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Where we are

I Before the onset of a perturbation, the system was in
equilibrium

I G = e
(F − H)/kBT

I Ht = H + Vt where Vt → 0 for t → −∞
I How will an observable M be affected?

I <M>t=<M> −
∫∞
0 dτ < i

~ [M(τ),Vt−τ ]>

I where <A>= tr GA

I We specialize to Vt = −λ(t)V

I <M>t=<M> +
∫∞
0 dτ λ(t − τ)Γ(τ)

I Γ = Γ(M,V ; τ) =< i
~ [M(τ),V ]>

I M(τ) = U−τAUτ where Uτ = e
− i

~τH
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Polarization of matter

I Matter is described by

H =
∑

a

p2
a

2ma
+

1

4πε0

∑
b>a

qbqa

|xb − xa|

I Density of electric dipole moments = polarization

I P(x) =
∑

a qa x δ3(x− xa)

I note
∫

d3x P(x) =
∑

a qa xa

I Perturbation by an electric field E = E(t, x) is described by

I Vt = −
∫

d3y E(t, y) · P(y)

I Assume dielectric medium, i.e. <P>= 0

I <Pi (x)>t=
∑

j

∫∞
0 dτ

∫
d3y Γij(τ, x, y) Ej(t − τ, y)

I Γij(τ, x, y) =< i
~ [Pi (τ, x),Pj(0, y)]>

I Matrix of influence functions
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Spatial translation invariance

I translate a wave function φ

I φz(x) = φ(x + z) = φ(x) + zφ ′(x) + z2φ ′′(x) + . . .

I φz = e
i
~zp

φ where p = ~
i

d
dx is the linear momentum

operator.

I For all three dimensions and for many particles p =
∑

a pa

I Translation operator Tz = e
i
~z · p

I States W are translated by W (z) = TzWT−z
I Observables M are translated by M(z) = T−zMTz
I such that tr W (z)M(z) = tr WM

I H(z) = H and consequently G (z) = G

I Γij(τ, x, y) depends only on ξ = x− y

I Γij(τ, ξ) =< i
~ [Pi (τ, ξ),Pj(0, 0)]>
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Influence function and susceptibility

I With <P(x)>t= P(t, x) we may write

I Pi (t, x) =
∑

j

∫∞
0 dτ

∫
d3ξ Γij(τ, ξ) Ej(t − τ, x− ξ)

I It is clear from the context whether P is an observable or an
expectation value

I Fourier transform the electric field

Ei (t, x) =

∫
dω

2π
e
−iωt

∫
d3q

(2π)3
e

iq · x
Êi (ω,q)

I Pi likewise

I P̂i (ω,q) = ε0
∑

j χij(ω,q)Êj(ω,q)

I where the susceptibility tensor is

χij(ω,q) =
1

ε0

∫ ∞
0

dτ e
iωt

∫
d3ξ e

−iq · ξ
Γij(τ, ξ)
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I where the susceptibility tensor is

χij(ω,q) =
1

ε0

∫ ∞
0

dτ e
iωt

∫
d3ξ e

−iq · ξ
Γij(τ, ξ)



Influence function and susceptibility

I With <P(x)>t= P(t, x) we may write

I Pi (t, x) =
∑

j

∫∞
0 dτ

∫
d3ξ Γij(τ, ξ) Ej(t − τ, x− ξ)

I It is clear from the context whether P is an observable or an
expectation value

I Fourier transform the electric field

Ei (t, x) =

∫
dω

2π
e
−iωt

∫
d3q

(2π)3
e

iq · x
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I where the susceptibility tensor is

χij(ω,q) =
1

ε0

∫ ∞
0

dτ e
iωt

∫
d3ξ e

−iq · ξ
Γij(τ, ξ)



Influence function and susceptibility

I With <P(x)>t= P(t, x) we may write

I Pi (t, x) =
∑

j

∫∞
0 dτ

∫
d3ξ Γij(τ, ξ) Ej(t − τ, x− ξ)

I It is clear from the context whether P is an observable or an
expectation value

I Fourier transform the electric field

Ei (t, x) =

∫
dω

2π
e
−iωt

∫
d3q

(2π)3
e

iq · x
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