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French-Italian-(Dutch) ground based Gravitational wave detector
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Sensitivity curves
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The noise: Definition

Noise : Random signal which is combined to a physical quantity to be measured

Specific case : additive noise S=x4+ ¢ > p(g)
SN
signal Quantity noise Probability
to be density
measured
Specific case : time-dependent noise S(t) = x(t) + E(t) E(t) — D¢ (8)

Time dependent
probability density
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Noise characterization

+00 |

Mean vale: me(t) = (e(6)) = f e X p(e)de () computed by repeatin the
2 Foo 2

variance : Me,2 (t) = 0-82 (t) — <(€(t) R me(t)) > — f (E(t) — me(t)) X pt(g)dé‘

l .....

Moment of order : Mg (t) = <(g(t) - mg(t))"> = f

-+ 0o

(e(t) —m(t))" x pe(e)de

» But this is not enough to characterize the whole process...
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Autocorrelation

+ oo + oo
[ (ty,t;) = j j €1 X &3 X Pt ¢, (&1, 82)derde,
— 00 — 00 N )

joint prcv)bability
density function

In principle, we would need to know all autocorrelation functions of order n:

+ oo + oo
F{:‘(tll tz, ey tn) — f f E1 X &y X+ X &y X ptl,tz,...,tn(gl"gz) ...,gn)dgldgz dgn
—00 J—00

In practice, the second order autocorrelation function already gives enough information
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Stationary noise

Stationary noise : The noise characteristics do not change during time

Forall T ptl,tz,...,tn (811 €2y ey €En ) = pt1+T,t2+T,...,tn+T (81, €2y s €n )

One interesting case: centered and 2" order stationary noise: p:(€) = per(€)  Deot, (€1, €2) = De, 41 t,+7(E1, €2)

zeromeanvalue g (£) = ((£)) = 0

Standard deviation g2 (t) = g2
I.(t,t+71)=T.(071) =T.(1)
of = T(0) = I (v)

Autocorrelation
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Stationary noise

White noise

Ec)

Colored noise
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Temporal average

__ 1 (7
for one experiment me = f(g) = |lim — f(g(t))dt
T—-00 2T )_+
1 T
m,=¢&= Th_)rgoﬁ _Te(t)dt
_ 1 (7
S =& Th_r)glo T Ts (t)dt

2"d order ergodicity : all experiments are equivalent me

Ce, (1) = Cg, (1) = Ce (1) = e(Ve(t + 1)

07/07/2023 11



Stationary and ergodic process

» All considered process are centered, stationary and ergodic

T

mg(t) = (e(t)) = f Oog X pr(e)de He = € = ,111_{210% e(t)dt
—00 —-T

linearity ergodicity

(F©)) = (F(a©)) = (F(e©))) = {fec) = fu

stationarity » fg, o = fg,
(f(gi(t ))) — fe,e(t) — fe,e — fe,e t

» Averages on different experiments is equivalent to averages over time
me = e 5 2= 02; Co(1) = [(2)
e = Heg ;5 Sg = 0g ; Leg\T) = LT
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Harmonic analysis : The Fourier transform

+00
Finite energy process: € = J |f(t) |2dt
— 00
+00
its Fourier transform exists: f(v) = j e_lzm/tf(t)dt
—00
+00 5
Parseval equality: c = j |f(V)| dv
— 00
~ 2
» |f(v)| represents the energy density per spectral interval dv:

the Energy Spectral Density (ESD)

07/07/2023
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Harmonic analysis : The Fourier transform

+00

In general, noise is not a finite energy process: f |g(t) |2dt = 00

— 00

T

But...it has a finite mean power: P = lim |8(t)| dt

T 2T

T 2
If it exists, we’re interested in the quantity: Sg(V) = llm ﬁ |€T(V)|2 = 7lirl’l ﬁ j e_izm/té‘(t)dt
—00
-T

Summed over the frequency v:

+ oo 1 + 00 1 + oo 1 T
il 2 4., — 2 34 24+ — D
f S.(v)dv = llm T IeT(v)I dv = llm T IeT(t)I dt = 11m T |€T(t)| dt =P

— 00

= S.(v)represents the power density per spectral interval dv:
the Power Spectral Density (PSD)
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Harmonic analysis : The Wiener-Khintchine Theorem

