
Mott HHG

Prethermal

1

[1–5]

Floquet

(DMFT) DMFT

2 + = ?

( )
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1

2.1

Higgs [6] Higgs

(

)

THz

Higgs

[7] Higgs

[8] Higgs

Higgs [9]

(HHG)

HHG Ω

nΩ

[10, 11]

HHG [12,13]

(j(t))

I(ω) = |ωj(ω)|2

HHG

tight-binding

Ĥ(t) = −v
∑
〈ij〉

eiqA(t)rij ĉ†i ĉj (1)

ĉ i, j

〈ij〉 q

rij j i

(� = 1 ) A(t)

E(t) E(t) = −∂tA(t)

eiqA(t)rij Peierls tight-binding

q = 1

ε(k) = −2v cos(k)

Ĥ(t) =
∑
k

ε(k −A(t))ĉ†k ĉk (2)

t = 0

k0

ĉ†k0
|vac〉

k(t) ≡ k0 − A(t)

ε(k(t)) v(k(t)) = ∂kε(k(t))

ĵ(t) = q
∑

k v(k−A(t))ĉ†k ĉk(= −∂AĤ)

j(t) = v(k(t))

A(t) = A0 sin(Ωt)

ε(k) v(k(t)) nΩ

A0

Brillouin

ε(k) k2

HHG A0

HHG HHG

( )

( ) [12, 14, 15]

HHG

HHG

[16]

[2]
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2 La1.675Eu0.2Sr0.125CuO4 10K

(a) limω→0ωσ2(ω) (b)

σ2(ω)

limω→0ωσ2(ω) 1/ω

60 cm−1

[17]

2.2

2.2.1

- [18–20]

(?) [17, 21–24] [25]

-

[18,19]

(Hubbard )

[20]

La1.675 Eu0.2Sr0.125CuO4

Tc σ(ω) σ2(ω)

1/ω

Josephson

[17] (10ps

)

YBa2 Cu3O6+δ [21, 22] K3C60 [23]

(

fs) ( ps)

1T−TaS2

[25]

Hubbard

Ginzburg-Landau

( )

2.2.2 Floquet

Floquet Floquet

[4]

Floquet

Ĥ(t) T

|Φα(t)〉 = e−iεαt|uα(t)〉 |uα(t)〉 = |uα(t+ T )〉
(3)

e−iεαt |uα(t)〉

εα quasi-energy

T εα

t0

Û(t, t0) ≡ T exp(−i
∫ t

t0
dt̄Ĥ(t̄))

e−iT Ĥeff (t0) ≡ Û(t0 + T , t0) (4)

Ĥeff(t0) t0 + nT

Ĥeff(t0)

Ĥeff(t0)
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Floquet

Ĥeff(t0) Magnus

[26,27] (Ω = 2π
T )

[28]

Ĥeff ∼ 1
T

∫ t0+T

t0
dtĤ(t)

(2) A(t) = A0 sin(Ωt)

Ĥeff = J0(A0)
∑

k ε(k)ĉ
†
k ĉk

J0

J0(A0)

[29]

[30] DMFT

[29]

Haldane

(Floquet )

[31,32]

Hubbard

[33]

[34,35]

[36]

Floquet

[37]

2.2.3

[38]

( 3(a))

( )

prethermal

prethermal

着目する系着目する系

熱浴

Ω

W (t)

I(t)

時間

3 (a) ( ) (b)( )

( ) W (t)

I(t)

[39,40]

[41] 4

fs fs

prethermal

Franck-Condon [1]

[4, 27,38]

Floquet
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[27]

( 3(b)) [28, 38]

3

Mott

3.1

Hubbard

Ĥ(t) = −v
∑
〈ij〉

eiqA(t)rij ĉ†iσ ĉjσ + U
∑
i

n̂i↑n̂i↓ (5)

σ n̂iσ =

ĉ†iσ ĉiσ U Coulomb

Gα,β(t, t
′) ≡ −i〈TC ĉα(t)ĉ†β(t′)〉 (6)

