








ε0

A(t)

µL µR

Γ̄L(ε) Γ̄R(ε)

ω

σL σR

T (ε)

ε x = A/!ω ε0 = 0

ε0 = 2!ω b = 2!ω ε0 = 0 b = 2!ω

ε0 = 2!ω



Ī µR

µL = 0

ε0 = σ = 0

b = 1!ω

x = A/!ω

b = 1!ω

ε0 = σ + n!ω

n = 0 n = 1 n = 2

Ī

x = A/!ω ε0 = σ = 0

µL = −µR = e /2 e = 1, 3, 5, 7!ω

b = 2!ω

Ī Ī− Ī0

ε0

ε0 µL = −µR = 0.1 [!ω]

µL = −µR = 10 [!ω]

b = 1 [!ω]



∆n

Σn ε0 =

σ−n!ω σ = 0 b = 1[!ω]

b = 1 [!ω]

x = 2.406 m = 0

n = 0 n = 1 n = 2

ε = 0

m = 0

kBT = 0.02, 0.06, 0.1, 0.2!ω

A/!ω = 2.406

ΓL = ΓR = 0.05!ω µL = −µR

m = 1

(µL − µR)/!ω T = 0.05!ω

T = 0.1!ω T = 0.2!ω

ε0 = 0

x = A/!ω = 2.405
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A ω

E m

E + m!ω E − m!ω



m

J2
m(A/!ω) Ī

Ī =
∑

J2
m(A/!ω)× Im

Im







N N ×N





A(t)

H(t) = HC(t) +
∑

!=L,R

H! +H ′.

HC(t) = [ε0 + A(t)]|0〉〈0| ε0

|0〉 A(t)

A(t + T ) = A(t) H! =
∑

q ε!q|$q〉〈$q| $ = L,R

|$q〉 ε!q



H ′ =
∑

Lq

VLq|Lq〉〈0|+
∑

Rq

VRq|Rq〉〈0|+ h.c.

VLq VRq

G(t, ε) = G(t+ T, ε) =
1

ı!

∫ ∞

0

ıεt′/!U(t, t− t′)dt′, t ≥ t′ ≥ 0,

U(t+T, t0+T ) = U(t, t0)

k

G(k)(ε) =
1

T

∫ T

0

G(t, ε) ıkωtdt,

G(t, ε)

ε |k|

k

T (k)
LR/RL(ε) =

1

4
Γ̄L/R(ε+ k!ω)Γ̄R/L(ε)|G(k)(ε)|2,

TLR/RL(ε) =
1

4

∞∑

k=−∞

Γ̄L/R(ε+ k!ω)Γ̄R/L(ε)|G(k)(ε)|2,

ΓR/L(ε)



e0

nL

nR

CL CR

A(t)

ε0
A(t) µL

µR

Γ̄L(ε) Γ̄R(ε)

Ī =
e

h

∫ ∞

−∞
{TLR(ε)fR(ε)− TRL(ε)fL(ε)} dε,

f!(ε) = 1/{1 + (ε−µ!)/kBT } T

µ! µR − µL

T = 0

[µL, µR]

ρ = −(HL+HR−µLNLµRNR)/kBT NL NR

t0 → −∞

VLq VRq



U(t, t0)

ı! d

dt
U(t, t0) = HC(t)U(t, t0)−

ı

!

∫ t

t0

∑

!,q

|V!q|2 −ε!q(t−t′)/!U(t′, t0)dt
′.

Γ̄!(t− t′) =
2

!
∑

q

|V!q|2 −ıε!q(t−t′)/!,

Γ̄!(ε) =
∫
Γ̄!(t) ıεt/!dt

Γ̄!(ε) = 4π
∑

q

|V!q|2δ(ε− εq).

Γ̄!(ε) M

M

Γ̄!(ε) =
M∑

k=1

a!kb
!
k

(ε− σ!
k)

2 + (b!k)
2
,



a!k b!k σ!
k Γ!

k(≡ a!k/b
!
k) b!k σ!

k

k

Γ̄!(t) = 1
2π!

