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Show that amsolatedmany-body quantum system prepared in a dtate |
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can reach fot=" , in some sense,séationary state

The steady state can be thermal or not
von Neumann in 1929 studied this problgf93.2133
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can reach fot=" , in some sense,séationary state

The steady state can be thermal or not
von Neumann in 1929 studied this problgf93.2133

It stayed a purely academic question for many years, but it recently
became a top guestion in many branches of physics:

Cold atoms
Condensed matter
Cosmology
Nuclear physics



The paradox of statistical mechanics in high energy collisions

A unitary evolution cannot generate a mixed state from a pure state
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~ Quantum Newton cradle |

T. Kinoshita, T. Wenger and D.S. Weiss, Nature 440, 900 (2006)

few hundreds  87Rb atoms in a 1D trap
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Can a steady state be attainédprisingly YES

- 1D system relaxes slowly in time, to a non-thermal distribution
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The 1D case is special because the systeximigst integrable




Epe——

- Probing relaxation

S Trotzky et al, Nature Phys. 8, 325 (201Z
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¥ Numerics and experiment agree perfectly

¥ The stationary state looks thermal
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- Probing relaxation |

S Trotzky et al, Nature Phys. 8, 325 (201Z
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¥ Numerics and experiment agree perfectly
¥ The stationary state looks thermal
. . . . Deutsch 091,
Common Belief : - Generic systems OthermalizesO

Srednicki 095
- Integrable systems are different

Rigol et al 007
But the system is always in a pure state!



 Reduced density matrix

. ' (1)! time dependeniurestate

L) =" (O ()] density matrix of AB

Reduced density mattika(t)=Trs! (t)

The expectation values of &ical observables in A are

"I (O]0a(X) ! (1)! = Tr[! a(t) Oa(X)]



_Reduced density matrix

‘ ' (1)! time dependeniurestate

L) =" (O ()] density matrix of AB

Reduced density mattika(t)=Trs! (t)

The expectation values of &ical observables in A are
"I ()|0aX) ' () = Tr[! a(t) Oa(x)]
Stationary stataf for any finite subsystem A of amfinite systemit exists the limit

im L a) =1a(")




| Thermalizationﬂ

Consider the Gibbs ensemble for the entire systeB

| 7= gWeitjz - with | "#o| H#ol = Tr[pTH]

Teff Is fixed by the energy in the initial state: no free parame

Reduced density matrix for subsyste

The system thermalizes if for afnyite subsystem A

pAT=pa(”)

The infinite part B of the system Oacts as an heat bath for AO



~ Generalized Gibbs Ensemble

What about integrable systems?

Proposal byRigol et al 2007 The GGE density matrix

PGGE= €L/mim [7 with $m fixed by "#o| Im[# o! = Tr[pcce!n]

Again no free parameter

Im are the integrals of motion &f, i.e.[Im,H]=0



~ Generalized Gibbs Ensemble

What about integrable systems?

Proposal byRigol et al 2007 The GGE density matrix

PGGE= €L/mim [7 with $m fixed by "#o| Im[# o! = Tr[pcce!n]

Again no free parameter

Im are the integrals of motion &f, i.e.[Im,H]=0

Reduced density matrix for subsystenfAcce=Trs Yoce

The system is described by GGE if for dmyte subsystem A of an
Infinite system

[Barthel-Schollwock O08]

pA GGE — pA(" ) [Cramer, Eisert, et al ©08] + ........
’ [PC, Essler, Fagotti 012]



.~ Generalized Gibbs Ensemble

Which integral of motionsust be included in the GGE?

Any guantum system has too many integrals of motion,
regardless of integrabillity, e.g.

Om = [Em!"En|



~ Generalized Gibbs Ensemble

Which integral of motionsust be included in the GGE?

Any guantum system has too many integrals of motion,
regardless of integrabillity, e.g.

Om = [Em!"En|

New proposalirc, Essler, Fagotti 612]

wherelm Is a complete set afcal (in space) integrals of motion
[Im,ln]:O [Im,H]:O Im:" Om(X)

In this case B Is not a standard heat bath for A:
Infinite Information on the initial state is retained!



