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Introduction N )

- | am talking on geometric pumping
proposed by D. Thouless (1983) who got
the Nobel prize in 2016 and passed away
recently.

* The essence of Thouless pumping is
Berry’s phase proposed by M. Berry
(1984).

- The idea by two big shots can be applied
to non-equilibrium driven systems.

- Non-Gaussian fluctuations play important
roles.

Photos taken from wikipedia
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Previous studies - Y'TP
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- Experiments

- Pothier et al. (1992) get a classical pumping for a mesoscopic
system.

- Switkes et al. (1999) control the gate voltage and get 20 electrons
current per a cycle in a quantum dot system.
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Previous theoretical studies

- Adiabatic geometric pumping (theories)
- Thouless (1983) for a closed system
- Open quantum system (P. W. Brower, (1998)).

- Sintsyin & Nemenman (2007) indicated that Berry’s phase
can be used to nonequilibrium stochastic processes.

- Ren-Hanggi-Li (2010) analyzed a spin-boson system and

to clarify the role of Berry’'s phase.
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Fluctuation theorem (FT)

- —_—

* Fluctuation theorem gives the basis of non-equilibrium
processes.

- It was proposed by Evans & Morriss (1993), Galavotti & Cohen
(1995) et al, and is related to Jarzynski equality (1997).

- We can derive the fluctuation-dissipation theorem,

Onsager-Casimir relation, and Green-Kubo formula as well
as 2nd [aw of thermodynamics.

- How can we apply systems far from equilibrium such as
geometric pumping?

TUYITP
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- U [ | | THEORETICAL PHYSICS



2019/10/22 Flluctuation theorem in geometric pumping

Steady Current J

Parameters: Constant

A = agr — aj, :affinity

4

Integral FT
<6.AJT> — 1

Fluctuation Dissipation Theorem
o(J) _ >
A |, 2 ((J = (IN*)| 4—0
Reciprocal relation
0*(J) _ 0(J?)
0A2  0A
pLE Y TP Other nonlinear relations

- YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS
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Motivation of our study

- To demonstrate adiabatic pumping by controlling
the bias such as chemical potentials.

- To get the extended fluctuation theorem in
geometrical pumping
- This is an example of the fluctuation theorem for
systems with non-Gaussian fluctuations.
*How can we extend adiabatic pumping to
non-adiabatic processes?
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Counting Statistics & Master Eq. ) YT
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Counting Statistics & Master Eq. - Y'T P
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Counting Statistics & Master Eq. 'l.' YITP
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Observe Q Observe Q
Outcome Q) Outcome %
Cumulant-generating function for 79— o
P(J): 1 | T
( )S(X) = —Trp [P(Xﬂ')] Generalized
T density op.

Generalized Lindblad type master eq.
d
—lp0x: 1)) = K(x, @)lp(x: 1))
N

Lindblad operator
Assumption: weak coupling, Markovian process



2019/10/22 Flluctuation theorem in geometric pumping

Counting Statistics & Master Eq. i YiTP
O . U(T, O) O . aR(T)

Observe é Observe é
Outcome Q, Outcome O

Cumulant-generating function for J = Qr — Qo

P(J); 1 _ T

( )S(X) = —InTrg|p(x,7)] Generalized

T density op.

Generalized quantum master eq.

%Lo(x, t)> = ’C(Xa Oft)|,0(X, t)>

Assumption: weak coupling, Markovian process
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Counting Statistics & Master Eq. i YiTP
M O . U(T, O) O . aR(T)
: erve é Observe é
Time dependent 0, Outcome O
Cumulant-generating function for J = Qr — Qo
P(J); 1 _ T
( )S(X) = —InTrg|p(x,7)] Generalized
T density op.

Generalized quantum master eq.

%Lo(x, t)> = ’C(Xa at)|,0(X, t)>

Assumption: W Time dependent Vvian process
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Periodic modulation TTYITP
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Dolp(0, X)) = € " K(a(9),X)|p(6, X)),
Q =27/7 0 := Qt —ty)
tO : time for loss of the initial information
e = Q/T, K(a(t),x) = I K(a(t), x)
[' : e.g. the hopping rate

_1 .
|p(97X)> ~e€ A(O,x)—V(8,x)

% [r(ee(9), X)) (1lr(ee(0),x)) ™",
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Periodic modulation “'YITP
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Periodic modulation “'YITP
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Periodic modulation - YITP

Dolp(0, %)) = € 'K (a(0),X)|p(0, X)),
Q =27/7 0 := Qt —ty)
tO : time for loss of the initial information

e = Q/T, K(a(t),x) = T K(a(t),x)

F ‘e.g. the hopping rate The right eigenvector

—1 o
(0, )) e AB0 VO

% [r(ee(9), X)) (1lr(ee(0),x)) ™",
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Geometric contribution
V T V(Qﬂ-v X)

/ Wde l3er(a(8), x))

/ / A, do, Fron (€, X)),
S

Fuun(,X) = Do, (lo(et, )| A D, [ro(ex, X))

A

a \
" @C Berry-Sintsyin-Nemenmann (BSN) curvature
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Large deviation theory

Current probability distribution

1 3 _
P.(J) ~ — e=¢ 1=V (xe().
\/QWEA (xe(J))

A

I(J) :=imax[x.J — Ax)] = ixe(J)J = Alxe(])),

X

AP (x () = OHAN)]

X:XC(J)

I(J) = I(—J) = —AJ
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. . "V:
Cyclic fluctuation theorem <1, YETP

P.(J)
Pe(_J)

—AJ — e[V(xe(J)) = V(xe(=T))]

€ In

1 AP (0w()

— —1In .
20 A (o (=)
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. . "V:
Cyclic fluctuation theorem =1, Y'TP

