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Theory of General Relativity"
£

B —

‘Spacetime-tells-matter how to move,
and matteritells spacetime how fo curve”




As a consequence of Theory of
General Relativity Einstein predicted
Gravitational Waves in 1916«

-

Gravitational waves are ripples

In space and time caused by changing
gravitational fields
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The Discovery

First direct detection of Gravitational Waves

— First indirect confirmation by Hulse-Taylor binary system
(1993 Noble prize)

First direct measurement of a black hole

— Inferred from ringdown signal [and not from observing
gas (X-ray binary) / stars (galactic center) around a
blackhole]

First direct measurement of a binary black hole
— Only possible with GW observation

First observation of heavy stellar mass black holes

— So far no evidence for blackholes with mass between 20
and millions of solar masses

Most luminous event ever observed:

— For short period 50 more energy emitted than the
observable Universe




Black Holes of Known Mass
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Getting a 3rd GW observatory online

LIGO/Virgo/NASA/Leo Singer
(Milky Way image: Axel Mellinger)
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The 'Gold-Factory’

Merging neutronstars Exploding massive stars Big Bang
Dying low mass stars Exploding white dwarfs Cosmic Ray Fission
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First GW catalog: GWTC-1
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e In order to detect GW
you need to very
accurately measure the
position of test masses.

e First you need to make
your test masses quieter
than what you want to
measure.

e Secondly, you need to
readout out the strain to
the required precision
without (!) introducing
‘too much’ additional

Currekt detectors achieve
noise. ?[1)'19mlsqrt(Hz)

Image: W. Benger AEI/ZIB

Calibration WS, NIST, 2019






Detecting Gravitational Waves

Travel time in
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X-arm \ L 1
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Phase Lasler freq

h4(t) = hocoswgt
AR

_ GW freq
Assumption of o\ o plitude
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Phase shift
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Interferometry: Arm cavities

2 Increasing the storage time in

the arms by using arm cavities.

IEMy Advanced
< Finesse of the arm cavities

determines bandwidth of GW L_IGO
detector. aims for 1
PRMI with arm cavities MVV Of
AT . A --7
o\ Guantem ot meum tnesse | // stored
107} . - I~ T 771 ——Quantum noise, low finesse o1 - /] IMy po er
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Noise Sources limiting the aLIGO erc

VIA VERITAS VITA

2 In order to understand
how we can potentially
improve Advanced LIGO,
we need to see is limiting:

AdvLIGO Noise Curve: Pin =125.0 W

- I [T T 1T I . I
=== Quantum noise
= Seismic noise
== Gravity Gradients
== Suspension thermal noise
Coating Brownian noise
Coating Thermo-optic noise
Substrate Brownian noise
Excess Gas

Total noise
I |

Quantum Noise limits most of
the frequency range.

TR R A T T N R

« Coating Brownian limits (or is
close) in the range from 50 to
100Hz.

 Below 50Hz we are limited by
‘walls’ made of Suspension 10
Thermal, Gravity Gradient Frequency [Hz] SR
and Seismic noise.

Strain [1/VHz]

3

Slide 24 Calibration WS, NIST, 2019 Slide 24



Myriad of Disturbances

Molecule
crossing
Laser beam

Seismic disturbance

Quantum
Thermal | W™ «~ Back-Action
Bath ‘ noise
<+<— Wind/Weather

Magnetic fields

Planes Lightning
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LAYOUT OF SCATTERED LIGHT BAFFLES LIV D1700361-v3
IN ADVANCED LIGO

ETS DUS LALS SAPPL
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aLIGO+

US/UK linked proposals +
inkind contribution from AU:
20M$ from NSF + £10M from
STFC. US project started Oct
1st,

2" upgrade: 300m filter cavity -
to provide frequency dependent
squeezing

Aim: obtain squeezing at high
frequency without spoiling low
frequency due to anti-squeezing.
Short cavity sufficient.

In order to get full squeezing
benefit will have to switch to
balanced homodyne readout.

4 km

ETMY

Stefan Hild Calibration WS, NIST, 2019
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—aLIGO des:gn NSNS 173 Mpc, BHB
—Aplus design: NSNS 325 M BHBH 2563 Mpc ]

1606 Mpc

—Ouanturn'
—Seismic ]
~=Newtonian !
—=Suspension Thermal
--=Coating Brownian H
1022 Coating Thermo-optic|
Substrate Brownian |]
N Excess Gas ] —
§ —Total noise ) T
-22
S 210
S 102} / ?
@ ®
1 R
] o
c
1024} -: € 102
- & Z
10’ 10? 10°
Frequency [Hz]
Figure 10: Target A+ strain spectral density (black) with dominant 24
contributing factors [56]. Coating Brownian and quantum noise are 10 100
targeted in the upgrade; other noise terms are unchanged with respect
to aLIGO (Figure 8).