For a stationary and ergodic process (noise), the PSD exists and is given by the Fourier transform of the corresponding
autocorrelation function:

+00

S.(v) =) = f e~ 2™, (7)dr

— 00

Very useful for analytic calculations, original definition used for measurements (FFT)

Unity...? example:

Voltage noise: SV (t) - V

sy (1) > V? SV (v) = /S5y (v) = V/VHz
PSD : Ssy(v) - V2/Hz

07/07/2023 15
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GW, plane wave

(+) polarization (x) polarization
VA
i
y
Space time metric in the TT gauge
Iy =My + My 10 0 O 00 00
o =[0-100 p_[0+h 00
ol 00-10 100 —ho
00 0 -1 00 0O
Minkowski GW, (+) polarization
Light follows the geodesic gm,dx”dx" = Einstein notation
dx* = (cdt, dx, dy,dz) c?dt? + dx*(—1+h) +dy*(—1—h) —dz* =0

07/07/2023 17



Effect on a photon

1
Photon propagatingalongx > dy =0;dz =0 dx = +c (1 + E h) dt
1
Photon propagatingalongy - dx =0;dz =0 dy = +c (1 — E h) dt
L ], 1 ], 1 ty,
Towards x > 0, from 0 to L j dx = cf (1 + Eh(t)> dt=c| dt+ > h(t)dt
0 to to to

L 1 | L
t, =t +Z<1 _Eh(t)> if tlh] > -

07/07/2023
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Detection by time delay measurement

LASER

LASER
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What is a clock?

Oscillator synchronized on a reference (atomic transition, optical cavity)

Oscillator E(t) = Eo(1+a(®)) x e“(zl”vo”l‘ﬂ(t)) ==  Single frequency laser
Amplitude  Amplitude Phase Phase
noise noise
Time propagation Phase
Interference
measurement = measurement =
Synchronization =) Locking techniques (servo loops)
zZ—GGW
Mirror x
Reference arm .
y
Beam
splitter Mirror
v
Detection
07/07/2023 20
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Michelson interferometer

L,
= E(t) = Eoe—i(vaoH(pL(t)) L,
E.(t)
l E(t)
N\

photodetector

Beam splitter 50/50

@,

Te

07/07/2023

1 . . .
Et(t) — EEOE—127tv0t(elc,bl _ el¢2)

1 . . .
E.(t) = —Eoe_‘zm’ot(e‘d’l + e“f’z)

2
h(t) 2L,

41V,
1 = L1(1
h(t) 2L,
+T>“PL(“T)

C

41V
¢y = Ly|1

C



Michelson interferometer

¢z + P4 b2 — P4 L, + L4 L, — L4
= ; Ag = ; L= ;AL =
¢ 2 ¢ 2 2 2
E (t) = —iE e ?™ot x ¢'? sin(Ag)
E.(t) = Ejet2™0l x ' cos(A¢)
Frequency noise
1/8mvyl A4mv,AL 8mdv(t)L 1 do;(t)
b 2( 202 () — 200, () + —— Vo) = — 2

2 h(t)

1/8mvyAL 4mv,lL 2ndv(t)AL
AP =7 c T c B c
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Michelson interferometer : Dark fringe

L,
— -
oo AL _ Lh(t)  Sv(t)AL
P.(t) = |E,(t)|? = Py X sin? | 4r— + 27 — 7
Signal « %(t) . increase the arm length of the interferometer

Contamination by the frequency noise : reduced for AL — 0, dark fringe

2
Dark fringe AL = 0, P, « (%) : need an offset AL j¢fset

How to choose the offset?

