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o
Introduction (Motivation) 1

eMotivation:

Is a macroscopic number of degrees of freedom (DOF)
really necessary for destruction of the coherence and
time-reversibility in the closed quantum system?

e Daily life world:
loss of initial memory due to chaos = lrreversibility, ......

e Quantum world:
Non-chaotic behavior due to localization mechanism

= recovery of ability of losing memory, self-induced irreversibility,...
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o
Introduction (Motivation) 2

Problem related to the irreversibility of closed quantum
system:

eHow does the localization change as perturbations from other DOF is
introduced in 1DDS?

e\What is difference between the 1DDS and periodic system as it are
coupled with other degrees of freedom?

Delocalization, Irreversible energy transfer, Stationary, 77
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|
Dynamics in 1DDS

eTightly Binding Model of 1DDS

N N
H(t) = Y [mV(n)1+ f)nls—J > (In)(n+ 1]+ n+ 1)(n]),
n=1 6 y n
& = ;5(t—7m),f(t):m;cos(wjt+9j).

— V(n) = Wuy,: spatial disorder (disorder strength W,v,, € [—1,1])
— € perturbation strength(e < 1)
— w;: incommensurate frequencies (M: number of colors)

- 96(n, 1)
im0 = H(t)g(n, 1)
e usual Anderson model for 7 — 0
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|
Dynamics in QSM

eQuantum standard map
]32
H = 5 + K cos §6,
U = e—iﬁ22/2he—iKcosd/ﬁe—iﬁ22/2h
—diffusion in momentum space —oco < p < o0
classical dynamics: normal diffusion

K2
((p = (9))?) = Dat, De~ — forK >>1

quantum dynamics: localization

(6~ ) =€, e~ 1
with

. M
f(t):\/MZcos(wjt—l—Gj).

=1
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Dynamics in 1DDS (probability distribution)

Ansemble- averaged probabilistic function and MSD:
P(n,t) = (|¥(n,t)]*), ma={(An)?)

el ocalization:

P(x,t) ~ exp{~|z|/€}, ma(t) ~ €

eDelocalization(Normal diffusion):
P(z,t) ~ exp{—x?/2Dt}, ma(t) ~ Dt

Increase of the strength € and/or L:

Exponential Localization = Gaussian function (a solution in diffusion
equation in the stochastic process

i

"classicalization " of the quantum wavepacket
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-
Time-reversality 1

Time-reversal test:

o First, we evolve an initial quantum state |¥( > forward in time by
applying the unitary operator U” at the reversal time T

@ Next, we perturb the evolved state by P, and evolve the perturbed
state backward in time by applying the time-reversed unitary operator
u-T.

Time-reversal characteristics:

At t = 2T, the difference between the perturbed time-reversed state
Uy >=U"TPUT|¥, > and the initial state |V >

(< WplQITL > — < ¥p|Q|¥g >]

0Q = .
< UylQ¥y >

where Q is an appropriate observable
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o
Time-reversality 2 (time-reversal characteristics)

Time-reversal characteristics measured by the MSD M (t)

n—shift operator for the perturbation P(n) applied at T,
o" perpendicular shift”
Py(n) = exp{ini/h} = exp{nd/dy}.
e "parallel shift” ( y canonically-conjugate to the diffusion space z )
Py(n) = exp{ing/n}
y=q, r =p for SM, and y = p, v = ¢q for PAM and HM
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Time-reversality 3
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-
Time-reversality 4

In classical dynamics:

Oor = 6o+ cin+T(w(lo) —w(lo + c2m)),
Ly = Iy+ com.
eIntegrable case:

9P (1o, 6p) 0w’ (1o)
\p2 — Pol ’ a0 ol conT

| M, (2T) — Mo(2T)|
Mo(T)

Re = TIT'

control the accuracy:
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-
Time-reversality 5

eChaotic motion:

Td log(C
control the accuracy:

n~Ce M,

ethreshold value of the perturbation strength 7,
= Least Quantum Perturbation Unit (LQPU) :