∫
Γ̄!(ε) −ıεt/!dε

Γ̄!(t− t′) =
1

2π!

M∑

k=1

∫
a!kb

!
k

(ε− σ!
k)

2 + (b!k)
2

−ıε(t−t′)/!dε

=
1

2!

M∑

k=1

a!k
−ı(σ!

k−ıb!k)(t−t′)/!.

b!k → ∞
∑

k Γ
!
k → Γ!

Γ̄!(ε) Γ̄!(ε) → Γ!

Γ̄!(t− t′) = Γ!× δ(t− t′)

ı! d

dt
U(t, t0) = HC(t)U(t, t0)−

ı

2

∑

!=L,R

Γ!U(t, t0),

ı! d

dt
U(t, t0) = HC(t)U(t, t0)−

ı

2

∫ t

t0

∑

!=L,R

Γ̄!(t− t′)U(t′, t0)dt
′,

M = 1 σ!



b! < ∞

Y !(t, t0) = − 1

2!

∫ t

t0

√
a! [−ı(σ! − ıb!)(t− t′)/!]× U(t′, t0)dt

′, $ = L,R,

U(t, t0) Y L(t, t0) Y R(t, t0)

ı! d

dt





U(t, t0)

Y L(t, t0)

Y R(t, t0)




= H(t)





U(t, t0)

Y L(t, t0)

Y R(t, t0)




,

U(t0, t0) = 1 Y L(t0, t0) = 0 Y R(t0, t0) = 0

H(t) =





ε0 + A(t) ı
√
aL/2 ı

√
aR/2

−ı
√
aL/2 σL − ıbL 0

−ı
√
aR/2 0 σR − ıbR




.

ε0 A(t) A(t+ T ) = A(t)

√
aL/2

√
aR/2 σL σR

bL bR



nhω

e0

nL

nR

ω σL

σR

ε0

σL = σR

Γ̄(ε) → Γ

ε0 +m!ω

T ω = 2π/T

Ĥ(r, t) = Ĥ0(r) + V̂ (r, t)



V̂ (r, t) = V̂ (r, t+T )

|α(r)〉

Ĥ0(r)|α(r)〉 = E0
α|α(r)〉, 〈α′(r)|α(r)〉 = δαα′

|Ψβ(r, t)〉 = −ıλβt/!|Φβ(r, t)〉,

|Φβ(r, t)〉 |Φβ(r, t)〉 = |Φβ(r, t+T )〉

λβ

{
Ĥ(r, t)− ı! ∂

∂t

}
|Φβ(r, t)〉 = λβ|Φβ(r, t)〉.

m






λ′
β = λβ +m!ω

|Φ′
β(r, t)〉 = ımωt|Φβ(r, t)〉

|Φβ(r, t)〉 = |Φβ(r, t+ T )〉

|Φβ(r, t)〉 =
∑

α

∞∑

n=−∞
Φ(n)

αβ |α(r)〉 ×
−ınωt,



Φ(n)
αβ 〈α(r)|Φβ(r, t)〉

|Ψβ(r, t)〉 =
∑

α

∞∑

n=−∞
Φ(n)

αβ |α(r)〉 ×
−ı(λβ+n!ω)t/!,

λβ + n!ω

∑

α

∞∑

n=−∞
[Ĥ(m−n)

αβ − (λβ +m!ω)δmnδαβ]Φ
(n)
αβ = 0

Ĥ(m−n)
αβ = 〈α(r)|Ĥ(m−n)(r)|β(r)〉

Ĥ(m−n)(r) ≡ 1

T

∫ T

0

Ĥ(r, t)× ı(m−n)ωtdt

|αn〉 ≡ |α〉 ⊗ |n〉 〈r|α〉 = |α(r)〉 〈t|n〉 = ınωt

∑

γ

∞∑

k=−∞

〈αn|ĤF |γk〉Φ(k)
γβ = λβΦ

(n)
αβ

ĤF

〈αn|ĤF |γk〉 = Ĥ(n−k)
αγ + n!ωδαγδnk.



