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Beam detectors of GW

Measure with light the proper distance (invariant) between test masses in approximate free fall
* one-way beam detectors e.g. Pulsar timing signal — Earth
 two-way beam detectors

* one beam e.g.radar

 two beams e.g. interferometer

light travel time between test masses distant L along x axis
in a h, GW traveling orthogonal to x axis

* No dependence on the f_ .
value, which is not invariant
* dependence on h, at times of

for a continuous beam emission _ , ,
interaction with test masses

at stabilized frequency f_ .
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Interferometric detector of GWs

for one arm, length L along x axis,
in a h, GW traveling orthogonal to x axis
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Interferometric detectors for GW

PO‘LLt

Pl‘l’l

Measure differential arm changes AL by laser mass .

light beams: e A
optical phase difference A¢ at the ¢ L \
antisymmetric port | 1

laser :
= light power variations at sensor e \ I est
! Ml L% 5

_ [ 2mAL ¥ e .

= sin“(A¢) = sin + Adew AU -1 B

] ALaser A

e 2 balanced-length arms allow common mode rejection of many technical
noises.

* Operation close to dark fringe (P, ~ 0) allows a «null measurementy, i.e.
more favorable AP, ,,;/P,y+

* Want high P;,, : signal scales with circulating power

 Target audio frequency gravitational waves:

. 100H
optimal arm length: L _Aaw _ 750km< 00 Z)
4 fow

—> Km-scale arms plus increase optical path by optical resonant cavities
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detector layout

Fabry-Perot Optical Cavities

2
LOPT = g? L =~ 1200km
F = 450 finesse

Cavity bandwidth = 100 — 200 Hz

Arasgr = 1lpm

Power
Recycling

mirrors in «free fall»:
unperturbed at
<10 m level

[

W =~

Increase circulating power in
the arms to 0.1-1 MW
this is the “GW sensing” power

Lx=4km

Laser
source

Psource H

Re-injecting P;,
reflected back from
Beamsplitter:

~ 30x circulating
power

e Signal Recycling

Target noise
AL<10¥m
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detector layout

, mirrors in «free fall»:
Fabry-Perot Optical Cavities unperturbed at

2 101° m level
LOPT - ;T L =~ 1200km

—
F =450 finesse 4Il_
Cavity bandwidth = 100 — 200 Hz ?37
IMC Increase circulating power in

the arms to 0.1-1 MW

Power Lx=4km
Recycling

: | |

Signal Recycling

Arasgr = 1lpm

Laser | yode-selective
SOUrCeE | cavities to

. : O
optimize optical »E
matching o Target noise

(Mode Cleaners) AL<10VY m
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Mirrors

Low mechanical losses
Low optical absorption
Low scattering

42 kg, 35 cm diam., 20 cm thick

Flatness < 0.5 nm rms
Roughness < 0.1 nm rms
Absorption < 0.5 ppm
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Dielectric mirrors

Ideal mirror: sharp interface between two mediums
— Er‘ = T'Ein, Et = tEin

— Sharpinterface: r,t € R

— Energy conservation:
Iin =15+, > E}, =E} +E} > r* +t*=1; <_

= Mnign-niow = " Tiow—nhign Only for a perfect

mirror with no losses

. . A
Dielectric mirros: Z-stacks

— Mechanism:
* Alternating layers of high and low index of refraction

* Each layer has an optical path of% (for desired wavelength)

* Back and forth makes for% phase shift

Mhigh=Mow = ~Miow-Nhigh makes for total A phase shift for reflection

off different layers: constructive interference
— Reflectivity can be accurately tuned in value and wavelength
— Similar technigue used to produce anti-reflection coatings
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Sinc function

more on output phase difference _ N

For the y arm, this sign is inverted (wgwkk.> 0.6

n \
2L Ok L Lx :Sl C 3 0.4 \\\
tz — tO — p ‘|" h_|_ to c :‘ . 03 T~

.
* .
-------

— For = K Tyw = — the GW perturbation is “static” during the light’s travel time
gW

L I . : :
— For Tx > Tyw, hy keeps oscillating cancelling out its effect at every half period

