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6.3: LIGO
The first discovery of a gravitational wave occurred at the Laser Interferometer Gravitational Wave Observatory (LIGO) in
September of 2015. LIGO actually consists of two detectors, one in Hanford, Washington, and the other in Livingston, Louisiana
(see Figure ). One of the reasons for having two detectors is because any real gravitational wave would necessarily have to
travel though both detectors; if only one detector sees what it thinks is a gravitational wave, then it could just be noise. Another
benefit of having two detectors is that it helps in determining where the gravitational wave came from; whichever detector registers
the wave first must be closer to the source of the wave.

Figure : Images of LIGO facilities. (Image credit: LIGO collaboration website)

The detectors themselves are interferometers with arms that each have a length of 4 km, as shown in Figure . The purpose of
an interferometer is to split a single beam of light into two parts and then recombine them such that they interfere with one another.
If the two parts travel exactly the same distance or if the path difference is an integer multiple of the wavelength, then the light
beams interfere constructively. If the path difference is an odd multiple of a half-wavelength, then the light beams interfere
completely destructively.

Figure : A simplified depiction of the LIGO interferometer. (Image credit: Wikimedia commons)

In most interferometers, the mirrors are fixed to a surface such that their positions can be adjusted. By observing how the level of
interference changes as you adjust the positions of the mirrors, you can determine the wavelength of the light (for example). In
LIGO, the mirrors are instead suspended by systems that aim to decouple them from ground disturbances as much as possible,
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which makes them similar to free-floating objects. In this way, changes in the path lengths of the two arms can be caused by
gravitational waves. The tricky part, however, is determining what motions of the mirrors are due to gravitational waves versus
other sources. To do that, you can run the detector in the absence of gravitational waves (which is most of the time) and see what
the signal at the detector looks like. This is called strain noise (Figure ). Then you look for deviations from the noise. It also
helps that gravitational waves have a very distinct signal, which we will talk about later.

Figure : This graph shows how much noise there is over a range of frequencies for three different generations of LIGO. Any
gravitational wave signal with amplitude below the curve can't be detected. (Image credit: ligo.org)

You may be wondering why the vertical axis in Figure  has such unusual units. In experiment, a detector's sensitivity
often varies with the frequency of the incoming signal. This is often described using a power spectral density (PSD) graph,
which indicates how much energy is received by the detector per unit time over a range of frequencies. (If that sounds
confusing, try imagining that the range of frequencies is discrete instead of continuous. The PSD shows how much energy is
received at each of those frequencies.) The integral over a particular range of frequencies (i.e. the area under the curve) then
tells you the total power received by the detector. Related to the PSD is something called an amplitude spectral density
(ASD) graph. The power contained in a wave is proportional to the square of the amplitude of the wave, so you can get an
ASD graph by taking the square root of the PSD's vertical axis. That is why you see  in the denominator of the unit for the
vertical axis in Figure .

Figure  breaks down the noise by source. Unsurprisingly, motion of the ground itself is a significant problem, but only at very
low frequencies. Also note that a significant source of noise is radiation pressure, which is pressure exerted on the mirrors from
photons. A typical task in Modern Physics courses is to learn how to calculate the momentum of a photon, and here we see why
that actually matters.
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Figure : LIGO noise budget. (Image credit: LIGO collaboration web site)

You can also see from Fig.  that the peak sensitivity occurs on the order of 100 Hz. It is not a coincidence that this happens to
be right around the frequency of gravitational waves produced by binary black hole mergers (we will talk more about that in the
next section). That is good experimental design!

One concern that some people have when they learn how a gravitational wave interferometer works is that the wavelength of
the laser light will be stretched along with the gravitational wave, which would defeat the purpose of using an interferometer in
the first place. It seems especially bad when you consider the fact that the laser actually bounces back and forth between the
mirrors 300 times before being received by the detector (this effectively increases the path length difference). This is not
actually a problem, though, because while the interferometer arms are there for the entire stretch-compress cycle, a laser pulse
travels fast enough that it is only present for a tiny portion of the stretch-compress cycle. In other words, the laser pulse doesn't
exist for long enough for its wavelength to even be stretched or compressed by the gravitational wave. Do the math to argue
that this is the case.

Answer

The light takes an 8 km round trip (4 km out and another 4 km back) 300 times. The time it takes to make this trip is

Meanwhile, the period of a gravitational wave is approximately . The time the light spends in the

interferometer, then, is less than one tenth of the time of a full stretch-compress cycle. So while the wavelength of the light
will be stretched by the gravitational wave by a little bit, it isn't stretched by so much as to defeat the purpose of using an
interferometer.

This page titled 6.3: LIGO is shared under a not declared license and was authored, remixed, and/or curated by Evan Halstead.

6.3.4

6.3.4

 Exercise 6.3.1

Δt = = 0.008 s.
(8000 m)(300)

3 ×  m/s108

T = ≈ = 0.01 s1
f

1
100 Hz

https://libretexts.org/
https://phys.libretexts.org/@go/page/45410?pdf
https://labcit.ligo.caltech.edu/~ll_news/07101_news/07101.htm
https://phys.libretexts.org/Courses/Skidmore_College/Introduction_to_General_Relativity/06%3A_Gravitational_Waves/6.03%3A_LIGO
https://phys.libretexts.org/Courses/Skidmore_College/Introduction_to_General_Relativity/06%3A_Gravitational_Waves/6.03%3A_LIGO?no-cache
https://www.skidmore.edu/physics/faculty/halstead.php

