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PROPAGATION OF GWS THROUGH SPACETIME

Linear Polarization
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SIMPLIFIED OPTICAL SETUP OF ADVANCED LIGO

ITM: input test mass

ETM: end test mass

ERM: end reaction mass

CP: compensation plate
PRM: power recycling mirror
PRi: power recycling mirror |

ETM

BS: 50/50 beam splitter
SRM: signal recycling mirror
SRi: signal recycling mirror i
¢,,: phase modulator

PD: photodetector

component library
by alexander franzen 2k+6
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TWO BLACK HOLES BECOME ONE




Credit: NASA's Goddard Space Flight Center/Cl Lab
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OBSERVATION RUNS AND RANGES
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OBSERVATION RANGE

",f- E . Map base: http://www.atlasoftheuniverse.com/index.html
. Animation: Caltech/MIT/LIGO Lab/Kim Burtnyk
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WHAT HAVE WE ALREADY LEARNED<¢

* First detection of GWs from a BBH system (GW150914)
* Physics of BHs

» First detection of GWs from a BNS system (GW170817)
« Birth of multimessenger astronomy with GWs

« Constraining the equations of state of neutron
stars

* Localisation capabilities of a GW source

« Measurement of the GW propagation speed

» Test of General Relativity

« Alternative measurement of the Hubble constant

« GW polarisations
» Intermediate mass black hole (GW190521)

[Slide modified from M. Punturo, APS Talk 2022 ,,GW Perspectives"]
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ADVANCED TECHNOLOGY FOR aLIGO
(EXAMPLES)

ERM
ETM :
A ITM: input test mass
: ETM: end test mass
Ak ERM: end reaction mass
! CP: compensation plate
| . .
phase » | PRM: power recycling mirror
modulator Faaday — \ - PRi: power recycling mirror |
(fm isolator " PRM PR2 - cP
e
— — S
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\ BS: 5o/50 beam splitter

SRM B3 SRM: signal recycling mirror
Advanced interferometer topologies %hs SRi: signal recycling mirror i
¢,,: phase modulator

PD: photodetector

High power ultrastable laser system

Suspended low thermal noise optics Faraday

isolator PD
- — — » GW readout

Non-classical light

[Image according to: The LIGO Scientific Collaboration, mode

“Advanced LIGO”, Class. Quantum Grav. 32 (2015)] cleaner componentlIBTary




DESIGN SENSITIVITY OF aLIGO
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‘\

QUANTUM NOISE: HEISENBERG & CO.

IN UR QUANTUM BOX...
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THE STANDARD QUANTUM LIMIT (SQL)
OF INTERFEROMETRY
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GEO600: THE FIRST GWD TO USE SQUEEZED
LIGHT (SINCE 20101)!

[Nat. Phys. 7, 962-965 (2011)]
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FIXED-QUADRATURE SQUEEZING AT
adVIRGO
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[The Virgo Collaboration & Mehmet et al. ,Quantum Backaction on Kg-Scale Mirrors: Observation of Radiation Pressure Noise in the Advanced
Virgo Detector " Phys. Rev. Lett. 125, 131101 (2020)]
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FIXED-QUADRATURE SQUEEZING AT

adVIRGO
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[The Virgo Collaboration & Mehmet et al. ,Quantum Backaction on Kg-Scale Mirrors: Observation of Radiation Pressure Noise in the Advanced

Virgo Detector " Phys. Rev. Lett. 125, 131101 (2020)]
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Figure 3. Input Payload, Figure 4. Input Payload during assembly (left) and its
CAD drawing,. integration with SA (right).

[modified from: L. Naticchioni and on behalf of the Virgo Collaboration, J. Phys.: Conf. Ser. 957 012002 (2018)]



FREQUENCY-DEPENDENT SQUEEZING

AT alIGO (O4)
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D. Ganapathy et al. (The LIGO O4 Detector Collaboration), ,Broadband Quantum Enhancement of the LIGO Detectors with Frequency-Dependent

Squeezing", Phys. Rev. X 13, 041021 (2023)]

‘



LIGO Hanford
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D. Ganapathy et al. (The LIGO O4 Detector Collaboration), ,Broadband Quantum Enhancement of the LIGO Detectors with Frequency-Dependent

Squeezing", Phys. Rev. X 13, 041021 (2023)]
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Sensitivity comparison of Advanced LIGO
and Einstein Telescope (design)
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[source: Einstein Telescope Design Report Update 2020]

SENSITIVITIES OF 3G GWDS

Astrophysical reach for equal-mass,
nonspinning binaries for Advanced LIGO,
Einstein Telescope and Cosmic Explorer

100

—I- Hnnzuu E
10%% dEtEClEd
50% detected

10

Redshift

L ol Ll ] il
1 10 100 1000 10000
Total source-frame mass [M]

[source: ET Design Report Update 2020, and references therein].