* The phase difference of the two beams at recombination is thus A¢ = a)l(tx — ty) Usually, L, = L, = L

and, atfirstorderin h: ... eeeseeseerereseeenn A A g4w, induced by gravitational waves
"Ly — Ly, 2L Wayy LY
~ I. y: s 3 gW —_
Ap = wl.(? . ;I'Jc ho cos(wgwt + a) smc( ¥ Apo + Adgyw

N
Ty
ay a®
................
-------------------

Ag,, controlled by the experimentalist
. . Lt Wygger . . . .
note:  Eisevolvinge ° GW creates sidebands at w; + wg,, (also mirror displacement noises do)
* Adg, contains two terms:

— A (usually small) microscopic term to control the “working point” (=the output with no GW) of the
interferometer and set a dark enough fringe

— A macroscopic term (Schnupp asymmetry)to:allowfreguenciesw; + wg to leak at the output 10



Black&Gutenkunst, Am J Phys 71 (2003) 365

null measurement ==
Pout = E§ sin? (A +Bepgy)

e

O

lllll

P, ~ 2w;Lh/c

— P;,, amplitude noise directly trasferred at output

— APyt /Pyt = 2w450r-Lh/c extremely low relative uncertainty

Z0.25 0.25

NOT viable

operating point 2 “dark fringe” : nulls dc output P,,; BUT signal is second order effect
— NOT viable with L, — L,,=0
— if you implement a lock-in homodyne detection: modulate P;,, at wspg
— but also GWs produce side-bands of the w;,ger
— and realize a Schnupp asymmetry: L, — L,#0, Ly, — Ly, <L, Ly — Ly=n7Ajgger
to allow “dark carrier” but with some intensity at the sidebands wsg which modulates the GW signal
Ly—Ly

~ 2w;4serLh/C sin (27z 2
AsB

) ~ 2W4serrLh/c with feasible choices for the asymmetry



spectral sensitivity enhancement

10 21 -

Hz )

Strain Noise (1/

10-24i i Y o
10 100 1000
Higher Mass Binary Frequency (Hz)
BH Coalescences BBH mergers NS transients
(Intermediate Mass) BH ring-down

and yet UNKNOWN SOURCES
Earlier detections © :

Stochastic background
coalescences
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NSGperlodlc emission G)@((‘

--LIGO S6 run (2010)

--Advanced LIGO O1
run (2015)

--Advanced LIGO
design goal

-107%%m/VHz
displacement noise
(single arm)

S
e
&0

" Volume of Universe

e
2
’@( surveyed scales as
\@ ~ (noise amplitude)
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back-of-the-envelope sensitivity estimates

 target transient GW signal strain % ~ 10721 with signal bandwidth Af ~ 100Hz

AL
= required amplitude noise spectral density in GW strain ASD « —L= =~ 10722 L
/Af VvHz
. . —-18 m
in terms of displacement ASD << 10 NT
: AL _ 107" m/VHz _ .4 1
in terms of output phase ASD << T ——— 10 NET

e photon counting noise (Poisson’s statistics): beam splitter and e.g. input FP cavity mirrors randomize photon
counts per unit time in each arm

= fluctuation in the power and electric field in each arm:

—12_ 1 1 241
10 \/E>\/N:>N>1O -

e Power needed: P>Nhw= Nth%z 1024§>< 10734 .s x 2- 1015%z 200 kW



noise budget of advanced detectors Noise imposed by quantum mechanics.

,,,,,,,,,,,, S —  Dominates most of the design sensitivity.
""""""" Not as fundamental as it looks like.

............ : | == Quantum noise
Gravity Gradients

e SUSPENSiON thermal noise | == Seismic noise
""""""" Coating Brownian noise j Gravity Gradients

Coating Thermo-optic noise

............ 102 \ zrzjslzt;aBsrowman noise \
~ m— T 01l NOISE
z Ground vibration. In principle can be
102 H—— g 107 AdVirgo | .

suppressed paying enough for

suspension systems
1L\ N : \ll\ L R 0\ s ne A
AR\ \ | | || ............. .......

N

L |

3 s 10' 10° 10° 100 N

—_— Frequency [Hz]

s 107 \ . Maybe the most “fundamental”, since it acts at
Ef-’) P O

2\ ] the input of the detector in the same way as
L AR TN N ] GW (in fact, it s also a metric perturbation!)

