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Measure things with oscillators

𝜔𝑜 =
𝑘

𝑚

𝑚 ሷ𝑧 + 𝑚 𝛾 ሶ𝑧 + 𝑘𝑧 = 𝐹

ሷ𝑧 + 𝛾 ሶ𝑧 + 𝜔𝑜
2 𝑧 =

𝐹

𝑚

Homogeneous solution:

𝑧 = 𝐶 exp (−
𝛾

2
𝑡)cos 𝜔𝐷 𝑡 + 𝜙

𝜔𝐷 = 𝜔𝑜
2 −

𝛾2

4

Decay time: 𝜏 =
2

𝛾

Quality factor: 𝑄 =
𝜔𝑜

𝛾

𝐼 ሷ𝜙 + 𝐼 𝛾 ሶ𝜙 + 𝜅𝜙 = 𝑁

𝑘

𝑚

𝑧

−𝐹

𝜅

𝐼

𝜙

𝑁

𝜔𝑜 =
𝜅

𝐼



Response

𝜔𝑜 =
𝑘

𝑚

ሷ𝑧 + 𝛾 ሶ𝑧 + 𝜔𝑜
2 𝑧 =

𝐹

𝑚

𝜔𝐷 = 𝜔𝑜
2 −

𝛾2

4

𝑄 =
𝜔𝑜

𝛾

𝑧(𝜔)

𝐹(𝜔)
=

1

𝑚

1

𝜔𝑜
2 −𝜔2 + 𝑖𝛾𝜔

1/𝑓2



The first experiment in the lab

Cavendish, 1793-1798 𝜌𝐸 = 5,448(33)
kg

m3



Cavendish method
Static deflection 

𝜃1 =
𝐺 𝐶1
𝜅

𝜅 = 𝐼𝜔2

𝐺 =
𝜃1 − 𝜃2 𝜔2

𝐶1 − 𝐶2
𝐼

𝜃2 =
𝐺 𝐶2
𝜅

1798



• Inventor of the 
time-of-swing 
method.



Time-of-swing method

𝜔𝑛
2 =

𝜅 + 𝜅𝑛
𝐼

𝜔𝑓
2 =

𝜅 + 𝜅𝑓

𝐼

𝜅𝑛 = 𝐺 𝐶𝑛 𝜅𝑓 = 𝐺 𝐶𝑓

𝐺 =
𝜔𝑛

2 − 𝜔𝑓
2

𝐶𝑛 − 𝐶𝑓
𝐼

Time-of-swing-method

1896



Yet another method

J.W. Beams, 
Phys. Today 24 (5) 34 (1971)



Angular acceleration method

ሷ𝜃 =
16𝜋

5
𝐺
𝑞22𝑄22

𝐼
sin 2𝜃

𝐺 =
5

16𝜋

𝐼

𝑞22𝑄22
ሷ𝜃0

Angular acceleration method

1971



Electrostatic servo



Servo method
Servo method

𝐺 𝐶1 + 𝜅𝜃 =
1

2

d𝐶

d𝜃
𝑉1
2

𝐺 𝐶2 + 𝜅𝜃 =
1

2

d𝐶

d𝜃
𝑉2
2

𝐶(𝜃)

𝐺 =
1

2

d𝐶

d𝜃

𝑉1
2 − 𝑉2

2

𝐶1 − 𝐶2

1987



TB physics
Static deflection Time of swing Electrostatic servoAngular acc. servo

𝜃1 =
𝐺 𝐶1
𝜅

𝜅 = 𝐼𝜔2

𝐺 =
𝜃1 − 𝜃2 𝜔2

𝐶1 − 𝐶2
𝐼

𝜔𝑛
2 =

𝜅 + 𝜅𝑛
𝐼

𝜔𝑓
2 =

𝜅 + 𝜅𝑓

𝐼

𝜅𝑛 = 𝐺 𝐶𝑛 𝜅𝑓 = 𝐺 𝐶𝑓

𝐺 =
𝜔𝑛

2 − 𝜔𝑓
2

𝐶𝑛 − 𝐶𝑓
𝐼

𝜃2 =
𝐺 𝐶2
𝜅

𝐶(𝜃)