_ 27h
Nth = Ax(T)’
Then the sweep area A =27 X 7,
Nth = h.
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Time-reversality 6

e SM: time-reversal
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Time-reversality 7

o AM:
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Time-reversality 8

Universal curve as a function of the scaled perturbation strength #
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Time-reversality 9
In the limit as T" — oo,

n
R= F(Uth(T))’

the difference AM,, = M, (T, T + 1) — Mo(T, T + 1)

n
AM, =G(n,7)=D7F | —— ),
=Gl = e (15 )
Accordingly,

M,(T,T+71)— My(T,T + 1)
MO(T> T)

B ;F <77th7ZT) 17772&2) B ;F (Wth?zT) {;}X> ’

where 1, (T') o< T7X. x = 1/2 for a perpendicular shift and x = 0 for a
parallel shift.
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Time-reversality 10

eSemicassical interpretation of LQPU:
(a)
Initial manifold:
Ao ={(g,p) |g=0a }:

The semiclassical wavefunction g
at g = ﬁ 0,6

¥(,8) = (250 Dy xp{z;’mlaw

J4 Pl+6

Observation manifold:

Bs ={(q,p) | ¢ =B}

the time-reversed Lagrangian
manifold

— T p.;O
Ucls Paisy - Ugs(Aa)- generation of the

intersection
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Time-reversality 11

The contor:

AY(Py, Py) = j@{ ,pdq/ﬁ=]{ pdq
c+C Cr+Cl,

~ (¢ —ap)n=Agrn
The quantum interference condition of the spread of the wavefunction Agr

Agrn/h < 1.
LQPU:
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Time-reversality 12

AM, (T, T +7) = My(T,T + ) — Mo(T, T + 7)

1000
100 1000
10 100
= - 10
3 ¢ s
01 <
001 0.1
0 601 0.01 (b) PAM T=40
’ 0.001
4 8 12 16 4 8 12 16
T T
FETET| BRI TTT BTSSR TTT) B
2.0
15
[hd
1.0
0.5

100

0.01 0.1 rl1
t

/ 10
Blue for PAM shd Red for SM

Irreversibility of Quantum States 2019 /xx/xx 18 / 51




Time-reversality 13
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|
Time-reversality 14

Time-continious models
eHaken-Strobl model (HSM)

Hpsu (P, ) = 2 cos(p/h) +Zes n,t)ln >< n,

The N(n,t) is spatio- and temporal-uncorrelated Gaussian noise at site n
< N(n,t) >=0,< N(n,t)N(n',t') >= Spnd(t — t'),
eStochastic pendulum model (SPM)
]32

Hspu(p,q) = 5 + (K + €N (t)) cos g,

The N (t) represents a Gaussian stochastic noise satisfying
< N(t)>=0, <N@E)NH) >= 6.

In the classical limit A — 0, it has a classical counterpart whose trajectory
YAMADA Hiroaki (YPRL) Irreversibility of Quantum States 2019 /xx/xx 20 / 51
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Time-reversality 15
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Time-reversality 16 (Summary)

Result 1: In the time-reversal characteristic of quantum normal
diffusion, there always exists a universal characteristic strength of P called
the least quantum perturbation unit (LQPU), which is proportional to the
Planck constant.

Result 2: In deterministic quantum maps, the time-reversal
characteristic of quantum normal diffusion converges to a universal curve
independent of the details of the system in the large limit of the reversal
time.