Thermal noise, especially in mirror coating, is
currently the limiting factor to the
improvement of the detector’s design
sensitivity

Frequency [Hz]
Here the limit is the ability to keep Here the li

the mirrors from moving G.A.Measkne:
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Quantum noise

* Shot noise (counting error of photons)
— Photon arrival events are uncorrelated: the autocorrelation function is 6 (t), and the noise spectrum is flat:
1
AE? AN?h?w? NA’w?  Pyhw T Sp(w
APZZ — laser _ 1 _ 0 l:f deP((U): P( )
T? T? T? T 0
The output of the detector is proportional to P,, so the relative noise is

= Sp((l)) = Pofl(l)l

Accounts for working point and photodetector eff|C|ency DA ", 2mc
1/2 K .
Is of order unity. A¢ shot( w) = Pohwl Al

1/2 (@) 2
. . . C [2mhcA
Referring the noise at the input we get: S,i/siot — Cadshot’®) Ly <f9—w>

Trp 8FL+ Py f

e Radiation pressure (uncorrelated photon impacts on mirrors)

Amplitude
— Each photons that arrives at the mirror exchanges a momentum 222t ‘. Reasoning as above: fluctuations are
low-pass filtered
g1/2 () = ZPOhwl gl/2 (w) = 2POh(»‘)l gl/2 _ 16\/—2:? Pon 1. by the arm
Frp xrp w sz c2 hrp MLw? chzll .“' "é.‘ cavities

Fluctuations at the beamsplitter are
6. prod? BRRASIEH IN-TRecavities H Yo factor F

1+ (f:Q_W ::
‘e fp “" 15

L
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Standard quantum limit
Shot- and quantum radiation pressure-noise have opposite dependence on laser power (direct
manifestation of the Heisenberg uncertainty principle):
1
Spmot ~—=> Siho~Po

h, shot ~ \/FO,

The sum of the two is the total quantum noise

1 1 |h f? fo 1 4F | P,

SV = d\\1 Y2 ) T E T ) P [mem

V

For each value of f, this can be minimized by changing P, so that the two contributions are equal. The
envelope of the minima is the standard quantum limit:

1 8h g \\‘-\ Quantum noise
. . «*® Z107% \ for GEO 600 parameters |
Note that it cannot be achieved on the . hSQL Cf') = > f L | = without signal-recycling
. . . g o>Not NoIse i N\
entire band simultaneously! e f A — \\\
lllllll X R X
B % B Quantum noise
§10-:‘2_ 2% \\-\ with increa;s'_;g(;aser
) ’-1;0 e power (x100)
NOTE: there exist qguantum-nondemolition techniques to circumvent the SQL, g % i ERE——
since we are not really interested in measuring conjugate variables (i.e. position 3 % \9{“';;‘3‘;)”'"“
and velocity) of the mirrors at the same time with arbitrary accuracy. o : -
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mechanical), internal or external

Ultimate limit is the internal dissipation:
Sk en(w) = 4k, T Re(Z(w))

Mirror suspensions:

— At the level of the last mirror, it is typically higher than residual

seismic

— Typical loss sources: clamping and (relatively) high-loss materials

— Solutions:

* Use of low-loss materials (fused silica, Q~10°)
* Monolithic mirrors and suspensions: SiO2 fibers welded to SiO2 mirrors

Mirror coating Brownian thermal noise:
— High index material in multilayer coating is relatively high-loss

— Solutions under study:
* New materials

* Heat treatment to relax favor material relaxation

* Innovative layer structures
* Monolithic crystalline coatings

Thermal noise

In general contributed by any source of dissipation (not only

Heating due to
comprcssion

G.A.Prodi, Gravitational

Thermo-elastic noise

Cooling due to Cooling due to Heating due to

expansion xpansion T compression

Heat flow

(©)

800um diameter at
bending point (200MPa
for 10kg mass per fibre)

400pm diameter (800MPa for 10kg mass per fibre)
for the remainder of the fibre to lower bounce mode
(<10Hz) and increase violin modes (>500Hz)

"
|

Temperature Coatmg thickness

S.(f, )=

2kT d r+zl
fsz ¥ ¥

Laser beam radlus

Coating mechanical loss




N eWtO N | an no | se Density fluctuation inside medium

Stochastic fluctuations of the local gravitational field

Main sources:
— Seismic vibrations (Lowe waves, compression waves)
— Infrasound (variation in atmospheric pressure)

Surface displacement

Cannot be shielded
— And even if it could, GW would be shielded too!

