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Timeline of our Universe

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years
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Atoms

Dark
Energy

Dark
Matter

(Numbers in grey, because the
Planck project has delivered
newer results:

* "“conventional” matter :4,9%
* dark matter: 26,8%

* dark energy: 68,3%)

|Il .
TODAY Credit: NASA/WMAP Science Team
(Wilkinson Microwave Anisotropy Probe)



Masses deform
spacetime — and the
curvature of

spacetime determines
the movement of the
masses!

Isaac Newton (1642-1726) Albert Einstein (1879-1955)



Mass curves spacetime

Masses deform spacetime (the larger the mass, the deeper the “dip"”) —

moving* masses cause gravitational waves
(that propagate at the speed of light)

* actually: non-spherically symmetric
changes of mass distributions
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Effect on a ring of test masses:
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How large would this effect be?

AL
h=—" =102
[ L ]

(strain h = relative length change)

© AEI
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Strain (1072%)

Frequency (Hz)

B. P. Abbott, . . .
binary black hole merger, Phys. Rev. Lett. 116 (6) 061102 (2016)
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Washington (H1)

Livingston, Louisiana (L1)
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Two black holes become one
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Two neutron stars merge

Credit: NASA's Goddard Space Flight Center/Cl Lab



A black hole swallows a neutron star whole
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Masses in the stellar graveyard (in solar masses)

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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What have we already learned?

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

* First detection of GWs from a BNS system (GW170817)
e 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

e Alternative measurement of the Hubble constant

* GW polarisations
* Intermediate mass black hole (GW190521)

[Slide modified from M. Punturo, APS Talk 2022 ,,GW Perspectives"]



Quantum fluctuations in early universe

A
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Binary Supermassive Black
Holes in galactic nuclei

m < >
Q L. . .
8 Compact Binaries in our
- ) Galaxy & beyond "
@) < >
wn Compact objects
captured by Rotating NS,
SupermasTive Black Supernovae
. ageof - e Lectures by
wave perio ) . .
universe year hours Sec L Kai Schmitz!
I I I |
log(frequency) -16 -14 -12 -10 -8 -6 -4 -2 0 +2
el < — P
Cosmic microwave Space Terrestrial
background Interferometers interferometers

polarization

[Modified from the
original source (NASA)]

Detectors
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The J lobal GWD network (current status
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Gravita tional Wave Observatories



G ‘._Han
4 LIGO Livingston

Operational
Under Construction

Gravit tional Wave Observatories
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phase
laser system modulator
P

Faraday
isolator

125W

[

input mode
cleaner

PR3

[Image according to: The LIGO Scientific Collaboration,
“"Advanced LIGO", Class. Quantum Grav. 32 (2015)]

=iy ITM: input test mass
ETM: end test mass
ERM: end reaction mass
CP: compensation plate
PRM: power recycling mirror
PRi: power recycling mirror |

4km

- - — - - - - - P

IT™
CcP

BS P - - -%M__ o ErM

SR2 IT™ ETM

BS: 50/50 beam splitter
SRM: signal recycling mirror
S —— SRi: signal recycling mirror i
SR3 ¢.,: phase modulator

PD: photodetector

Faraday
isolator

PD
— — — » GW readout

output
mode

cleaner component libFary

by alexander franzen 2k+6
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phase
laser system modulator

Pm

(]
R
Y [ —]
] <
input mode

cleaner

High power ultrastable laser system

Advanced interferometer topologies

Suspended low thermal noise optics

[Image according to: The LIGO Scientific Collaboration,
“"Advanced LIGO", Class. Quantum Grav. 32 (2015)]
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Faraday
isolator

output
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cleaner

R _ _km_ 4
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T=1.4%

— — — » GW readout

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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: me= Quantum fluctuaions

10 .......... ........................................... ...... —Seismic vibrations

‘ : : ms== Newtonian Gravity

mem= Suspension Thermal noise
me== Mirror Coating Brownian
: Mirror Coating Thermo—Optic||
........ Mirror Substrate Brownian
: Residual Gas

mmmm Total noise

Strain [1/VHz]

[Image: R. X. Adhikari, Rev. Mod. Phys. 86, (2014)] Frequency [Hz]
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=21 I I me= Quantum fluctuaions
10 :._ .......... g. ........................................... : ...... — Seismic Vibl’ations
N : : | === Newtonian Gravity
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10 . | | —— ...... Mirror Substrate Brownian ||
- : ; Residual Gas

C == T'otal noise I
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‘

[Image: R. X. Adhikari, Rev. Mod. Phys. 86, (2014)] Frequency [Hz] .
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GEOG6o0o triple suspension
fused silica mirror

