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Arrow of Time




Arrow of Time

Reverse Brothers (1n Japanese) http:/nori510.com/
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Newton’s Eguation of Motion

Symmetric with respect to
the time reversal t — —¢
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No Arrow of Time W
1

Time-Reversal Symmetry |
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Arrow of Time

io |2V 30 10 50

Broken Time-Reversal Symmetry;
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Schrodineer’s Wave Eauation

{

! (E...
=Y =0y o
Symmetric with respect to
the time reversal ¢t — —t

and 7 — —1

Time-Reversal Symmetry

T e S S S S T S T S A e — .
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Arrow Of Tlme Einstein coefficients
Atom

® photon
N INA N

Spontaneous
Absorption Emission

Broken Time-Reversal Symmetry;



k‘}

. /Thermod namical Arrow of Time
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Todav’s Message

NN NA

* The excited state decays in the

evolution towards a terminal
condition.

ime
evolution from an nitial condition.

* The excited state grows 1n the time

Peierls, Feynman, Hawking
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Spontaneous Symmetrv Breaking

_t_'-_ y 'H\II
L > dic + 3 [sing model
H=-J Z 0;0 j
4
4
4
U

Symmetry-breaking states ‘ Choice of an external field
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Time-reversal symmetrv breaking

cv=my (.,

tmmoﬂ’

E Decaying solution Choice of an initial
“ (resonant state) condition
,1-.:4 Growing solution Choice of a terminal

e . .
3 (anti-resonant state) condition
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Recurrence Time

ity P

g_ —

Decaying solution Choice of an initial
(resonant state) condition

Growing solution Choice of a terminal
(anti-resonant state) condition
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The initial condition is easier?

Decaying solution Choice of an initial
(resonant state) condition

Growing solution Choice of a terminal
(anti-resonant state) condition




A |
Definition of resonance %T%

Resonance: Pole of Transmission Probability
Ae.ﬁﬁ..\'

Im E pole A(E) =0
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Definition of resonance

h d’
[— o + V(x)]w(x) = Ey(x)

= t Vix
BE-.!KA ()

FEI'K’I 0 GE—EK’I

W(x)z . _v 2m 2m
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Definition of resonance

ﬁ]K'Z
2m

Eigen-wave-nun Eigenenergy E=

.
0
scatie ring states

Resonant state

ﬂ ReK,20 < ImE, S0
y(x)=e" ' ImK, <0
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Resonant state as a stationary eigenstate

N. Hatano, K. Sasada, H. Nakamura and T. Petrosky, Prog. Theor. Phys. 119 (2008) 187

[ (JC“PH(I)) ~ /K Pkt ]

ImE %0 & RekK, 20

“Resonant state” as an eigenstate ﬂ

9
TRy =
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Time-Reversal Symmetry

N. Hatano, K. Sasada, H. Nakamura and T. Petrosky, Prog. Theor. Phys. 119 (2008) 187

Eigen-wave-number Eigenenergy
] ———— ] 150 . N _

Each resonant or anti-resonant state breaks the
time-reversal symmetry spontaneously!
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Schrodineer’s Wave Eauation

cv=my (.,

tmmoﬂ’

E Decaying solution Choice of an initial
“ (resonant state) condition
,1-.:4 Growing solution Choice of a terminal

e . .
3 (anti-resonant state) condition
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[Landauer formula

% mmm) bath

— 3% —

Once the particles go out of the central region,
they never come back.
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Ouestion

Why can complex eigenvalues appear out of

a Hermitian Hamiltonian?

h d’
( + V(x)]w(x) = Ey(x)

2m dx’
b =
B
t V(x) .
L ——a—Be ™™ e
Re K - -1 {I -
=X
FEEK’I 0 GE—!'K’I
ﬁIKI ﬁEK.rl
iK |x| E= = -¥
W(X) =~ @ - ¥ 2m 2m
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Non-Hermiticity of onen svstems

N. Hatano, K. Sasada, H. Nakamura and T. Petrosky, Prog. Theor. Phys. 119 (2008) 187

=

= V(x) where ImV(x)=0
Q=[-L,L] =

- e . " . . =L | .
{l,[f|p‘ |w>;1 = —h‘J_r_w{_r} Wi x)dx =-h" (wt_.r} Wwi(x) | ok ﬁ‘J_LI,[f’{_r} w'(x)dx