ı! d

dt
|Ψ(t)〉 = H(t)|Ψ(t)〉, |Ψ(t0)〉 =





1

0

0




,



H(t + T ) = H(t) |Ψ(t)〉

|Ψ(t)〉 =





U(t, t0)

Y L(t, t0)

Y R(t, t0)




.

|Ψ(t)〉

|Ψβ(t)〉 = −ıλβ0t/!|Φβ(t)〉,

|Φβ(t)〉 λβ0

|Φβ(t+T )〉 = |Φβ(t)〉

{
H(t)− ı! d

dt

}
|Φβ(t)〉 = λβ0|Φβ(t)〉.

|Φβ(t)〉 β = 1, 2, 3

H(t) |Φβ(t)〉

H(t) =
∞∑

n−∞
H(n) ınωt,

|Φβ(t)〉 =
3∑

α=1

∞∑

n=−∞
|α〉〈αn|λβ0〉 ınωt, β = 1, 2, 3,

|α〉 α = 1, 2, 3 H(t) A(t) = 0



3∑

β=1

∞∑

n=−∞

{
〈α|H(m−n)|β〉+m!ωδαβδmn

}
〈βn|λγk〉 = λγk〈αm|λγk〉,

γ = 1, 2, 3, k = −∞, · · · ,∞

3∑

β=1

∞∑

n=−∞

{
〈α|

[
H(m−n)

]† |β〉+m!ωδαβδmn

}
〈βn|λ̄γk〉 = λ̄γk〈αm|λ̄γk〉

γ = 1, 2, 3, k = −∞, · · · ,∞

λ̄∗
βn = λβn = λβ0 + n!ω,

〈λ̄αm|λβn〉 = δαβδmn,

3∑

β=1

∞∑

n=−∞
|λβn〉〈λ̄βn| = ,

〈α,m+ $|λβn+!〉 = 〈αm|λβn〉,

〈α,m+ $|λ̄βn+!〉 = 〈αm|λ̄βn〉.

U(t, t0) 3 × 3



U(t, t0) = U11(t, t0)

U(t, t0) =
3∑

β=1

∞∑

m=−∞

∞∑

n=−∞
〈α = 1,m|λβ0〉〈λ̄β0|α = 1, n〉 −ıλβ0(t−t0)/! ı(mωt−nωt0).

k

G(k)(ε) =
3∑

β=1

∞∑

n=−∞

〈α = 1,−k|λβn〉〈λ̄βn|α = 1, 0〉
ε− λβ0 − n!ω .

TLR/RL(ε) =
1

4

∞∑

k=−∞

Γ̄L/R(ε+k!ω)Γ̄R/L(ε)

∣∣∣∣∣

3∑

β=1

∞∑

n=−∞

〈α = 1,−k|λβn〉〈λ̄βn|α = 1, 0〉
ε− λβ0 − n!ω

∣∣∣∣∣

2

,

A(t) = A ωt !ω = 10 eV

σL = σR = σ = 0 bL =

bR = b ΓL = ΓR = Γ = 0.1 !ω



TLR(ε) = TRL(ε) = T (ε)

T (ε) ε A

ε = k!ω k = 0,±1,±2, ...

ε0 = 0

ε0 = 2!ω

b = 2!ω

ε0 = σ = 0 ε0 = σ−2!ω

σ = 0

|k|
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(a) (b)
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(c) (d)