102
Frequency (Hz)

10°

2 In addition to quantum noise improvements aLIGO+ assumes

factor 2 reduction in coating noise.

< Overall improvement will yield increase in detection rate of 4-7.

Stefan Hild Calibration WS, NIST, 2019
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Voyager (1)

2 Based on cryogenic (120K)

silicon test masses and Ty =5 ppm Image courtesy R.Adhikari
suspensions to reduce
thermal noise.
< Good properties of silicon:
> Thermal expansion has a SEDT
. m = 140 kg
zero-crossing at 120K. = 1% “ T-120K
» High thermal conductivity »[ \
=> smaller thermal 0, H Bs
gradients. !:T? = H
Winkler et al, Phys. Rev. A 44, 7022-7036 (1991)  [A=1560mm e - Q Peay=3 MW
< Purpose of going cryogenic 1% %-_.w
is to enable high power
operation.

Stefan Hild Calibration WS, NIST, 2019 Slide 31



Voyager (2)

< In contrast to the Einstein IS]

Telescope and KAGRA (both
operating at 10-20K range) the
cooling in Voyager design will
mainly be done via radiation
(and not via conduction
through the fibres).

2 As a result the cryogenic
implementation is simpler and
higher optical powers can be
possible.

J thermally insulating
mechanical clamp
® % @

Image courtesy R.Adhikari

Stefan Hild Calibration WS, NIST, 2019

Slide 32




ET Design study

VIA VERITAS VITA

Author list: ET Science Team
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The ET Footprint

VIA VERITAS VITA

Single L-shaped TFO rriangte of 31FOsS

normalized sensitivity
1

< As ET is a new infra-
structure, we can start from
scratch.

0.8

0.6

< What to see the full sky.

0.4

< Want to resolve both
polarisations.

0.2

0

:> Want tO have redundancy. Freise, A.; Chelkowski, S.; Hild, S.; Pozzo, W. D.; Perreca, A. & Vecchio, A.

CQG, 2009, 26, 085012 (14pp)

< 1 Triangle vs 4 Ls:

> Both have 30km integrated a) b)
tunnel length

» Both resolve both polarisations 10 km
and offer redundancy. 7.5 km

» Both give equivalent sensitivity.

» Triangle reduces the number of v L
end stations.

Triangle first proposed: 1985, MPQ-101. W.Winkler, K.Maischberger, A.Rudiger,

2 ET will be a triang|e. R.Schilling, L.Schnupp, D.Shoemaker,: Plans for a Large Gravitational Wave
Antenna in Germany

Stefan Hild Calibration WS, NIST, 2019 Slide 9



Xylophone Concept

VIA VERITAS VITA

=

As our detectors become more and more complex and at the same time aim increase even
further the observation bandwidth the xylophone concept becomes more and more attractive.

The xylophone concept was originally suggested for advanced LIGO:

R.DeSalvo, CQG 21 (2004) S1145-S1154
G.Conforto and R.DeSalvo, Nuc. Instruments 518 (2004) 228 - 232
D.Shoemaker, presentation at Aspen meeting (2001), http.//www.ligo.caltech.edu/docs/G/G010026-00.pdf

Allows to overcome ‘contradicting’ requirements in the technical detector design:

» To reduce shot noise you have to increase the light power, which in turn will
reduce the sensitivity at low frequencies due to higher radiation pressure noise.

» Need cryogenic mirrors for low frequency sensitivity. However, due to residual
absorption it is hard to combine cryogenic mirrors with high power
interferometers.

For ET we choose the conservative approach (designing an infrastructure) and went for a 2-
band xylophone: low-power, cryogenic low-frequency detector and a high-power, room-
temperature high-frequency detector.

