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French-Italian-(Dutch) ground based Gravitational wave detector
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Sensitivity curves
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The noise (for an experimental physicist)

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
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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)
AN
signal Quantity noise Probability
to be density
measured
Specific case : time-dependent noise s(t) =x(t) + €(t) g(t) - Pt (&)

Time dependent
probability density
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Noise characterization

Mean value :

Variance :

Moment of order n:

Mean value of f(¢):

05/07/2024

experiments

+00 |
u(t) =(e(t)) = f e X p,(e)de (..) computed by repeating the

g2 () = 02 () = <(€(t) — ug(t))2> = f

=

-+ 0o

(e(t) — ()" X pe(e)de

l .....

Hen(t) = <(€(t) — lig(t))n> — f

+ 0o

(e(®) — s (£))" X pe(e)de

Ure)(®) = (f(e(®)) = f f(e@®) x pe(e)de

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



Autocorrelation

What is the relationship between &(t;) and &(t,) ?

+00 400
[ (ty,t2) = j f €1 X & X Pr, ¢, (&1, 83)derde; = (e(ty)e(ty))

joint prgbability
density function

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

+ oo + oo
Fg(tll tZJ ey tn) — f f E1 X &y X+ X &y X ptl,tz,...,tn(gl’EZ’ ...,gn)dgldgz dgn
—00 J—00

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

05/07/2024 8



Stationary noise

Stationary noise : The noise characteristics do not change during time

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

One interesting case: centered and 2"9 order stationary noise: pe(€) = pesr(e) = p(€)  Deyt, (€1, €2) = De 41,47 (61, €2)

zeromeanvalue g (£) = ((£)) = 0

Standard deviation g2 (t) = g2
I.(t,t+71)=T.001) =TI.(1)
of = T(0) = I (v)

Autocorrelation

05/07/2024 9



Stationary noise

White noise

)

Colored noise
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Temporal average

_ 1 (7
f i t j— j— 1 —
or one experimen ms f(g) 711_{210 T _Tf(g(t))dt
1 T
m,=¢&= Th_)rgoﬁ _Te(t)dt
_ 1 (T
2 _ 22 — il 2
S =¢€ Th_r)glo T Ts (t)dt
1 T
C.(t) =e)e(t+1) = llm o7 | e(t)e(t + 7)dt
2"d order ergodicity : all experiments are equivalent mgi = mg] = Mg = 3

Ce, (1) = C; (T) =C.(1) = e(t)e(t + 1)

05/07/2024 11



Stationary and ergodic process

» All considered process are centered, stationary and ergodic

+00

1
ure@® = (f(e@®))) = f(e) X pe(e)de M) = f(€) = 11m

— 00

stationarity linearity ergodicity

f (e())dt

o) = o ® = (F(&(©)) = (F(&(©)) = (myeey) = (mpe) = myce

» Averages on different experiments is equivalent to averages over time

= U ; Se=0¢; Co(1) =T (1)

05/07/2024
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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 )
Parseval equality: c = j |f(V)| dv
— 00
~ 2
» |f(v)| represents the energy density per spectral interval dv:

the Energy Spectral Density (ESD)

05/07/2024
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Harmonic analysis : The Fourier transform

+ 00
Continuous process has an infinite energy, example : a laser beam f |f(t)|2dt = 00

But...it has a finite mean power: P = ZT |f(t) |2dt

For noise, the mean power is given by the variance: O'g2 = lim —J E(t)zdt
T-0w 2T |

2

If it exists, we’re interested in the quantity: S (V) = 11m g |8T(V)|2 = llm -

T
—-T

Summed over the frequency v:

+00 1 +o00 1 + 00 1 T
j S.(v)dv = llm nor | IéT(v)Izdv :%%ﬁf_m er(t)?dt =Tli_)r£10ﬁf_T€(t)2dt =0/

— 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:

S.(v) = lim — || e ¥™te(t)dt| =T.(v) = e VTIT (1)dT
T—-o0 2T | J_+ oo
» Very useful for analytic calculations
1 Tacq ) 2
» For measurements: S, (v) = T j e m™Vle(t)dt ;' Tacq > fmin
acq _Tacq
N

