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LIGO

Outline

Lecture 1: the basics of interferometric
detection of gravitational waves

Lecture 2: fundamental noise sources
(seismic, thermal and quantum noises)

: the dirty reality of “technical
noises” (scattered light, control noise,
etc...) and prospects for the future
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Gravitational waves

* All we need to know for this lecture:
— Change in the distance between mirrors

— For km scale distances, and audio
frequencies, flat response in frequency

— Differential displacement along
orthogonal arms
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Interferometric detectors
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Interferometric detectors
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LIGO Lasers

* Monochromatic light G4 M
source >\ = (O d(

« Diffraction limited, but we
can use a plane-wave ?
approximation for most of
the discussion
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LIGO

Lasers

Monochromatic light
source

Diffraction limited, but we
can use a plane-wave
approximation for most of
the discussion

E(X, t) — Eeik-x—iwt

w = 2nrf

2
| -iizrl

LIGO laser power 70 W
Wavelength 1064 nm
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LIGO

Mirrors

* Dielectric coatings

* Very low absorption

* High optical quality
of both substrate
and surface
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LIGO Mirrors

E, E,
—_—
E, 9 E,

* Dielectric coatings

* Very low absorption

* High optical quality
of both substrate
and surface
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LIGO Mirrors

E: E>
— B
B B W ——

E, E,

Eof* + Eﬁf: (1-£) (|Eaf +|Es )

* Dielectric coatings

* Very low absorption .
‘ . ‘ E'r = E?;
* High optical quality
of both substrate Et — tE;
and surface
By =1k +tE;
EQ —_— fEl o ?"E;;
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LIGO Mirrors

Dielectric coatings

* Very low absorption i

o E. = £E,

High optical quality . é,

of both substrate Et — al ;
and surface

by =1k +tE3
EQ — f,El p— T'E;;

Pirsa: 18070038 Page 14/85



LIGO Photodetectors

* They can detect
only the power

* Output a current
proportional to the
impinging laser
power

* Instantaneous
absolute phase of
field not accessible
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LIGO Photodetectors

f
P
I—pg =
Wehw
P — E E 2_ ¥4 2 *
= |E1+ E3|* = |E1]* + |E2|* + 2R (ESEy)

. — 2 2 :
* They can detect = |E1|" + [E2|” + |Ex] - |E2| cos 12

only the power

* Output a current
proportional to the
impinging laser
power

* Instantaneous
absolute phase of
field not accessible
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LIGO Photodetectors

P = |E1+E) =|E1> +|Eaf> + 2R (EJEo)
= |E1|* + |E2* + |E1] - | E2| cos ¢12

* They can detect
only the power

* Output a current
proportional to the
impinging laser
power

* Instantaneous
absolute phase of
field not accessible
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Michelson interferometer

End Mirror Y
E3 E4
it A ,(&?‘ E_;_
* Arguably the most sensitive | & 3
instrument to detect '
E

differential strain

* Based on interference of
two laser beams
propagating in orthogonal
directions
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Michelson interferometer

Arguably the most sensitive
instrument to detect
differential strain

Based on interference of
two laser beams
propagating in orthogonal
directions

End Mirror Y

E3| E4
L

X JoUlW pu3
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LIGO Michelson interferometer
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LIGO Michelson interferometer
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LIGO Michelson interferometer

E End Mirror Y EQ L L El E.% = CikLY E2
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LIGO Michelson interferometer

[ enamiror v e o E, £ LT
V2 e
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LIGO Michelson interferometer

?[ndMMmY L — LK%:_I_‘I AL — LX — LY
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Pa= Z’ [;%( + r%, — 2rxry COS 2kAL]
|| Photodiode
s .. o
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LIGO Michelson interferometer
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LIGO Michelson interferometer

‘:EHUMHIUIY L — EX——z_t_h: AL fr— LX e LY

Ef . _;ezikL [e@x _ o iDL Y}ﬂ

| B : o
+§€2sz [e:kALrX e zk/_\.Lry} E;

m m
L |
- m
Y
X i pu3
gy
)

P‘
Py ZI rg( + r% — 2rxry COS 2kAL]
Photodiode M

P.
Ps = j [ri -+ r% + 2rxty cos 2kAL}

Pirsa: 18070038 Page 27/85



Pirsa: 18070038

LIGO

Michelson Interferometer
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Power [W]
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- Anti-symmetric port
= Symmetric port
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LIGO Michelson Interferometer
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LIGO Response to GW signals

We detect the power at the anti-

symmetric port ALdCL e\

- L
= H ‘—41 [T%( + r‘%f — 2rxry cos 2kAL]

5 == Antl-symmatric port
£ Symmetri | ort
&04

0.2 /
0.0

AL U mJ
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Response to GW signals

——Antl-symmatric port

et ' = ALy bwé[_

/

AL U

* We detect the power at the anti-
symmetric port

ik H Fa=
vy + 6

| T

[rg( + 73 — 2rxry cos 2kAL

2kAL = Z—ALQ +2—éL +2—é
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Response to GW signals

= Antl-symmatric port

Bymmey ' = ALy bwé[_

/

AL U

* We detect the power at the anti-
symmetric port
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Response to GW signals

= Antl-symmatric port

Bymmey ' = ALy bwéL
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* We detect the power at the anti-
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LIGO Response to GW signals

* We detect the power at the anti-
symmetric port

] "
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LIGO Response to GW signals

1. We detect the power at the anti-
' . symmetric port
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LIGO Response to GW signals