R

Quantum mechanics exercise

Quenching the frequency in one harmonic oscillator

#6 P> #2 ,
0 - Py Ho! H
2x H 5 2X 0

2
Ho = % +
Solving Heisenberg equation of motion

1 2412 | 24 1 2

0 ‘O cos2t

2 no_
X = e Y e

Not surprisingly, the harmonic oscillator oscillates
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| Many oscillators

Nt 120 &
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2 21 Kk
Each momentum mode is a free oscillator L= m?+ 2 1! cos/-
“Hh, (1) #o(L)# 1 #, (O)#o(O)#= o (R IDA cos@a) (R TR

2 n 2
BZ bt ok t! BZ Ll ok

This compatible with the GGE
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Hoce = - Nk = a a #.=1n
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| Many oscillators

Ny 1 &
H(m)= 3 S12+ am®$l + S($ner ! $n)° Mo# M
2 n=0 a a
2 21 Kk
Each momentum mode is a free oscillator L= m?+ 2 1! cos/-
b 2 2
(o)1 #,O)tto(ptt= e Lo E?(;! cos(@ «t)) g r gl { O < i
BZ 'k Ok t! BZ F Kk Ok

This compatible with the GGE

| . #.n ’ n n i
e Kk Tk 4" " ok
# = #.,=In 1+
GGE Z @ k ('I k $ " Ok)2

Non local...
but linear combinations of local chardes

_ The GGE built withng and
’ zk:#’“nk B %:$ml m ’ with Imwith are equivalent!




- Quantum quenches in free theorie's

¥ Mass quenches in (lattice) field theories
PC-Cardy 007, Barthel-Schollwock ©08, Cramer, Eisert, et al 008, Sotiriadis et al ©009.
¥ Luttinger model quartic term quench

Cazalilla ©06, Cazalilla-lucci ©09, Mitra-Giamarchi O10....

¥ Transverse field quench in Ising/XY model

Barouch-McCoy 070, Igloi-Rieger O00-13, Sengupta et al 004, Rossini et al. 010, PC, Essler, Fagot
Foini-Gambassi-CugliandoloO12, Bucciantini, Kormos, PC O14........

¥ Quench to the Tonks-Girardeau model

Rostunov, Gritsev, Demler O10, Collura, Sotiriadis, PC 013, Kormos, Collura, PC 014...

¥ Few more.....

The GGE always turned out to work
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- How generic this is?

|
IL The importance of the initial state

If we take a linear superposition of a finite number of eigenstates, the
system will obviously oscillate forever

Can we find some conditions for the initial state/Hamiltonian guarantee
steady state and GGE/thermalization?
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| How generic this is?
IL 7 The importance of the initial state

If we take a linear superposition of a finite number of eigenstates, the
system will obviously oscillate forever

Can we find some conditions for the initial state/Hamiltonian guarantee
steady state and GGE/thermalization?

A simple general condition
Sotiriadis, PC 2014

For afree theorythe steady state is described by the GGE ifrtiiel
statesatisfy the cluster decomposition property

P " us P #+! " +

Aim L(xi) (X +R) = L (i) (X))
[ | [ ]

see also Cramer & Eisert 2011



‘What about interacting integrable syste4

Two paradigmatic models:

Lieb-Liniger gas XXZ Spin chain

|

Lo #
H=1J S'SY+ S’'S’  + ! SFSH,

I+1

The calculations become immensely more complicated



Quench dynamics of XXZ chain

We developed a method to calculate expectation values in the GGE
Fagotti, Collura, Essler, PC 2013

Analytics vs Numerics for the Ne& quench:
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Similar agreement with other initial states and fidal



| | This is not the end :(

A new method to compute the exact time evolution developed
Essler, Caux 013

Particularly effective to compute the long-time limit

Applied to XXZ chain for the Neel quench:

Brockmann, Wouters, Fioretto, De Nardis, Vlijm, Caux 014
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A new method to compute the exact time evolution developed
Essler, Caux 013

Particularly effective to compute the long-time limit

Applied
The GGE does not work?? :( Viiim, Caux 014
y more work to be done!
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- Whatis missing here |

The approach to the steady state shows very interesting féaﬁtgﬁ' g i
(light-cone spreading of correlations) '
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The approach to the steady state shows very interesting feature:
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(light-cone spreading of correlations)
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Non-equilibrium dynamics of isolated systems

represent a theoretical and experimental challenge
raising many fundamental questions in many-body

guantum mechanics

Thank you for your attention



