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Nonequilibrium dynamics of

many-body quantum systems

How does the evolution
depend on the initial state,
perturbation?

How fast can isolated
interacting quantum
systems evolve?

How does the How does the dynamics
dynamics depend on depend on the Hamiltonian?
the time scale? s the dynamics affected (interactions, chaos)

by critical points?
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Coherent Evolution in Experiments

Quantum simulators

NMR

They are collectively addressed with magnetic pulses;
Slow relaxation

Li, Fan, Wang, Zeng, Zhai, Peng, Jiangfeng
(Beijing, Anhui, Hubei)

Cory (Waterloo)
Cappellaro (MIT)

Ultracold Gases
Dynamics under designed potentials.

Greiner (Harvard)
Weiss (Penn Sate)

Bloch (Max Planck)
Fallani (Florence)

Esslinger (ETH)

Schmiedmayer (Wien) |-

» highly controllable systems — interactions, level of
disorder, 1,2,3D
(simple models)

» quasi-isolated -- study evolution for very long time

lons trapped via electric and magnetic fields.
Laser used to induce couplings.
Isolated from an external environment.
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lon Traps
\ §) e

Blatt (Innsbruck)

Monroe (Maryland)
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SYSTEM MODELS
1D spin-1/2

Hardcore bosons, qubits
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Integrable spin %2 models

Noninteracting Integrable system:

XX model (1D) L—IJ
H= ) (0,0,,+0,0,,
n=1

J
Holstein-Primakoff HXX’ T\l,> — 5’ \LT>

Map into hardcore bosons:
- . B e
af = b J1 —bib,, oy =4/1—blb, by,

L—-1
H = —t Z(b;rzanrl + bjz+1bn)

n=1
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Integrable spin %2 models

Interacting Integrable system: Ll g
=\ = XX Yy Y
XXZ model (1D) H —24 @ 0,0,,+t0,0,,
n=1

Map into hardcore bosons: . 1 '
Holstein-Primakoff H = E[V(b;bn — E)(bl;:lbnﬂ - 5) - t(b;bnu + hc)]

. — —.
of =bl \J1-blb,, o] =/1-blb, b,

oy = blb, —1/2,
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1D Disordered Spin-1/2 Model

n+1

Disorder strength: h
[-h,h]
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Anderson Localization

L h L-1 J i :
H=)""0%+ | |
=y O, —(! oo +0.0),)
2 4 =
n=l n=l ' "
Anderson localization o — —
(random disorder)
n-2 n-1 n nt1 n+2

Disorder strength: h
[-h,h]
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Chaotic Model

+O’O’ +O’O’

n+l n+l n+l )

L L-1
H=Eh”‘az+ %(Aaa

Disorder strength h~J

—_ Wigner-Dyson distribution
—_— — (time reversal symmetry)
— - — 1
_ (s) = == exp| - —
n-2 n-1 n n+1 n+2 o) = 7 P 4
g 05
Disorder strength: h Level repulsion
[-h,h] = quantum chaos

0 L
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Chaotic Model

L
hi’l
E—O +E (Ao an+1+a o' +0 an+1)

H = 2 n+l
n=1 n= 1
D
(a) _ ()
PARTICIPATION RATIO Y = EC" ; BASIS
i—1 (site-basis vectors)
1

PR'™ =

§| @ I* : | TTT\L\L\D

, el © RRERENS
PR oC Dlm c,
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Localization and entanglement

L h L-1 J
_ Z 7.2 X X Y ~Y
H = E—”O'n + 2_(Aan0n+l + Onan+1 + On0n+1)
n=1 n=1
Concurrence
200 —
PR < Dim 0.4
PR

TOTETLTY

100

0
Lintegrable ]
1 IXXZg localization
g - | _ IR — Pup()1ds
05 ) 1 Pp(s) — Pypls)lds’
0 Chaotic =~ = =
0 2.5 h 5 LFS, Rigolin, Escobar PRA (2004)

Lea F. Santos, Yeshiva University QPTN9, Padova, Italy 2018




Integrable-chaos-integrable

L L-1
h J X _x
H = E—”oj + EZ(AajGjH +00,.,+0.0.,,) Participation Ratio
n=1 n=1
PR =1
D
200 —————— (@) |4
PR « Dim Yl
PR - i=1
100 e > D <1 . D
PR o Di < (a) ()
i 2 1% =Eci ¢,

¥= =l
0 A A A r

1 Fintegrable -

- XX7 localization . - [21P(s) — Pyyp(s))ds
"= TSPe(s) — Pwp(o)lds’
0.5 7
_ ' Torres & LFS,
o Lhaotic PRB 92, 01420 (2015)
0 25 h 5 Ann. Phys. 529, 1600284 (2017)
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DYNAMICS
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Survival Probability

(Fidelity)

W) = S ClieT e | ar) H|a)=E,|a)

Eigenvalues and eigenstates
of the final Hamiltonian

Overlap between the initial state and the evolved state

2
ez

o

2

ze—iEat -

F(t)= (w01 W®)| =

[ P Ere™ dE
]
pini(E) = E‘Cgli

of the weighted energy distribution of the initial state
of the LDOS (local density of states)
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Fourier transform <|:
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Strong Perturbation

