[ sUMEr 2Enoo)
[ AP202E \ Particle and Astroparticle Physics

L

! 16|July
2312026

Presented By

G raS PA 2026 Laboratoire d’Annecy de Physique des Particules
17th and 20th of July 2026




1.a

1.b

1.c

1.d

2.2

2.b

2.Cc

Gravitational waves (GW) theory

General relativity and GWs

GWs emission, quadrupole formalism

GW interactions with free falling particles

Sources

Current ground based GW detectors

Effect of a GW in GW detectors

Second generation GW detectors

Noise sources in GW detectors

Where do we stand?

Future GW detectors



General
Relativity




General Relativity

e General relativity (GR) is the best available
theory of gravity

e |t describes the interaction between
massive bodies as an effect of the

curvature of spacetime

e |[n Einstein’s universe, objects moving freely e 20T

under the effects of gravity simply follow

geodesic paths dictated by the curvature of

spacetime.
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Curved space time .
double torus
» %
e Einstein used Riemannian geometry to describe GR L (_/ Q\""}

e |n the XIXth century Riemann studied curved cross surface

lorus

Klein botile
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spaces in any dimension

e Manifold: generalizes the notions of curve (1D

manifold) and surfaces (2D manifold) to spaces
having more than 2D (n-D manifolds)
e A fundamental principle of this geometry: in a small

neighbourhood of a point, non-Euclidean manifolds

agree with Euclidean geometry




Curved space time

Spherical space Flat space

e The fundamental mathematical object of

Riemannian geometry is the

e The metric is represented by an n x n

matrix that is symmetric




Curved space time -

e The metric allows the calculation of the

infinitesimal distance or (d))? = (1)dxdx + (1)dydy + (0)dxdy + (0)dydx = (dx)? + (dy)?
between two points on any n-D manifold ;
A
e Note that dl is an invariant: it does not > dl = \[(dx)? + (dy)
depend on the chosen coordinate system @y
e In a flat surface, the line element reduces to
the usual: . X

dx




Curved space time

Geodesics in a sphere: great circles obtained as
the intersection of the surface with a plane

: assing through its centre
e Curvature and geodesics are two central Passing throtish |

B

properties of a manifold that are invariant ,’?’%"%‘ﬁ‘\
locally shortest path between two /"4 .‘

points on a given manifold (it is a locally ;‘

straight line). E.g.: shortest distance between

points a and b: \ ’/
\ B ﬂ




Curved space time

e A manifold can have only three curvature classes: null, positive, and negative

e |n most cases, the curvature varies from point to point

Zero curvature Positive curvature Negative curvature

Geodesics are
indicated by dashed
black lines

\

Initially parallel lines Initially parallel lines Initially parallel lines




General Relativity

e GR describes gravity as an effect of the
curvature of spacetime, which means that
without gravity the curvature is zero.

e This flat spacetime is the setting for the special
theory of relativity (SR): special case of GR in
which there is no gravity. 4D manifold with 3

spatial and 1 temporal coordinate (Minkowski

metric)

Observer

Past light cone

[
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General Relativity

e GR describes gravity as an effect of the
curvature of spacetime, which means that
without gravity the curvature is zero.

e This flat spacetime is the setting for the special
theory of relativity (SR): special case of GR in

Observer

which there is no gravity. 4D manifold with 3

spatial and 1 temporal coordinate (Minkowski
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General Relativity

Is denoted as << and
dl is used to define the infinitesimal distance

between two points in flat space

Observer

ds® = QIPa T T

e Spacetime metric can be defined as

Past light cone

ds? =-dx2 + (dx? + dx? + dx?) =-dx? + dlI’

[
v




Small parenthesis: tensors

. : . Electric conductivity of an anisotropic
e Mathematical objects that generalize scalars, crysZaI P

Qi — (T;E) cr;Ej = ZO';Ej
J

vectors, and matrices.

e A tensor has components that transform in a

specific way under coordinate transformations -

ideal for describing physical laws in any frame.

e Examples:

o A scalar (like temperature) is a tensor of rank O.

o A vector (like velocity) is a tensor of rank 1.

o The metric (which defines distances in

spacetime) is a tensor of rank 2.