TC ”

”(C) ĉ†(t′) t′

” ”(C) Heisenberg

[38]

t β t′

α

(C) ( 4 (a))

4 (b,c)

(b) 松原 Kadanoff-Baym Keldysh
t
′

t

Im t

Re t
Im t

Re t Re t
Im t

−β −β

4

4

(b)

Kadanoff-Baym

( 4 (c)) Keldysh

i)

ii) i)

ii)

(

) G0

Dyson

;

G(t, t′) = G0(t, t
′) (7)

+

∫
C

∫
C
dt1dt2G0(t, t1)Σ(t1, t2)G(t2, t

′).

∫
C Σ

G G0 Feynman

( )

3.2

(dynamical mean-field theory;

DMFT)

Mott

DMFT

Hubbard

Mott
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有効不純物問題
格子模型

自己無撞着ループ

U

G
lat
ij

Δ(t, t′)

Jij

Σlat
ij (t, t

′) = δijΣ
imp(t, t′)

G
lat
ii (t, t

′) = G
imp[Δ](t, t′)

Σlat
ij

Δ

Σimp

Impurity solver

t
′

t

5 (DMFT)

Δ

(t, t′)

(

)

Floquet

DMFT

DMFT

3.2.1

DMFT

(

)

5 DMFT

[42, 43] (

)

Simp =

∫
C

∫
C
dtdt′

∑
σ

d̂†σ(t)Δ(t, t′)d̂σ(t′) + Ĥloc

(8)

d̂†σ σ

Δ(t, t′) (hybridiza-

tion function)

DMFT Δ(t)

Hloc

Hubbard Ĥloc = Un̂↑n̂↓
C

( )

DMFT

(Gimp ≡ −i〈TCd(t)d†(t′)〉)
(Glat

ii ≡ −i〈TCci(t)c†i (t′)〉 i

)

Glat
ii (t, t

′) = Gimp(t, t′) (9)

Σlat
ij (t, t

′) = δijΣ
imp(t, t′) (10)

DMFT

5 Δ(t, t′)

Dyson

Δ(t, t′)

DMFT

(10) DMFT

( )

(impurity solver)

(Non-crossing approximation, one-crossing

approximation, etc.) [44, 45] (iterative

perturbation theory, Migdal theory, etc.) [38, 46, 47]

3.2.2

DMFT

DMFT

Hubbard

[29]

DMFT 6

U
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Experiment Theory:DMFT

lattice
impurity

(a)

lattice
potential

(a) (b)

6 3 Hubbard

(a)

(b) ( Ω)

tramp off-

resonant Ω > U resonant Ω = U

undriven Floqeut

[29]

(∼ 1 ms) DMFT

Ω

U

DMFT

1T -TaS2

DMFT

[48] Mott

3.2.3 DMFT

DMFT

DMFT

DMFT

DMFT

cellular

DMFT [49, 50]

dynamical cluster approximation [51]

[52,53] Feynman

GW +

DMFT [54, 55]

DMFT

GW Feynman

Mott

[54]

[55]

3.3

Dyson

O(N2
t ) Dyson O(N3

t )

Nt

( 100fs )

(Gener-

alized Kadanoff-Baym Ansatz: GKBA)

O(Nt) Dyson

O(N2
t ) ∼ O(Nt) [56, 57]

GKBA

[57, 58] [59]

G(t, t′) Σ(t, t′)

|t − t′|
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Dyson (t � t′)

Nc

O(NcNt)

O(N2
t Nc) [60] DMFT

O(Nt lnNt) Dyson O(N2
t lnNt)

[61]

Hubbard

Dyson

Nessi

(Non-Equilibrium Systems Simulation Library)

[62]

3.4

Σ

[63]

DMRG iTEBD [64,65]

[66,67]

Lindblad

Schrödinger

(Hubbard

20 ) iTEBD

[67]