Unity...? example:
Voltage noise: SV (t) » V

5y (1) » V? SV (v) = +/Ssy(v) = V/VHz
PSD : Ssy(v) - V2/Hz

05/07/2024 15



Example: the RIN spectrum of a laser

1.E-02
Seeder
1.E-03 Amplifier output
Projected seeder
1.E-04 Advanced Virgo specifications
=~ 1.E-05
~
-
N
E_ 1.E-06
<
© e D ~
1.E-08 ,
1
1.E-09
1.E-10
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

Frequency (Hz)
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GW, plane wave

(+) polarization (x) polarization
VA
i
y
Space time metric in the TT gauge
I = Nuv + hyy 1000 00 00
o =[0-10 0 ,_[0+h 00O
#o\00-10 w100 —ho
00 0 -1 00 00
Minkowski GW, (+) polarization
Light follows the geodesic gﬂvdx”dxv —

dx* = (cdt, dx, dy,dz) c?dt? + dx*(—1+ h) +dy*(—1—h) —dz* =0

05/07/2024 18



Effect on a photon

1 1
Photon propagating alongx - dy =0;dz =0 dx = +c ﬂ dt =~ +c (1 + E h) dt

1
Photon propagating alongy - dx =0;dz =0 dy = +c (1 — E h) dt

9y %

LASER — |

0 ]
L ty, 1 tr, 1 ty,
Towards x > 0, from 0 to L L= j dx = Cj 1+=h(t) |dt =c dt + = h(t)dt
0 t 2 t 2 t
0 0 0

L 1 | L
t; =t +Z<1 _Eh(t)> if t|lh] >» -

05/07/2024 19



Detection by time delay measurement

LASER

LASER

05/07/2024

Synchronisation, £,

Free
) falling
clock
]
L]

)
4
\

\

Comparison, t;

Free b= tg + (1 ! h(t)>
falli L — %0 — T o
clock c 2

~
7

0 L
Synchronisation, ¢
Comparison, t,; Reflection
Free Free
E— falling ' falling
clock mirror
1 1 ~
| | | 7
0 L

t,, =t +2L 1 1h(t)
2L — ¢0 c 2
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What is a clock?

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

Oscillator E (t) = Eo(l + a(t)) X e_i(zm’ot"'(P(t)) » E(t) = E, (1 + aref(t)) X e_i¢ref(t))

| 1 |

Amplitude Amplitude Phase  Phase » Single frequency laser v,
noise noise
Time propagation Phase =
=) Interference
measurement measurement
Synchronization ) Locking techniques (servo loops)
z—GW
Mirror X
Reference arm .
y
Beam
splitter Mirror
v
Detection

05/07/2024 Servo If the clock is good enough! 21
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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

05/07/2024

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

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

2
h(t) 2L,

41V,
¢1 = L1(1
h(t) 2L,
+T>“PL(“T)

C

41V
¢y = Ly|1

C



Michelson interferometer

¢, + P1 b2 — P1 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 T () — 200, () + —— Vo) = — 2

2 h(t)

1/8mvyAL  4mv,lL 2mdv(t)AL
AP =7 c T c B c

05/07/2024 24



Michelson interferometer : Dark fringe

L,
— -
oo AL _ Lh(t)  Sv(t)AL
P.(t) = |E,(t)|? = Py X sin? | 4r— + 27 — 7
t( ) | t( )l 0 ( A A VO A
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?