180 mm diameter

m =10 kg

suspended by FS fibres
reaction chain for electro-
static actuation

[image: H. Luck]

>

aLIGO quadruple suspension
fused silica mirror:

340 mm diameter

200 mm thickness

m = 40 kg

suspended by FS fibres:

400 um diameter

600 mm length

[image: M. van Veggel, RSTA 2018]




Vertical
Isolation:

3 Stages of
Maraging

Steel Blade
Springs

" Steel suspension wires
leading to upper metal

—  Input Test 3

Mass (ITM)

: \ [40 kgl / 2V

- Metal
\Compensation “Catcher” \

Plate (CP) Structure

Fused Silica .
Penultimate . Silicafibers  suspension stages
Mass [40 kg] : =" between the

Fused Silica ' ‘ ’

Ear —

Electrostatic
Actuator [Source: "aLIGQO”, Class. Quant. Grav (2015)]

9 0.4 mm

[Source: S. M. Aston

“Update on quadruple
suspension design for
Advanced LIGO”, Class.
Quantum Grav. 29 (2012) ]
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__——Inverted Pendulum
__—Pendulum Wire

Type-A

~~Inner Structure

o A .ERNNE

\/>~ Pendulum Chain

10560

13.5m

Separating Roof

Mirror -

[Source: T. Accadia et al. “Virgo: a laser
interferometer to detect gravitational
waves ”, JINST 7 Po3012 (2012)]

Higher?

...Oor nested?

...and cryogenic?

BeCu blades

(==
Platform

- stage

Type-B

3.1m

@1

[Source: T. Aki et al., "Vibration isolation system with a compact
damping system for power recycling mirrors of KAGRA”, Class.
Quantum Grav. 36 (2019) 095015]

Marionette

Sapphire blade springs

2N

Sapphire

Sapphire fibres Nail
T S tts heads

Length 350 mm

Sapphire ear

[Source: R. Kumar et al., “Status of the cryogenic
payload system for the KAGRA detector”, Journal
of Physics: Conference Series 716 (2016)] 30
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10 .......... . ........................................... ...... — Seismic Vibrations
A : : | === Newtonian Gravity
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[Image: R. X. Adhikari, Rev. Mod. Phys. 86, (2014)] Frequency [Hz]
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[Photo from:
www.advancedligo.mit
.edu

courtesy AEI-Max
Planck / LZH]



http://www.advancedligo.mit.edu/
http://www.advancedligo.mit.edu/

power stabilization

high power oscillator (HPO) second loop
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frequency stabilization

[Image: LIGO Scientific
Collaboration, Class.
Quantum Grav. 32 (2015)]
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(a) AOM Stabilization, in-loop
— (b) AOM Stabilization, out-of-loop
(c) Pump Light Stabilization, in-loop
(d) Pump Light Stabilization, out-of-loop
(e) No Stabilization
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[F. Thies et al., Nd:YVO4 high-power master oscillator power amplifier laser system for
second-generation gravitational wave detectors, Opt. Lett. 44 (3) 2019]



Ml operation point near
destructive interference:
What happens?

Power recycling
mirror

Signal recycling
mirror

Light
source

\/
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phase
laser system modulator
Faraday T=3%

¥im isolator PRM
—
— 123W
[S— L
[o————] .

input mode
cleaner

PR2

ERM

ITM: input test mass

ETM
f ETM: end test mass
| ERM: end reaction mass

4km: CP: compensation plate

: PRM: power recycling mirror
! PRi: power recycling mirror |
' IT™

CP

PR3

Image according to:

The LIGO Scientific Collaboration,
“Advanced LIGO"”, Class. Quantum
Grav. 32 (2015)

™ ETM
T=1.4%
BS: 50/50 beam splitter
SRM: signal recycling mirror
SRi: signal recycling mirror i
SR3 ¢.,: phase modulator
PD: photodetector

Faraday
isolator

— — — » GW readout

output
mode

cleaner component libfary

by alexander franzen 2k+6'
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Quantum noise: Heisenberg & Co.
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PHYSICAL REVIEW
LETTERS

14 JULY ]980 NUMBER 2

VOLUME 45

Quantum-Mechanical Radiation-Pressure Fluctuations in an Interferometer

Carlton M. Caves

W, K. Kellogg Radiation Labovratory, California Institute of Technology, Pasadena, California 91125
(Received 29 January 1980)