General Relativity




General Relativity - Einstein
equations




General Relativity -
Einstein equations

Space-time curvature part Mass/energy distribution part




General Relativity - Einstein
equations

Ricci tensor: contraction of the Riemann tensor (obtained
computing derivatives of the metric)

R, = R>

[TD.NY




General Relativity - Einstein
equations




General Relativity - Einstein

|
eq u at I 0 ns Ricci scalar: contraction of the Ricci tensor with the metric
R — gMVRMV — Rﬁ




General Relativity - Einstein
eq u a t i o n s Energy momentum tensor: mass-energy content that produces the

curvature
e Energy density: T
e Energy flux in ith direction: Lo; = 15

e Flux of i-momentum in j-direction Tij




Derivation Gravitational waves

e \Weak field limit: Minkowski + perturbation

/1, | << L

o We can simplify E. Egs by assuming an appropriate gauge (Lorentz)

e Far away from any source of mass/energy (¥R’ ), E. eqs. are a 4D
wave equation with sols.:

L urv v _tkox”
h*" = AF%e




Derivation Gravitational waves

e These are the
hHY — Apvezk&:s

e Elements and properties:

O m matrix with constant components

o (ERGRD) ave vector, satisfying (I IER)

> @ angular frequency of the wave

O




Derivation Gravitational waves

e These are the GRAVITATIONAL WAVES (GW)!!

Bwf __ Aﬂl’eika$&

e Elements and properties:

O m matrix with constant components

o (ERGRD) ave vector, satisfying (I IER)

> @ angular frequency of the wave
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Derivation Gravitational waves

e These are the GRAVITATIONAL WAVES (GW)!!
Bp.v __ Apveik&:c“

e Elements and properties:

O m matrix with constant components

o (ERGRD) ave vector, satisfying (I IER)

> @ angular frequency of the wave
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Derivation Gravitational waves

e These are the GRAVITATIONAL WAVES (GW)!!

Bwf __ Aﬂl’eika$&

e Elements and properties:

O m matrix with constant components

o (ERGRD) ave vector, satisfying (I IER)

> @ angular frequency of the wave

o Applying Lorentz gauge to E. egs.: k‘u




GW polarizations

e Lorentz gauge + Transverse Traceless (TT) gauge: leave only 2 degrees

of freedom in huv

e For GWs propagating in the +z direction

hy(t,z) = Ay cos(w(t —z/c) + ¢4)
hy(t,z) = Az cos(w(t — z/c) + ¢o).




ELECTROMAGNETIC WAVE
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Electric Field

GW vs EM radiation

Electromagnetism General Relativity

Accelerating charges emit EM radiation Accelerating masses emit gravitational radiation




ELECTROMAGNETIC WAVE

GW vs EM radiation o’

Electric Field

Electromagnetism General Relativity
Accelerating charges emit EM radiation Accelerating masses emit gravitational radiation
Travelling EM waves have their fields transverse to Travelling gravitational waves have their fields

their direction of propagation transverse to its direction of propagation




ELECTROMAGNETIC WAVE
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Electric Field

GW vs EM radiation

Electromagnetism General Relativity
Accelerating charges emit EM radiation Accelerating masses emit gravitational radiation
Travelling EM waves have their fields transverse to Travelling gravitational waves have their fields
their direction of propagation transverse to its direction of propagation

EM radiation has two polarizations GWs have two polarizations




GW vs EM radiation

ELECTROMAGNETIC WAVE

i|i|i|§,§|llil|

(1]

Electric Field

Electromagnetism

General Relativity

Accelerating charges emit EM radiation

Accelerating masses emit gravitational radiation

Travelling EM waves have their fields transverse to
their direction of propagation

Travelling gravitational waves have their fields
transverse to its direction of propagation

EM radiation has two polarizations

GWs have two polarizations

EM force is much stronger and easily measurable

GWs are weak and hard to measure




GW interactions with free-falling masses

e A GW passing through a particle at
rest in the TT gauge leaves it at rest.
e However, the proper distance does

change due to the passage of GWs.

e Keeping in mind that , the space-time interval ds*:

ds® = —dt* +dz? + (1 + h4(t, 2))dz? + (1 — ha(t, 2))dy? + 2h.(t, 2)dzd




GW interactions with free-falling masses

e Proper distance at time t between two

particles located at (&84 HY) and (72,92,0)