Stefan Hild Calibration WS, NIST, 2019 Slide 35



VIA VERITAS VITA

The ET core interferometers

\
ET-C/ET-D | ET-C/ET-D )
EMy EM .
Low Frequency > 8 High Frequency
IMy Opening angle = 60 deg IMy Opening angle = 60 deg
PRM PRM
Laser Laser
1550nmM  SRM i 1064nm  SRM
Squeefi PD Filter cavity 1 oD =
O [. ____________________ ﬂ HDH Squeezer
- . /
( Optical element, ] Optical element, Laser beam 1550nm
n Fused Silica, I Silicon, Laser beam 1064nm
\ room temperature H cryogenic 00 ceccceeea- squeezed light beam
Stefan Hild Calibration WS, NIST, 2019 Slide 36



The High-Frequency Detector

VIA VERITAS VITA

*  Quantum noise: MW,
tuned Signal-Recyling,
10dB Squeezing, 200kg
mirrors.

= = = Quantum noise
= = = Sgismic noise |
= = = Gravity Gradients H
= = = Suspension thermal noise {
= = = Total mirror thermal noise |

Excess Gas I
mmmm ET-HF: Total noise

 Suspension Thermal
and Seismic:
Superattenuator

Strain [1/VHz]

« Gravity gradient: No
Subtraction

¥ - —CI03 100
) el wn g b i w41

Lt P
TTCTT

 Thermal noise: 290K,
12cm beam radius, fused

Silica, LG33 (reduction
factor of 1.6 compared to

S.Hild et al, CQG 2011, 28 094013

TEMOO). Coating Brownian reduction factors (compared to 2G):
3.3 (arm length), 2 (beam size) and 1.6 (LG33) = 10.5

Stefan Hild Calibration WS, NIST, 2019 Slide 37



The Low-Frequency Detector

f
i C-fEOZ 312320 w==Quantum noise
< Quantum noise: 18kW, detuned e i -emmeape-my :
~21p B
I - i 107 b==p=—2 ==L = = =Gravity Gradients =
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As mirror TN is no longer limiting, one can relax the assumptions
on the material parameters and the beam size...

Slide 38
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How do fundamental noises scale?

Shot Noise
while maintaining bandwidth

Radiation Pressure Noise
while maintaining bandwidth

Coating Thermal Noise

constant loss angle...
hocy

Residual Gas Noise hgas
facility limit... hOgas \4)( 107 Pa \ - \ Lo

Credit;: Matt Evans/Lisa Barsotti

August 30th, 2018 Dawn IV - Amsterdam




Where could we put a 40km detector?

NLCD Land Cover Classification Legend
I 11 Open Water
12 Perennial Ice/ Snow
21 Developed, Open Space
[ |22 Developed, Low Intensity
I 23 Developed, Medium Intensity
Il 24 Developed, High Intensity
131 Barren Land (Rock/Sand/Clay)
[ 41 Deciduous Forest
I 42 Evergreen Forest
| 43 Mixed Forest
[ 51 Dwarf Scrub*
[ 152 Shrub/Scrub

71 Grassland/Herbaceous

72 Sedge/Herbaceous*

73 Lichens*®

74 Moss*

81 Pasture/Hay
I 82 Cultivated Crops

90 Woody Wetlands

[ 95 Emergent Herbaceous Wetlands

* Alaska only



Why 40 km?
» Costs grow quickly with length above ~ 40km

 surface excavation depth is quadratic in length, and that earth must be
moved (presumably to the ends to use as fill)

- flat of bowl-shaped locations become scarce for longer sites

M. EVANS AT GWADW May, 2018




Known Unknowns - Big Mirrors

» (Getting big enough substrates for Voyager poses a problem, but
apparently one that can be addressed. What about CE?

* Can we make mirrors big enough for CE (~1m diameter)?

« If, for whatever reason, we end up with the initial version of CE running
at room temperature on , the substrate production may also be
challenging, but probably less so.

Polishing seems doable, but better than aL.IGQ would be good

Coating these large optics will be non-trivial
 for IBS coatings, it is “just a matter of engineering” (easy to say)

- for crystalline coatings, it may be more challenging

M. EVANS AT GWADW May, 2018




PE of GW150914-like event with 3G
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BNS pre-
warning
time with

3G

lday 4hr. 1hr 10 min. 1 min. 10 sec. 1 sec.
H | | | | | I
| = alIGO I e
— vy /
10? =

p o ET

Accumulated signal-to-noise ratio
—
=

My =M, =14 M,

Credit; Evan Hall

0
10 3 z=0.17]
. w e L - L Lo L]
10 10% 10° 10? 10! 10°
Time until coalescence [s]
Stefan Hild Calibration WS, NIST, 2019 Slide 15



Cosmological reach of 3G

100 F [ : Horizon d

r —_ q 10% detected-

/ Ny W 50% detected-
101 - 1 5
= - =
z c
8 o
~ =
100 E
i
5

o[ JGO == ET
1071 w=s Vovyager === CE \ !
10° 101 102 10° 10*

Total source-frame mass [ Ms]

Stefan Hild Calibration WS, NIST, 2019 Slide 16
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Who cares about standard sirens?

