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Interferometer basics
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"e" stands for electromagnetic, 
to differentiate laser wavelenth 
from GW wavelength
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Bond et al. (2016), Living Reviews in Relativity 
volume 19, Article number: 3 (2017)
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Interferometer basics

Beam splitter also induces a phase shift. A 
perfect beam splitter that separates light into 
two beams of equal intensity gives:

Bond et al. (2016), Living Reviews in Relativity 
volume 19, Article number: 3 (2017)

Travel in the arms induces a phase shift

Similarly, as the beams are bounced from the 
mirror and return to the beam splitter they are 
combined after receiving an additional phase 
shift from the splitter.
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Interferometer basics

Bond et al. (2016), Living Reviews in Relativity 
volume 19, Article number: 3 (2017)

Combining all this gives the amplitude of the wave being sent back to the 
laser and that being sent to the photodetector

where:

Energy conservation connects the intensity going back to the laser to that 
going to the photodetector.

Variation at photodetector only
sensitive to difference in phase shift

Exercise 1

- Derive these expressions

- Using conservation of energy determine a 
relation beween the phase shifts induced by 

reflection and transmission
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Impact of a GW on interferometer

This is a tiny shift in phase at the photodetector:

Ideally, for a target GW frequency we would use arms with lengths equal to 
a quarter of the GW wavelength. Smaller arms will result in a smaller phase 
shift, longer arms will give negating contributions to the phase shift as the 
deformation shifts between arms.

Not really ideal to build such a large detector...

Exercise 2

Determine the ideal length of an interferometer 
designed to operate at frequencies of 10^-2 and 
10^-8 Hz. Express your results in solar radii and 

parsecs respectively.
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Fabry Perot cavities

Each arm contains Fabry-Perot optical cavities where light is made to bounce ~300 
times before exiting back to the beam splitter. This increases the target phase shift we 
want to measure.
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Fabry Perot cavities

Each arm contains Fabry-Perot optical cavities where light is made to bounce ~300 
times before exiting back to the beam splitter. This increases the target phase shift we 
want to measure.

Number of bounces
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Requirement on laser power

This measurement in phase can be understood as a precision on a time measurement. 
For the specific case of a 100 Hz wave being bounced ~100 times in a 4 kilometer arm, 
we have that

From quantum mechanics, we can relate the uncertainty on a measurement of time to 
an uncertainty in a measurement of energy:

In its simplest form, we integrate the energy of the laser (with power P) over a fraction 
of a gravitational wave period. We have an expected number of photons detected in this 
interval with a Poissonian error,
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Requirement on laser power

Combining all this we can compute the 
required laser power needed for the error 
in phase to match a given GW signal:

Plugging the numbers we've seen for LIGO 
(4 km arm length, ~100 bounces, 1000 nm 
laser, and a 100 Hz source, 10^-21 strain) 
we find a power of 10 watts. LIGO's laser is 
around this, but it uses a trick called power 
recycling to boost the power inside the 
interferometer.
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Requirement on laser power

Combining all this we can compute the 
required laser power needed for the error 
in phase to match a given GW signal:

Plugging the numbers we've seen for LIGO 
(4 km arm length, ~100 bounces, 1000 nm 
laser, and a 100 Hz source, 10^-21 strain) 
we find a power of 10 watts. LIGO's laser is 
around this, but it uses a trick called power 
recycling to boost the power inside the 
interferometer.