0

1.0

T (ε)
ε x = A/!ω ε0 = 0

ε0 = 2!ω b = 2!ω ε0 = 0 b = 2!ω ε0 = 2!ω

Ī µR

µL = 0

T (ε) ε

[µL, µR]

b = 1 !ω



Ī µR

µL = 0
ε0 = σ = 0 b = 1!ω

[µL, µR]

|m|

A/!ω

µL = −µR = 0.1!ω



 0

 2

 4

 0

 2

 4

 0

 2

 4

 0  2  4  6  8  10

x

WBLb=1 

(a) n=0

(b) n=1

(c) n=2

x = A/!ω
b = 1!ω

ε0 = σ + n!ω n = 0 n = 1
n = 2

x = A/!ω

ε0 = −1!ω,−2!ω

J1(x) J2(x)

e = 1, 3, 5, 7!ω



 0

 2

 4

 6

 0

 2

 4

 6

1
3
5
7

 0  2  4  6  8  10

x

1
3
5
7

(a) WBL

(b) b=2

Ī
x = A/!ω ε0 = σ = 0 µL = −µR = e /2

e = 1, 3, 5, 7!ω
b = 2!ω

b = 2!ω

A A(t)

Ī ε0

µL = −µR = 0.1 !ω

µL = −µR = 10 !ω b = 1 !ω

µL ∼ µR



A

Ī− Ī0 Ī Ī0

ε0

Ī − Ī0

µL = −µR → ∞

Ī∞ =
e

h

πΓ

2
,

Γ Γ = 0.1!ω Ī∞ = 5.772 ×

10−2 [e/h]

ε0

σ ε0

b



(a) (b) (c)

x=0.3

x=0.7

x=1.3

x=1.7

x=2.3

x=0.5

x=1.0

x=1.5

x=2.0

x=3.0

x=2.5

x=0.5

x=1.0

x=1.5

x=2.0

x=3.0

x=2.5

Ī Ī − Ī0
ε0 ε0

µL = −µR = 0.1 [!ω]
µL = −µR = 10 [!ω] b = 1 [!ω]

b

[µL, µR]

ε0



σL = σR = σ bL = bR = b aL = aR = a

ı! d

dt




U(t, t0)

Y +(t, t0)



 = H̃(t)




U(t, t0)

Y +(t, t0)



 ,

Y ±(t, t0) = (Y R(t, t0)± Y L(t, t0))/
√
2,



H̃(t) =




ε0 + A ωt ı

√
a/2

−ı
√

a/2 σ − ıb



 ,

A(t) = A ωt Y −(t, t0) = 0 ∀t ≥ t0

U(t, t0) Y +(t, t0) Y −(t0, t0) =

0

Γ̄L(ε) = Γ̄R(ε) = Γ̄(ε) =
ab

ε2 + b2
= Γ

b2

ε2 + b2
,

Γ = a/b

TRL(ε) = TLR(ε) = T (ε) =
1

4

∑

k

Γ̄(ε+ k!ω)Γ̄(ε)|G(k)(ε)|2,

Ī =
e

h

∫ ∞

−∞
T (ε)[fR(ε)− fL(ε)]dε,

Ī =
e

h

∫ µL

µR

T (ε)dε,

T (ε)

TWBL(ε) =
1

4
Γ2

∑

k

|G(k)(ε)|2,

Γ̄(ε) → Γ = a/b b → ∞

ε0 ≈ σ −



n!ω

ε0 ≈ σ − n!ω

n

Rn(t) =





−ıΘ(t)/! 0

0 −ınωt



 ,

Θ(t) =
∫ t

A(t′)dt′ = A
ω ωt




U ′(t, t0)

Y ′(t, t0)



 = R−1
n (t)




U(t, t0)

Y +(t, t0)



 ,

ı! ∂

∂t




U ′(t, t0)

Y ′(t, t0)



 = H′(t)




U ′(t, t0)

Y ′(t, t0)



 ,




U ′(t0, t0)

Y ′(t0, t0)



 =




1

0



 ,

H′(t) =





ε0 ıξ
∑
m

Jn−m(x) −ımωt

−ıξ
∑
m

Jn+m(x) −ımωt σ − n!ω − ıb




.