, and assuming ;

ds = (14 %th(t,O))(a:l — )

e Distance between two free masses changes
as GWs pass by!! -




Generation of GWs

Any assymetrical body in
rotation will generate GWs

Amplitude of
GWs generated Amplitude of
by Compact ~ GWs generated
Binary by light bodies is
Coalescences not measurable
(CBCs) is yet

measurable




GW emission, quadrupole
formalism




GW emission, quadrupole
formalism

e Given a source at

e A solution to E. egs is given by

a 4
huy(t,n) =

D,

d*zT,, (t — D,x)




GW emission, quadrupole
formalism e




GW emission, quadrupole
formalism N




GW emission, quadrupole
formalism I
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GW emission, quadrupole
formalism — example

e Objective: determine magnitude of the strain produced by a

binary system of objects with masses m1 and m2 in a circular
orbit with radius R




R

emZ. é\

GW emission, quadrupol 0
formalism — example N_®

e h+ and hx can be expressed in terms of the mass momenta




R

emz’ é\

GW emission, quadrupol 0
formalism — example N_®

e h+ and hx can be expressed in terms of the mass momenta

e Non-null components of the quadrupole momentum of this system
1 — cos(2w,t)
2 )

Myy = uR? 1+ co;(2w3t) |
1
Mo = —Ep,RZ sin(2wst),

M11 — }LR2




e :\
N

GW emission, quadrupol
formalism — example

m1

e h+ and hx can be expressed in terms of the mass momenta

1 4 cos(2wst)
2 ?

M22 — [JJRQ

1
Mo = —Ep,RZ sin(2wst),




e :\
N

GW emission, quadrupol
formalism — example

m1

e h+ and hx can be expressed in terms of the mass momenta

1 4 cos(2wst)
2 ?

MQQ — [,LRQ

1
Mo = —Ep,Rz sin(2wst),




e :\

GW emission, quadrupol
formalism — example

e Keeping in mind that -
e From Kepler's law w is related to R as: and

hence

e Assuming masses are m1 =m2 = 1kg, D= 10°km and R = 1m -

strain is



e :\

GW emission, quadrupol
formalism — example

e Keeping in mind that -
e From Kepler's law w is related to R as: and

hence

e Assuming masses are m1 =m2 = 1kg, D= 10°km and R = 1m -

strain is



e :\

GW emission, quadrupol
formalism — example

e |n our detectors, strain is defined as: h =
AL/ L
o AL: difference in length between
the two arms
o L: nominal length of an arm
e [n Virgo (L = 3km ), to detect h = 5.9 x
107°> we would need to be sensitive to
variations in length of:

—>



Sources of GWs

Modelled Unmodelled

Compact binary
coalescences (CBC)

Short duration

T
P

onti ' Gravitﬁipnél wa\@ AN
Continuous background (GWB)* s

Long duration




Sources of GWs

Modelled
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Sources of GWs

Short duration

Long duration

Modelled
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o Classification:
o Binary of black holes (BBH)

Sources of GWs - _

o Binary of Neutron Stars (BNS)
o Binary of NS and BH (NSBH)




Sources of GWs - CBCs

e Classification:
o Binary of black holes (BBH)
o Binary of Neutron Stars (BNS)
o Binary of NS and BH (NSBH)

[
Inspural Merger ng

down
f - l | 1 l o
60
2 0.5 H — Black hole separation 413 &
'S || === Black hole relative velocit 1o =
. S 0.4 : ‘@
"l g 112
. > 0.3 L 1o o
N

0.30 0.35 0.40 0.45
J\/v’— Time (s)

T — Numarical relatiity .‘ = Vu, Nils. (2022). 10.25932/publishup-56226.
mmm Reconstructed (template) 44



https://publishup.uni-potsdam.de/frontdoor/index/index/docId/56226

Sources of GWs - CBCs

Hanfurd Washmgtcm (H1) Livingston, Louisiana (L1)

First GW detection: MWMNVWNN
14% of September 2015 2 || e —— |
BBH: (ISBYEENGPLIBEY® at 90% CL It | A

4 4 s Il
. . . . " os) [ |||I||W
Dimensionless spin magnitude of the more .1” I ‘ o .
massive black hole g at 90% CL ol |
05 hL——1"
Luminosity distance to the source QUMHBYIS 512 g
N 8 =
L 256 2
. . = £
Binary merges into a black hole of mass: 2 128 ‘-
: 40.0 S 64 .-
and spin 0-67_0_07 32 0 .
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45 <
Combined matched filter SNR ratio of 24 RS i

