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ωg

ωg = ω0(Xs)
∂ω0

∂X
(Xs) = 0

ω0(X)

c,1 ≈ 47

c,2 189 ! c,2 ! 190
> c,2

∂U

∂t
+ U ·∇U = −∇P +

1
∆U

∇ · U = 0

U U = (U, V, W ) P
x

z
D∗ U∗

∞

ρ∗U∗2
∞
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Q = {U, P}

U(x, y, z, t) = Ub(x, y, t) + ε
1√
2π

∫ ∞

−∞
u(x, y, κ, t)) exp(iκz)dκ

P (x, y, z, t) = Pb(x, y, t) + ε
1√
2π

∫ ∞

−∞
p(x, y, κ, t) exp(iκz)dκ

ε

<= c,1

c,1 < < c,2

Qb(x, y, t) = Qb(x, y, t + T )

∂u

∂t
+ Lκ{Ub, }u = −∇κp

∇κ · u = 0 .

∇κ ≡ (
∂

∂x
,

∂

∂x
, iκ) Lκ

Lκ{Ub, }u = Ub ·∇κu + u ·∇κUb −
1

∆κu ,

∆κ ≡ ∇κ ·∇κ κ = 0

κ

κ

u(x, y, κ, t) = û(x, y, κ, t) exp (σt)

p(x, y, κ, t) = p̂(x, y, κ, t) exp (σt) .

σ q̂ = {û, p̂}

q̂(x, y, κ, t + T ) = q̂(x, y, κ, t)

∂û

∂t
+ σû + Lκ{Ub, }û + ∇p̂ = 0

∇ · û = 0

q̂

σ (σ) < 0
(σ) > 0
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q ≡ {u, p} g+ ≡ {f+, m+}

[

(

∂u

∂t
+ Lκ{Ub, }u + ∇κp

)

· f+ + (∇κ · u) m̂+

]

+

[

u ·
(

∂f+

∂t
+ L+

κ {Ub, }f+ + ∇κm+

)

+ p
(

∇κ · f+
)

]

=

∂u · f+

∂t
+ ∇κ · Jκ(q,g+) .

J(q,g+)

Jκ(q,g+) = Ub(u · f+) +
1 (

∇κf
+ · u −∇κu · f+

)

+ m+ u + p f+

L+
κ

L+
κ {Ub, }f+ = Ub ·∇κf

+ −∇κUb · f+ +
1

∆κf
+.

∂f+

∂t
+ L+

κ {Ub, }f+ + ∇κm+ = 0

∇κ · f+ = 0 .

g+ = {f+, m+}

f+(x, y, κ, t) = f̂+(x, y, κ, t) exp (−σt)

m+(x, y, κ, t) = m̂+(x, y, κ, t) exp (−σt) .

κ q(x, y, κ, t) = q̂(x, y, κ, t) exp(σt)
σ g+(x, y, κ, t) = ĝ+(x, y, κ, t) exp(−σt)

ĝ+ = {f̂+, m̂+}

ĝ+(x, y, κ, t + T ) = ĝ+(x, y, κ, t)

∂ f̂+

∂t
− σ f̂+ + L+

κ {Ub, }f̂+ + ∇κm̂+ = 0

∇κ · f̂+ = 0

ĝ+
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= c,1 ≈ 47
> c,2 ≈ 189

δq′(x, y, κ, t) = δq̂′(x, y, κ, t) exp (σ′t)

∂û′

∂t
+ σ′û′ + Lκ{Ub, }û′ + ∇κp̂′ = δH(û′, p̂′)

∇κ · û′ = δR(û′, p̂′)

q̂′(x, y, κ, t + T ) = q̂′(x, y, κ, t)

δH δR
δσ δq̂ ≡ {δû, δp̂}

û′ = û + δû p̂′ = p̂ + δp̂′ σ′ = σ + δσ

∂δû

∂t
+ σ δû + Lκ{Ub, } δû + ∇κ δp̂ = −δσ û + δH(û, p̂)

∇κ · δû = δR(û, p̂) .

exp (σt)

δq(x, y, κ, t) = δq̂(x, y, κ, t) exp (σt) ,

∂δu

∂t
+ Lκ{Ub, } δu + ∇κ δp = −δσ u + δH(u, p)

∇κ · δu = δR(u, p) .