ሷ𝜃 =
16𝜋

5
𝐺
𝑞22𝑄22

𝐼
sin 2𝜃

𝐺 =
5

16𝜋

𝐼

𝑞22𝑄22
ሷ𝜃0

𝐺 𝐶1 + 𝜅𝜃 =
1

2

d𝐶

d𝜃
𝑉1
2

𝐺 𝐶2 + 𝜅𝜃 =
1

2

d𝐶

d𝜃
𝑉2
2

𝐺 =
1

2

d𝐶

d𝜃

𝑉1
2 − 𝑉2

2

𝐶1 − 𝐶2

1987197118961798



approx 2016



Oscillators as probes

𝑘

𝑚

𝜔𝑜 =
𝑘

𝑚

𝑥0
Imagine only 
thermal agitation…

What is the uncertainty in measuring these zero crossings?
And, what ultimately is the uncertainty of the period 
Determination.



Oscillators as probes
Let’s zoom in at one zero crossing.

𝑥 = 𝑥0 sin𝜔𝑜𝑡
ሶ𝑣 = 𝑥 = 𝑥0𝜔𝑜 𝑐𝑜𝑠 𝜔𝑜𝑡

t

𝑥

𝜎𝜃

𝜎𝑡

𝑥𝑜𝜔𝑜 =
𝜎𝑥
𝜎𝑡

→ 𝜎𝑡 =
𝜎𝑥

𝑥0𝜔0

𝑥0

Uncertainty in the orange balls:

𝜎𝑡 =
𝜎𝑥

𝑥0𝜔0



Oscillators as probes
𝜃0

𝐸𝑁 𝑇𝑜 =
𝑡𝑁 − 𝑡0
𝑁

𝜎N
2 =

𝜕𝐸N
𝜕𝑡𝑁

2

𝜎𝑡
2 +

𝜕𝐸N
𝜕𝑡0

2

𝜎𝑡
2 + 2

𝜕𝐸N
𝜕𝑡𝑁

𝜕𝐸N
𝜕𝑡0

𝑟𝑁,0𝜎𝑡
2

𝜕𝐸𝑁
𝜕𝑡𝑁

=
1

𝑁

𝜕𝐸𝑁
𝜕𝑡𝑜

= −
1

𝑁

𝜎𝑁
2 =

𝜕𝐸N
𝜕𝑡𝑁

2

𝜎𝑡
2 +

𝜕𝐸N
𝜕𝑡0

2

𝜎𝑡
2 + 2

𝜕𝐸N
𝜕𝑡𝑁

𝜕𝐸N
𝜕𝑡0

𝑟𝑁,0𝜎𝑡
2

2

𝑁2
𝜎𝑡
2

−2

𝑁2 𝜎𝑡
2

𝜎𝑁
2 =

2

𝑁2
𝜎𝑡
2(1 − 𝑟𝑁,0)



Let’s find the thermal noise amplitude
𝑚 ሷ𝑥 + 𝑚 𝛾 ሶ𝑥 + 𝜔0

2 𝑥 = 𝑓

𝑆𝑥
𝑡ℎ = 𝑅2 𝑆𝐹

𝑡ℎ

−𝑚 𝜔2𝑋 + 𝑖 𝑚 𝛾 𝜔 𝑋 + 𝜔𝑜
2 𝑋 = 𝐹

𝑅 =
𝑋

𝐹
=

1/𝑚

𝜔2 − 𝜔𝑜
2 + 𝑖𝛾𝜔

=
1/𝑚

𝜔 − 𝜔𝑜 𝜔 + 𝜔𝑜 + 𝑖𝛾𝜔
≈

1/(𝑚𝜔𝑜)

2 𝜔 − 𝜔𝑜 + 𝑖𝛾

Lorentzian approximation

𝑆𝐹
𝑡ℎ = 4 𝑘𝑏𝑇 𝑚 𝛾

< 𝑥2 >= න

0

∞

𝑆𝑥
𝑡ℎ
𝑑𝜔

2𝜋
= න

0

∞

4 𝑘𝑏𝑇 𝑚 𝛾
1/𝑚2

𝜔2 − 𝜔𝑜
2 2 + 𝛾2𝜔2

𝑑𝜔

2𝜋

Single sided power spectrum in 
the frequency domain!