07/07/2023 24



Detection noise

The shot noise Photodetector
Beam of light
> .:)/\, Photocurrent i(t)

Photons ;
Number of photons N(t) during At follows a Poissonian law Mean value N
Variance 5 = N
Autocorrelation I'(t) = o4 6(7)
hpv N(t) ) hpvyP
Power: Py, (t) = PM ;  Variance: 05 5, = PAE 2 = fl/At hpvoP, df; PSD: Sshot(f) = hpvoP

— A\ VSshot(f) — —
P =10 mW; Sshot (f) = 4 x 10 11@ @ A = 1064 nm, RIN(f) = % =4 x 107° Hz"1/2

The photodetector dark noise

/ ~ v _ VSo(H)
SD(f) =~ 200 Vaz ’ Pp m 0.1

07/07/2023 25




Signal to noise ratio: SNR

P.(t) = |E(t)]|* = Py X sin? (4+ 27 Lh/l(t))

On the photodetector A, M K1 A
Lh(t)

A

Ppp(t) = 16m2A% Py+ 16m2P,A + 8P ot (16m2A% Py, t) + 8Pp(t)

LZ
Sppp (f) = 256m*A*PyS(f) + 256m*A*Pg ﬁSh(f) + hpvol6m?A*Py + Ssp, (f)

LZ
SNR  p%(f) = 56 APo g2 () » °(f) = 16m"Fy LZS (f)
P hPV0167T2A2P0 +58PD(f) P f N hP‘VO A2 h f
A choice : Does not depend on the offset!

- not to be limited by the dark noise
- What technically possible 16m2A% Py < 100 mW

07/07/2023 26
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Enhancement of the interferometer sensitivity: Optical Cavities

2 mirrors cavity

t1, 11

O

L ®

Ly, 7y

O

Perfect mirrors : energy conservation

E;

Cavity equation

( < 2L>
E.(t) =t Ei(t) —1pry Ec| t — —

L
Et(t) — tZEc <t — E)

E.(t) = —r; E;(t) — 4 E, <t — %)

\ E(i,r,c,t) (t) = E(i,C,T,t)O(t)e_iznvot

07/07/2023

-
E,— E.—
—

E, —

N

v

Steady state

E(i,c,r,t) 0 CKQ

"

v

¢

\

t? +r2 =1

tZ+r?=1

i4TCVOL
Eqg=1t Ejg—1ryrie ¢ Eg

i27TVOL
Et() - tze C ECO

i47TVOL
E.o=-1r Eg—1t1Ege ¢
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Intracavity wave

tq

¢ = A7Vol . Round trip propagation phase E.o = P E; o= S(qb) E;o
, S(¢): Enhancement factor
S
2 max
1+ —Zz Cos? |3

S2 = tlz ~ l > 1 APpsp = 2>7T 1S()1?

max (1 — 7"27"1)2 tlz Shax
F=20% » 2 % 1,F =10 - 10 5

1-1ry,1rq t1 . £WHM
C A
Ad)FSR:ZT[;AVFSR:Z;ALFSR:E jk jk jk jk
2 A A 10 5 5 10

OPrwWHM = ?n ; SVEWHM = ——2 ; SLpwnm = — ¢

2F Resonance condition

07/07/2023 ¢=m+2ln 29



Gaussian beams

Propagation phase Gouy phase
E(x,y,z,t) =E X e \M X et X e w(2)
(x,y,2,t) O w(z) A 2R(2)
W_/ g — j — ~ _/
Beam radius Spherical wave front Gaussian profile

2

W} ,
Zp = Rayleigh range
Zo, W(2)=+/2w,

72
w(z) =wy [1+— R

ZR

Z5 . .

R(z)=z+— 2 mirrors cavity

NS

Ys(z) =tan™1 (;) /]

s/ Gouy phase

o - Resonance condition
v ) ) : ] 2 4 E ; " ¢res + 2 AIPG = Tl' + ZIT[

z/z,

T

07/0772@3
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High order modes

Gaussian mode : fundamental mode of a set of high order mode ; example : Hermite-Gauss modes

_xZ4y?
X e w2

1
En,m(xr Y, Z, t) = En,m,O — Xe

w(z)

i(ZTnZ+(n+m+1)1/)G(z) V2x V2y\ i 2mx’+y?
)X Hin (W(Z)) Hr (W(Z)) © TR

H;: Hermite polynomial of order j

decomposition

Resonance condition
Pnmres tT2Z(Mm+n+ 1) AY, =m + 2ln » depends on the mode order




Cavity transmission

2
E¢ T : -
Single mode injected » Transmission : |T(¢)|2 = |[—=] = S 7 Resonance - Maximum transmission
Ej 1+—2cosz(—)
2
T, =11, t, =t — I{jhax = Totally transmissive cavity
e
2
2 _
|Et|5,0 = |C0,0,i| ,
Real beam: i — Z Cm,n,i X Em,n,i ‘ ) 2 |Cmni|
mmn Resonance on the |Et|m¢0,n¢0 X —13,2' ~ ()
~

fundamental mode

(and 0)