A7 e , L - 1 F 2 i Lt + L a '
_) (w|p'lv), = —ﬁ'J_Lw{A'}w”(A'} dx=—I" | y(x)y’(x) —| o+ ﬁ'J_Ir_l,[f’{A'ﬁff (x) dx
, o - . 2 - L i T i
2i1Im {l,[f|p‘ |]i["'r}n =—h" Hfi_.r_: W (x)—wixw'(x) —I = —E:F;RE[I;I{A'} pt,tr{_r}:lﬂ_f_
|
N _iK|x] :
V(ix)=e o
Diverging in space. 1 T
— QOutside the standard ettt Toen
functional space. A & o



Ouestion

Why can complex eigenvalues appear out of
a Hermitian Hamiltonian?

w4 N T |
(—3 ; V(-r)]w(-r)=Ew(r)

: 2m dx*

The seemingly Hermitian Hamiltonian can
be non-Hermitian in a wider functional
space.
The non-Hermiticity is hidden in the |
openness of the system. S
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Ouestion [HL =10

Don’t you have a simultaneous eigenstate of

H{Y) = EW)  g(ry) = T(H)

m:-T P) o [9) — TE|)
St e, = E*(T'|¢))

et ) : aresonant state with E

T'|1)) = |¥)™ : an anti-resonant state with E*



Time flies like

an Adrroeo.

Fruit flies like

a barara.
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Time-reversal symmetrv breaking

cv=my (.,

tmmoﬂ’

E Decaying solution Choice of an initial
“ (resonant state) condition
,1-.:4 Growing solution Choice of a terminal

e . .
3 (anti-resonant state) condition
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Time-evolution operator

N. Hatano, G. Ordonez, arX1iv:1405.6683vl
d
[/ E 7/) — Hw
P(t)) = e 9(0))

t > 0: decaying solutions (resonant states)
t < 0: growing solutions (anti-resonant states)

— —n
= dFb
© /e r—H

Time-reversal symmetric expansion




2.1

Conventional approach
=P = ZPWJ” <wﬂ,1P

e
. )
Time-reversal

3. Ex)
revel

symmetric expansion v
without background
integral

e A i ——

2745
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Complex Eigenvalues
BE==—2cos Kk

E1 gCl’l—\T%VE*nUﬂ“le igenenergy

ud

=2 -1 0f 1T 2 3 4T 2 0 2 " 4
e 2| W —
Lo -L0} i ' g=2

4l
[ Ed 5

—]1.5¢

: > 58
W (x) = oK ReK,20 & ImE, S0
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Transformation of the nroblem

o g 2 W

2 -1|felf1 2 3 4

o i p 0
co-dimensional linear eigenvalue
problem  H|y) = E|v)

— N-dimensional non-linear
eigenvalue problem
— 2/N-dimensional linear

generalized eigenvalue problem
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Feshbach Formalism w«-dim. — N-dim.

'%a complex potential

O }3 O
H|) = E|¢)) # Heq(Ply)) = E(P|y))
Heg(F) = PHP + PHQ : QHP : NXN matrix

= E—QHQ |
i B = -2 K =
A € COS }\ )\K

[)\Q(I PHQHP) + APHP + I|(P|Y)) =
quadratic eigenvalue problem

(S. Klaiman, N. Hatano, J. Chem. Phys. (2011))
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Ouadratic eicenvaluie problem
_ N-dim. — 2N-dim.

. ¥

T |

374 4 -3 -2 -1){0|[1 2 3 4

A — et -’ e b O-J'_I—'IEC' L Lo "
i

Q dot Q

i&
(—)\I /i ) (PW)) y
I PHP+\I—PHQHP)) \\P|)) ~
AN (A—=AB)|¥) =0 :2Nx2N matrix

4 (I PHP) b= (n PHQHP - I) ¥ = (pr,,))
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Ouadratic eicenvalue problem

i ik -4 -3 =2 -1jpolll1 2 3 4
R —I‘
W R b
Y — ulln

(R ) .

w
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Time evolution operator -
N. Hatano, G. Ordonez, arXiv:1405.6683v1
1 e o)
—iHt L —i it
Pe o —/dEe PE - HP
Zf ix (-4 3 ) Ry, 2 ~( |

Lo

£y

Time-reversal

ol symmetric form
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Time evolution onerator

N. Hatano, G. Ordonez, arXiv:1405.6683v1

2N
[PEthP = Z /dA (_}‘ i %) Bﬁ'(}t-l—l_l)tlwn})‘ i”}k <,l‘[)hﬂ|
n=—1 &

Evol. fromn 2\ S+ Evol. to
initial cona. . terminal cond.
— anfi-res. st.