< 𝑥2 > ≈ න

0

∞ 4 𝑘𝑏 𝑇 𝛾
𝑚𝜔𝑜

2

4 𝜔 − 𝜔𝑜
2 + 𝛾2

𝑑𝜔

2𝜋
=

𝑘𝑏𝑇

𝑚 𝜔𝑜
2න

0

∞
1

1 + 4 𝜔2 −𝜔𝑜
2 /𝛾2

2

𝜋𝛾
𝑑𝜔

≈1 for 𝛾 << 𝜔𝑜



So, we find
< 𝑥2 >=

𝑘𝑏𝑇

𝑚𝜔𝑜
2

Note: 𝜔𝑜
2 =

𝑘

𝑚
Hence:  < 𝑥2 >=

𝑘𝑏𝑇

𝑘

For a spring with k, we find < 𝐸𝑝𝑜𝑡 >=
1

2
𝑘 < 𝑥2 >=

1

2
𝑘𝑏𝑇

Note :< 𝑣2 >= 𝜔𝑜
2 < 𝑥2 > =

𝑘𝑏𝑇

𝑚

And hence: < 𝐸𝑘𝑖𝑛 >=
1

2
𝑚 < 𝑣2 >=

1

2
𝑘𝑏𝑇

< 𝐸𝑡𝑜𝑡 > =< 𝐸𝑝𝑜𝑡 >+< 𝐸𝑘𝑖𝑛 >= 𝑘𝐵𝑇



In phase space

x

v

𝑥𝑜

𝑣𝑜

2
𝑘𝑏𝑇

𝑘

2
𝑘𝑏𝑇

𝑚

𝜎𝑥

𝜎𝑣

Uncertainty in the orange balls:

𝜎𝑡 =
𝜎𝑥

𝑥0𝜔0

𝜎𝑡 =
𝑥𝑡ℎ
𝑥𝑜𝜔𝑜

Let’s introduce:

𝑥𝑡ℎ =
𝑘𝑏𝑇

𝑘

𝜎𝑁
2 =

2

𝑁2 𝜎𝑡
2(1 − 𝑟𝑁,0)



Let’s find that correlation
Wiener-Khinchin

< 𝑥 𝜏 𝑥 0 > = 𝑅𝑥𝑥 𝜏 = න

0

∞

𝑆𝑥𝑥 𝑓 exp( 2 𝜋 𝑖 𝑓 𝜏)
𝑑𝜔

2𝜋

න

0

∞

4 𝑘𝑏𝑇 𝑚 𝛾
1/𝑚2

𝜔2 −𝜔𝑜
2 2 + 𝛾2𝜔2

exp 𝑖𝜔 𝜏
𝑑𝜔

2𝜋
≈ න

0

∞

2 𝑘𝑏𝑇

1
𝑚𝜔𝑜

2 (
𝛾
2
)

𝜔 − 𝜔𝑜
2 +

𝛾
2

2 exp 𝑖𝜔 𝜏
𝑑𝜔

2𝜋

≈
𝑘𝑏𝑇

𝑚 𝜔𝑜
2න

0

∞
1

𝜋

𝛾
2

𝜔 − 𝜔𝑜
2 +

𝛾
2

2 exp 𝑖𝜔 𝜏 𝑑 𝜔 =
𝑘𝑏𝑇

𝑚 𝜔𝑜
2 exp −

𝛾

2
𝜏 exp(−𝑖𝜔𝑜𝜏)

For 𝛾 < < 𝜔𝑜



Let’s find that correlation (continued)
< 𝑥 𝜏 𝑥 0 >=

𝑘𝑏𝑇

𝑚 𝜔𝑜
2 exp −

𝛾

2
𝜏 exp(−𝑖𝜔𝑜𝜏)

We are interested, because we would like to find the zero crossings in 𝜏 = 𝑁 𝑇0 = 𝑁
2𝜋

𝜔𝑜

In this case 
< 𝑥 𝑁 𝑇𝑜 𝑥 0 >=

𝑘𝑏𝑇

𝑚 𝜔𝑜
2 exp(−

𝛾

2
𝑁 𝑇𝑜)

We need to find
𝑟 =

< 𝑥 𝑁𝑇𝑜 𝑥 0 >

< 𝑥 𝑁𝑇𝑜 𝑥 𝑁𝑇𝑜 >< 𝑥 0 𝑥(0) >
= exp −

𝛾

2
𝑁 𝑇𝑜

Note the correlation in time for the zero crossings is the same, since  < 𝑡 𝑁 𝑇𝑜 𝑡 0 > =
1