—— p(Ho | GW170817)

Planck
SHoOES

. a N 2 2 R B B B B B B B &8 &B &8 B §B B |
i
)
(R
)
L . i i B B B B B B B B N B B B B §
[N
|
|

== Note white space!!!

T T 1 T T — 1
90 100 110 120 130 140
Ho (kms~!Mpc™?) LVC, Nature 551, 85 (2017)

Hy =700 kms™! Mpc ™2

Side credit: Daniel Holz




We need 1% soon!

2019 2022 2023 2025 2026

== BNS with counterpart 10M5-10M, BBH without counterpart
-@- BNS without counterpart -@- 30M,-30M, BBH without counterpart

Chen, Fishbach, & Holz
Nature 562, 545 (2018)

O3 Design Design Design Design
HLV HLV HLV HLVJI HLVJI
first year first year second year first year second year

Side credit: Daniel Holz
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Calibrating gravitational-wave detectors with GW170817

Reed Essick, Daniel E. Holz
(Submitted on 21 Feb 2019)

The waveform of a compact binary coalescence is predicted by general relativity. It is therefore possible to directly constrain the response of a gravitational-wave (GW) detector by
analyzing a signal's observed amplitude and phase evolution as a function of frequency. GW signals alone constrain the relative amplitude and phase between different frequencies within
the same detector and between different detectors. We analyze GW170817's ability to calibrate the LIGO/Virgo detectors, finding a relative amplitude calibration precision of
approximately +£20% and relative phase precision of +£15° (1-6 uncertainty) between the LIGO Hanford and Livingston detectors. Incorporating additional information about the distance
and inclination of the source from electromagnetic observations, the relative amplitude of the LIGO detectors can be tightened to ~ +15%. We investigate the ability of future events to
improve astronomical calibration. By simulating the cumulative uncertainties from an ensemble of detections, we find that with several hundred events with electromagnetic
counterparts, or several thousand events without counterparts, we reach percent-level astronomical calibration. This corresponds to ~5-10 years of operation at advanced LIGO and
Virgo design sensitivity. It is to be emphasized that direct {\em in-situ}\/ measurements of detector calibration provide significantly higher precision than astronomical sources, and
already constrain the calibration to a few percent in amplitude and a few degrees in phase. In this sense, our astronomical calibrators only corroborate existing calibration

measurements. Nonetheless, astrophysical calibration may become an important corroboration of existing calibration methods, providing a completely independent constraint of
potential systematics.
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VIA VERITAS VITA

We assume additive stationary Gaussian noise (n) in
each detector and model the data recorded (d) as a func-
tion of frequency as

d=n+ (1+6A4)e"¥ (Fihy + Fxhy) (1)

where ) A is the amplitude calibration error, 47 the phase
error, F, , are the antenna response functions,! and
hy. x the astrophysical strain incident on the detectors.
The strain incident on the detector can be written as

_ 1+cos®On 44,

h+ = 2DL € h (2)
_ CO80in _i(po+/2)

hy = D, e h (3)

where Dy, is the luminosity distance to the source, 6;,
the angle between the source’s total angular momen-
tum and our line of sight, ¢, the orbital phase at co-
alescence, and h the intrinsic waveform generated by the
source. If the recorded data’s calibration is correct, then
0A = 01 = 0. Calibration errors are modeled as a




e (GW): GW data alone with loose calibration pri-
ors. We assume standard (uninformative) priors for
all intrinsic and extrinsic parameters. In particular,
we assume sources are uniformly distributed in vol-

ume ignoring local cosmological effects: p(Dp) o
D2,

(GW+Dyp): loose calibration priors and the
source’s location constrained by the approximate
uncertainty in NGC 4993’s location. We assume
conservative bounds of Dy € [32, 50] Mpc with
p(Dy) < D?.

(GW+Dp+6;n): loose calibration priors using the
EM constraint on the source location as well as
approximate constraints on the source’s inclina-
tion from EM observations. We again use some-
what conservative constraints of 6;, € [10°, 30°] &
[150°,170°] while [30] suggests 14° < 6, < 28° (see
also [30, 31]).