The interferometers now being developed to detect gravitational vaves work by measur-
ing small changes in the positions of free masses. There has been a controversy whether

quantum-mechanical radiation-pz€ssure flugtuations disturb this measurement. This
Letter resolves the controversy: They do.
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Time series:

Phase state
diagramme:

(l)of

[Bilder: S. Danilishin et al, Living Rev. Relativity, 15, (2012), 5, http://www.livingreviews.org/Irr-2012-5]

— The tip of the phasor is somewhere within the , blue-dotted area"

(Gaussian distribution in phase space)
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Phase
Quadrature

Coherent state:

X, =a"+a

=i(al — a)

s
|

AX,-AX, > 1

Amplitude
Quadrature

[Image: S. Hild]
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radiation pressure noise (RPN) relative shot noise (SN)

| wavelength
[hRPN(f)_—l \/ F”P} (
o <L w3e | |
.mf Ry {hSN(f) — %\/gg_laser power
suspended |

E detector

Backaction noise &) Detection noise
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“Heisenberg”

© By Source (WP:NFCC#y,), Fair us 2/

) bt B e

bl e ] -

A5(1

>
X1

https/ERWNE CaB JRAMce the uncertainty in one measurement quantity, but at the cost of
d=36178a4reasing the uncertaindiéypin the other measurement quantity!
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https://en.wikipedia.org/w/index.php?curid=36178596
https://en.wikipedia.org/w/index.php?curid=36178596

-

N

Phase
Quadrature

A

e

Heisenberg merely says

Phase
Quadrature
Amplitude Amplitude
Quadrat% Quadratuy
AX{-AXy > 1
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[Nat. Phys. 7, 962-965 (2011)]




GEO 600

Two sequential

Injection locked riode-cleariers

high-power

laser system
12W

(8 m round-trip)

MFn
A
600 m north arm
o (folded in vertical plane)
A,
MPR MCn

I=0.09%

1,064 nm
E ’

IPLU

4
&

Squeezing
main laser ’
2W

A
IPLLZ
Squeezing
aux. laser 1
0.2W
PLL3
Squeezing Y

aux. laser 2 E_’_.
0.2W

Squeezing resonator
length control beam

Squeezed light source

Squeezing ellipse and

phase control beam ; : ['

=" Q

DBS 532 nm
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B

Squeezing : [@

resonator %-- - "_‘ e e CES T -»
Faraday
isolator

P

Squeezed vacuum
plus control field

=Vacuum system

600 m east arm

(folded in vertical plane)

Qutput
mode-cleaner

Data
output
h(t)

Photo

diode
Phase

shifter

Source: LIGO Scientific Collaboration ,A gravitational wave observatory operating beyond the quantum
shot-noise limit", Nature Physics (2011), DOI: 10.1038/NPHYS2083
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G EO 600 MFn = vacuum system
600m north arm
(folded in vertical plane)
< 600m east arm
:;?;mgn _meR MED  (oided in vertical plane)
25W, 1064nm
PLL1
squeezing o MSR
Hhg [ %
Mach %\ Output
IPLLZ de(?‘sty } mode-cleaner Data
Pl')u:.i y "/'
eohemm_ & [. 1
PLL3 control fisld % :
f BDO3 -
e—ﬁ',:'---g@m :
OPA p-pol WI : i PZT1 : main
auxiliary laser EE»_]""‘% : photo
' diode

Squeezed light source

¥ T »- PZT2

(

Observatory noise,

calibrated to GW-strain [l‘,/\/llz]

a)

10-#

Noise improvement

10-%

5;
<)
T

[V L (=]
T T T

with squeezing [dB]

-
(=

100

1k
frequency [Hz|

[J. Lough et al., “First demonstration of 6 dB quantum noise reduction in a kilometer scale gravitational wave observatory”, Phys. Rev. Lett. 126, 041102 (2021)]
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master laser

=
|| | EOM76.5MHz

HIS2
Y
CC laser D [I ﬂ EES! 2 9\

PO, ome
— %,_ &
p-pol laser n
v

'homodyr‘e detector

1
|
|
|
1

[Source: Dissertation E. Schreiber (2018)] 51



Quantum noise relative to vacuum [dB]
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[M. Mehmet and H. Vahlbruch, “High-efficiency squeezed light generation for gravitational wave detectors”
Class. Quantum Grav. 36 015014 (2019)]
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Detectorn noise, calibrated to
test mass displacement [m/+/Hz]

-20

10

| | | |
30 40 5060 80 100

| | | | | |

200 300 400500600 800 1k
Frequency [Hz]

[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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Frequency [Hz]
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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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Image:
aLIGO@MIT



The next generation

[Copyright © 2005 Paramount Pictures]
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Strain [1//(HZ)]

Sensitivity comparison of Advanced LIGO

and Einstein Telescope (design)

1020 —alLlIGO 02
—aLIGO design
—ET
107+
15 fac \
1077
10~
-25
10
10' 10% 10°
Frequency [Hz]

[source: Einstein Telescope Design Report Update 2020]

Redshift

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

100 ; — . ._'.., Hc;rizm; ;
- 10% detected
I 50% detected-
10 | .
1§ E

: = ET

CE
0.1? : SR, 11 1] et airel PR . u.?