Growth

t < (0: Chooses anti-res. st.
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Time-reversal symmetrv breaking

cv=my (.,

tmmoﬂ’

E Decaying solution Choice of an initial
“ (resonant state) condition
,1-.:4 Growing solution Choice of a terminal

e . .
3 (anti-resonant state) condition



39/40
Todav’s Message

NN NA

* The excited state decays in the time
evolution from an nitial condition.
* The excited state grows 1n the time
evolution towards a terminal
condition.







Experiments!
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D. Tan, S. Weber, K. Melmer, I. Siddiqi, K. Murch

(&)
Inpul Quipul
g =
Transmon =|= —_—
g i
i -_

&{]
=—

HﬁuﬂﬁEl:i:}
(c)

'y
\/

0.0

2T
D; ‘ DE ‘ 1&

Time fpas|

(b
xid mid
_RA AR,
herald
1I.Il‘l_ﬂll'”"'lll.' , U-‘."E.ﬁi
t=0 =T
id)
V™ II_-"I \
i ) -r'l.- II". |II
-_"'f -.". _.‘I
---- L
0.4 08 12 16
Timea jus)

Initial condition
problem

Terminal condition
problem

Decaying solution

Growing solution
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Survival probability

-4 -3 -2 -1 0 1 2 3 &

. I

| {d|e;f”’*\d} | &

total

Anti-resonant Resonant
state | state

Time-reversal symmetry 1s strongly broken
within the “Zeno” time!
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Position representation

‘(jj E_iH.t‘(‘l)‘Q -4 -3 -2 -1 0 1 2 3 &

0.03

dot

Resonant state

0.02
001

0.00
0 10 20 30 40 50 . 6{}‘ 10

ey

Anti-resonant state 1.2
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Position representation

E_th‘(£>‘2 -4 -3 -2 -1 0 1 2 3 &

&

dot

g<:0
0.03 /\

Anti-resonant state

0.02

0.01

0.00
0 10 20 30 40 50 60 70

Resonant state —at #e
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Scatteringe of a wave packet
~20
8 0

05
04l

03l

0.1k

~4 -30 ~20 -1 &
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Scattering of a wave packet

IKWM)W
{Detgning wave packet
0.08
f
A '\ 0.06
0.04 Aesosanfustatate

o A e
/...- e Jﬂ-_.;--.‘ 4

20 40
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[.iouville-von Neumann eaq.

Entropy: S(t) = — Trp( ) t)In p(t)
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Coarse-graining?

o0 eS8

small prob. large prob.

Thremodynamical arrow of time?

e S S S S S i i Yl . Sl S i S s S . S S 4,
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[.iouville-von Neumann eaq.

Entropy: S(t) = — Trp( ) t)In p(t)
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Ouadratic eigenvalue problem

i d
oo oot ol

He(E) = PHP + PHQ — ;HQ QHP

N XN matrix

uff
|
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Ouadratic eicenvalue nroblem

4 -3 -2 _] &yl complex potential
p_ Y p_p 1 Pw;)”U Q
E-H ~ E-Hg(E)
1
I e = e e TN I
off (£) + QE—QHQQ N XN matrix
(236 E=—2cosK = —\— 2
A—c¢e =—2co8 K =—-2—

- __q_\..

|f N (I—PHOHPY+APHP L] |¢y) =0
\ Qu (EI — H%H(E))‘w> _: 0 lem
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Ouadratic eicenvalue nroblem

= e,

)\ =ef 4 -3 -2 —Qq_ 0 _l’:l3
i "
P

Q=

o
Q'

J
Q dot

N

0

% linearization

(? ) PHP + A(II— PHQHP)) (Aﬁj}) =4

(A — )\B) |\Ij>> — () : 2N*2N matrix
[)\zo(f—frﬂwﬂr F AT I] 1) =0
) )

T i 0 AL
A=\1 PgP B=10 I - PHQH ”’)‘(Awﬁ))
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Ouadratic eicenvalue problem

"aaa—

M

EP 0

+{ A, [¥0). @n\:\wnﬂ”\mmm}
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(Green’s function expansion




Feshbach Formalism

I. Prigogine and T. Petrosky; [. Rotter et al.
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Feshbach Formalism

I. Prigogine and T. Fetmsk}f [. Rotter et al.

Hﬁ'fﬁ
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Ouadratic Figenvalue Problem

S. Klaiman, N. Hatano, J. Chem. Phys. 134 (2011) 154111
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Ouadratic Figenvalue Problem

S. Klaiman, N. Hatano, J. Chem. Phys. 134 (2011) 154111
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Green’s function

(7 1) 0 o0) 1o =
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(Green’s function expansion
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	スライド18
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	スライド25
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	スライド41
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	スライド49
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	スライド58
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