Abbott et al. (LIGO & Virgo), Phys. Rev. D 93,

False alarm rate < 1 event per 203 000 years ~ 122003 (2016). https://arxiv.org/abs/1602.03839

«  epe B. P. Abbott et al. (LIGO & Virgo),
significance > 5.1 ¢ Phys. Rev. Lett. 116, 241102 (2016), arXiv:1602.03840 45




CBCs - search method

e The data, s, can be split in two parts: noise, n, and
the gravitational wave, h

FFT -

e To analyse the data and find the GW, a matched
filter is applied, using signal templates (inter-

correlation between the data and template)




CBCs - search method

e We then need to figure out which is the filter that maximizes the SNR

e The significance of the filtered signal is given by the signal to noise ratio (SNR)

e oN is the standard deviation of the filtered noise N:

e N can be expressed as:




CBCs - search method

Event seen at : 26.246337890625 s, with SNR = 26.602435525274284

e The filtering is optimal if the template Q cvent masses ¢ 42.7 M.sol and. 42.7 M_sol.

. . i Event chirp.masﬁ :  37.172509052744495 M_sol
maXImlzeS the SN R: It Can be Shown that Event eff distance : 5777949.323295151 Mpc
the maximal SNR is obtained when the 25 1
time of the wave tGW fits with the .
template and it has a value of a, which is a

. . . 15 1
normalization factor in:
10 -
7 _ T 2i7 fto
e T (f)is the expected normalised waveform - - ~ - - -
Time [s]

and tO is a time shift




Sources of GWs - Bursts

e Short-duration (few ms up to a few minutes) unknown or
unanticipated sources
e Expected from astrophysical sources:
o stellar collapses, BNS post-merger signals

o generators of gamma ray bursts, and other energetic

phenomena
= Energetic EM phenomena associated with
isolated NS (magnetar flares, pulsar glitches, fast
radio bursts, etc).
= |nstabilities in accretion disks around BHs

= Cosmic strings




Sources of GWs - Bursts

e Search method:
o Looking for zones of excess

power in the data (in time-

frequency domain). Either per
detector, or with cross-correlated
data.

o There is elimination of event
triggers that are coincident in time
with anomalous events in PEM
auxiliary channels




Sources of GWs - Bursts

e Search method:

o Real GW bursts will cause a
simultaneous response in all 3 IFOs -
triggers to be coherent in the cross-
correlated data
Mean rate of background events:
measuring mean rate of events that
pass our coincident step after

artificially shifting in time all the event

triggers identified in one of the
detectors.




Sources of GWs - Continuous

e Expected to be produced by a single

spinning massive object like a NS.

e Any bumps or imperfections in the
spherical shape of this star will generate
GW as it spins.

e |If the spin-rate of the star stays constant,
so too will the GW it emits: the GW has
continuously the same frequency and

% 107 Example Continuous Gravitational Wave

Gravitational Wave Signal
=

| |
0.5 [ | '
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Sources of GWs - GWB

Superposition of random GW signals produced by a large number of
weak, independent and unresolved sources

- |
‘ 4
/

Rotﬁﬂiné NS




Astrophysical

Why the GWB? sources popula

#‘-
__-—-—I-"'-
-ﬂ-‘ﬂ

.-.
_..-———'-l-
- TH—
-_-I.'

Processes in the Early Universe
(10-32s after Big Bang)

o4



Sources of GWs - GWB

o Statistically:
probability
distribution or
moments

Assumptions

e |sotropic

o Stationary
Large number of e Unpolarized

iIndependent sources: ) ,
] . e Gaussian -
GWB IS GaUSS|an Right ascension [hours]

Declination [degree]

- > /2 1 A Al
(hab(rs JC)), (hab(ta x)hcd(f y X )) (hA(fa ﬁ)hi;(ff, ﬁf)) — 1677 Sh (f)fs(f - ff)‘SAA"‘SZ(ns n )




Sources of GWs - GWB

Fractional energy density
spectrum in GWs

Astrometry
BBN

current PTA

" Phase
transition

= 371G (kab (t, X) kab (ta X))

\ R inflation

10" 106 01
f [Hz]

arXiv:2407.00205 [astro-ph.CO]

56


https://arxiv.org/abs/2407.00205

Sources of GWs - GWB

Cross correlation search

Sl(t) =n1(t) + hl(t),
s2(2) =na(2) + ha () . ‘\

SNR =

3SHANT fm o 2w (70717 v
1072 |\ Jooo " |fI°P1(If)P2(I£1)