(in-situ): GW data alone but with the directly-
measured calibration prior uncertainties [12, 32].

in-situ GW+Dp+6;, GW+Dy, GW in-situ GW+Dp+0;, GW+Dy, GW

0.6 | E 0.6
0.4 0.4
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—0.6 —0.6
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\
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FIG. 2.  Posterior processes for both absolute amplitude and phase calibration errors for the LIGO Livingston (left) and
LIGO Hanford (right) detectors. Dark colored lines correspond to the median a posteriori; light colored lines correspond to
the 1-0 posterior credible regions; grey lines correspond to 1-o prior credible regions. We include results using the directly-
measured calibration uncertainties (red: in-situ), wide calibration prior uncertainties with only GW data (light blue: GW),
wide calibration priors and EM constraints on Dy, (dark blue: GW+Dy), and wide calibration priors and EM constraints on
both Dr, and 6, (purple: GW+Dr +6j,).



in-situ GW+Dp+6;n GW+Dy, GW

0.6 | -

e (GW): GW data alone with loose calibration pri- '

ors. We assume standard (uninformative) priors for

all intrinsic and extrinsic parameters. In particular, 0.4

we assume sources are uniformly distributed in vol-

un21e ignoring local cosmological effects: p(Dp) o 0.2

=

D;. ,:5
e (GW+Dy): loose calibration priors and the I 0.0E

source’s location constrained by the approximate =

uncertainty in NGC 4993’s location. We assume ;5

conservative bounds of Dy € [32, 50] Mpc with —0.2

p(Dy) < D?.

e (GW+Dpr+6;n): loose calibration priors using the —0.4

EM constraint on the source location as well as
approximate constraints on the source’s inclina- 06} |
tion from EM observations. We again use some-
what conservative constraints of 6;, € [10°, 30°] & o . N AN
[150°,170°] while [30] suggests 14° < 6, < 28° (see 1.5
also [30, 31]).

e (in-situ): GW data alone but with the directly-
measured calibration prior uncertainties [12, 32].
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FIG. 3. Relative calibration between the Hanford and Liv- —0.5
ingston detectors; color schemes and naming conventions are
identical to Figure 2. We note that, unlike in Figure 2, addi- ~10

tional constraints on Dy, and 6;, only marginally impact our
ability to measure the relative calibration between detectors.
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FIG. 6. Expected scaling of the cumulative amplitude un-
certainty with a population of events. Each curve shows one
realization of our simulation assuming parameters consistent
with our wide calibration priors: (light blue: GW) relative
calibration uncertainty with no EM constraints and (purple:

GW+Dp,+6;,) absolute uncertainty with both GW and EM
constraints.
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Thanks very much for your
attention.

Stefan Hild TAUP, Turin, Sep 2015 Slide 57



LIGO

VIA VERITAS VITA

Addressing limits to performance

« Seismic noise - must
prevent masking of GWs,
enable practical control
systems

— Pin=25W, TSRM=1 00%
_— Pin=25W, TSRM=50%

— Pin=25W, TSRM=20% ]
- - .Nominal aLIGO (125W, TSRM = 20%) |

* Motion from waves on
coasts...and people moving._.
around

- GW band: 10 Hz and abov
— direct effect of masking

« Control Band: below 10 Hz
— forces needed to hold
optics
on resonance and aligned

Stid@n [1AVH

-
-

« aLIGO uses active servo- 10 10 10
Frequency [Hz]
controlled platforms,

g Multiple pendulums

a l imir An FlhA ArAalinA



In-vacuum
Seismic Isolation
platform

Viko Seismic Isolation:
= Multi-Stage
« Objectives: S'@'I'U‘H’@ﬁ

 Render seismic noise a negligible
limitation to GW searches

« Reduce actuation forces on test masses

Hydraulic External
Pre-Isolator

- Both suspension and seismic isolation
systems contribute to attenuation

Quadruple pendulum
test mass suspension

« Choose an active isolation approach, 3
stages of 6 degrees-of-freedom :

« 1) Hydraulic External Pre-Isolatio

« 2) Two Active Stages of Internal
Seismic Isolation

- Low noise sensors (position, velocity, gl
acceleration) are combined, passed '
through a servo amplifier, and deliver
to the optimal actuator as a function ¢

frequency to hold platform still in ine
L|Go-GspJace




Mirror Thermal Noise erc

< Due to thermal fluctuations the position of the mirror sensed by

the laser beam is not necessarily a good representation of the
center of mass of the mirror.

< Various noise terms involved: Brownian, thermo-elastic and
thermo-refractive noise of each substrate and coating (or
coherent combinations of these, such as thermo-optic noise).