* We detect the power at the anti-
symmetric port

2 H Py = 74-{ [ri + 73 — 2rxry cos 2kAL
i Lx(t) = L+ Lhgsinwgwt
i Ly(t) = L — Lhgsinwgwt
Eoa symar ' = Pao(t) = Ppo(dLo)+ G(6Lp) - h(t)
it . [).
/ Pao(dLg) = 4* [7%( + r% — 2Ty COS 2k5L0]
o ; 4rL : :
G(6Ly) = 7: rxryP; sin 2k L
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LIGO

Response to GW signals
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——Antl-symmatric port

* We detect the power at the anti-
symmetric port

x p.
£ H Py = 74’- [ri = r% — 2rxry cos 2kAL

Fl ' - Pa(t) = Pap(6Lo)+ G(6Lo) - h(t)
D,
Pao(dLy) = [4: [7%( + r%, — 2Ty COS 2k5L0]
Glolg) = 47:L rxryP; sin 2k L
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LIGO

Response to GW signals

—— Antl-symmatric port
trie port

/u\

AL U

We detect the power at the anti-
symmetric port

- @+ Lhg's
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= PA’D(CSL()) -+ C(5L0) -h(f)
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LIGO Shot noise

0.20

0.15
P
Fe
1
8
Fo10
0.05 |I
0.00 I _l-
g 1 2 3 &8

- v v *
6 7 8 5 10111213 14
Number of events

A

* Lightis quantized
* Power is proportional to
the number of photons

* Uncorrelated events:
Poisson’s distribution
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LIGO Shot noise

_ PAt

£ - ol
m==%n= >

E[(P — P)2At?) = (hw)?E[(n — 1)?]

l.01:. = (hw)zf[n] — thAf
E[(P(t1) — P)(P(t;) — P)A#?] =
I I = £[(P— P)ARIS(H — ty)
b 012345'I--—

R —  hwPAL(t) — 1)

0.20

A

* Lightis quantized
* Power is proportional to

the number of photons 51}_1/2(()) = V2hwP

* Uncorrelated events:
Poisson’s distribution
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LIGO Shot noise

E[(P - P)ZAtZ]— hw) [ - )?]

- || (hw zf[n{ lth’At )

0.20
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E[(P(t) — P)(P(t) — P)At?] =

A
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LTI 5
i dN:ml?anﬂ rPur-ngtim e - thAt(S(t] tZ)

* Lightis quantized
* Power is proportional to

the number of photons 51}3/2(()) = V2hwP

* Uncorrelated events:
Poisson’s distribution
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LIGO Signal to noise ratio

< P; :
* Power at AS port: Pao(dLy) = 41 [7& + 13 — 2ry1y COS ZkaLO]
: . - o
Optical gain: cloi = %rmpf sin 2k6Lg

s¥/2(Q) = [%rxryp,- |sin 2k§L0|] ShAey)
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LIGO Signal to noise ratio

; B .
* Power at AS port: Papo(dLg) = 41 [7& + 13 — 2ryry cOS ZkaLO]
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LIGO Signal to noise ratio
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LIGO Signal to noise ratio
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LIGO How to improve the sensitivity?

_ ~13x 10°20Hz"1/2
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LIGO How to improve the sensitivity?

S
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LIGO Fabry-Perot resonant cavities
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LIGO Fabry-Perot resonant cavities
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LIGO Fabry-Perot resonant cavities
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Fabry-Perot resonant cavities
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LIGO Frequency response
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LIGO Frequency response

Ef = EUEfKLf iwt+ikzy cos Ot
= E, |:e—iwt 4 tkzg (e—i(m+ﬂ)t +e—f(m—Q)t) i
2
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LIGO Frequency response
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LIGO Frequency response
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Input
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LIGO Frequency response
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LIGO Frequency response

A @ = r,Epet*n0cos o F [1 + ikzg (Ciﬂt i eiﬂt)]
ur = (E3 ¥ 6E3(Q)) + SE5(—Q2
(&) SE(Q) + ¢E5 ()

2
MEi?rir o 5E3(Q)
E3(NN) = ==
1 —r;r.e
()
t:E; te—tch
En(Q) = T kg
—TiTe]l —riree < c”
! 2F 1
Mirror = lznﬁr
A
ui Wi

Pirsa: 18070038 Page 60/85



Pirsa: 18070038

Field amplitude [V W/m]

LIGO

Cavity pole

P s

[
o
o

108

R0

Er ((]) = ikzgr{,Ei

10!

102 107

104

Phase [rad.]
/

10!

102 10
Frequency [Hz]

104 105

2r

2'rr‘1

Q
FL

Page 61/85



LIGO Fabry-Perot Michelson
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LIGO Fabry-Perot Michelson
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LIGO Fabry-Perot Michelson
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LIGO
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LIGO
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LIGO Power recycling
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Interferometer

—
o ”}

E—

Power Recyling
Mirror :

=a

Pirsa: 18070038 Page 67/85



LIGO Power recycling
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LIGO Power recycling
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LIGO Signal recycling
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LIGO Power Recycling
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LIGO Signal recycling
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LIGO Signal recycling
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LIGO Signal recycling
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LIGO Signal recycling
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LIGO Detuned cavity
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LIGO Detuned cavity
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LIGO Signal recycling
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LIGO Signal recycling
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LIGO Signal recycling
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LIGO Signal recycling
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LIGO Signal recycling
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LIGO Summary

10—20
_ﬁfﬂ*
10721y —— Michelson (MI) ,,/
| == Fabry-Perot-Michelson (FPMI) >
-
- Power Recycled (PRFPMI) |

Dual Recycled (DRFPMI)

10-22;

-
-~
-

10—23 -

Shot-noise-limited sensitivity [Hz=%/2]

10-24 - — T — —— Y o T S )
10! 10° 10° 107

Frequency [HZz]

Pirsa: 18070038 Page 83/85



LIGO Advanced LIGO design
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LIGO Advanced LIGO design
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