Result 3: The universal features observed also hold exactly for the
normal diffusion process of stochastically perturbed quantum maps.
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o
Irreversibility test 1 (Electron-phonon system)

Usual electron-Phonon system

eHeat-bath model:

decoherence
dephasing
Hs
Hs
HC
Svstem

YAMADA Hiroaki (YPRL)

i

infinite number of DOS

stochastization mechanism

Irreversibility of Quantum States

Energy flow between

Hg and HB
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o
Irreversibility test 2 (Electron-phonon system)

Irreversibility test of Electron-Phonon system

eElectron with oscillatory perturbation (Nonautonomous system)
Hp = Hel +HoscL({Q't})

Hooen ({Q5t}) Zze]cossz t|n)V (n)(n]

n=1 j=1
eElectron-linear oscillator system (Autonomous system) (J; = —z'ha%j)
L
Haut = Hel + Hosc,L({d)j}) + ZQija
j=1
L t
aut
—iHPM oy —zZQ Jit/h Texp{—c / dsH[({st—i—gbj})/h}
j=1
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o
Irreversibility test 2 (Electron-phonon system)

eElectron-Harmonic oscillator system (Autonomous system)

Hy = Hey+ Hpnonr + Hing o,

s - z() I S ST

n=1 j=1

N .
Husrr = ZZ i)V (m)nl(a] + a1/ "2

. /
matrix elements: nj,n; << N;-k,

<N1* 11y ooy N+ g | Hing g | N§ 1075 ooy N+ 13

h(d‘
Zzb N*|n <n‘5nj,n;:l:1 TJ

n=1j=1
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Irreversibility test 3 (Electron-phonon system)

M zqubj

Jilm;) = m;hlm;), ({¢;}{m;}) = H

matrix elements:

N M
<{¢J}|HoscL({¢J |{¢J ZZ n)e;o ng.n) :|:1/2

eCorrespondence
Qj < Wy
{N] +n}) < {my})
202N *2h
¢ © JYg

wj
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Irreversibility test 6 (Electron-phonon system)

« Initial quantum state
Disordered electron+Linear oscillator+Autonomous

phonon-+ Interaction H;,; (b :coupling strength)

Electron: an excited state
Autonomous phonon: ground state

Monitor: Energies and MSD

0 Hint

¥l 1]

Epn(t) = (U(t)|[Hpn|¥(t))
Eel (t) - <\Il(t) ’Hel ‘ \II(t)> teas(Qit)} automomous phonon

ma(t) = ((B)|(n— (n)*| (1)) ,\p‘r";,a 10>

electron
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Irreversibility test 7 (Electron-phonon system)

T T T
0 WO A0 ER B0 WD WO 1400

L L L I L L 1
) A e, pran e (s
ek N

— 1
0.2
o0

T T T T T
o M de w0 W1 0 oD W0

T T T
0 400 BN B0 100 M@0 MG

M=1,L=5b=04 M =1,L =5,e=04
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o
Irreversibility test 8 (Electron-phonon system)

eDisordered lattice = Periodic lattice

Binary periodic lattice

i
150~ I I! Iéﬂ 2&0 t Jﬁlﬂ l;ﬂ 5[‘]0
™ I b=0.3,e=04

b m o om ow ow Recursive!

b=1.0,e=0,04
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Irreversibility test 9 (Electron-phonon system)
Time-dependent matrix elements of autonomous phonon system
Diagonal term :P(npn) = (npn|¥)(¥|npn)
Off — diagonal term :P(npn, npn + 1) = (npn | W) (¥[npn + 1)

- 120

L=b, b=0.4, e=04

L
i

sapil n W&Mr\uwwwmww-wwm L

Im(P(n, Ayt

¢ = 100, 200, ...., 500

S S
Non-interference
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o
Irreversibility test 10 (Electron-phonon system)

Harmonic phonon = Anharmonic phonon (quartic oscillator)

Energy flow
| @ L1, o0a, o0 .
ey
L RN r
‘\“"'\P‘-A. )
uJém:— \y & ity e o
e \\ ) ‘-_“:"“'.s-ﬁf'_}’.'i-v"-kr. 01 S;: 3
10— I S
0" \\ I IF 0.01 4
1 2 En,, k] 4 o
o 1 aa :
P(nyh):neraly Boltzman-like
distribution

L=1,b=04,¢=0:1,04
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Irreversibility test 11 (Electron-phonon system)

e Phonon energy: (E;(t))

FPhonon EnergiE,

! ! e T (I T
3000 4000 5000
t a sa 188 158 t

Energy of the linear

Energy of the linear
oscillators

oscillators
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o
Irreversibility test 12 (Summary)

1D disordered electron-+Linear oscilation--Autonomous
phonon-+ Interaction H;,;:

The the total nuber of DOF of the total system is three
(L=1,M =1).