4

Prethermal

4.1

(HHG)

HHG [12]

[68, 69]

[70]

[69] [71] HHG

HHG

3

[72]

Hubbard

( ) (

) Mott

[73]

HHG

HHG

Hubbard

HHG [45, 74, 75]

hyper-

cubic DMFT [45]

HHG

Floquet DMFT [38, 45]

7(a)(b) HHG

E(t) = E0 sin(Ωt)

v
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(a)E0 � v

nΩ = U + E0 nΩ = U + 2E0nΩ = U − E0

E0 � v(b)

(c)

I h
h(
ω
)

E
0

7 (a)(b)Floquet DMFT HHG

(c)Floquet

DMFT HHG

E0

U = 8.0

D(ε) = 1√
πv

exp(−ε2/v2)

Ω = 0.5 [45]

( ) 7(c)

HHG

E2

E

[12, 14] Mott

E

HHG Hubbard

Mott

” ”

(jhop)

(jrc)

jrc

Mott HHG

HHG

Aloc = −ImGR
loc A(εk, ω)

8 (a) local

E0 = 0 Upper Hubbard

Lower Hubbard E0

(WS ladder)

(b) DMFT

(

Hubbar I )

7

v

na

(a )

U + nE0a

U + nE0a

local

Wannier Stark(WS) ladder

( 8(a))

Mott

HHG

HHG

Mott

DMFT Mott

8(b) Upper Hubbard

band Lower Hubbard band

HHG

9 HHG

Mott

Mott HHG

( [45]
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9 (a) Hubbard HHG

Hubbard I

(b) HHG

8

7

)

Mott HHG

DMFT

HHG [75]

iTEBD

DMFT HHG

HHG

(I(ω, tp))

I(ω, tp) j(ω, tp) =
∫
dteiωtj(t)Fwindow(t−tp)

I(ω, tp) = |ωj(ω, tp)|2

tp

Fwindow(t) t = 0

10

3

[76] 3

t0

( )

(xrel(t))

( 2)

dxrel(t)

dt
=

dεg(p)

dp

∣∣∣
p=p(t)

, (11a)

p(t) = p0 −A(t) +A(t0). (11b)

p(t) ( +

=0 ) εg(p) ≡

or

10 Hubbard

Bethe

3 [75]

εc(p)−εv(p) εc(p)(εv(p)) ( )

xrel(t0) = 0

t

xrel(t) = 0

εg(p(t)) ( 3)

εg(p)

Hubbard

(εd(p) εh(p))

3 εc εv

Mott

HHG

( 10)

3 Mott

HHG

Hubbard (

)

11(a)(b) Hubbard

Schrieffer-Wolff(SW)

(a) (b)

(a) Heisenberg

(b)

(b)

HHG

( 11(c))

HHG
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(a)

(c)

(a)(a) (b)

11 (a)(b) SW Hubbard

(a)

Heisenberg

(b) (a)

Hubbard

(c) HHG

Heisenberg

[75]

Mott

HHG

HHG

HHG

Mott

HHG

HHG

HHG

Mott

( )

HHG [73]

HHG

4.2

Franck-Condon

(a)

(b)

t

P

k

ω

12 (a)

(b)

P (MF) GKBA(

)

Egap sin(Egapt) GKBA

MF Egap

4.2.1 Prethermal

Prethermal

[80–82]

(EI )

[77–79]

( )

[80–82]

[82] Ĥ(t) =

Ĥkin(t) + Ĥint + Ĥdip(t)

Ĥkin(t) = −
∑

〈i,j〉,a=c,v

vae
iqA(t)rij ĉ†i,aĉj,a +

∑
i,a

Δaĉ
†
i,aĉi,a,

Ĥint = U
∑
i

n̂i,cn̂i,v, (12)

Ĥdip(t) = −E(t) ·
∑
i,a

daĉ
†
i,aĉi,ā.