» Mode cleaner cavity

requ y[Sl

E--ﬁ‘--ﬁ-ﬁhﬁ-
PO ELET-T-1-1T71 - 1-1®)]

07/07/2023 32




Cavity reflectivity

R(¢) :i_: Specific configuration: 7, =1; t, =0 - T=0;|R(®I*=1
What about the phase?
¢, = Arg(R(¢)) = 7 + tan~? (2?11 ¢> H.(f) = % (f) = % = SVF;VHM: cavity pole
15t ord];f; filter
[H- ()]

500

—F =10; f, = 1000 Hz
—— F =100; f, =100 Hz

100} F =1000; f, = 10 Hz
50
e F =10 ’
I F =100
F =1000 ' 10

10 100 1000 10%
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Cavity as a frequency reference : servo loop

07/07/2023

()
€: error sugn%& correction signal J Laser
Electronics
Bloc diagram ,
ovy,: frequency noise
(B)
Cavity [

Equations:

C=HXe L X ovy
ov=axC+dov, - E_l—a,BH

eE=LXO6v=LX0v,+afH X ¢

oV,
~—1_ 50
apH »1 Wy €=—

Problem : How to generate the error signal?

34



Pound Drever Hall (PDH) tecnique

‘ Phase | ‘ | Optical

actuation

by

4.5

4.0

3.5

modulator isolator

Modulation

\‘ ) photodetector

~ Demodulation
electronics

¢

» Sidebands : phase reference

Vo — VRF Vo

<>
07/07/2023

Phase modulation : sidebands generation
Demodulation : temporal interference for
phase measurement

€ = 0 @ resonance

v
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Shot noise limited detector

4-7TV0L+ A><t) +OC §0><) +4n6v(t)L)

N

—=— E—

_2F 4m/0Al Zm/OL T[W)Al [X]
Acp—?fHC@( . h(t) — > U,

Py =25W;G =50;Ppp =10 mW;F =400; h = 10722Hz"2@100Hz ; §v < pHzHz1/2

Cavity resonance condition
oL ov
Amvol _ o op —> e 3 % 10-21Hz~1/2
c Vo
07/07/2023




Shot noise limited detector : sensitivity curve

Sensitivity defined by

07/07/2023

1
strain (Hz 2)

64F2GP, 12| 1 |
Pihot () = = Sw(F)
hpvo 22|14 [
[
fo
2 hPVO
pshot(f) =1 » Sh,shot(f) = 1+
64F 2GPO
A2
10_20 -
10-21]
10-22|
10-23 — Shot noise
10-24:—
; T 10 "{60 {660 | ot
frequency (Hz)

f2
fy

2
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Harmonic oscillator

m: mass
k: spring constant
hy: fluid dissipation coefficient

v

d* d
Newton 2" [aw: md—tf =Fy —k(x —xp) — hfd—:
1
x(f) = ) /m_wwo : mechanical susceptibility

FO(f)/m-I_w%xO(f) - wg—wz'l'lT

|x (O

w = 27 f: angular frequency

,k
wo = 21fy = ;:foi resonance frequency

m
Q = wy Pk mechanical quality factor
f

dx
p = ma: momentum

2 wzxZ
E=L 1m0

: Energy

2m
07/07/2023
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Seismic noise

Free falling mirrors » Isolated from the external environment : seismic noise

Seismic noise : white acceleration noise for f > 1Hz  §a(f) =~ 4 x 107® ms™2?/vHz

1Hz\*
B Sxge(f) = 1077 (—) m/vHz
5xsis f
lo =70cm;f, = 0.6 Hz 5x(f) = x(f) X w§ 8xsis(f)
fo g\ Fofo xR = B = 107 ) x 7 x (2) T mz
2 |l
g| m s
for 2 pendulums  8x(f) = 1077(1 Hz) X f; X (;) m/vHz
ox

07/07/2023
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Seismic noise : Superattenuators