P.(J)
Pe(_J)

=AJ = e[V(xe(J) = V(Xe(=))]

€ In

1 AP (0w()

— —1In .
20 A (o (=)

If the average bias is zero, we have

A=0 V(-y) =-V(y), Ax)=A—x)




2019/10/22 Flluctuation theorem in geometric pumping

. . "V:
Cyclic fluctuation theorem =1, Y'TP

P.(J)

Py =AT — V() = V(=)

€ In

1 AP e)
K (xe(=))
If the average bias is zero, we have
A=0 V(-x)=-V(x), Ax)=Ax)

The cyclic FT is reduced to

P(J)
In Pe(_J) — _QV(XC(J))a
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Spin-boson system

left reservoir

target system

right reservoir

Y ko[ ) ke [
T,(0) Iha)o(ﬁ) Tx(0)
. J kﬁ)(a) \ Po y kﬁ)(e) . y
hwo
Hs(Oés) - TO'z,
Hl/ — Z hwk,z/b}; ka: Vs
k
HSI/(aSV) = ho, ® ng V(bk v T blt:,u)7

.1 :.l- ll
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l [
Control parameters - YTP
- Case A

T5(0) := (hwoBL(0)) ™" =Ty + T4 cos(0 + w/4),
Tr(0) := (hwofBr(0)) ™! = Ty + Tasin(f + 7/4).
- Case B

YL(0) = YR + 74 cos(0),
@0(9) = 6%0(9) = Weo + Wa sin(@)

- Dynamic affinity

At 2T dong,(0)(1 +ngr(6))
o 27
0 dHnR(H)(l—l—nL(H))
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Control parameters

- Case A
T5(0) := (hwoBL(0)) ™" =Ty + T4 cos(0 + w/4),
Tr(0) := (hwofBr(0)) ™! = Ty + Tasin(f + 7/4).

- Case B v, =1/, T := (FL—I—FR)/Q

YL(0) = Yr + 74 cos(8),

@0(9) = 575&)0((9) = Weo + Wa Siﬂ(@)

- Dynamic affinity

Ay Jo dOnL(O)(1+ 1R (9))

I donn(6)(1 1 n09)

_'l. YiT P
1 Y':'J:EAORETICAL PHYS
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BSN curvatures
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. . "V:
Cyclic fluctuation theorem ~ «x, YZTP

* FT is given by

In ~ -2V (a)[J + éffg(a)ﬁ + O(J°)],

Pe(_J)

* where
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. . "V:
Cyclic fluctuation theorem ;'l Y'TP

* FT is given by

In 5 2Vi(@) + 5 Ta(@) s + O,
where

=
=
|

7V (Xe(I)s=05

Vn(a) —V( )/Vl( )

a = (To, Ta) or (e, @a. VR, VA)
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Cyclic FT for case B ) Y'TP
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0.05 - o
1 — UJA=YA=0.2
= 0.00—— — — ®A=yA=O.4
-0.05; 1 GJA:VA:O-G
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log(7:5)
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Cyclic FT for case B

vvvvvvvvvvvvvvvvvv

— 0.05'
i{i
:_t_l; 0.00
S
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<~ -0.10'
-0.15"

Flluctuation theorem in geometric pumping

ZTYITP

Ji

— GJA= YA=0.2
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* Violation of reciprocal relation
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Violations of conventional relations

- Integral FT <6—A(J+BJ3)> ~ 1

* N-th Current cumulant

(J"e =Y LpmA™/m
- Violation of FDR "

2L11 — Lo +[QB(L31 + 3L11Loo + L40)]= 0

* Violation of reciprocal relation
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Nonadiabatic control of geometric current

- Let us consider the nonadiabatic control of geometric
current in terms of the master equation

d
EIP(I‘)) = W(®)|p(1))

_kin(t) kout(t) )

W) = ( kin())  —kou(0)

:l.'YlTP
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Nonadiabatic control of geometric current

- Let us consider the nonadiabatic control of geometric
current in terms of the master equation

d L)y 1
—lp) = Wolpy @710 (1 3008 ‘“")’
k.(R)(t)zko(1+%sinwt),
. _kin(t) kout(t)
wi) ‘( Kin(1) —kout(n)’ Kout (1) = ko,

KN(1) = ko

out

1.'YITP

1 UKAWA ST
d l l THEOR
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Vector potential & geometric current
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Vector potential & geometric current

k = (k, k3) k() = (ki(1), ka(1))
k=21 k=Ko k3 =02

J, = 56 dk - A(k), o, .
C
%$=

( p(R)alpout ) |

w : G

A(k) = — (R)a ou | i
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Vector potential & geometric current

k = (k,k3) k(t) = (ki(1), k(1))
k=21 k=Ko k3 =02

J, = 56 dk - A(k), o, .
C
%$=

( p(R)alpout ) : |

W
A(k) = — Ro ou k .
S L B S

\ )

PR@) = K0+ kR 1))/ (hin 1) + k(1)
pout(t) = kout()/(kin(?) + kout(2))
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|
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Nonadiabatic current 1-: Y'TP
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Shortcuts to adiabacity

* The counterdiabatic term helps us to get the large current
In non-adiabatic region. dpout(?) ( 1 )

-1 -1

0.06

0.04}

0.02}

0.00
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1.' YlTP
Summary e v

- We have formulated the description of geometrical
pumping processes in terms of master equation.

- We formulate the non-trivial fluctuation theorem including
the effects of geometric current.

- The non-trivial FT is governed by non-Gaussian
fluctuations.

- FDR and reciprocal relation are violated in this system.

- Non-adiabatic current can be obtained, at least, for two-
level systems.

- We obtain large currents with the aid of shortcuts to
adiabaticity.
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