Results
@ lIrreversible energy fow from the excited electronic state to phononic

state

@ Boltzman-like distribution and dephasing are observed in the
harmonic phonon state

@ In the periodic systems, such a irreversible energy flow does not
occur, it becomes recursive
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o
Life-time of time's arrow 1 (coupled cat maps)

Macroscopic damper and quantum damper

(a) (b)

_Cylinder__

z

2
~— |+ 2|5 g 5
— [elele| 2 EE
Heat |sfls & g 2

g ¢

1
L4

.
S T = ==l =S O)

Mechanical Harmonic ‘Heat" Mechanical gytarnal force
work(shock) |  oscillator work

coswt
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o
Life-time of time's arrow 2 (coupled cat maps)

H,y = Hyo + fIKR—Fncj cos I cos wt,

~9 ~2

2 p 24

Hpo = 2+l

HO 5 + 5

. R+ >

Hgr = 52+ Vir > 6t —mT)

m=—00

2 A~ A~

~ 02 + 62 A oa

Vkr = —KZ;K222 + e cos(f — 02).
—

boundedness of phase space: (I;,6;) € [0,27] x [0,27], and the Hilbert
space N1 = Ny, h = 27/N; < Standard map: unbounded phase space
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Life-time of time's arrow 3 (coupled cat maps)

e Energy transfer process

S wl _qyT=t
bT b~ _77(6 ) ZeZkVTfk’a

22UV 2R —0
T )2
E, — Ey = A, A, = C,. (k)e T 52“”@7
" 3;1 v Mk‘;s 5 ! ! 8V2
e Autocorrelation function
ff >
e iy - { (Foder) for k> 0,
Cr (k) = Cr (—|k])* for k <O0.

Cp. (k) = (cos® I) 5 = %m = (E,) ~ < f<f>2> T
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Life-time of time's arrow 4 (coupled cat maps)

e complex variables (a,a*) obey the Gaussian distribution

P(a*,a) o< e PP o p(E) o ¢~ E/(E)

parameters value
K 10
T 102
Q 1
w 1++2/T
3 4.25h2
0, V2
A -5
n 5x 1074
h 2w /N
N 24 ~ 28
m ~2.64 x 1074

YAMADA Hiroaki (YPRL)
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o
Life-time of time's arrow 5 (coupled cat maps)

eFourier transform of the quantum autocorrelation function

for z = v = (Q — w) the classical chaotic decay of autocorrelation function
if 7 is less than the “lifetime” 77.:

C’Ngim:C'N4 for z#0
T ~
L CNgim = CN? for z =0,

C(z) ~ Crys(0)/ Z Ciras(s)e™ T

S§=—00

with the classical correlation function Crgs(s).
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Life-time of time's arrow 6 (coupled cat maps)

e Absorbed energy and energy distribution
(E); — Ey < AT7?

= stationariness 7, Boltzmann distribution?

single cat twin cats twin cats
0.35 0.35 =
- h=2 1z /256 e=l
0.3 =27 /128 (a) 0.3 ~&=3x 102 (b)
=27 /64 Ezﬁxlg—z
—— Ideal £=1x
S 0.25 ea S 0.25 1T PoRrE
0.2 0.2 Ideal ’LE
N N ~—
S 0.15 S 0.15 a
wl w
N o N o
0.05 0.05 | A T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
T T
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Life-time of time's arrow 7 (coupled cat maps)

e i—dependence of the energy absrbtion

Absrbtion rate A and the thereshold value £*

102

10°

10

Irreversibility of Quantum States

+ e¥(n=4x10"%)
X €% (n=2x107%)
¥ e* (n=1x107%)

(c

m g} S
rrrrrr 134018 7
0.1
h
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Life-time of time's arrow 8 (coupled cat maps)

Coupled kicked rotors (CKR) with linear oscillator .J

HA,0,t) = (I2+12)/246r@)[V(61) + V(02) + eVia(01,6,)]

o0

Vig(01,62) = cos(fy —02), or(t)= > 6(t—nT)
(0}-,1}) € [0,2x] x [0,27], and the Hilbert space N1 = Ny, h = 27/N;.