5x(f) = 1077(1 Hz) x f2™ x (f

07/07/2023

1

Vertical to horizontal

n pendulums

)2n+2

coupling
I axsis

Need of vertical

m/vHz

attenuator

Filter O

Inverted '
pendulum ’

Marionetta

I -
Test mass —a (17

-

+

f 10 2
5xsis,v(f) X (7()) X agoup]
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Seismic noise : sensitivity curve

1412 10 2
S _ 1 5 fO 5 fO 5
sism(f) - ﬁ xsis,h(f) X 7 + xsis,v(f) X 7 X Adis
10-20
10-21
. 1 q022]
strain (Hz 2)
10_23 * Shot noise
i Seismic noise
10-24
1 10 100 1000 10%

frequency (Hz)

07/07/2023
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Thermal noise

0X gy
Residual --
gas o« "
../ /
) \ _—r
[ ] . ./V \

l

Free falling mirror

(mass m)

Brownian Motion

Langevin theory 1908

. d?x dv

. m—s =m—=—-myv + F.(t)

. dt? dt
- »

F; (t): Stochastic Langevin force, results
from the momentum transfer of the
surrounding particles

Stochastic differential equation

Centered process : (F (t)) =0

Markovian process : Iz, (T) = o7, 6(1)

Y and F; have the same physical origin, but what is the relationship between F; and y?

07/07/2023
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Langevin equation resolution

dv

+ = F;(t
dt yv ()
Homogeneous equation General solution
dv dA e"' x F,(t
PRl A 0 M) vp)=Axe 't/ v(t) = A(t) x e”t/T W - = L)
m

1t .,
A(t) = —j eVt F (t)dt' + Ay
mJy

e

1t :
< v(t) =vge 7t + Ej e Y(=t') F (t"dt'
0

F,(t=0)=0;v(t) =v,

07/07/2023 47



Langevin force

Mean value: (v)(t) = voe ¥t + %fote—v(t—t’) (F,(t")dt' = vye "t

mYJ0

Variance: g2 (t) = <(ifte‘y(f—t') FL(t’)dt’)2> _ %fot dt’ fot, dt'" (F, (¢")F, (¢"))e-Y(E=t)g=r(t=t"")

2

t 2
» o= (L[ ereOnwa) )= B e

Mirror in thermodynamic equilibrium with a bath at temperature T

1 1 kgT
Uid(®) = 5m?)(e) —  (Up(t) = 5moj(t — 00) = ——
t — o
aﬁL = 4mykgT Sr,(f) = 4mykgT  kg: Boltzman constant ; T: temperature
. G ege 1/m 1 —w-iy 2 4‘kBT'
mechanical susceptibility : y(f) = oty = m o@D » Sx(f) = Ix(HISe, () = - |7m()((f))|

Generalized by Callen & Welton(1952) : Fluctuation-Dissipation Theorem

Dissipation = Fluctuation :
- Any mechanical system

- Any dissipation mechanism
07/07/2023 48



Suspension thermal noise

Internal dissipation : k — k(1 + i¢;) ¢,: loss angle, frequency independent

= o Um 1 wf-w’—igih
Xsus\J) = w2 —w? +igwd m(wd—w?)?+ plw

2
1 P1wp —
m(w§ — w?)? + Ppfw; 0> w,

1 wd
|7m(XSuS(f))| = |7m()(sus(f))| = EF ¢l,sus

<+—>
536 th,sus

07/07/2023 49



Suspension thermal noise : sensitivity curve

07/07/2023

1
Sth,sus (f) = ﬁ (4 x4)

1
strain (Hz 2)

1020,
10-21}
10_22 -

10723}

4kgT f§

3 5¢sus
/ \m(Zﬂ) f

mirrors wires

m = 40Kkg; ¢gys = 10710

Shot noise

Seismic noise
Suspension
thermal noise
10724 | \
1 10 100 1000 10%

frequency (Hz)
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Mirror thermal noise

Multipl tem  Xmir (f) = 2 - B 2 Lo o ]
ultiple resonances system mir = 2 - 2 = 2
— Wf — w? + P mirw; = (a)]Z —w?) + Pl mir 0}
' 1
First resonance 1 kHz » |7m()(mir(f))| =~ 1 mir z — For w < @y < Wy ...
m;w:
j 177]
1
And... |Xmir(f)| = z > » 1Im(Ymir) | = (pl,mirleirl
_ : 2 &
Interaction energy for a low frequency applied force: € = F X X5 = | Xmir (F)|F » 1IMXmir)| = PrmirlXmirl = Cbl,mirﬁ