< For nearly all current and future designs coating Brownian is the
dominating noise source:

Temperature
Boltzmann Geometrical
constant coating thickness
\\I‘c d//
PSD of 4 T V& Y
_ B , . Harry et al, CQG
displacement™ S, = — . ( + )
= (f) w2y 8 \ Y P Y:ii\ 19, 897-917, 2002
Young'’s modulus Young's modulus
of mirror substrate of coating

Stefan Hild TAUP, Turin, Sep 2015 Slide 60



How to reduce
Mirror Thermal Noise?

Improved coating materials (e.g. Waveguide mirrors

crystalline coatings like AlGaAs, GaPAs)  Brueckner et al, Opt. Expr 17, 163, 2009
Cole et al, APL 92, 261108, 2008 PhD thesis of D.Friedrich

ease note: Technical readiness of the tech\

Cryogenic mirrors

Larger beam g (120K)
size (needs\ Cryogenic mirrors
larger mirrors) _(10-20K)
\3\_. Uchiyama et al, PRL 108,
Harry et al, CQG 19, 141101 (2012)
897-917, 2002 . .
‘ Khalili cavities
Khalili, PLA 334, 67, 2005
Gurkovsky et al, PLA 375,
Effort > 4147, 2011
(Cost + Complexity e ~
Different beam shape “\\_Amorphous Silicon
Mours et al, CQG, 2006, 23, 5777 coatings
Chelkowski et al, PRD, 2009, 79, 122002 Liu et al. PRB 58, 9067, 1998

Stefan Hild TAUP, Turin, Sep 2015 Slide 61
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Suspension Thermal Noise  erc

Boltzmann Temperature
constant Loss angle
PSD of \\ik pa qﬁf ;
o] y _
displacement 2" (w) = — AV
wn|(wf — w?)? + wid? (w)]
Mirrofmass

S Mirrors need to be suspended in order to decouple
them from seismic.

2 Thermal noise in metal wires and glass fibres
causes horizontal movement of mirror.

2 Relevant loss terms originate from the bulk,
surface and thermo-elastic loss of the fibres +
bond and weld loss.

2 Thermal noise in blade springs causes vertical
movement which couples via imperfections of the
suspension into horizontal noise.

Stefan Hild TAUP, Turin, Sep 2015 Slide 62



How to reduce

Suspension Thermal Noise?
/ = Please note: Technical readiness of the tech-\
A5 niques might vary strongly! Also this plot repre-
5 O  sents my personal view (not vetted byLSC).
Improve
fibre
geometry/
profile — 1.
Bending points, Effort =>
energy stored via (Cost + Complexity)
bending and neck
profile can be \
Pote”tt'?”}’ fl:jrther Increase length of Cooling of the suspension
optimised. - .
g final pendulum stage. to cryogenic temperatures.
Allows the push suspension Usually also requires a change of materials.

thermal noise out detection band.

Stefan Hild TAUP, Turin, Sep 2015 Slide 63



Gravity Gradient Noise
(also referred to as Newtonlan) """

< Seismic causes density changes in the
ground and shaking of the mirror

environment (walls, buildings, vacuum
system).

< These fluctuations cause a change in the
gravitational force acting on the mirror.

2 Cannot shield the mirror from gravity. ® e

Coupling constant (depends on type of Gravitational
seismic waves, soil properties, etc) constant Density of Bl
\\ / _— ground -
strain\’NGG(f> — L2 . f4 Xsels’
A ™~
\ o
frequency PSD of seismic

Stefan Hild TAUP, Turin, Sep 2015 Slide 64



How to reduce
Gravity Gradient Noise?

Please note: Technical readiness of the tech- \
e_

c
ANz niques might vary strongly! Also this plot repr
5 O sents my personal view (not vetted byLSC).

'\ Reduce seismic
3] \ noise at site,, i.e.
select a quieter

24 site, potentially

, underground.