σ
δq g+(x, y, t) =

ĝ+(x, y, t) exp (−σt) σ
D

∫ t+T

t

∫

D

(

∂δu

∂t
+ Lκ{Ub, }δu + ∇κδp

)

· f+ + (∇κ · δu) m̂+ d2x dt+

∫ t+T

t

∫

D
δu ·

(

∂f+

∂t
+ L+

κ {Ub, }f+ + ∇κm+

)

+ δp
(

∇κ · f+
)

d2x dt =

∫ t+T

t

∫

D

∂δu · f+

∂t
d2x dt +

∫ t+T

t

∮

∂D
J(δq,g+) · dl dt .

δq̂ q̂+
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δσ =

∫ t+T

t

∫

D

f+ · δH(u, p) + m+ δR(u, p) d2x dt

∫ t+T

t

∫

D
f+ · u d2x dt

.

δH δR

δσ

δH = C(x, y, κ) û .

C
(x, y)

C(x, yκ) = δ(x − x0, y − y0) C0(κ) ,

C0 κ (x0, y0)
δ(x − x0, y − y0)

δH(u, p) = C(x, y, κ) u δR(u, p) = 0

δσ =

∫ t+T

t

∫

D

f̂+ · C(x, y) · û d2x dt

∫ t+T

t

∫

D
f̂+ · û d2x dt

= S(x0, y0) : C0 =
∑

ij

Sij(x0, y0) C0ij

S

S(x, y) =
δσ

δC0
=

∫ t+T

t

û(x, y, κ, t) f̂+(x, y, κ, t) dt

∫ t+T

t

∫

D
f̂+ · û d2x dt

.

û f̂+

C0 S

κ = 0 = c,1 ≈ 47

= 50
f̂+
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δσ

S(x, y) =
f̂+(x, y) û(x, y)
∫

D
f̂+ · û d2x

.

q̂ = {û, p̂} ĝ+ = {f̂+, m̂+}
S(x, y)

S
= 50 S
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σ

> c,1

U(x, y, t + T ) = U(x, y, t) , P (x, y, t + T ) = P (x, y, t)

T St = 1/T ω = 2π/T

δH U

τ =
t

T

1

T

∂U

∂τ
+ U ·∇U = −∇P +

1
∆U + δH(U)

∇ · U = 0

T τ

{U(x, y, τ), P (x, y, τ)} = {Ub(x, y, τ) + u(x, y, τ), Pb(x, y, τ) + p(τ)},

Qb ≡ {Ub, Pb} q ≡ {u, p}

δH(U) = C(x, y) U(x, y, τ)

1

T + δT

∂(Ub + u)

∂τ
+ (Ub + u) ·∇(Ub + u) + ∇(Pb + p) =

1
∆(Ub + u) + δH(Ub + u)

∇ · (Ub + u) = 0
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1

T

∂u

∂τ
+ L{Ub, } u + ∇p =

δT

T 2

∂Ub

∂τ
+ δH(Ub)

∇ · u = 0

L{Ub, }

τ δT
δH = CUb

Ub(x, y, τ)
Ub(x, y, τ +δτ) δτ ∂Ub/∂τ

δH = 0
δT

κ = 0 δR = 0 δσ = 0

δσ = 0
δT

T 2

∂Ub

∂τ
+ δH(Ub)

N
δT

T
= −

∫ t+T

t

∫

D
f+ ·C ·Ub d2xdt N =

∫ t+T

t

∫

D
f+ ·

∂Ub

∂τ
d2xdt

f+ σ = 0

δω/ω = −δT/T S
ω C0

S =
δω

δC
=

ω

N

∫ t+T

t

Ub f+ dt

Ub f+

f+

S ' = 50
S

S

S

= 60 80 100 150
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S = 200 = 259

Re = 200 k = 1.6 Re = 259 k = 7.6

s(x, y, κ, t) =
‖f+(x, y, κ, t) u(x, y, κ, t)‖2

∫ t+T

t

∫

D
f̂+ · û dS dt

.
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