𝑥𝑜
2𝜔𝑜

2 < 𝑥 𝑁 𝑇𝑜 𝑥 0 >



Let’s find that correlation (continued)
< 𝑥 𝜏 𝑥 0 >=

𝑘𝑏𝑇

𝑚 𝜔𝑜
2 exp −

𝛾

2
𝜏 exp(−𝑖𝜔𝑜𝜏)

We are interested in 𝜏 = 𝑁 𝑇0 = 𝑁
2𝜋

𝜔𝑜
, because we would like to find the zero crossings

In this case 
< 𝑥 𝑁 𝑇𝑜 𝑥 0 >=

𝑘𝑏𝑇

𝑚 𝜔𝑜
2 exp(−

𝛾

2
𝑁 𝑇𝑜)

We need to find
𝑟𝑁0 =

< 𝑥 𝑁𝑇𝑜 𝑥 0 >

< 𝑥 𝑁𝑇𝑜 𝑥 𝑁𝑇𝑜 >< 𝑥 0 𝑥(0) >
= exp −

𝛾

2
𝑁 𝑇𝑜 = exp(−𝑁 𝜋/𝑄)

Note the correlation in time for the zero crossings is the same, since  < 𝑡 𝑁 𝑇𝑜 𝑡 0 > =
1

𝑥𝑜
2𝜔𝑜

2 < 𝑥 𝑁 𝑇𝑜 𝑥 0 >

Use: 
𝛾

2
=

𝜋

𝑄 𝑇0



Oscillators as probes
𝜃0

𝐸𝑁 𝑇𝑜 =
𝑡𝑁 − 𝑡0
𝑁

𝜎N
2 =

𝜕𝐸N
𝜕𝑡𝑁

2

𝜎𝑡
2 +

𝜕𝐸N
𝜕𝑡0

2

𝜎𝑡
2 + 2

𝜕𝐸N
𝜕𝑡𝑁

𝜕𝐸N
𝜕𝑡0

𝑟𝑁,0𝜎𝑡
2

𝜎𝑁
2 =

2

𝑁2 𝜎𝑡
2(1 − 𝑟𝑁,0)

𝑟𝑁,0 = exp −
𝑁 𝜋

𝑄

𝜎𝑡 =
𝑥𝑡ℎ
𝑥𝑜𝜔𝑜

𝑥𝑡ℎ =
𝑘𝑏𝑇

𝑘

𝜎𝑛 =

2
𝑁

𝑘𝑏𝑇
𝑘

𝑥0𝜔0
1 − exp −

𝑁𝜋

𝑄
≈

2 𝑘𝑏𝑇
𝑘

𝑁 𝑥𝑜𝜔0

𝑁𝜋

𝑄

𝜎𝑛 ≈
𝑥𝑡ℎ
𝑥0

1

𝜔0

2𝜋

𝑁 𝑄





Power spectral density – watch the 
definition

Single sided in f-domain න

0

∞

𝑆𝑥
𝑠𝑠𝑓

𝑑𝑓 =න

0

∞

𝑆𝑥
𝑠𝑠𝑓 1

2𝜋
𝑑𝜔 = < 𝑥2 >

Double sided in f-domain

Single sided in 𝜔-domain න

0

∞

𝑆𝑥
𝑠𝑠𝜔𝑑𝜔 = < 𝑥2 >

Double sided in 𝜔-domain න

−∞

∞

𝑆𝑥
𝑠𝑠𝜔𝑑𝜔 = < 𝑥2 >

න

−∞

∞

𝑆𝑥
𝑑𝑠𝑓

𝑑𝑓 = න

−∞

∞

𝑆𝑥
𝑠𝑠𝑓 1

2𝜋
𝑑𝜔 = < 𝑥2 >

𝑆𝑥
𝑠𝑠𝑓

= 2𝑆𝑥
𝑑𝑠𝑓

= 2𝜋𝑆𝑥
𝑠𝑠𝜔 = 4𝜋 𝑆𝑥

𝑑𝑠𝜔



Power spectral density – watch the 
definition

𝑆𝑥
𝑠𝑠𝑓

= 2𝑆𝑥
𝑑𝑠𝑓

= 2𝜋𝑆𝑥
𝑠𝑠𝜔 = 4𝜋 𝑆𝑥

𝑑𝑠𝜔

Sometimes, people use double indices to distinguish single sided from double sided, e.g 𝑆𝐹 and 𝑆𝐹𝐹