Active strategy:

— Deploy a network of sensor to measure ground displacement and atmospheric pressure
variations

— Model the effect of the measured disturbances on the mirrors and subtract from the GW signal

Passive strategy:
— Go underground, where surface waves don’t matter and atmospheric variations are reduced



Horizontal spectral motion at various sites

l I l I | [ VirgoOm —
e I S I C O I S e | | Netherlands 10 m
10" || Sardinia 185'm —

Hungary 400 m — |
| | Spain LSC 800 m —

* Ground vibration is 0(10~°m), more than

10 orders of magnitude higher than o
permissible for GW detection ’ N <> ~
— Human activity (1-10 Hz) - o5 |
— “Oceanic peak” (0.1 Hz) b o

e Two main issues: ) : B ol /}" ..

pressure/wave impact stationary wave 0.1 ] 10
— OQOut-of-band RMS: mirrors would be pushed Frequency [Hz)
out of alignment/resonance, and need to be o
actively controlled. Relatively low e " PR N N s i
requirements, but high range. ‘ir Sy - iy
— In-band noise spectral density: mimics GW Tll | = (5 |
. . A l*-__.
signal and must be suppressed. Stringent h . L pEE | H
requirements. g’ T
* Passive strategy works best, to avoid injecting " h L |
readout/actuation noise * i’
e Cascade of pendula (and active pre-isolation as: 18l 00 Wy
stages) pans s E W Feion ... xswvesor___|{II|[1I}] Quap
} CAVITY Axis SUSPENSION
Y 1 P \F Hy s SR, oL =™ [ G
xo~x~ (1 sz Jo = |71 AZ negie, | ' 2 e
° A=r%/1o) : G.A.Prodi, Gravitational Waves, Otrantglas hoo;ily 2021 CROUND m 19
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Seismic noise

Typical RMS seismic noise in detection band (>10 Hz) is of
the order of nm/VHz

— Need attenuation of about 10 orders of magnitude!

Virgo superattenuator:

— N cascaded mechanical filters: (f,2/f?)V
— 6 filters: total isolation 101> @ 10 Hz

10"

5;

Transter Function

aﬂ

1075

10

— Horizontal TF

Verical TF

10

107"

1

Lo oaigiiiil e g i i bl
GO.A.FTOUI raviiatioridr vwdyes
o W

Otranto School 2021

Stabilized Platform
[occelerometers/ coils

magnetsactuators)

[Coils fixed to ground
”"T
[Flexion Bars }———

Suspended

Selsmic Filters

Marionette
[Coils and magnets
actuators)

Mirror
and recoil mass

20



Locking and alighment

» All the sensitivity calculations we did assumed that the cavities were on (or very close to)
resonance. What does it mean in terms of “stability”?

— Arm cavities: F~500, FSR = —~50 kHz = FWHM~—=~500 Hz = AL = L% = LFV:/ZM ~10~9m
 Why is that difficult? Ground motion, moon’s tidal pull, intrinsic laser noise, etc..

 Need a technique to keep laser and cavity length “locked”
— Pound-Drever-Hall technique: use sidebands as local oscillators to detect ri>

departure from resonance

\gj K?\
R oN ((‘;ﬁﬂ)t - ‘\\,}
Electro-optical modula.';;).r-:-i;skg)r‘lts_mt ()t @J
sidebands by modulating the phase (w—Q)t
— Arm cavities are good references at high frequency: actuate on laser to make it 'foIIows cavities ]

— Independently-stabilized laser is good reference at low frequency: actuate on cavities to follow laser

+ Also need sensors and actuators to keep everything aligned /"2 10 avoid extra noise the requirement is
P Y g allg much more stringent: ~1 nrad RMS!