05/07/2024 25



Detection noise

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

Classical model . Iaser — 9 060 © 00 GO © 000 N0 O © 600 00 00 phOtOﬂS

i(t)* i(t)
= T I
> ' >
t t
Ideal laser : Number of photons N(t) during At follows a Poissonian law Mean value N
Variance 4 = N
Autocorrelation I'(t) = o4 6(7)
hpv N(t) hpv — ) hpvoP
Power: Py, (t) = PAt ; Mean Power: P, = ﬁN; Variance: 04 5, = PAg 2 = fl/At hpvoPy df; PSD: Sgnot(f) = hpvoP
P = 10 mW; Senoc(f) = 4 X 10—11% @ A = 1064 nm, RIN(f) = —VS‘};(” = 4 x 107° Hz~1/2

The photodetector dark noise

T A ~200 Y. A~ s AV _ S _
Sshot(f)—?’oom; SD(f)—15\/E; pD‘m—o-l

05/07/2024 26




Signal to noise ratio: SNR

, L AL Lh(t) | Ch(®
P.(t) = |E;(t)|* = Py X sin“ | 4m— + 27 = P, X sin?
A A A

Length Signal

SL() Lh(t) A

On the photodetector L KAK1 noise
2 22 2 Lh(t) 2 oL 2 42
h as a noise

L? 1
Sppp (f) = 256m*A*Ssp(f) + 256m*A?P§ — PP — S, (f) + 256m*A%PE — 7 — Ss1.(f) + hpvol6m2A2Py + Ssp, ()

SNR .
256m*A2 P2 ﬁi Su(f) Shot noise limited 167‘[2P0 L?
p*(f) =

» p.s%hot(f)_ hpvy A2 Sn(f)

A choice : Does not depend on the offset!
Not to be limited by the dark noise

What technically possible Pop = 16m2A% Py < 100 mW

- Not too high to reduce power noise contribution after Pstab
05/07/2024 27
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Enhancement of the interferometer sensitivity: Optical Cavities

2 mirrors cavity

t1, 11

O

L ®

tr, 7y

O

Perfect mirrors : energy conservation

t? +r2 =1

E;

Cavity equation

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

L
Et(t) — tZEc <t — E)

E.(t) = —r; E;(t) — ity E, <t — %)

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

05/07/2024

-
(—

E, —

N

v

Steady state

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

"

v

tZ+r?=1

r i4TCVOL
Eoo=t Eg—1ryrie ¢ Eg

i27TVOL
< Et() - tze C ECO
i47TVOL
E.o=—11 Ejg— Tt1E 0 €

\
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Intracavity wave

tq

¢ = A7Vol . Round trip propagation phase E.o = P E; o= Z(qﬁ) E;o
Y(¢): Enhancement factor
% hax
) 2 =
—5cos? |5

y2 tlz ~ i s> 1 Adpsp = 21 1Z(¢)1?

max = ()2 R g : S

. TT\/T1 1 ~ £ — 6
F = —1—r2r1 Fri=r, 12 > 1, F=10- 10 ~ &WHM

C A
Ad)FSR:ZT[;AVFSR:Z;ALFSR:E jk jk jk jk
2T Av A 10 5 5 10

OPrwHM = — ; OVFWHM = 228 SLpwnm = Py ¢

Resonance condition
05/07/2024 ¢=m+2n 20



Gaussian beams : solution of the paraxial equation

Fundamental mode Propagation phase Gouy phase
E(x,y,z,t) =E X e \¥ X e ! X e w(2)
(x,y,2,1) Ow(z) A 2R(2)
W_/ N\ — j — ~ _/
Beam radius Spherical wave front Gaussian profile
Zp = g Rayleigh range
S Zo, W(2)=+/2w,
72
w(z) =wy [1+— .
ZR
Z5 . .
R(z)=z+2 2 mirrors cavity

NS

Y (z) = tan™? (;) %

.s1/ Gouy phase

o - Resonance condition
R 2¢p,0c + 2 AP =+ 21w

zlz,

05/0;7;d%4
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High order modes

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

_x2+y?
X e w2

i<277tz+(n+m+1)1,bG(z))>< T (&)H (ﬁ) ol 2_nx2+y2
m n

1
Enm(x,y,2,t) = Epnmo——=Xe w(2) w(2) A 2R(2)

w(z)

H;: Hermite polynomial of order j

decomposition

=

Resonance condition
Pnmres t2Z(Mm+n+ 1) AY, =m + 2ln » depends on the mode order

I L

g-1 q q+1

ISL

> n+m




Cavity transmission

2
— Et Tr%lax i icsi
Single mode injected » Transmission : |T((]5)|2 = |—| = 5 " Resonance - Maximum transmission
E 1+—2cosz(—)