1.5¢ Effort Beker et al, Journal of Physics:
2 Conference Series 363 (2012)

>
\Qost + Complexity 012004

Subtraction of gravity N\ Shaping local

gradient noise using an topography
array of seismometers. - Harms et al, CQG Volume 31,
 Beker et al: General Relativity and Gravitation Number 18, 2014

Volume 43, Number 2 (2011), 623-656
* Driggers et al: arXiv:1207.0275v1 [gr-qc]

Stefan Hild TAUP, Turin, Sep 2015 Slide 65



Quantum Noise

Uncertainty Principle

< Quantum noise is a direct manifestation of the Heisenberg

< Itis com_prlsed of photon shot noise (sensing noise) at high

X
’ ] b time

Laser Suspended

E mirror[

x'

wavelength

4
hc)\
hsn (f ) —
L\ 2P

. optical

power
Mirror mass Am length

photon radiation pressure noise

Stefan Hild

ep (/) \m f27, 27r3c)\

frequencies and photon radiation pressure noise (back-
action noise) at low frequencies

Vv
| time
>
Laser :

Photodiode

TAUP, Turin, Sep 2015

photon shot noise
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Vacuum fluctuations

Quantum noise can also
be understood as vacuum
fluctuations entering the
interferometer via any
open port:

< Fluctuations reflected
from interferometer
detected a photo-
detector as shot noise

<@ Fluctuations acting on
mirrors cause radiation
pressure noise

A

l
[
[
-
I

Vacuum
fluctuations




How to reduce Quantum Noise? erc

dependent squeezing angle Measures momentum of test

Kimble et al, PRD 65, 2002 masses and is therefore not

: : susceptible to Heisenberg
lease note: Technical readiness of the tech- Uncertainity Principle.

)ques might vary strongly! Also this plot repre- Chen. PRD 67. 122004. 2003
ts my personal view (not vetted byLSC). ’ ’ ’

Squeezed Light

LIGO Scientific
collaboration, Nature ™
Phys. 7 962—-65, 2011

Optical Bar +

Optical Lever
Khalili, PLA 298, 308-14,

2002
Effort >
Increased _— (Cost + Complexitv
Laser Power X \
Need to deal with Local readout Increased Mirror Weight
therm_al frg.tl)lltgms and Rehbein et al, PRD 78, Need to deal with thermal problems
Instabilities 062003, 2008 and instabilities

Stefan Hild TAUP, Turin, Sep 2015 Slide 68



Why do we need a frequency dependent
squeezing angle?

NO SQUEEZING: PHASE SQUEEZED STATE:
C.D. ( low frequency: Y high frequency: ) (D ( low frequency: Y high frequency: )
Q 7 - ~ 7 - ~ D
al / E; » / E; o . - . -
rll Vo \ Pl E2 ~ |, Ex  ~.
= = ' Pl N ot
4 A 5 \\ E,, \\ E,, S(~-  E_ - By
o o
z| ~_ 7 e’ z
\, — Z\, — Z
Phase ( low frequency: Y high frequency: h
fluctuations
O g O -
EGW
Amplitude 8 - 8
fluctuations &% o RP Ecw o
X E 7 - E\ \ 7 - E\ N E
/ /
- / 5| SR 2\ 5
o o
| \
S \ E1/ \ E1/ 5
o \ / N / (e]
-~ A== U \ A y,

2 Frequency independent squeezing can only improve sensitivity at one
end of the spectrum (phase squeezing improves shot noise, amplitude
squeezing improves radiation pressure noise), while it degrades
sensitivity at the other end of the spectrum.

Stefan Hild 3G Workshop, Florence, Feb 2016 Slide 69



Frequency Dependent Squeezing

VIA VERITAS VITA

FREQUENCY DEPENDENT SQUEEZING:

é low frequency: Y high frequency: Y )
@ = 5[ == (1) SQL, L=10km, m=10kg
ol | E\ 71| === (2) no squeezing
o ' 2< e | === (3) phase squeezing (factor 10)
[T e 2 A m— (4) frequency dependent squeezing (factor 10)
5 S — _ _E‘l/’ e e T
o - = TraQ
r4 N —F-ICFHFIH= -3 -EFFAEH
_______________ n
AN 7 U e e
\fhigh frequency: ) § :::
3 EEEEFEE
E E=zEaNatad s NSNER =3 =F TEEH
0 — -k +¥HH
7)) - =4 -tt+t+HH
o E F++EHH
o ) ~GW IEERY
i gl Ez\\\ — L = 1 LT JT—rrrTreDH
d
5 ‘\\ EL/ H
& - — | [ oI TInl - T r o oo O T L
3 10°
Frequency [Hz]
LN N J

2 Frequency dependent squeezing angle allows to obtain broadband
quantum noise suppression.

S Use dispersion in reflection of a cavity to realise frequency dependent
rotation of squeezing angle_ Chelkowski et al. PRA 71, 013806, 2005

Stefan Hild 3G Workshop, Florence, Feb 2016 Slide 70



VIA VERITAS VITA

= (1) no squeezing

-2 {2) frequency depended squeezing
with realistic losses

. | ___ {3) frequency dependend squeezing
] . {no losses)

