PHYS. (1961)]

(0) = fo [dy, di(9)]




Effective time reversal and echo dynamics in the transverse field Ising model

Echos in the transverse field Ising model

The transverse field Ising model

The Ising spin chain in a transverse
magnetic field

H(g)=—-JY SiSii+gJ> 8¢

[ —]

—_—
+. 907 +
I oe— 10

is a free fermion model.

» All quantities are computed analytically.

44t

Imperfect effective time reversal
The echo operator for our protocol is

—iH(g)T
9,69 o e t<T
Ugoo(t,r) = {eiH(g+§g)(t—T)e—iH(g)T > T
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Echos in the transverse field Ising model

(ma) \/\N I I I : W

0 —t——t—+—T—+—T—+—
(siszab0
r(t) . [— : : , — M
0 50 100 200 250  2r

o Note the shift of the echo peak

te=(1+v)T #27

e Reason: Quasiparticle velocities of H(g) and H(g + dg) differ.
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Echos in the transverse field Ising model

Transverse magnetisation

1.0
0
£
: n
0.1 *®
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1.0 T T T
*
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0.4 L ! :
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dg

o Algebraic decay for 7> 7%, (7*) 7! (6Z - llez+ag):_k*

Brl(ma)] ~ por

o Echo peak height at 7" independent of dg.
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Echos in the transverse field Ising model

Longitudinal spin-spin correlation p;* = (S7S7, .,

100
— 1071
N
NI
=
* bk
10—2
d=3 = d=15 e 5
10—3 I I I
0 1000 2000 3000 4000
Jr
e )

e Exponential-looking decay for 0.7 << d, Dmax = max
[CALABRESE ET AL., J.STAT.MECH.

» also found in simple quench dynamics
o Algebraic decay o< 7~ '/2 for long forward times

(2012)]
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Echos in the transverse field Ising model

Entanglement entropy

subsystem A

subsystem B

1.0

Foltbr Sa=trlpalogpal, pa=trsld]
subsystem B
T T T
d=10 +* d=30 =
d=20 % d=>50 e

=)
o ~°
S NV N o b
2 5 1
N 0 1 1
0 T 120 180
0.1 1 |Jt 1 1
0 1 2 3 4
2T Umaz/d
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An alternative time reversal protocol

Consider the local Hamiltonian

Hp=-a) (578%, +he)=2a sink [AL,\T_k n ,\_m]
J k

A pulse

e PP — H [cos(2atp sink) — isin(2atp sin k) (/\};)\T_k + /\_k)\k)]
k

leads to an imperfect inversion of the mode occupation ng = ()\L)\k). Hence,

ol Hptp ,~iHT ~iHptp _ (H+3H)r

Markus Schmitt, U Géttingen



n the transverse field Ising model 10/ 14

An alternative time reversal protocol

<m:v>t

z z 0
(S7S7ya)t 0

r(t)
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An alternative time reversal protocol

Echos in transverse magnetisation

: 1 . 0 T T 1 T
8
£
v DT AP LI T TR A
0' 1 (] S 1 P | L]
0 2000 4000 6000 8000 10000

Jr

» The transverse magnetisation never decays:

(Ma)to=2r = (Ma)oo + (12) 5 4 (Ma)r

(ma)E = % % sin ¢77° (1 — cos(4atp sink))
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Turning on interactions

A longitudinal field component adds interactions
H=-JY SiSii—hay Si—h.-Y Sf

Dynamics computed by iTEBD.
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Turning on interactions

The iTEBD cycle [KJALL ET AL., PRB (2013)]

¥(t))

~
v

m\
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Turning on interactions

A longitudinal field component adds interactions
H=-JY SiSii—hay Si—h.-Y Sf

Dynamics computed by iTEBD.

non-interacting interacting
1 T T T T 1 T T T
, = 0.3 hy =0.3
e = 0.05 Ohy = 0.05
0.8 =00 A 0.8 h. =01
’\i 0.6 e 0.6
Il I
g 1 £
0.2 H L 0.2 |
0 !
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Jt Jt

» Interactions change the decay characteristics drastically.
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Turning on interactions

The role of integrability
The (dimerised) anisotropic spin-1/2 Heisenberg chain

H=JY (1+(=1)"0)(ShSni1 + ShSY 1) + 12> SnSiia

Dynamics computed by Lanczos propagation ("ED").

Bethe integrable: § =0, N = 28 non-integrable: § = 0.2, N = 28
1 1 , —
p—
. 6J. =004 +
= x —~ 0.06
= x = 0.08 =
ot a ok 01 =
ol e 0.12
= )
7 e
0.1 s : \\ 0.1 s

(‘stT)z (5‘]/")2
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Conclusions

Echo peak decay of observables under imperfect effective time reversal:

» non-interacting » interacting

1 1o /2
~ const.

Q=1+ a=7+ =30 - | & o F o .
103 d=3 « d=15 ¢ 0 2000 4000 6000 8000 10000
0 1000 2000 3000 4000 o
Jr

[ScumiTT AND KEHREIN, EPL 115 (2016)]

Open questions

o Analytical understanding for interacting systems
e Connection to OTOCs: (V(t)W(O)V(t)W(O)) [MALDACENA ET AL. (2015)]

Markus Schmitt, U Géttingen



	Irreversibility in classical systems
	Quantifying Irreversibility in Quantum Many-Body Systems
	Echos in the transverse field Ising model
	Turning on interactions