2

r, =11, t, =t — I{jhax = Totally transmissive cavity
e

2

2 _
|E¢l5,0 = |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 —15,2' ~ ()

.

fundamental mode

(and 0)

» Mode cleaner cavity

requ y[Sl

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

R(¢p) = % Specific configuration: 7, =1; t, =0 - T=0;|R(®I*=1
[———>Phase\Nhhoutcavhy
What about the phase response?
¢r = Arg(R(¢)) = m + tan™? (% ¢> Hy(f) = % (f) = % ; f, = M, cavity pole
1st ordezi filter

- [H ()]

500

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

100} F =1000; f, = 10 Hz
50
— F=10 '
— F=100
F =1000 ' 10}

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

05/07/2024

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

Equations:

C=HXe L X ovy
Sv=axC + 6v, =) E_l—a,BH

eE=LXO6v=LX0v,+afH X e

oV,
~—1_ 50
apH »1 Wy €=—

Problem : How to generate the error signal?

35



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

<>
05/07/2024

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

€ = 0 @ resonance

v
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Shot noise limited detector

fH ® 47”"’L+ A><h(t) +oc —Mt) +§@))

T C

2F 4vySL  2mv,L TSY(P)AL
A¢=—JHC®< CO +=—="h(t) - ) > [X]
Py =25W;G=50;Ppp =1mW;F =400; h =10"23Hz"Y?2@100Hz ; §v < uHzHz /2

v
— ~ 3% 107 21H,1/2 — The interferometer common mode is good enough !
Vo
05/07/2024 38



Shot noise limited detector : sensitivity curve

1672 P [2 cavities 64F2GP. 12 1
2 _ 0 2 _ 0
pshot(f) hP 0 /12 h(f) » pshot(f) thO /12 i f
fo
hpvg f?
Sensitivity defined by Pahot(f) = 1 » Shshot(f) = <1 +3 £2
64F 2GPO 2 p
10_20 -
10-21}
1 10722 ;
strain (Hz 2)
10-23 — Shot noise
10724
1 | 56 "{60 {660 | ";64
frequency (Hz)

05/07/2024
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Sn(f)
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Harmonic oscillator

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

»
»

|
I
X
d?x dx

d . —_— = —_ — — —

Newton 2"¢ [aw: mdt2 = Fy — k(x — xo) hf dt

_ x(f) _ i/m : .
x(f) = Fo(f)/m+wixg(f) wg—w2+i%' mechanical susceptibility

lx(F)

w = 27 f: angular frequency

k
wo = 2mfy = /a,fo: resonance frequency

m
Q = wy Pk mechanical quality factor
f

dx
p = ma: momentum

2 wzxZ
H=2 4+ m=e

: Energy

2m
05/07/2024
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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 (7> m/vHz
5xsis
lo=70cm;f, = 0.6 Hz 5x(f) = x(f) X mw3 8xgis(f)
o llgilb Fofe ox(D =Boxu(n =107 R x 2 x (2) myVEz
2 |l
g| m s
for 2 pendulums  8x(f) = 1077(1 Hz)? X f3t X (f) m/vHz
ox

05/07/2024

43



Seismic noise : Superattenuators

5x(f) =~ 1077(1 Hz)? x f2" x (f

05/07/2024

Vertical to horizontal

n pendulums

1

coupling

)2n+2

I axsis

Need of vertical

attenuator

Filter O

Inverted '
pendulum ’

Marionetta

I -
Test mass —a (17

-

+

f 10 2
5xsis,v(f) X (7()) X a(?oup]
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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)

05/07/2024
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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 : I, (1) = o7, 6(1)

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

05/07/2024
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Langevin equation resolution

dv

+ = F;(t
dt 1 44 ()
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 (=t ) F (t"dt'
0