AANAN
Y Y¥Y

n+l n+l

L h L—lJ
— H=EJG§+E—(AU§U§+1+G,;‘GX +0.0,
2 4
n=1 n=1

L-1
JA
H, = Tajajﬂ quench parameter
"~ A—>o to A— finite
| ' .
| W(0)) =l ini) Very strong perturbation
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Power-law exponent: energy bounds

| " PR < Dim
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Power-law exponent: correlations

PR o« Dim" D, <1 10" F
U I B e e e L L <F(t)>:
_2— - =

A L 4

o 4 7

A ) )

£ SFPR o Dim™ 1 10

A0 e 1]
4 5 6 7 8 9 10
InD

Torres & LFS
PRB 92, 01420 (2015)
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Power-law exponent: correlations

> (Fw) |

F(t) _ Z |C«éni|2€—iEat

(87

. . : 10 F
F(t) _ Z |C(7;énz|2|C%nz‘2e—z(Ea—E5)t -

a,p

. -DD
PRq(a) oc Dim'4 "

Multifractality = nonlinear dependence of the

generalizeddimension on g Torres & LFS
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Power-law exponent: correlations

PR « Dim" D, <1 10" F

> (Fw) |

F(t) =

Z |Cznz |2€—iEat
o
o

F(t) _ Z |C(ini|2|ani‘2€_i(Eo‘_Eﬁ)t
a,f

= / G(E)e "M'dE — t™7

107 E

G(E) = Y |CiM|C28(E — (Eo — Eg)) = |E™!
o,f

. -DD
PRq(a) oc Dim'4 "

Multifractality = nonlinear dependence of the

generalizeddimension on g Torres & LFS
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POWER-LAW
ESQPT

Anderson model

H = JZ(O'£0'£+1 +o¥0) . 4) + Z hnoo,
n n

Aubry-André model

L—1 L
H=-J) (okof, +0Y0Y,,)+X) cos(2mén)or, £ =(V5+1)/2
n=1 n=1
Fibonacci model
L—1 L
H=-JY (0808 +0o40%) + > Vaok
_ n=1
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Power-law decay and ESQPT

Lipkin model

W) =|S m, ) —— Hyp=(- &)(—+5) j\‘j&

10”

U(1) ground state AR P A A A A \|/Z

e

VoA

10 ‘
LFS, Tavora, Bernal, wwm | MMIL

PRA 94, 012113 (2016) 02 04 06 0.8 1
Time
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Power-law decay and ESQPT

ini

i > pini(E) = E C,

Initial state |W(0)) = ‘ S m> -

S(E-E,)

Survival Probability
F(t)=[(wO) 1 ¥®)[ =

2

CZli ze—lEat ~ ' -(E)e_iEt dE

2

o

U(1) ground state AR P A A A A \|/Z

20 =TT 100 ——T—
2t = ATt
- I i T 10° w
O;I) l02.04l0.6.0l.8- h‘
& WW v,

= N=1000 0.2 04 06 0.8 1
s =0. - Time
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Open Questions

LFS, Tavora, Bernal,
> Power-law decay vs ESQPT PRA 94, 012113 (2016)
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LMG model vs XX model

LMG model (infinite-range interaction) XX model (nearest-neighbor coupling)
with 1 excitation

_ _ (k)
w0)=5 m.)- ) W(0)) = | 1444
45 </
Hy,y=0- §)(—+5 ) H =E—(0,fa,f+l +0’0?
n=1 4
LDQOS for delocallzed state at ESQPT LDOS for any initial state inz
20-I II v 1 1 1 ] -I II L | ' 1 1 ]
IS5 - IS5 -
N 5 - N 5
8 10 - 8 10 -
- - = .
Sk - 5k -
002 04 06 08 Pini (E) = 1 002 04 05 08
E;/N aNJ* - E? E;/N

e LFS, Tavora, Bernal,
PRA 94, 012113 (2016)




Open Questions

LFS, Tavora, Bernal,
> Power-law decay vs ESQPT PRA 94, 012113 (2016)

» Power-law decay: short vs long-range couplings
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Open Questions

LFS, Tavora, Bernal,
> Power-law decay vs ESQPT PRA 94, 012113 (2016)

» Power-law decay: short vs long-range couplings

Schiulaz, Tavora, LFS

» Power-law decay: few vs many-body _
arXiv:1802.08691
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Open Questions

LFS, Tavora, Bernal,
> Power-law decay vs ESQPT PRA 94, 012113 (2016)

» Power-law decay: short vs long-range couplings

Schiulaz, Tavora, LFS

» Power-law decay: few vs many-body _
arXiv:1802.08691

Many-body quantum systems close to the metal-insulator transition

» Power-law decay caused by correlations between the eigenstates (fractal)

Torres & LFS,
PRB 92, 01420 (2015)
Ann. Phys. 529, 1600284 (2017)
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