ξ =
√

Γb/2

ıx ωt =
∞∑

m=−∞
Jm(x)

ımωt.

n

−ımωt

|m| Jn±m(x)

n

ε0 σ m

U(t, t′)

U(t, t′) = Rn(t)U ′(t, t′)R−1
n (t′),

U ′(t, t′)

n

F = 0 + ,



0 =





H(0)
n + 2!ωI 0 0 0 0

0 H(0)
n + !ωI 0 0 0

0 0 H(0)
n 0 0

0 0 0 H(0)
n − !ωI 0

0 0 0 0 H(0)
n − 2!ωI





,

=





0 V (1)
n V(2)

n V (3)
n V(4)

n

V (−1)
n 0 V(1)

n V (2)
n V(3)

n

V (−2)
n V (−1)

n 0 V (1)
n V(2)

n

V (−3)
n V (−2)

n V (−1)
n 0 V(1)

n

V (−4)
n V (−3)

n V (−2)
n V (−1)

n 0





,

I 2× 2 0 2× 2

H(0)
n =




ε0 0

0 σ − n!ω − ıb



 ,

V (m)
n = ıξ




0 Jn−m(x)

−Jn+m(x) 0



 ,

ξ =
√
Γb/2 ε0 ≈ σ − n!ω



n 2× 2

Hn |ϕn±〉

ξ

Hn = H(0)
n +

∞∑

m=1

ξmH(m)
n ,

|ϕn±〉 =
∞∑

m=0

ξm|ϕ(m)
n± 〉.

H(0)
n

|ϕ(0)
n+〉 = |α = 1, 0〉,

|ϕ(0)
n−〉 = |α = 2, 0〉,

Hn

H(1)
n =




〈ϕ(0)

n+| |ϕ(0)
n+〉 〈ϕ(0)

n+| |ϕ(0)
n−〉

〈ϕ(0)
n−| |ϕ(0)

n+〉 〈ϕ(0)
n−| |ϕ(0)

n−〉



 =




0 ıJn(x)

−ıJn(x) 0



 ,

|ϕn±〉

|ϕ(1)
n+〉 =

∑

α′

∑

m %=0

〈α′,m| |α = 0, 0〉
ε0 − 〈α′,m| 0|α′,m〉 |α

′,m〉 =
∑

m %=0

−ıJn+m(x)

ıb−m!ω |α = 2,m〉,



|ϕ(1)
n−〉 =

∑

α′

∑

m %=0

〈α′,m| |α = 1, 0〉
ε0 − ıb− 〈α′,m| 0|α′,m〉 |α

′,m〉 =
∑

m %=0

ıJn+m(x)

−ıb−m!ω |α = 1,m〉.

H(2)
n Hn

H(2)
n =




〈ϕ(0)

n+| |ϕ(1)
n+〉 〈ϕ(0)

n+| |ϕ(1)
n−〉

〈ϕ(0)
n−| |ϕ(1)

n+〉 〈ϕ(0)
n−| |ϕ(1)

n−〉



−H(1)
n




〈ϕ(0)

n+|ϕ
(1)
n+〉 〈ϕ(0)

n+|ϕ
(1)
n−〉

〈ϕ(0)
n−|ϕ

(1)
n+〉 〈ϕ(0)

n−|ϕ
(1)
n−〉





=




−δn 0

0 δn



 ,

δn =
∑

m %=0

J2
n+m(x)

−ıb+m!ω =






ı
∑
m %=0

b
(m!ω)2+b2J

2
m(x) n = 0

∑
m %=0

m!ω
(m!ω)2+b2J

2
n+m(x) + ı

∑
m %=0

b
(m!ω)2+b2J

2
n+m(x) n .= 0

n

H[n]
GV V =




ε0 − ξ2δn ıξJn(x)

−ıξJn(x) ε0 − ıb+ ξ2δn



 ,

n

H[n]
RWA =




ε0 ıξJn(x)

−ıξJn(x) ε0 − ıb



 ,



δn

δn

n .= 0

ı! ∂

∂t




U [n](t, t0)

Y [n](t, t0)



 = H[n]
GV V




U [n](t, t0)

Y [n](t, t0)



 ,

ε0 ≈ σ − n!ω

Γ / !ω

H[n]
GV V

λ[n]
± = ε0 ±
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