Exercise 3
What is the laser power required by the LISA 

interferometer? Assume arm lengths of 2.5 million 
kilometers, a 1000 nm laser and a target strain of 

10^{-21}. Note that LISA does not bounce its 
lasers back and forth in an optical cavity.
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Full noise budget

What we have explored is just one form 
of noise, quantum shot noise. Quantum 
noise from the laser light also comes in 
the form of radiation pressure noise at 
low frequency.

https://dcc.ligo.org/LIGO-T1800044/public
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Full noise budget

What we have explored is just one form 
of noise, quantum shot noise. Quantum 
noise from the laser light also comes in 
the form of radiation pressure noise at 
low frequency.

https://dcc.ligo.org/LIGO-T1800044/public

Noise budget below 10 Hz dominated by 
seismic noise, LIGO requires elaborate 
seismic isolation systems!

astro-ph: 2010.14527 

Actual instrument noise is very complex!
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Seismic isolation

credit: Caltech/MIT/LIGO Lab/Greg GrabeelSeismic isolation system for one mirror in LIGO
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Seismic isolation

credit: Caltech/MIT/LIGO Lab/Greg GrabeelSeismic isolation system for one mirror in LIGO

40 kg mirrors!
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Seismic isolation

MOBIe user, wikipedia

Laser and photodetector do not require such 
extreme isolation

credit: LIGO collaboration



14

To finish: Noise spectral density

Normally a diagram showing you the noise 
in a detector will plot the strain noise:



14

To finish: Noise spectral density

Normally a diagram showing you the noise 
in a detector will plot the strain noise:

This quantity can be interpreted as the 
root-mean-squared variation in strain that 
is produced by noise in the detector across 
a given bandwith,



14

To finish: Noise spectral density

Normally a diagram showing you the noise 
in a detector will plot the strain noise:

This quantity can be interpreted as the 
root-mean-squared variation in strain that 
is produced by noise in the detector across 
a given bandwith,

Expression we derived for the power 
requirement of the detector can be turned 
into an estimate of h_rms for a given power:



14

To finish: Noise spectral density

Normally a diagram showing you the noise 
in a detector will plot the strain noise:

This quantity can be interpreted as the 
root-mean-squared variation in strain that 
is produced by noise in the detector across 
a given bandwith,

Expression we derived for the power 
requirement of the detector can be turned 
into an estimate of h_rms for a given power:

?



14

To finish: Noise spectral density

Normally a diagram showing you the noise 
in a detector will plot the strain noise:

This quantity can be interpreted as the 
root-mean-squared variation in strain that 
is produced by noise in the detector across 
a given bandwith,

Expression we derived for the power 
requirement of the detector can be turned 
into an estimate of h_rms for a given power:

?
Actually the correct answer except for a constant
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To finish: Noise spectral density

Consider a function y(t) truncated to an interval of time T and its Fourier 
transform,

The integral over the square of a real function y(t) can be expressed as 
the following with the help of Parseval's theorem 

Given this, if one defines the spectral density of y(t) as

then the variance of y can be computed as:
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Want to know more?

First four lectures on part B of this online 
course contain similar content to this lecture 
(plus information on physics of the lasers 
themselves). Following lectures in this online 
course go into a lot of additional detail.
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Want to know more?

Specific chapters:

- 6.4.2 & 6.4.3: Spectral densities
- 6.74: Shot noise
- 9.4 & 9.5: Fabry-Perot interferometers
- 27.6: Detection of GWs

Free chapters are available online, from the 
notes of the course from which this book is 
based:

http://www.cns.gatech.edu/PHYS-4421/
caltech136/index.html

The corresponding chapters in these notes 
are:

- 5.3 & 5.4: Spectral densities
- 5.5: Shot noise
- 8.4 & 8.5: Fabry-Perot interferometers
- 26.5: Detection of GWs, however it just 
says "Sorry: I have not yet written this 
section"
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217 page review paper with, as you might 
imagine, tons of detail. Discussion on the 
beam splitter was derived from section 2.4 
here.

Want to know more?
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Challenge

We have derived a form for quantum 
shot noise that is independent of 
frequency:

However quantum noise is dependent 
on frequency with

- Qualitatively describe what leads to 
this frequency dependency. Tip: low 
frequency behavior arises from 
radiation pressure noise modifying the 
interferometer arm lengths.
- Derive the scaling with frequency 
given above.