0.0 0.2 0.4 0.6 0.8 1.0
Time(s) le6




Sources of GWs - GWB

Cross correlation search

Sl(t) =n1(t) + hl(t),
s2(2) =na(2) + ha () . ‘\

3H o Q2 (N33 |
SNR = 0 d GW 12
1072 ./:oo flf|6P1(|f|)P2(|f|))

0.0 0.2 0.4 0.6 0.8 1.0
Time(s) le6




Sources of GWs - GWB

Cross correlation search

Sl(t) =n1(t) + hl(t),
s2(2) =na(2) + ha () . ‘\

0.0 0.2 0.4 0.6 0.8 1.0
Time(s) le6




Sources of GWs - GWB

0.2-

Cross correlation search

s1(t) =n1(2) + h1(2),
s2() =na(t) + ha(2) . \

-0.2-

ORF

-0.4+

-0.6-

= HV 2\T 1/2
- e BT o W(Ifl
I e el 1072 1P (1 FD)P2TTS)

.{6_2 BT e R TE AT 7o

Frequency (Hz)




Sources of GWs - GWB

Noise power spectra

[T

S
1
—

Strain noise, 1/V Hz
[T
<
N~

—

<
[
Lo

1 0-24

T ..I T T T T T
S 2 TN DR D U R SR e el -

— Advanced LIGO, L1 (2015)
— Advanced LIGO, H1 (2015)

Enhanced LIGO (2010)
- Advanced LIGO design

10°

10°

Frequency, Hz

Cross correlation search

s1(t) =n1(2) + h1(2),
s2() =na(t) + ha(2) .

SNR =

3HZNT

1072

([: af |S;(If)

2(1f1)

’




Ground
based GW
detectors




History of GW detectors

e Resonant bar antennas (Weber, 1960s):
fundamental mode excited by passage
of GW

e Laser interferometers (Moss, Miller,
Forward, Weiss, 1970s):

o 1° one: Hughes Research
Laboratory (Forward, 1978)
o kms length detectors in the 1990s




Detection of GWs

IF THE SPACE BETWEEN
YOU AND ME STRETCHED

. WE WOULDN'T NOTICE T
IF WE HAD MADE MARKS
ON OUR METAPHORICAL

RUBBER CMEET.

BECAUSE THESE MARKS WOULD
ALSO STRETCH FURTHER APART.




Detection of GWs

BUT THERE'S ONE RULER THAT DOESN'T GET
STRETCHED, ONE MADE USING THE SPEED OF LIGHT:

..LIGHT TAKES LESS
TME TO CROSS THE

AND IF THE SPACE TWO POINTS.

GETS SGUEEZED...




Second generation GW detectors

ME' rE
|
Simple Michel ) ;
imple Michelson I > Z? M., T,
iInterferometer
sV

Cj Photodetector



Effect of a GW propagating
within the IFO

e In vacuum, light follows null geodesics, so a light ray propagating in the x,y directions

of a Michelson IFO follows

0 = cdt® — da® — dy?® — d2® + 2hydady + h (dz? — dy?)

e The interaction with the GW does not modify the direction of propagation of the

light ray. Only effect: phase change in the light that will be derived in what follows.

e For simplicity, we assume propagation in x

r
1 1 -
0 = c?dt? — dz?® + hypdax? = dx = - > —— on h, since hy <<




within the IFO
Solution of for a

round trip experiment in which light is

emitted from the origin of coordinates

at to and received at x = L at t1;

1 [«
L=t~ 1)+ c / by (u)du
to

Laser

Effect of a GW propagating

s Y

\_ ) Photodetector




within the IFO

Light at x = L is then reflected back and
reaches the origin of coordinates at t2,
since it is backward

propagation the solution leads to

1
—L — C(—fig +t1) — §C

Laser

Effect of a GW propagating

s Y

\_ ) Photodetector




Effect of a GW propagating
within the IFO

e Deducting the two solutions we get

e We rewrite t2 as t (detection time) and to = tr (retarded time). tr is the time at which light
was initially emitted, given by the detection time t minus the time it takes the light to do a
round trips, i.e.: 2L/c - the lower limit of the integral can be substituted by t - 2L/c. For a
monochromatic GW of frequency vg = Q/(2n), i.e.: h+(t) = h cos(Qt), the solution:

C C

2L L (QL

—) COS (Q(t — L/c))

C




Effect of a GW propagating
within the IFO

o [f we denote (% med) | the field that reaches the beam splitter at t from

arm X

E@)(t) = _% B et _ 1 B, e—iwL(t—2L/c)+iAg,

2

e Where Adx is the phase shift the light has acquired due to the trip along

the x arm:

Ad,(t) = thLsinc(%) COS (Q(t — L/c))

C C




Effect of a GW propagating
within the IFO

» Doing the same for the y propagation, we get: (AVNIEEIAVS

e Total phase difference acquired by the light in the detector due to a GW
passing through is:

AdPMich = A¢, — A,y = 2A¢

e Total field reaching the output of the interferometer

Eior(t) = E@ () + EW)(t) = —iE et (t=2L/0) gin[A ¢, (t)




Effect of a GW propagating
within the IFO

e Power detected at the output photodetector

e We need to have A dx(t) as large as possible to recover the value of h
o Adx(t) is maximized for QL/c = /2 - Loptimal = 1tc/(2Q).
e Given than Q = 2nfGW (fGW is the frequency of the GW) --> optimal

length:
C o 74948kmi2E L 750km L0012

Loptisasl =
optima 4fGW fG’W fGW




Effect of a GW propagating
within the IFO

1H 100H
Lopimal = ——— ~ TA948km 222 . 750km o2

4faw fow fow
e For a GW with a frequency of 100Hz - length of the arm required
would be technologically and financially impossible to build.

e We need to find an alternative way of making the optical path length -

->




Second generation GW detectors
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Second generation GW detectors

F1

Michelson interferometer + Recycling mirror (M.)
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Noise sources in GW detectors

e Stationarity: noise’s statistical properties do not vary
much over time
e Origin of the noise:
o Fundamental noises: intrinsic to the detector

o Control noise: introduced in the system or

amplified by control loops used to maintain the IFO
locked

o Technical noises: coming from the implementation

of the IFO, such as power noises.
o Environmental noises: magnetic fields that couple

to the detector, or scattered light

laser photo-

E detector

visualization of shot noise




e Shot noise (SN):
o Due to discrete nature of laser light (photons). After each o

Noise sources in GW detectors

photo-

observation time, the number of photons reaching the PD detector
will be different - fluctuation in the power observed

o Strain sensitivity due to SN

Admh)Arc
SE2(£)|shot = == =
EB.JF::l;r ?7.[31,&; Jf},

o A way of reducing SN: increasing the power reaching the

beam splitter (Pbs)
= increase of the laser power

= and/or a power recycling cavity

g

Power
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Noise sources in GW detectors
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Noise sources in GW detectors

e Radiation pressure (RP):

o Exerted by the light impinging in the mirrors and then

reflecting back
o Since the number of photons fluctuates — the radiation

pressure will also fluctuate - force that shakes the ®)

suspended |

mirrors and grows as vPbs i

o Strain sensitivity due to RP

ifz(f”rad pressure —

161/2F \/ hP,, 1

MLQ2nf)? V 2rAre \/14 (f/fp)

o A way of reducing the RP: reducing Pbs




Noise sources in GW detectors

e Radiation pressure (RP):

o Exerted by the light impinging in the mirrors and then

reflecting back
o Since the number of photons fluctuates — the radiation

pressure will also fluctuate - force that shakes the ®)

suspended |
Mirror

mirrors and grows as v Pbs

o Strain sensitivity due to RP

n “(f)lrad pressure = ML(27f)2 \ 20Xze /T + (f/ )

o A way of reducing the RP: reducing Pbs




Noise sources in GW detectors
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Noise sources in GW detectors

e Combined effect of SN and RP: optical read-out noise.

laser photo-

E detector

visuahization of shot noise

e Total strain sensitivity:

1 Y
= [1 + (15 + G5 (f/fp)ﬁ}

e Optimal value of fo is that for which the SN and RP ) |
suspended |
Mirror

contributions are equal - corresponding optimal value of

strain

—
."jl. L 8

visualization of radiation pressure noise 82
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Noise sources in GW detectors

e Seismic motion:

o Types:
__——Inverted Pendulum
__—Pendulum Wire

= Earth’s ground is in constant motion,

= Human activity (means of transport, walking, L S —————

daily activities,... ),

e '.,.._
- Pendulum Chain
_,--" ;"—

m \Weather conditions such as winds,

= Micro-seismic background which shakes the | T. Accadia et al.,
' Journal of

suspension mechanisms and thus the mirrors. —— ] Instrumentation,
\ : vol. 7, no. 03, pp. PO3

o The seismic noise must be attenuated - BER, 012-P03 012, mar

Achieved with a set of pendulums in cascade:

in Virgo



https://doi.org/10.1088/1748-0221/7/03/p03012

Noise sources in GW detectors

Body Waves

e Newtonian noise (NN, gravity gradient noise): due

to the Newtonian gravitational forces of objects

that are moving.

E.g.: test masses in the IFO are subject to gravity

perturbations due to the propagation of seismic

waves, atmospheric changes, ...

To model the NN, the local seismic field nearby
the test masses is monitored. This movement
results in a time-varying gravitational force that

cannot be screened out from the detectors,

L. Trozzo et al. Galaxies 2022, 10(1), 20;

though the noise can be reduced.
https:/doi.org/10.3390/galaxies10010020




Noise sources in GW detectors

e Thermal noise (TN)
o |nduces vibrations in the mirrors and the suspensions.
Most important ones:
= Suspension TN. Any vibration induced in the
suspension of the test masses results in a

displacement noise.

e Pendulum thermal fluctuations( swinging

motion) - horizontal displacement of the
mirrors.

e Vertical thermal fluctuations.

e Violin modes: vibrations that can be described
in terms of fluctuations of the normal modes of

he wires holding the mirrors.

Pendulum Chain

10560

0.4 mm fused
silica fibers

Test mass




Noise sources in GW detectors

e Thermal noise (TN)
o Test mass TN: thermal fluctuations within the test

NESTEROENNEES
= Brownian motion: atoms of a mirror at temperature

z = direction of
propagation of the beam

T have Brownian motion due to their kinetic energy

= Thermo-elastic fluctuations: In a finite volume, the

temperature fluctuates — displacement noise

through the expansion of the material (bulk and

coating).
= Thermo-refractive fluctuations. The refractive

index of the coatings is a function of the

temperature.




Noise sources in GW detectors

e Scattered light (SL):
o Light coming from the laser that does not follow the designed path in

the optical system.
o Some sources of SL:
= |[mperfections in the surface of the coating over mirrors, e.g.: point
absorbers.
= Spurious reflections due to a non-ideal anti-reflective coating.
= Optical components with a limited aperture - diffraction
o Total losses in the mirrors in the current IFOs are very low: amplitude
of the SL is just a few parts per million.
o SL may backscatter and recouple to the main cavity mode, introducing

a shift in the phase of the main mode




Noise sources in GW detectors

Quantum noise
! | L Gravity Gradients
suspension thermal noise
Coating Brownian noise
Coating Thermo-optic noise
substrate Brownian noise
Seismic noise
HREIITH T [
OMC thermo-refractive
Alignment noise
= = = Magnetic noise
= = = Sum of the plotted noises
—— Reference AdV curve

The ensemble of noises

results in the detector’s

—

Strain [1A7/Hz]

(black curve)
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it
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|
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https://iopscience.iop.org/article/10.1088/0264-9381/32/2/024001
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Current network of detectors
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LVK observation plan
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LVK observation plan

BNS range: distance at which the
detector can observe a binary
neutron star coales-

cence with masses 1.4M - 1.4M at

an SNR of 8
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CBCs - where we stand (01 - O4a

e Total number of candidates in catalog: 218 with p_astro >= 0.5

e Interesting findings:

o Some signals detected with SNR > 30. The one with highest SNR (= 42.1):
GW230814 230901
o Most massive signal: GW231123 135430 (source frame total mass: )

Candicdate M A "ty Mg X afi S 2 M Xi Afl SNR
[Ma] [Ma] (M) (M) Gpc] [Mga] [deg™]

- LT a9 d ¥ e | Lr, L& LI LA | LE. LPLR L P ]
GW230814.061920 11025 45.5t1L°  e9*l?  aztlT 0057020 4.0t34 0658042 1052 069017 5200 9.4%03
GW230814 230001 61.8°3Y 26.7'00 336735 283%%) 0.01*0-%¢  o28th it oo6thtt ssetit oesf00t 26000 42700 )
GW230819_171910 10675,  427,) 70T 35750  —0.04To 3 4.0T;5 0.65T.5, 10273, 068470 4800 B.9T.G

