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Reminder

I The noise of a dynamical scatterer can be expressed as the
sum of a thermal noise and shot noise.

P(th)
αβ =

e2

h

∫ ∞
0

dE f0(E ) [1− f0(E )]

{
δαβ

(
1 +

∞∑
n=−∞

Nr∑
γ=1

|SF ,αγ(En,E )|2
)

−
∞∑

n=−∞
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|SF ,αβ(En,E )|2 + |SF ,βα(En,E )|2

)}
,

P(sh)
αβ =

e2

h

∫ ∞
0

dE
Nr∑
γ=1

Nr∑
δ=1

∞∑
n=−∞

∞∑
m=−∞

∞∑
p=−∞

[f0(En)− f0(Em)]2

2
·

· S∗F ,αγ(E ,En)SF ,αδ(E ,Em)S∗F ,βδ(Ep,Em)SF ,βγ(Ep,En).
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Motivation

I Calculate the thermal noise in the adiabatic regime.

I Examine the temperature dependence of the shot noise.

I Calculate the dependence of the total noise on the pumping
frequency and the dominating noise-type at different
temperatures.
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Thermal noise in the adiabatic regime

I The thermal noise up to linear in pumping frequency terms:

P(th)
αβ = P(th,0)

αβ + P(th,Ω0)
αβ ,

where

P(th,0)
αβ =kBT

∫ ∞
0
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−∂f0
∂E
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)
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0
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τ
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−
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Quasi-equilibrium noise

I Using the time-averaged frozen conductance matrix:

Ḡ =

∫ τ

0

dt

τ
Ĝ (t),

the zeroth order term can be written as

P(th,0)
αβ = kBT

(
2δαβG0 − Ḡαβ − Ḡβα

)
.

I This has the same form as the equilibrium noise in the
stationary case, so it’s called the quasi-equilibrium noise.

Noise of a dynamical scatterer in the adiabatic regime



Introduction Thermal noise Shot noise Total noise

Non-equilibrium thermal noise

I The first order term is linear in temperature, so it’s a thermal
noise.

I It depends on the current generated by the dynamical
scatterer, so it’s non-equilibrium.

I Since the spectral current powers are linear in
pumping-frequency,

P(th,Ω0)
αβ ∼ Ω0.
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Low-temperature shot noise

I The Floquet scattering matrix to the zeroth order in Ω0 :

ŜF (Em,Ep) = Ŝm−p(E ) +O(Ω0).

I In the adiabatic regime the frozen scattering matrix is
constant over the scale of order ~Ω0 .

I At low temperatures, kBT � ~Ω0, the remaining integral is:∫ ∞
0

dE (f0(En)− f0(Em))2 = ~Ω0 |m − n| .

I This way the low-temperature shot noise:

P(sh)
αβ =

e2Ω0

4π

Nr∑
γ,δ=1

∞∑
n,m=−∞
p=−∞

|m − n|S∗αγ,−n(µ)Sαδ,−m(µ)S∗βδ,p−m(µ)Sβγ,p−n(µ).
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Low-temperature shot noise

I For any Xn,m quantity, where q = m − n:

∞∑
m=−∞

|m − n|Xm,n =
n−1∑

m=−∞
(n −m)Xm,n+

+
∞∑

m=n+1

(m − n)Xm,n =
∞∑
q=1

q (X−q+n,n + Xq+n,n) ,

I For the Fourier coefficients of two periodic functions:

∞∑
n=−∞

An(Bn+q)∗ = {AB∗}−q ,
∞∑

n=−∞
An+q(Bn)∗ = {AB∗}q ,
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Low-temperature shot noise

I Using these the low-temperature shot noise can be rewritten
as:

P(sh)
αβ =

e2Ω0

4π

Nr∑
γ,δ=1

∞∑
q=1

q
[{

S∗αγ(µ)Sαδ(µ)
}
−q

{
S∗βγ(µ)Sβδ(µ)

}
q

+

+
{
S∗αγ(µ)Sαδ(µ)

}
q

{
S∗βγ(µ)Sβδ(µ)

}
−q

]
.

I It can be easily shown, that this satisfies the symmetry

P(sh)
αβ = P(sh)

βα .
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High-temperature shot noise

I At high temperature, kBT � ~Ω0, the difference of the
Fermi-functions expanded to the first non-zero term:

f0(En)− f0(Em) = ~Ω0
∂f0(E )

∂E
(n −m).

I Using the identities for the Fourier coefficients, the
high-temperature shot noise can be written as:

P(sh)
αβ =

e2

4π
~Ω2

0

∫ ∞
0

dE

(
∂f0
∂E

)2 ∞∑
q=−∞

q2·

·
Nr∑

γ,δ=1

{
S∗αγ(E )Sαδ(E )

}
q

{
S∗βγ(E )Sβδ(E )

}
−q .

I At high temperatures the shot noise is quadratic in
pumping-frequency.
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Shot noise in wide temperature range

I Let δE be the interval over which the scattering matrix
changes significantly.

I If ~Ω0, kBT � δE , the scattering matrix can be
approximated with it’s value at E = µ .

I Using this, the remaining integral can be calculated
analytically:∫ ∞

0

dE [f0(En)− f0(Em)]2 = (m−n)~Ω0 coth

(
(m − n)~Ω0

2kBT

)
−2kBT .
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Shot noise in wide temperature range

I The shot noise:

P(sh)
αβ =

e2

h

∞∑
q=−∞

F (q~Ω0, kBT )·

·
Nr∑

γ,δ=1

{
S∗αγ(E )Sαδ(E )

}
q

{
S∗βγ(E )Sβδ(E )

}
−q ,

where

F (x , y) =
x

2
coth

(
x

2y

)
− y =

{ |q|~Ω0

2 , ifkBT � ~Ω0,
(q~Ω0)2

12kBT
, ifkBT � ~Ω0.

I This gives the previous results for the low and high
temperature cases.
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Pumping-frequency dependece of the total noise

I The part of the total noise dependent on Ω0 can be written as:

δP(Ω0)
αβ = P(sh)

αβ + P(th,Ω0)
αβ .

I These can be estimated as:

P(th,Ω0)
αβ ∼ kBT

~Ω0

δE
, P(sh)

αβ ∼
(~Ω0)2

kBT
.

I Then the ratio is

P(sh)
αβ

P(th,Ω0)
αβ

∼ ~Ω0δE

(kBT )2
.
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Pumping-frequency dependece of the total noise

I So with increasing temperature the total noise of a dynamical
scatterer:

δP(Ω0)
αβ ∼ e2

2h


~Ω0, if kBT � ~Ω0,
(~Ω0)2

6kBT
, if ~Ω0 � kBT �

√
~Ω0δE ,

~Ω0
kBT
δE , if

√
~Ω0δE � kBT .

I The noise is linear in pumping-frequency at low and high
temperatures, but for different physical reasons:

I at low temperature due to the shot noise,
I at high temperature due to the thermal noise.

I At an intermediate temperature range the noise is quadratic
due to the shot noise.
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Thank you for your attention!
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