We just need to compute the elastic energy when we apply a constant force

é
- Y:Young modulus
6§ F/Z
= E 1 ¢
F?2 2Y XX
Elastic energy
1
- N €=F x5
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Mirror thermal noise : Sensitivity curve

1 kgT ¢ _
Sen sus(f) = 7 X 4 X e Omir §=20cm ; 1y, =20cm ; Y =72GPa; ¢, = 1076
mirrors
10720
10-21 B
10-22 e
1

strain (Hz 2) |
10723}

Shot noise
Seismic noise

Suspension
thermal noise

10_24 - \ Mirror thermal noise
1 10 100 1000 104
frequency (Hz)
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Outline

Some math : The noise

Detection principle

Interferometer output and tuning :

The Michelson interferometer
Sensitivity enhancement : The Fabry Perot cavity
Shot noise limited detector

Noise contribution:

Harmonic oscillator model
Seismic noise

Thermal noise

Quantum noise

Conclusion
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Quantum harmonic oscillator

quantification

=)

2 2,2
p

e=t 2
“om T

x and p : conjuagte canonical variables

Annihilation and creation operators

R 1 mwg N [ .
a= / X D
V2 h hmw,

07/07/2023

—ih=ilk
27
pe . wok®
2m 2
Hamiltonian
. .1
H = hw, <a+a + 5)

Non-zero energy
fundamental state
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Classical electromagnetic radiation

Single mode real _ | |
electric field ; plane C(t) = Go(a(t)e 2V + q*(t)eti2m™t) a(t) = ay(t)e i®
wave ; in vacuum

X1(0) = a(t) + a*(t)

_ ) C(t) =€, (X1 (t) cos(2mvt) + X, (t) sin(2nvt))
X,(t) = —l(a(t) — a*(t))
XZ A
Phasor or
Single mode Fresnel diagram

energy

hpv 'X
€= % (X2 + X2) 1

X1, X,: field quadratures
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Electromagnetic radiation quantification

Electromagnetic radiation quantification

hpv
€ =——(Xf +X3)

X, and X, : conjuagte canonical variables

Using annihilation and creation operators

07/07/2023

quantification

)

_(ata+2 —hpv<
o)

Photon
energy

Zero photons energy :
\ vacuum is not empty

Number of

photons
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Wigner distribution

I)ilCLSé?Ax
O
Nphotons
)(2 A )(2 A ‘<’-iI'
Aexl Coherent state = single mode laser
PAX,
> . >
X
. 41 \ phase ,
Wigner
distribution
Vacuum state + >
Nphotons

Squeezed vacuum state
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Quantum noise as sidebands

E,(t) = e #™(SE,(Q) e 7 + 6E,(—Q) '
The beam splitter ( )

= ot ot
‘ by o
t 11 N
> —>  E(t)?
E(t) = e~ 2™ (Ey + 8E,(Q) e + §E,(~Q) e'2t) l E.(t) =VbE(t) +V1 —DbE,(t)
E.(t)?

P.(t) = b Py + VDE, (\/E SE;(—Q) + V1 —b SE;(—Q) + Vb SE,(Q) +V1—b 515,,(9)) e 4 c.c

6P(Q)
Ssp(Q) = (SP(QWSP(Q)*) = bPy(b(SE;(—Q)SE,(—Q)) + b(SE,(QSE; () + (1 — bY(SE;(—WSE,(—Q) + (1 — b)(SE,(Q)SE; (D))
hpv hov hpv hpv
2 2 2 2

Ssp(Q) = hpvbPy = hpvP. ®B  Shot noise
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Radiation pressure noise

Radiation pressure on a mirror: transfer of photon momentum

dptOt dN ZP
photons inc —
rad,p dt dt Pphoton c # rad,p
Total
reflection

16
Ssxraay = 4 X S6Fraq, X IX(HI? = —7 X Ssp X x(F)I?

Mirrors motion are
anti-correlated

@ frequencies higher than the
m w? pendulum resonance

x(F)] =

2F Py @ frequencies lower than the

Sop(f) = hv?? cavity pole

07/07/2023
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Quantum noise : sensitivity curve

1 hPVO PO

Srad,p(f) = ﬁ X 2 X m2C2ﬂ5f4 GF?