a = c, v

Δa

Ĥint
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Ĥdip(t)

c- v-

〈ĉ†cĉv〉
〈ĉ†cĉv〉 = 0

EI 〈ĉ†cĉv〉 �= 0

c- v-

c- v-

( 12)

Hartree-Fock

) GKBA

(Egap)

BCS EI

GKBA

”

”

k

|ψ(t)〉 =
∏
k

(αk(t)ĉ
†
k,c + βk(t)ĉ

†
k,v)|vac〉 (13)

|αk(t)|2 + |βk(t)|2 = 1 k

BCS

Mixed

” ”

”

”

(

)

prethermal

[83]

Hubbard

Ĥ = Ĥkin + Ĥcf + Ĥint

Ĥkin =
∑

〈i,j〉,σ[v0ĉ
†
i1σ ĉj1σ − v0ĉ

†
i2σ ĉj2σ + h.c.]

+
∑

〈i,j〉,σ[v
′
0ĉ

†
i1σ ĉj2σ + v′0ĉ

†
i2σ ĉj1σ + h.c.]

Ĥcf = Δcf

∑
iσ

(n̂i1σ − n̂i2σ), (14)

Ĥint = U
∑

i,c=1,2

n̂ic↑n̂ic↓ + U ′ ∑
i,σ

n̂i1σn̂i2σ̄

+ (U ′ − J)
∑
i,σ

n̂i1σn̂i2σ,

+ J
∑
i,σ

ĉ†i1σ ĉ
†
i2σ̄ ĉi1σ̄ ĉi2σ + I

∑
i

[ĉ†i1↑ĉ
†
i1↓ĉi2↓ĉi2↑ + h.c.],

ĉiασ i α σ

Ĥcf (Δcf)

Ĥint

U U ′ J

I DMFT

13(a)

EI

φλ =
∑

σσ′〈c†1σc2σ′〉σλ
σσ′ [84]

σ X,Y ,Z

Y (φY )

Y (” ”)

Tc

( 13(a))

E

Ef

Ef = Tr[e−βfHfHf ]/Zf

βf

(Tf = 1
βf

)

EI

13(b)
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EI

EI

(Δcf = 1.3)

Hubbard Heisenberg

1

2

Heff = h′
z

∑
i

τ̂zY,i + Jx
∑
〈i,j〉

τ̂xY,iτ
x
Y,j (15)

+ Jy
∑
〈i,j〉

τ̂yY,iτ̂
y
Y,j + Jz

∑
〈i,j〉

τ̂zY,iτ̂
z
Y,j

1
2 XYZ τ̂Y

1
2

Z

XYZ

13(c)

DMFT

(

)

1/2

Eq. (13) ”

”

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

-0.4 -0.2  0  0.2  0.4

Im
 φ

Y

Re φY

(b)

1.5

1.45

Δcf=1.4

1.35

1.3

1.2751.25

(b) DMFT

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

-1 -0.8 -0.6 -0.4 -0.2  0  0.2  0.4  0.6  0.8  1

τy

τx

(c)

1.68

Δcf=1.39

1.345

1.325
1.30

1.74

(c)  + 

0

0.05

0.10

0.15

0.20

 1.1  1.2  1.3  1.4  1.5  1.6  1.7

T

Δcf

(a)

low-spin
insulator

high-spin
insulator

EI

’metal’

(a)

13 (a) DMFT Hubbard

U = 6, U ′ = 4, J = I = 1

W = 4
√
2

( ) (b)DMFT

φY Δcf

(c)

τx � √
2ReφY τy � √

2ImφY

[83]

DMFT

DMFT

( [83] )

EI

Hubbard EI triplet

Prethermal

4.2.2

Prethermal
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14 P( )

g

GKBA

[82]

[56, 79, 85]

(

)

[79]

( 14) [82]

[86, 87] Mott

[88–90]

virtual

Hubbard

DMFT

15 Mott

DMFT

[87]

(η [86, 91, 92])

[87]

5

prethremal

Bottleneck
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