𝑆𝐹
𝑡ℎ 𝑑𝑓 = 4 𝑘𝑏𝑇 𝑚 𝛾 𝑑𝑓

𝑆𝐹𝐹
𝑡ℎ𝑑𝑓 = 2 𝑘𝑏𝑇 𝑚 𝛾 𝑑𝑓

𝑆𝐹
𝑡ℎ𝑑𝜔 =

2

𝜋
𝑘𝑏𝑇 𝑚 𝛾 𝑑𝜔

𝑆𝐹𝐹
𝑡ℎ𝑑𝜔 =

1

𝜋
𝑘𝑏𝑇 𝑚 𝛾 𝑑𝜔



Power spectral densities of force & excursion 
𝑚 ሷ𝑥 + 𝑚 𝛾 ሶ𝑥 + 𝜔𝑜

2 𝑥 = 𝑓

𝑆𝐹
𝑡ℎ 𝑑𝑓 = 4 𝑘𝑏𝑇 𝑚

𝜔0

𝑄
𝑑𝑓

𝛾 =
𝜔0

𝑄
m =10 g



Power spectral densities of force & excursion 
𝑚 ሷ𝑥 + 𝑚 𝛾 ሶ𝑥 + 𝜔𝑜

2 𝑥 = 𝑓

𝑆𝐹
𝑡ℎ 𝑑𝑓 = 4 𝑘𝑏𝑇 𝑚

𝜔0

𝑄
𝑑𝑓

𝛾 =
𝜔0

𝑄

𝑆𝑥
𝑡ℎ = 𝑅2 𝑆𝐹

𝑡ℎ

𝑆𝑥
𝑡ℎ = 4 𝑘𝑏𝑇 𝑚

𝜔0

𝑄

1/𝑚2

𝜔2 − 𝜔𝑜
2 2 +

1
𝑄2 𝜔0

2 𝜔2



Where is the power
𝑆𝑥
𝑡ℎ(𝜔) = 4 𝑘𝑏𝑇 𝑚

𝜔0

𝑄

1/𝑚2

𝜔2 − 𝜔𝑜
2 2 +

1
𝑄2 𝜔0

2 𝜔2

𝑆𝑥
𝑡ℎ 0 = 4 𝑘𝑏𝑇

𝜔0

𝑄

1
𝑚
𝜔𝑜
4 = 4 𝑘𝑏𝑇

1

𝑄𝑘 𝜔0

< 𝑥2 >= න

0

∞

𝑆𝑥
𝑡ℎ
𝑑𝜔

2𝜋
=
𝑘𝑏𝑇

𝑘

න

0

𝜔𝑜

4 𝑘𝑏𝑇
1

𝑄𝑘 𝜔0

𝑑𝜔

2𝜋
=
2

𝜋

1

𝑄

𝑘𝑏𝑇

𝑘



Velocity damping vs. internal damping

𝑘

𝑚

𝑧

−𝐹

𝑚 ሷ𝑧 + 𝑚 𝛾 ሶ𝑧 + 𝑘𝑧 = 𝐹
Examples of velocity damping:
• Viscous gas damping
• Eddy current damping
• Electrical damping/ patch field 

driven currents 

Velocity damping can be 
eliminated by experimental design

𝑚 ሷ𝑧 + 𝑘(1 + 𝑖𝛿)𝑧 = 𝐹

Internal damping



Velocity damping vs. internal damping

𝑘

𝑚

𝑧

−𝐹

𝑚 ሷ𝑧 + 𝑚 𝛾 ሶ𝑧 + 𝑘𝑧 = 𝐹

𝑚 ሷ𝑧 + 𝑘(1 + 𝑖𝛿)𝑧 = 𝐹

𝑧(𝜔)

𝐹(𝜔)
=

1

𝑚

1

𝜔𝑜
2 − 𝜔2 +

𝑖𝜔𝑜𝜔
𝑄

𝑧(𝜔)

𝐹(𝜔)
=

1

𝑚

1

𝜔𝑜
2 − 𝜔2 + 𝑖 𝛿 𝜔0

2

How much difference can that make?