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

05/07/2024 48



Langevin force

Mean value: (v)(t) = voe ¥t + lfte—l/(t—t’) (F,(t")dt' = vye "t

Variance: o3(t) = (% [y e ") F()dt") ) = & [ de' [} de” (R (e E, (1" e Ve v (et

o2
OF _
= o3 () = 75 (1 —e72rY)
Mirror in thermodynamic equilibrium with a bath at temperature T
1 kgT
IO = 5mEO —— WD) = 5moF(t — ) = -
t — oo
aﬁL = 4mykgT Sr,(f) = 4mykgT  kg: Boltzman constant ; T: temperature

mechanical susceptibility : x(f) = - 1/77? =L o » Sx(f) = |X(f)|25FL(f) =

w?+iwy mw(w?+y?)

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

Dissipation = Fluctuation : 4kgT

1
- Any mechanical system SFL (f) = m <_)‘
- Any dissipation mechanism x(f)
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Suspension thermal noise

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

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

2
1 P1wp .
m(w§ — w?)? + pfwi > w,

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

<+—>
536 th,sus
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Suspension thermal noise : sensitivity curve

05/07/2024

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

1/m; 1 (sz — w? — iqbl,mirwjz
Multiple resonances system  Xmir (f) = 2 2 1 q 2~ ) 2 2 4
— Wj — @+ LP1,mir W; — M (w? — 02)" + Pf o]
' 1
First resonance 1 kHz » |i7‘m()(mir(f))| = ¢l,mir z — 5 Forw K wq < wy ...
]
1
And... |Xmir(f)| = z > » 1Im (Y mir)| = (pl,mirl)(mirl

J

: . E

Interaction energy for a low frequency applied force: € = F X Xpir = |Xmir ()| F? » 1M Ymir)| = rmir | Xmir| = ¢l,mirﬁ
We just need to compute the elastic energy when we apply a constant force

Y:Y dul
:Young modulus
= 5¢  F/3 - We need to consider the beam shape
= E 1 - In practice, FEM simulations
§ Y » £_13
F = F2 2YxZX
Elastic energy
1
- E = EF X 5€
0
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Mirror thermal noise : Sensitivity curve

1 kgT & _
Sth,sus(f) = ﬁ X 4 X if anrgu'r Pmir §=20cm ; 1y =20cm ; Y =72GPa; ¢pir = 10 6
mirrors
10720
10-211
10-22
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

2 w222 quantification

Hamiltonian: H = — 4+ m
am >

x and p : conjuagte canonical variables

Annihilation and creation operators

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

05/07/2024

Q

Non-zero energy
fundamental state

energy
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Classical electromagnetic radiation

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

05/07/2024

quantification

)

_(ata+2 —hpv<
o)

Photon
energy

Zero photons energy :
\ vacuum is not empty

Number of

photons
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Wigner distribution

phase A
O
Nphotons
X2 A X2 A ’
Aexl Coherent state = single mode laser
PAX,
> . >
X
! %1 \ phase ,
Wigner
distribution
Vacuum state + >
Nphotons

Squeezed vacuum state
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Quantum noise as sidebands : semiclassical approach

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

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

P(t) = b Py + VbEy (Vb 8E(—0) + V1= b 8E;(—0) + Vb 6E¢(Q) +VI—b 5E,,(Q)) e 4 c.c

6P(Q)
Ssp(Q) = (SP(QWSP(Q)*) = bPy(b(SE;(—Q)SE,(—Q)) + b(SE,(QSE; (V) + (1 — bYSE;(—WSE,(—Q) + (1 — b)(SE,(Q)SE; (D))
hpv hev 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

05/07/2024
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Quantum noise : sensitivity curve

1 }lp1/0 I%)

Srad,p(f) = 2 X 2 X m2c2nSfe GF?