THE EINSTEIN TELESCOPE (ET)

« A European project!

» Triangular®* underground GW observatory (at 200
— 300 m depth) with 10 km arm length

NIKHEF, NL
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Astrophysics Fundamental physics and cosmology __ i e ) l}
« Black hole properties * The nature of compact objects = /l
« origin (stellar vs. primordial) * near-horizon physics /:/
* evolution, demography * tests of no-hair theorem 4 a4
. . . . o g 7,
 Neutron star properties exotic compact objects U /:’//
« interior structure (QCD at ultra-high * Tests of General Relatii ‘ﬂe ceL_ 727
densities, ) Newton X X =
exotic states of matter) POSt-NEW1C eC .
« demography * strong e)(p
° D ” O

« Multi-messenger astronomy

r )
. Loin’r GW/EM observations (GRB, C‘ﬂ\ﬂe Holes
O ouds, DM accreting on compact objects

llonova,...) m
. nmeUJTT'rti):Onsd GW detection \’e(\, 8Tk Energy and modifications of gravity on cosmological scales
. i d\scO * DE equation of state
« Detection of g 0 _ * modified GW propagation
sources . . . . Einstein Telescope
p \\ ‘Oe e * Stochastic backgrounds of cosmological origin ’ _p
T \N\ : > and connections with high-energy physics »All“ BBH back to Big Bang
. E oTTSTArS . * inflation Nearly all BNS back to Big Bang
\.ﬁ' packground of astrophysical .
B 0 y phasg trarTS|t|ons Many supernovae
* cosmicstrings View to the Dark Ages

[This list was taken verbatim from the talk by M. Maggiore at the 11™ ET Symposium (2020)]



DZA TEAM AND NETWORK

5 TECHNISCHE
T ) gt
AIP

Mea-Plane k-Institu

fiir Radioastronomie

5/ o o
D .g..:.‘ KAT. Komitee fir I'ILDR
= +‘Astro Teilchen. Physik S

EINSTEIN

TELESCOPE

| SACHBEN/THORINGEN

/ —jﬁé

SILICON P

’éﬁ&qu < e, LR
~

gl‘g[@ Uniwersytet ((;[j_HB

>/ Wroctawski DIGITAL

~

‘(
\UNWERSWRT"
HEIDELBERG

&nste Wagner

‘,gw )

Stadt Gorlitz

a.%f“ DOMOWINA



pX:]

4 101 -107,126 u. 134

e " ey z 2 - N

Pratik Chakraborty =~ Bernd Schulte DennisWilken Lorenz Kies ‘Manuel Schimanski  AlexWolf

Mariia Matiushechkina Lea Richtmann  Tim Bartelsmeier Kirstin Tews M.H. Imke Niehoff Frauke Berg

4

Roman Kossak



	Slide 1: Interferometric gravitational wave detection – a (quantum) metrological challenge
	Slide 2: The electromagnetic spectrum
	Slide 3: Propagation of GWs through spacetime
	Slide 4: Simplified optical setup of Advanced LIGO
	Slide 5: Two black holes become one
	Slide 6: Two neutron stars merge
	Slide 7: Observation runs and ranges
	Slide 8: Observation range
	Slide 9: What have we already learned?
	Slide 10: The global GWD network (current status, 2G)
	Slide 11: Advanced technology for aLIGO (examples)
	Slide 12: Design sensitivity of aLIGO
	Slide 13: Quantum noise: Heisenberg & Co.
	Slide 14: The Standard Quantum Limit (SQL) of interferometry
	Slide 15: GEO600: The first GWD to use squeezed light (since 2010!)!
	Slide 16: Fixed-quadrature squeezing at adVirgo
	Slide 17: Fixed-quadrature squeezing at adVirgo
	Slide 18
	Slide 19: Frequency-dependent squeezing at aLIGO (O4)
	Slide 20: Frequency-dependent squeezing at aLIGO (O4)
	Slide 21: The next generation
	Slide 22: The worldwide detector network of the future
	Slide 23: Sensitivities of 3G GWDs
	Slide 24: The Einstein Telescope (ET)
	Slide 25: The Einstein Telescope
	Slide 26: What science caN we do with ET?
	Slide 27
	Slide 28: The Quantum Control group 