𝑆𝐹
𝑡ℎ 𝑑𝑓 = 4 𝑘𝑏𝑇 𝑚 𝛾 𝑑𝑓 = 4 𝑘𝑏𝑇 𝑅𝑒 𝑍 𝑑𝑓For the velocity  damping: 

Real part of the
mechanical impedance



Mechanical impedance

𝑘

𝑚

𝑧

−𝐹

𝑍 𝜔 =
𝐹

𝑣
=

𝐹

𝑖 𝜔 𝑧
= −

𝑖

𝜔

𝐹

𝑧
= −

𝑖

𝜔
𝑟−1

Multiplicative inverse of the response function

𝑟 =
𝑧(𝜔)

𝐹(𝜔)
=

1

𝑚

1

𝜔𝑜
2 − 𝜔2 +

𝑖𝜔𝑜𝜔
𝑄

𝑟−1 =
𝑧(𝜔)

𝐹(𝜔)
= 𝑚 𝜔𝑜

2 − 𝜔2 +
𝑖𝜔𝑜𝜔

𝑄
−𝑖

𝜔
𝑟−1 = −𝑖

𝜔𝑜
2

𝜔
𝑚 + 𝑖 𝜔 𝑚 +

𝜔𝑜

𝑄
𝑚 𝑆𝐹

𝑡ℎ 𝑑𝑓 = 4 𝑘𝑏𝑇 𝑅𝑒 𝑍 𝑑𝑓 = 4 𝑘𝑏𝑇
𝜔𝑜𝑚

𝑄
𝑑𝑓

Previous result: 𝑆𝐹
𝑡ℎ 𝑑𝑓 = 4 𝑘𝑏𝑇 𝑚 𝛾 𝑑𝑓



Velocity damping vs. internal damping

𝑘

𝑚

𝑧

−𝐹

𝑧(𝜔)

𝐹(𝜔)
=

1

𝑚

1

𝜔𝑜
2 − 𝜔2 +

𝑖𝜔𝑜𝜔
𝑄

𝑧(𝜔)

𝐹(𝜔)
=

1

𝑚

1

𝜔𝑜
2 − 𝜔2 + 𝑖 𝛿 𝜔0

2

𝑆𝐹
𝑡ℎ 𝑑𝑓 = 4 𝑘𝑏𝑇 𝑅𝑒 𝑍 𝑑𝑓 = 4𝑘𝑏𝑇 𝑅𝑒 −

𝑖

𝜔
𝑟−1

𝑆𝐹
𝑡ℎ 𝑑𝑓 = 4 𝑘𝑏𝑇

𝜔𝑜𝑚

𝑄
𝑑𝑓 = 4 𝑘𝑏𝑇 𝜅 𝑄

−1 𝜔𝑜
−1

𝑆𝐹
𝑡ℎ 𝑑𝑓 = 4 𝑘𝑏𝑇

𝜔𝑜
2 𝛿 𝑚

𝜔
𝑑𝑓 = 4 𝑘𝑏𝑇 𝜅𝛿 𝜔−1





flat

1

𝑓2

1

𝑓2.5

1

𝑓0.51/f noise



Where does the internal damping come from

𝑘

𝑚

𝑧

−𝐹

𝑚 ሷ𝑧 + 𝑘(1 + 𝑖𝛿)𝑧 = 𝐹

Kramer’s Kronig relationship relates the real part  to the imaginary part and vice versa.



𝑘0

𝑘1

𝜈1 = 𝜏1 𝑘1



𝑘0

𝑘1 𝑘1 𝑘1

𝐹

Extended Maxwell model:
• A distribution of Maxwell units
• All have the same spring constant
• But a distribution of time constants

𝑘 𝜔 = 𝑘0 + 𝑘1 න

𝜏𝑙

𝜏𝑢

𝑓( 𝜏)
𝑖𝜔𝜏

𝑖𝜔𝜏 + 1
𝑑𝜔





Time-of-swing method

𝜔𝑛
2 =

𝜅1 + 𝜅𝑛
𝐼

𝜔𝑓
2 =

𝜅2 + 𝜅𝑓

𝐼

𝜅𝑛 = 𝐺 𝐶𝑛 𝜅𝑓 = 𝐺 𝐶𝑓

𝐺𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 =
𝜔𝑛

2 − 𝜔𝑓
2

𝐶𝑛 − 𝐶𝑓
𝐼 = 𝐺 +

𝜅1 − 𝜅2

𝐶𝑛 − 𝐶𝑓
𝐼

𝜅1 > 𝜅2

𝐺𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 > 𝐺 𝐺𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 − 𝐺 <
1

𝑄𝜋



Thanks

Thanks for listening to the thermal noise lecture!

Questions?