— E.g., keeping the laser beams centered at km distance requires angular control of order ~0.1 urad™
G.A.Prodi, Gravitational Waves, Otranto School 2021 3km el 21se®




e spare slides
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— Fabry-Perot Arm cavities:

Input mode cleaner: D‘-, “Tw Laser spatial mode filter
Laser spatial mode filter ; ’§ Intermediate frequency stabilization
Intermediate frequency §
stabilization
3 km
L
Laser: / 750k W
100W - 1064nm . .
Power recycling cavity Signal extraction cavity
Increases effective -« — (aka signal recycling cavity)

power seen by arm

Dual-recycled cavities
Fa b ry- Pe rot Output mode cleanerzw:

Rejects higher order

M IChelson modes generated in the

IFO, enhancing contrast

Interferometer

Resonantly enhance GW
sidebands. Can be tuned to
change the response of the

interferometer.




Optical cavities

* Optical cavity: an arrangement of mirrors that allows a closes path for the

light
=l ﬂﬁ% x><y
Round trip losses
o Circulating field: Dominates the frequency
—ik2l dep_e_p_c_j?_
E = tlElTl + 7‘1T2E e = E —'. 17:1, 1--7‘1T2€_-ik2[' .
* Reflected field: TR

ET‘ — _rlEin + rztlECe_iRZl — Ein (—7‘1 +

_ —r+rirye k2L, t2e=thk2l _E ry—1,e k2L "t L 2, t2
— Lijn 1—7‘17‘28_ik2L _ n 1—7‘17‘28_ik2L < >
* Transmitted field:
E, = t,E. = E;, t1t2 S Input coupler Output coupler
1-rmrye
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[ ] ‘}
Optical resonance K
In general this includes al the optical losses !
|
1
. . . . . _ 2 . 2 tl
* Circulating intensity: I, = |E.|* = E};, ) |
2 \
. A .
— This is maximum for minimum |1 — rlrze“k2L| =L = n; = n% = n% \ rre”
2 ¢ \
FSR = —
— At resonance, I, = I, |—2 2L .
519 l—T1T2| < > 400 4 N

o 35 4 =~
o | 350 1
30 1
300 1
s

251
2501

200 4

15 _
al 150

10 4 100

T T T T T T T T T T T T T T T T T T T T T T T
10 12 o 2 4 6 8 10 12 o] 2 4 6 8 10 12 0 2 4 ] 8 10 12

* Note that:
— frequency gap between the peaks (free spectral range) only depends on cavity length

— Width of peaks decreases with increased reflectivity

: LF
m\T177 2 FSR ~ 27 Storage time: 7, = ——

* Finesse: F = =2
1-1475 ™ 'JfWHM losses
Valid for small cavity lossas trmees

Full-width at half maximum Example: 72 = 0.99,7, = 1,L = 3 km =
* The finesse determines how “selective” the cavity is T t 625 ' . ~'2 ms
~ , ¢ R
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Fabry-Perot cavities to increase the effective length

A
We found that to maximize IFO response to GW: L -, = —ZW ~ 750 km (1(;0 HZ)
gw
Modern GW interferometer have L, = 3 km

We need to increase the effective length by a factor ~100.

Delay lines: make the laser beam bounce back and forth between two mirrors, hitting each time a
different part of it.

— Very sensitive to back-scattered light
— Need very big mirrors to avoid beams overlap
— Need a special (and challenging) mirror machining/coating to allow the beam to enter/escape the line

Use optical cavities: each photon bounces back and forth between two mirrors (back on its own
path), effectively traveling a much longer distance before going back to the beamsplitter

— Length increased by the average number of bounces before escaping, N~

2T
Less = 2L—~300 km for F~500, L=3km
2T



FP cavities to increase the interaction time

Remember than in the TT gauge we saw that the light picks-up a propagation delay due to
the fact that it travels in the spacetime curved by GW

Different but equivalent perspective: by making the thLoton boupjcge back and forth, the

interaction time with the GW is increased from 7, = —torg =

This brings about the idea that a cavity is a low pass-filter: everything happening on a

: LF.
timescale much faster than 7, = ——ls averaged out.