1 10 100 1000 10000

Total source-frame mass [M_]

[source: ET Design Report Update 2020, and references therein].
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The Einstein Telesope (ET)

* A European project!

e triangular underground GW observatory (at
200 — 300 m depth) with 10 km arm length

NIKHEF, NL
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[Images: ET Design Report Update (2020), content presentation adapted from A. Freise]



The Einstein Telescope:

three detectors in a single triangular site.
A near-optimal configuration for a single-site
GW observatory in a cost-efficient and

prominent infrastructure!

[Source: ET Design Report Update (2020),

text adapted from A. Freise]

Parameter ET-HF ET-LF

Arm length 10 km 10 km

Input power (after IMC) 500 W 3W

Arm power 3IMW 18 kW
Temperature 290K 10-20K

Mirror material fused silica silicon

Mirror diameter / thickness  62cm/30cm 45cm/ 57 cm
Mirror masses 200kg 211kg

Laser wavelength 1064 nm 1550 nm
SR-phase (rad) tuned (0.0) detuned (0.6)

SR transmittance 10 % 20 %

Quantum noise suppression  freq. dep. squeez. freq. dep. squeez.
Filter cavities %300 m 2x1.0km
Squeezing level 10dB (effective)  10dB (effective)
Beam shape TEMyg TEMyy

Beam radius 12.0cm 9cm

Scatter loss per surface 37 ppm 37 ppm

Seismic isolation SA, 8 m tall mod SA, 17 m tall
Seismic (for f > 1 Hz) 5-10719m/ £2 5-10719m/ £?
Gravity gradient subtraction none factor of a few
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Challenging

Q1: Enabling Technologies [ i IF'%- s

New * The multi-interferometer approach asks for
technology in two parallel technology developments:

engineering

cryo-cooling Evolved laser
R technology
technology in .
optics
T-LF: e ET-HF: Evolved
New laser Underground * High power laser tech;;lizgy =
technology Cryogenics * Large test masses
T Silicon (Sapphire) test masses New coatings I Highly
mechanics and Large test masses * Thermal Compensatlon innovative

low noise New coatings Frequency dependent adaptive optics
controls New laser wavelength squeezing
High quality “* Seismic suspensions

opto- Frequency dependent
electronics and squeezing
new controls

High quality

opto-
electronics and
new controls

[Source: ESFRI Defense Presentation (2021)] B
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Location:
ein a geologically '
stable and quiet region®__.

- — ——

S i

Underground:
~_eless seismic noise

detector per corner:
__ecomplete field-of-view —
_eaccess to polarization™

oy

2 interferometers per detector:
| eextented frequency range
efollow signals for hours

New lasers:
elonger wave length
eless quantum noise

Cryogenic temperatures:
e|ess thermal noise

[Slide from Achim Stahl, image: Nikhef]
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Astrophysics Fundamental physics and cosmology | ;,}
* Black hole properties * The nature of compact objects ' ,«’/"l
» origin (stellar vs. primordial) * near-horizon physics ,v"i'/
e evolution, demography * tests of no-hair theorem ‘ . ,-:5,//
. . . . e T.';.' e % s ,'/ /
e Neutron star properties exotic compact objects G %

« interior structure (QCD at ultra-high densities, * Tests of General Relatiui

Zxotlc statﬁs of matter) +  post-Newtoniz e)(p
* demography . o fa
stron T, SO

ne
OC‘(\\(\ Holes

ouds, DM accreting on compact objects

* Multi-messenger astronomy
* joint GW/EM observations (GRB, kilonova,...)
* multiband GW detection (LISA) \,

(4

BTK Energy and modifications of gravity on cosmological scales
* DE equation of state
* modified GW propagation

o)
\\\ ‘oe Ophysical origin ~ * Stochastic backgrounds of cosmological origin

* neutrinos

* Detection of new astropiauies d'\SCO

e core collapse sug

* isolated e Einstein Telescope

E’Y \N and connections with high-energy physics »All“ BBH back to Big Bang
O . * inflation Nearly all BNS back to Big Bang
P\\S * phase transitions Many supernovae