]:Itot(t) = ﬁ(i, éJ) + nsin(fl) cos ¢+ w, (Bl J) o e ie/h

Initial state: |¥) = |1ho) @ |J = 0), o) = |, = N/2) ® |I, = N/2)
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|
Life-time of time's arrow 9 (coupled cat maps)
Spread of action and averaged Lifetime

e c—dependence

N=64X64 --er '
S | N=32x32 (b)
107 F N=T16xX16 sk ]

.., ..
P .

6
10 p
o
o~ 5
) 10 ‘
S . ..
10710 | 1%t “ Aaeat

10 b 4

10*]2 L L L 101 L
10" 102 10®  10* 108 1073 107
T &

Numerically estimated averaged Lifetime ((71))
by [a(r) — 1] > 1/2, AJ? oc 7%

107! 10°
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o
Life-time of time's arrow 10 (coupled cat maps)

e h—dependence

10°°

1077

1078

N=64x64 wereee
N=32x32 ]
N=16X16 =

TR (1), N=64x64 -
(1), N=32x32
.(11;,N:16x16
- 11, N=h
1012 1 ‘Z ‘3 ‘4 ‘5 6 100 0 1 ‘2 ‘3 10“ 0 1 2 3 4
' 10?2 10® 10t 10° 10 10 10 10 10 10 10 10 10 10
M M

Ny = Ny =32 for (b)w =+v2#0, (c)w =0
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o
Life-time of time's arrow 11 (coupled cat maps)

Coupled kicked rotors (CKR) H(I, 6, ¢) without any oscillator
e Spread of action and averaged Lifetime of irreversibility

e c—dependence

1076

o

(b (Ty, N=64x64 o]
(T, N=32%32 -]

1077 (T, N=16X16

F (S SIN, N=64x64- 5
108 L L (ZSh/NY, N=32x32 A
(ZSHINY, N=16x16+ =
o~ i ‘ ~
- ZE
_)10 9 =5
r 1=
- W
10 10 L c
107 L [ | 11
1980080350 ]
12 e S
10" 102 10° 10* 10° 10% 107 107 1072 107" 10°
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o
Life-time of time's arrow 12 (coupled cat maps)

e Entanglement entropy

Zn SW/N

0
107

Ucxrlm) = ¢~ |m),
m = 1, 2, cony Nt@t(: NlNQ) (b) 1.0

S = N}Ut Zﬁiﬁ Sm
S = =TrpM log pV,
pY) = Tralm)(m|

Distribution of S{

S'(E])
Entropy distribution
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Life-time of time's arrow 13 (summary and problem)

Result

@ We proposed a very simple model of a quantum damper as an
application of classically decay-able correlation in coupled quantum
kicked rotors.

@ This model consist of only three quantum degrees of freedom and
evolves by a time-reversal unitary dynamics.

@ It can realize an almost ideal irreversible transformation of the
mechanical work into the energy of the reservoir characterized by a
Boltzmann-like energy distribution with an effective temperature.

A complete understanding of the relation between the duration time of
stationary flow and the entanglement among the chaotic system is still an
open problem.
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Remaining problems

What are the quantum states that can produce
irreversibility and dissipation?

@ At the very least, it is related to the spread of the wave packet doing
normal diffusive movement.

@ In that sense, the quantum interference effect that causes localization
phenomena is also destructed, and this is also related to the
phenomenon that delocalization of Anderson localized state and
Anderson transition occur.
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