the oscillation period of your GW: 75 = L¥ 1 = F~—° <1000 100 Hz

An intuitive view: make 7, as long as possible to increase the storage time, but smaller than



Response of Fabry-Perot arm cavities

A more accurate view: FP reflected phase sensitivity to cavity length displacement

TT\[T1T5 T ?
F = = ~1——=4+0|—
1—rry 12 F (?2 )

Let’s define the total power losses p: (1 —p )i = (1—p), 1—p;, =17 +t?
Then:

2 2 2,..2 T p
ri=1-p—t{<l—-p=2rrn<l-p =>1-—==nrn<l-=
DF e, The cavity is: ur?aercoupled for cav%y forl<o<?2
For the coupling factor 0 = —itholds) <o <2 : overcoupled 0 < ¢ < 1
o Sl optimally coupled (impedance matched) for o = 1

The phase of the reflected field —E;,, i

1-1y1rpe~tk2L

for a displacement € from resonance can be

written as: If 0 > 1, the twg contributions have opposite sign
Fe 1 a_ri_dé)ar ially £n€e\ each other, which we don’t want
¢ = m + arctan + arctan | —
m:l—o0): T
Forr, = 1,1,~1,p; = 0 we obtain:
amn® a¢ .:ZT“‘- ' a_¢ B
p=1—r22=0=>0=0:> ~ : CompareW|thaE—1

de T forasimple Michelson
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Response of Fabry-Perot arm cavities

* For an Michelson with FP cavities, invested by a GW (plus-polarized, propagating
perpendicular to the plane of the IFO), in the detecter frame;: r.cior

[aser wave-vecto
The effect in the two arms has opposite sign,., . ™ T  L.esrsrrmmmsesnn, 2’73' due to FB cavities 4.F

Aprp = Apy — A, = =i2i zakl "Lho Cos(a)gw ) = |IAprp| = —lehO

Light travels back and forth" ..

Armlength dlstortlon due to GW

* Let’s move to the TT gauge, and use the sidebands picture.
— The field is composed by 3 contributions (carrier at w; and sidebands at w; + wgyy )

— In the presence of GW, at each round-trip some of the carrier power is moved into the
sidebands

— Effects of the GW on the sidebands can be neglected, as it is second order in h,

* One eventually finds:

waw L\ 15(1 — 12 — 1
|Ad,| = hok,L sinc( had ) (1= 7% — p) -
c rn(1-p)—n |eZinWE

—nnr
G.A.Prodi, Gravitational Waves, Otranto School 2021 29



Cavity pole

wng> r(1—12—p) 1

¢ rn(l-p)—n 2
WawL
1+ ()% —2nmn Cos< ‘zw )

|Ag,| = hok,L sinc(

* One can make a few simplifications:

2
— Since GW IFO work at p~0,1,~0, we can write: 2 = Z((i_;l)_fl) = 2(1 + e(rl,rz,p))

F L _ L 2 L 2 L\ 2
— GW IFO use large F and operate at CL~ L 5 29% « 1= sinc (wgw )~1, COS( L ) ~ 1 —%( il )

W gw c c c c

1+ €e(ry,m,p) 1 F 1

|Ady| = 2hok; L ~ 2hok;L—
1—nn 2
\/1 n ( T']_TZ )2 _ <2ngL> \/(1 + 47ngWTS)
1—nr c . .
v As for a simple Michelson,

Includes a factor 2 for the effects of the two arms the TT gauge includes the

averaging effect for f,,, >
2,

“ 1/7, and reproduce the
. detector frame result

otherwise
Al 2
fgw
jH( o)
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* Interms of the cavity pole f,, =

* This is the transfer function of the interferometer: Trp (fgw) =




Transfer function of a GW IFO with FP cavities

TF from strain to radians [rad]

1013 -

import numpy as np
import matplotlib.pyplot as plt

F=568

L=3e3
lamb=1864e-9
fp=3e8/(4*F*L)

f = 18**np.arange(®,3,8.01)

TF = 8%F*L/lamb/np.sqrt( {14+({f/fp)**2))
plt.loglog(f,TF)

plt.xlabel("GW frequency [Hz)")
plt.ylabel("TF from strain toc radians [rad]™)

10°

101 102
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