How did physicists detect
Gravitational Waves?

Some tools that revealed
the GW150914 event
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The Story in the News
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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al."

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10~2!, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 vears, equival Hanford, Washington (H1) Livingston, Louisiana (L1)
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The Situation
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How to test strain o?
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Round trip times of light between fixed points:

— o B A, B, C: masses at rest
T 4 Ly =L, in quiet times
Ly ty tx,y =2 Lx,y/CO

i \B Ly ) t, - t,= 0: no strain

> C t, - t, # 0: strain



Michelson and Morley 1887
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ARrt. XXXVI.—On the Relative Motion of the Earth and i

Luminiferous KEther ; by ALBERT A. MICHELSON an
Epwarp W. MORLEY.*

TaE discovery. of the aberration of light was scon followed
by an explanation according to the emission theory. The effect
was attributed to a simple composition of the velocity of light
with the velocity of the earth in its orbit. The difficulties in

AM, Jour. ScL.—THIRD SERIES, Vorn. XXXIV, No. 203.—Nov., 1887,
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Michelson and Morley Result:

* Speed of light does not depend on direction of propagation
* Same speed of light at different times in the year

* No “ether” or reference that supports the propagation of light

* One of the starting points for theory of special relativity
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Michelson Interferometer

Light source
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Light as a wave
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Light of fixed frequency . E(x,t)=E,sin(kx—wt)

_2n
k—T, w=2nf
Speed of light ¢, is constant: w=Cyk, Cy=hf

(and independent of direction
and reference frame)



Symmetric Beam Splitter
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Superposition of light waves I
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Superposition of light waves 11
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Adding two amplitudes
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'Y Just before recombination:
E
E. = —cos(2kL, —wt
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Light field and optical power

e A —=
Plane wave light field:

E(x,t)=
E,cos(k-x—wm-t)
Co_
Detector

Power on detector: area A
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Power at output of interferometer
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Can the demo setup detect GW?

[/:/\ /\ Power OP_ ! Pn 1%
A | | i resolution

i Wavelength A 632 nm
W Positon  3(AL) 1 nm
- . — resolution
0 A4 A2 3AM4 A Ll 1 63 m
Measure P, near AL=A/8: Strain 50 = 3-10-9

resolution  O(AL)/ L
0P _ APy P o GW150914 o© 10-21
= =27 .
S(AL) dAL |y s A peak strain
6(AL)_6Pout \ Missing 13-14 orders
- P, 2m of magnitude....



How to increase sensitivity?

Reduce strain uncertainty o0:

-1
O(AL) 1 d(Pou!P) 1
— = — . . - OP
00 [ [ d(AL) 'Din T out
arm interferometer  power power
length responsiveness uncertainty
®Increase L

®ncrease interferometer responsiveness

eIncrease P,, & decrease 0P,

® (Decrease environmental impact)
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0.3 m — 4 km: improve ~4 orders of magnitude in 6o



Increase Arm Length, 2" try
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0.3m —10°m: improve ~9-10 orders of magnitude in 6o



Increase response per length L

Michelson & Morley 1887: Reflectivity of metal mirrors
4 round trips
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Dielectric Mirrors

Interference of reflections from thin transparent films

Ta SiO . .
nﬁﬁ an Modern optical mirrors:
2.09 1.46 R > 99.999%
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shift
A /4 == /4~
80nm 251nm
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15..25 doublets



Fabry-Perot Resonator

[ L -
A, A,
Pin = =
pr = ':::r Pou
" Dielectric /L
mirrors Al
For R{= R, =R, no losses: p Pyl P,
Pin 17 =
PoalAL)= 2nAL 97%
1+f sin?( = ) |
with f= 4R > Jt JL
(1 —R) O VAR : : -
0 A2



0

Fabry-Perot Resonator 11
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Fabry-Perot Resonator as Mirror

Simple mirror in Michelson interferometer:

R =1
Pin Pback = Pin
p - ) 47
back A(pM — TAL
-
AL
Asymmetric Fabry-Perot resonator:
Pin _ 'Dback = Pin
Ppack C— : Agpe = 777
-

AL



Fabry-Perot Mirror reponse

AcPC _ 1+\/ﬁ -tanA(pM
2 1-VR 2

Solution: tan

ACPCR_A R =99%

/2 v Ay,

Near Aps = 0: Aps ~



Super-Michelson interferometer
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Keep both Fabry-Perots
near resonance

Sensitivity enhancement

by 4/(1-R)
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Michelson sensitivity sweet spot

E Output power: J A
t Pout<(p):PinSin2(p 0*5'/\/\
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Phase sensitivity per output power:
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Work near dark fringe (¢y = 0), use lots of power!




Light detection

Photodiode
N Photocurrent / is proportional to P
Popt . _
Energy absorbed per time At :
Amp meter Energy = P,,-At

Energy _ PouAl
h-f h-f

Number of electrons per At :

n-e Popt.e

At h-f

—
|1

Photocurrent:



Noise in Light detection

Uncertainty of electron number: 0n = Vn Shot noise
Relative uncertainty in power; 9Pt _ 1 _ \/ h-f
Popt \/E Popt.At

More optical power — less noise

Longer measurement time — less noise



The full setup
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Phys. Rev. Lett. 116, 061102 (2016)



Holding the mirrors “at rest”

steel blades for vertical
1solation

Fused sihica _—> _
fibres 4

40 kg fused
/I\ silica test mass —

Y Main chain Reaction chain

Aston et al.,Class. Quant. Gravity 29, 235004 (2012)



Pendulum as noise eater

X;n(1) Assume harmonic shakes from suspension:
:’__h Xin(t>:)A(inCOS((Dt)
Test mass will shake with same frequency:
o Xou ()= XaC08 (02t)
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Pendulum chain of 4

Xin(?)
— Susceptibilities get multiplied
)’\( a I ™ |
=41 10°
Xin
107
f, = 3.1 Hz
10° | £-085H: 8
4o | =069 Hz ~Ww
10 [ f,=0.45Hz
i 10'16- Ll ol ol LN
m, | 0.01 0.1 1 10 100 1000
flHz

X . . . .
4 () Also: avoid thermal noise in suspension



Moving the mirrors quietly...

Reaction Main
Chain Chain

Local control applied at each top
" mass separately using 6 BOSEMs
in each case, arranged as shown.

Global control signals are

applied between the main

and reaction chains at the

three lower stages using

* BOSEMs at the upper
intermediate mass

* AOSEMs at the

P penultimate mass
test mass.
N\

Electrostatic drive at the

Laser
beam

Aston et al.,Class. Quant. Gravity 29, 235004 (2012)



Strain (10~%%)

Frequency (Hz)

The first result...

Hanford, Washington (H1) Livingston, Louisiana (L1)
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Characteristic Strain

Where from here?

Different gravitational wave telescopes....

=12
" \/ -
1071}
=16
1077 eLISA
1 solar k
8 Resolvable galactic
10'1 - LISA binaries
aLIGO
Extreme mass
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Frequency / Hz

Souce: eLLISA consortium
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