2 Obtainable squeezing factor not
limited by squeezing factor of

N
squeezing sources. NN A
:> AChIevabIe quantum n0|se T asamamas amas -+
reduction limited by losses of e e Pl e e
squeezing encounter in injection 10’ 10’ 10’
path and filter cavity. \ i i /
0

—Ideal system

2 Extremely low losses in filter
cavity are vital.

Frequency independent phase noisef
= Injection/Readout losses
Mode mismatch
=== Frequency dependent phase noise
Filter cavity losses |
= All mechanisms

2 Requires low cavity linewidth
(product of cavity length and
Finesse needs to be large).

< For detuned RSE one looses most
squeezing on resonance.

Quantum noise relative to coherent vacuum [dB]

Frequency [Hz]

Stefan Hild 3G Workshop, Florence, Feb 2016 Slide 71

Kwee et al.: PRD 90, 062006 (2014)



Example a of a more ambitious

single detector sensitivity

— Seismic: Black Forest
— Newtonian Gravity: 20x subtraction
- - Residual Gas: 0.3 nTorr of H2

—ET single, 120K

........ ET-D
N - aLIGO design
10 23 __ a g
E - === ET Facility Limit
> - —3MW speedmeter, 40m FC, 30ppm loss
g i EET—12OK ‘2
o= 1 —24 - : é
= 107 .
+> C : Js
n SN T A b ET-D uF
1072 i
f - _I 1 1 11 | | | | 1 1111 | | | | 1 1111 E%
10" 10 10? 10°

Frequency [Hz|

Liege, Jan 2018



Future Detector Parameters

[FO Cases aLIGO A+ Voyager CE (pess) CE ETLF ETHF
Arm Length [km] 4 4 4 40 40 10 10
Mirror Mass [kg] 40 40 200 320 320 211 200
Mirror Material Silica Silica Silicon Silica Silicon  Silicon Silica
Mirror Temp [K] 295 295 123 295 123 10 290
Sus Fiber 0.6m SiO; 0.6m SiO2 0.6m Si  1.2m Si0; 1.2m Si 2m Si 0.6m SiO-
Fiber Type Fiber Fiber Ribbon Fiber Ribbon  Fiber Fiber
Input Power [W] 125 125 140 150 220 3 500
Arm Power kW] 710 750 3000 1400 2000 18 3000
Wavelength [nm] 1064 1064 2000 1064 1550 1550 1064
NN Suppression 1 1 10 10 10 1 1
Beam Size [cm] 55/62 55/62 58/84 12/12 14/14 9/9 12 /12
SQZ Factor [dB] 0 6 8 10 10 10 10
F. C. Length [m] none 300 300 4000 4000 10000 500
Stefan Hild Les Houches, July 2018 Slide 73



ET Sensitivity evolution

)
Parameter ET-D-HF ET-D-LF
Arm length 10km 10 km
Input power (after IMC) 500 W 3W
Arm power 3MW 18 kW
Temperature 290K 10K
Mirror material Fused silica Silicon
Mirror diameter / thickness 62cm / 30cm min 45cm/ TBD
Mirror masses 200 kg 211 kg
Laser wavelength 1064 nm 1550 nm
SR-phase tuned (0.0) detuned (0.6)
SR transmittance 10% 20 %
Quantum noise suppression freq. dep. squeez. freq. dep. squeez.
Filter cavities 1 x 10km 2 x 10km
Squeezing level 10 dB (effective) 10 dB (effective)
Beam shape LGas TEMgo
Beam radius 7.25cm 9cm
Scatter loss per surface 37.5 ppm 37.5 ppm
Partial pressurefor HyO, Hy, No 1078, 5-.107%,107° Pa 1078, 5-107%, 107° Pa
Seismic isolation SA, 8m tall mod SA, 17m tall
Seismic (for f > 1Hz) 5-1070m/f? 5-10710m/ f?
Gravity gradient subtraction none none

Strain [1/sqrt(Hz)]
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< Data from ET-LF and ET-HF can be coherently or incoherently be added,
depending on the requirements of the analysis.

< Sensitivity data available for download at: http://www.et-gw.eu/etsensitivities

o For more details please see S.Hild et al: ‘A Xylophone Configuration for a third Generation Gravitational Wave Detector’, CQG
2010, 27, 015003 and S.Hild et al: ‘Sensitivity Studies for Third-Generation Gravitational Wave Observatories’, CQG 2011, 28

094013.

Stefan Hild

Liege, Jan 2018
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