1
strain (Hz 2)

1020

10722}

10-23 |

Shot noise

Seismic noise +< ,,,,, Vacuum or
Suspension squeezed

thermal noise
. . . vacuum
Mirror thermal noise &/

Rad pressure g-noise
Quantum noise

10724}

1 10 100 1000 104

frequency (Hz)
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Sensitivity curve

10~20 |

10-21 -
L _
strain (Hz 2) 40-22

1023}

10724}

07/07/2023

100
frequency (Hz)

10(

Shot noise
Seismic noise

Suspension
thermal noise
Mirror thermal noise

Rad pressure g-noise [

Total
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Outline

Some math : The noise

Detection principle

Interferometer output and tuning :

The Michelson interferometer
Sensitivity enhancement : The Fabry Perot cavity
Shot noise limited detector

Noise contribution:

Harmonic oscillator model
Seismic noise

Thermal noise

Quantum noise

Conclusion
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A lot of other contributions

AdVY technical noises: Pln = 40.0 W

T T T T T T ] T T T T T T (— T T T
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B A 5081 local control
o b Contrast Defect Shot noise
1oe2 = : Acoustic —
Tl ow | Magnatic 4
- TR R H R Thermal campensatien AH 4+ CO2| -
- ':"\:-r_‘I ot o Arvgular Control -
e SRR} i Ingut beam jitter N
L e BAY DAL 4
. 'M’h.\\ 1) PAY local controls e
i W Ty — — — KCL-=D5P single float -
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S “'.\ "‘-'..Qe-._ I ‘# rraEEEEn [afsl Fundamental nose
\‘ w - I-'iC"ﬂ-u.,I'.-' . 2 /_/_/-l'// Total noise
L -"‘ﬁ\ Pt T | I goal
—_— 1023 — = X =10 s L | "‘;L. e ¥ _
N he ~ - | . P E
EE R N - , : e
- % g -
- - L b 1 PR -
= A S Ay | S II 1 . : 2 " e T iy
= - N = . -\.‘ k-\| . \‘\.kll I.ll | ‘I n || ! ' i ' ' . .ﬁ_,"'__ - .
= - , T = 1 I ] ! bl =
E I , 4 | ||' M }1 ! " ! : i wler - :
=) -, * | L [l -
& | . < . b ! . i 1] ] ﬂl [ - =
(PR ] n [ P -
S . b r"w\wﬂ 'l.l . | | ""k}. l|I |I. t h,“ A H [ l" I ..'!fll* L .
y LR LR il L t ‘i. \ Yy I" ? ""i o T ) -
r Iy &~ I|I L [l Wyl 1 ¢ et o
; Al . A Wy | |y F A | i g Wl P LA -
' RS - et oo : R TARA T — :
I L™ \"._'\'.| L LT} --'\-urJ u i .,, "‘r'i"" - e i 1 "
1o oy~ R .J.--'-—---"J ——t | —
C Y e = W TR - - I sl — .
: K = S N v SR (| SRy e :
= T i I — - :
K - —— . - —
- . | i e e | i - T -
| 1 | l"| L A ", M B T § —
= i e ; g Bl 5 . T I Ll = i
1 - % ™, '\ -
b IF 1y - -
, X . ~, "
: : R R TR R R {1
l | | ] [ 1 I I . |.\ “ “ s _ll
L T [T iy 9 L I L
. h i 1 _|.i I |'||'| - "'\ ]"\._‘ | ——— _ i
(13 ! - | —
R Y AT N IL | :
- h f - L [
1622 1 ! 1 Illl' i 1 |I-| | i ™ ] i s |I| I L | 1 1 1 1 | 1 1 1
10’ 102 10°

Fregquency [Hz]

07/07/2023



..and a lot of other aspects

Thermal compensation system
Controls

High power laser

Electronics

Vacuum

Parametric instabilities
Newtonian noise

Squeezing, dependent and independent
Calibration

Coatings

Simulations

....and R&D
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