* cosmic strings

View to the Dark Ages

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



o (Sardinia)

~ 1 workshop (Oct.
wewm 2021)

= Lab of approx. (30 x 30 X 30) m3 size
at 200 m depth in Lusatia granite
= kilometer-scale 3D seismometer sensor array

= Metrological validation of advanced full-scale seismic isolation
concepts
= + nuclear astrophysics

Photos: Tunnel
l /cavernin Sos
Enattos

during ET site




The Low Seismic Lab

Innovation platform with a size roughly (40 x 30 x 30) m?3
at a depth of 200m in the Lusatia Granite

With a square-kilometer size 3D seismometer cage

- Real-life validation of new seismic isolation concepts

SITE FOR FUTURE «DEEP TECH»:

e Technology development for gravitational wave
astrophysics

* Adaptive seismic noise suppression
e Subnanometer microscopy and photolithography
* Experiments for quantum computing

* Accelerator astrophysics

68 ngVLA event, mtex i 28.09.2023 ZhZA



‘.
&

Das Deutsche Zentrum fur Astroph 5|k\
=m s

Auf gutem Grun‘cl 3o

ein Zentrum fur Forschung, Technolog|e~—
und Digitalisierung.

Deutsches Zentrum fur Astrophysik



DZA: Joint initiative of German astronomy and astroparticle physics

: | Germany makes outstanding contributions to astronomical research
> (Nobel Prize)

European Southern Observatory (ESO) and European Space Agency (ESA)
state treaties allow German astrophysics to play leading roles.

In order to play a similar role also in new international large research
projects, like the radio observatory Square Kilometre Array (SKA), the
5 ) Einstein Telescope, or the Vera Rubin Observatory, requires new national
3 ’ ® structures that are not existing in Germany today.
;r;p;f;ir}\ SKA is calling for regional data centres. The Einstein Telescope is looking
for partners in Europe to set up large test and development centres for
gravitational wave interferometers.

Stuttgart

< The possibilities for German industry to participate in such tenders
Tubinge Garching = . . . . .
® & o LEs: require institutional commitment.

‘ Freiburg Miinchen

70 ngVLA event, mtex : 28.09.2023 ZhZA




DZA concept : 3 pillars

Square Kilometre Array
Observatory (SKAO)

Einstein Telescope
(Low Seismic Lab)

Developments for future
astronomical experiments

Strong participation of
Saxon industry

Interlocking of pillars =» unique synergies

ngVLA event, mtex i 28.09.2023

o

Processing huge amounts
of astrophysics data from
all over the world

Innovative Al based and
Smart Green Computing




DZA Team and network
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“Blackﬁlq-plole" astronomy beyond

7
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“Black Hole” astronomy beyond 2035
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LISA science
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We want to measure the relative proper motion of free-falling test
masses and infer from that the effect of gravitational waves

Interferom eters test masses

Free-falling

= Disturbances at low frequencies / /

<+ <
on ground: external displacements, external forces .

in space: small forces on test masses

= Interferometry challenges

temperature, thermo-mechanical stability, dynamic range
readout noise

[Content courtesy of Martin Hewitson] 79
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o liecdkmam Hm von =S ot 7 M% 2 M ol 1 e |
...to listen to many more sources!

Luminosity of a NSNS system Supernovae Q Extreme Mass Ratio Inspiral,
(schematic), (Creative Commons) (here: SN 1987A,© NASA) S (EMRI) (© NASA)

A

»Chirp" of two merging neutronstars NS merger buried in detector noiseé‘ ,Chirping inspiral* of two ﬂ'_;:
(© B.Owen, Penn State University)!Q{} (© https://ligo.caltech.edu/) black holes v

¢

R Y
NS

Emission of GWs in a double NS Merger of two black holes
system (schematic), © NASA (Simulation © AEI) Crab nebula (NGC 1952, © NASA)




e.g. in geodesy and gravimetry
Intersatellite laser interferometry gives information about changes in ground
water level (,Earth water cycle™) or about losses of ice masses on Greenland

ITSG-Grace2017p (Gaussian filter 200 km)
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A T 250 km R

Observation of Earth's gravity field through satellite tracking
(german-US cooperation)
GRACE: with microwaves => GRACE-FO: with lasers!
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Gravitation

But: water i e\ "
is heavy! :

:> Ground water is for ,remote sensing”




Water is one of the most
critical geopolitical resources!
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