1
strain (Hz 2)

10-20

10721}

10722}

10-23 |

Shot noise
Seismic noise
Suspension M
thermal noise !
Mirror thermal noise </
Rad pressure g-noise
Quantum noise

b veoumor

squeezed
vacuum

10724}

1 | ‘/10 i'oo | 1600 N 564
Quantum Standard limit ¢ H
(QsL) requency (Hz)
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Sensitivity curve

10~20 |

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

1023}

10724}

05/07/2024

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
Sidetand RAM
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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 -
I | — — — Photen calibration
" w3 ""“-.:\ R " = = = Total Technical nose i
S “'.\ "‘-'..Qe-._ I ‘# rraEEEEn [afsl Fundamental nose
\‘ w - I-'iC"ﬂ-u.,I'.-' . 2 /_/_/-l'// Total noise
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..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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Current sensitivity of VIRGO

Last Sensitivity (Tue Jul 2 05:52:12 2024 UTC)

LE. I | — Virgo sensitivity (at GPS=1403934750) 53 Mpc

—— 04b Reference Sensitivity (GPS=1398953058) BNS range=55 Mpc

04 Observing Scenario (88-115 Mpc)

10?

10°

Start=Jul 2 05:52:12 2024 duration=300 sec Freq (Hz)
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Current sensitivity of LIGO Hanford

[1403913618-1404000018, state: Locked]

H1 gravitational-wave strain NOLINES [h(t), GDS]

o HI
m GWINC (aLIGO Design, T1800044)
Representative Oda sensitivity (Oct 24 2023 161 Mpc)

Hz]

10—20 4

10—21 4

GW amplitude spectral density [strain/

10—22__
x I
10_23‘:
4 =l L_‘__-‘L-_-H-_-IL‘ "
10724 | — | I N S
10 100 1000
Frequency [Hz]
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Current sensitivity of LIGO Livingston

[1403913618-1404000018, state: Locked]

L1 gravitational-wave strain NOLINES [h(t), GDS]

N
= 1020 =i

; m GWINC (aLIGO Design, T1800044)
"E ] m  Representative O4a sensitivity (Nov 6 2023 159 Mpc)
'©
%
> 1072'-
t -
T ]
_
g 10V
© .
- 10 22‘:
O ]
Q
5} .
@ il
-D G
2 10%-
ﬁ ]
E il h.i"'—""
48]
=
@ 107 . —

10 100 1000

Frequency [Hz]
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Third generation detectors

| — AV total
el S T L mm e p e e o e Quantum
10_23 A ¢ et b e H R S e Suspension thermal
C T M WINY Mirror thermal
N [ "l NTL e Excess gas
: 101 | = Seismic
== Newtonian
— s = ET total
Rl T
W $10%¢
z 24 § e
e 10 o 108
§=
©
B
wn 10724 prossnnsennnnnsnndens
COSI’IIiC Einstein 1025 —
1025k Explorer Telescope 100 e (02 103
T
Frequency [Hz]

\ 4

Towards low frequency : technological issues
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Third generation detectors : The Einstein Telescope

[(zH)ubs/|] ulens

10°

10°
Frequency [Hz]
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Low frequency detectors : Torsion bars

< Tidal forces by
gravitational waves

y - Torsion pendulum : very low frequency
- Technically limited by the size of the
bars
abry-Perot
interferometer
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Low frequency detectors : Atom interferometers

B Free falling atoms

A /2 - pulse
w2, k2, ¢1

7 - pulse /2 - pulse

space
p Wwa, k21¢'2

Wwa, k29 ¢3

v

@ @ 1, p)

w1, k1 wr, k1

A J

B Light imprints its phase on atoms time

| +nhk) T

/2
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Laser

X

-

L

Gradiometer

Bragg
configuration

2o

3

X+L
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Low frequency detectors : Atom interferometers

<
e e
S 9
s &

=

=
i}
=]

e
!
M2
-

|i|
Q
172]
®
. |
|
I \
/I
B
=
A
=2
NY
< |
-
x
1/2
strain sensitivity (H )
=)
M

— —k
=1 =]
na i}
RS w

» Multi-gradiometer configuration :
Cancel out Newtonian noise

—

<
[
4]

107 10° 10’ 10?
frequency (Hz)

-
o
o

4

Fill in the gap 0.1Hz-10Hz

Multi diffraction, squeezing, but need more atoms...

05/07/2024 73



Thank vou!
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