PR PR S o cmkm NS . . ke S0 L = .-III'1. M S . .-_III.-Ih P | .._.--IIII'J - = nad]l.
GW231119 075248 82+30  34.4* 250 4933 3a*is  —0.002t03Y 67733 0.09%0%2  79*It  pestRl. 5900  7.7103
i alk i Lo i- 1 " .8 i F w=ilk 27 =L, ¥ ol LI
GW231123_135430 2367 .  1017.0 137755 1017353 1 R 2.2749% 0997358 2227 0 O0.84TRTC 1700 20.770% )

GW231127_165300 74737 305757 45t 29% 12 006755  45r3% omtyis Tt 0.69%07 4400 83705



Future
detectors




Einstein Telescope (ET)

e Proposed underground infrastructure to host a
3rd gen GW detector in Europe.
e [mproved sensitivity by increasing the size of the
interferometer arms to 10km, and by:
o Cryogenic system to cool some of the main
optics to 10 - 20K.
o New quantum technologies to reduce the
fluctuations of the light.
o |nfrastructural and active noise-mitigation
measures to reduce environmental

perturbations.




Cosmic Explorer (CE)

e 3rd gen GW detector concept in USA: two
facilities, one with 40 km arms and another
with 20 km arms, each housing a single L-
shaped detector.

e The IFOs will have ultrahigh-vacuum beam

tubes, roughly 1 m in diameter, built in an L-

shape on the surface of flat and seismically

quiet land.




e Space-based GW detector constructed of 3
spacecraft separated by millions of miles, trailing tens
of millions of miles.

e These 3 spacecraft relay laser beams back and forth

between the different spacecraft and the signals are

combined to search for GWs.
e NASA is a partner in the ESA-led mission, which is
scheduled to launch in the mid-2030s.
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Comparison of sensitivity curves
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Conclusions

GWs are a solution of Einstein’s equations
Complementary view of the Universe.

GWs carry valuable information on their sources
(either of astrophysical or cosmological origin)
GWs can be deteted with upgraded versions of
Michelson interferometers with FP cavities

So far, only CBCs have been detected

A new generation of detectors is planned, which

will widen our understanding of the Universe
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General Relativity

e Let us consider two events that occur at the
same place in a reference frame S, but at
different times separated by an infinitesimal
interval dt.

e For an observer in S, if dx=dy=dz=0:

Observer

o T: proper time - lapse measured by a

“‘wristwatch” that travels with the observer in

Past light cone

S; ds is the “displacement in time” made by the !

observer on his world line.




General Relativity

e Let us consider two events that occur at the B
same place in a reference frame S, but at
different times separated by an infinitesimal
interval dt.

e If we describe a light pulse, then dl=cdt, so: Observer

e The light is said to describe a

Past light cone

spacetime v




Derivation Gravitational waves

e \Weak field limit: Minkowski + perturbation

/1, | << L

e We can simplify E. Egs by assuming:

&M are four arbitrary functions




Derivation Gravitational waves

e LHS of E. egs reduces to:

wave equation with sols.:




General Relativity

e On top of the Lorentz gauge, we can use the
gauge: particles at rest remain at rest during and after GW passage

e The TT gauge is defined by:

o metric iIs purely spatial huO0 =0

o wave is excited transversely to its direction of propagation ojhij = O
o wave Is traceless hii = 0.




Noise sources in GW detectors

e Limiting value of SSQL(f ) is a manifestation of the @

Heisenberg uncertainty principle (HUP).

A<
>
]

2% 4r

e Two observables can be measured on a quantum system:
(b)

o Electric field strength

“-5- ?

h{
\"l
LY 3
’ \ €

e — W’%‘ﬁ

o System’s photon number

e Corresponding dimensionless operators © 4, .
o phase quadrature: "X ~ 1/9 0 ..
% P~
. WL A XAY > Sg0 (f) 1 p— ﬂ
o amplitude quadrature: Y
e These satisfy the HUP - it allows reduction of the ’ P e
AP |
uncertainty in one quadrature when increasing the 7 -

uncertainty in the other: squeezed states of light (

) R. Schnabel, Physics Reports, vol. 684,
pp. 1-51, 2017,[Online]



https://www.sciencedirect.com/science/article/pii/%20S0370157317300595
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