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Next Generation Detectors

• Get stellar remnants throughout cosmic time 


• Look deep into the universe with unprecedented precision

Evans et al., Cosmic Explorer Horizon Study, https://
dcc.cosmicexplorer.org/CE-P2100003/public (2021) 

https://dcc.cosmicexplorer.org/CE-P2100003/public
https://dcc.cosmicexplorer.org/CE-P2100003/public


• Next generation gravitational wave detectors will be located at new locations in new 
infrastructure facilities.


• These are also referenced to as third generation (or 3G) detectors.


• They will operate in a global network


1. Cosmic Explorer - US based project, with two surface observatories


2. Einstein Telescope - EU based project, co-located interferometers in one 
underground facility


3. Neutron Star Extreme Matter Observatory (NEMO) - Australia based project?
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Outline
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Cosmic Explorer

With help from:

Matthew Evans

Joshua smith
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Cosmic Explorer

Evans et al., Cosmic Explorer Horizon Study, https://
dcc.cosmicexplorer.org/CE-P2100003/public (2021) 

• Next-generation US-led GW observatory project


• 20 km and 40 km L-shaped surface observatories


• 10x sensitivity of Advanced LIGO+


• Under development, may begin operating in the 
2030s


• Initially scaled up A+ technology & enhancements


• Flexible facilities allow building on R&D 
breakthroughs


• Megaproject enabling astro-* breakthroughs


• with ET, 2G detectors, LISA, EM, Particle, …

LIGO

CE

http://cosmicexplorer.org 

Slide: Joshua Smith

https://dcc.cosmicexplorer.org/CE-P2100003/public
https://dcc.cosmicexplorer.org/CE-P2100003/public
http://cosmicexplorer.org
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CE Design Motivation

Optimize science output while minimizing risk and complexity

Arm length

• 40 km detector with deep broadband sensitivity, from Hz - kHz 

(limited by free spectral range of 3.7 kHz)

• 20 km detector trades off sub-kHz sensitivity for better high-

frequency (1-3 kHz) performance, neutron star post-mergers

• L-shape to reduce vacuum system cost (already 40% of cost); 

Long arms advantageous where surface feasible (North America, 
Australia)


Number of detectors

• Two widely separated CEs advantageous for source localization, 

polarization

Slide: Joshua Smith
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CE Optical Configuration

Evans et al., Cosmic Explorer Horizon Study, https://
dcc.cosmicexplorer.org/CE-P2100003/public (2021) 

8 Technical Overview and Design Choices 8.1 Reference Detector Concept

40 km Fabry-Pérot
arm cavity
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Figure 8.1: Simplified optical layout of the Cosmic Explorer reference detector concept for the 40 km
implementation. The input and end test masses form the two arm cavities which, together with the
beamsplitter, power recyclingmirror, and signal extractionmirror, comprise the core of the dual-recycled
Fabry–Pérot Michelson interferometer as described in §�.�.�. As described in §�.�.�, the light carrying
the gravitational wave signal is spatially filtered and read out from the antisymmetric port by a balanced
homodyne detector comprised of two photodiodes and output mode cleaners; a high power laser is
injected into the symmetric port of the interferometer after passing through two input mode cleaners
which assist in producing a frequency and intensity stabilized beam with a spatially clean mode. The
squeezer generates squeezed vacuum states which are reflected off of a filter cavity and injected into
the antisymmetric port to provide broadband quantum noise reduction as described in §�.�.�. The
beamsplitter is shown with the high-reflective surface facing the antisymmetric port rather than the laser,
unlike current detectors, to minimize loss in the signal extraction cavity, but careful analysis of thermal
effects is needed before finalizing the design.

every mode of the electromagnetic field to have a minimum zero-point energy. These vacuum
fluctuations enter any open port of the optical system.a Radiation pressure noise dominates

aVacuumfluctuations entering the symmetric port contributenoise to the commonmode, rather than thedifferential
mode which carries the gravitational wave signal.
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3 Detectors 3.1 Interferometer Configuration

Quantity Units LIGO A+ CE

Arm length km 4 40
Laser wavelength �m 1 1
Arm power MW 0.8 1.5
Squeezed light dB 6 10
Susp. point at 1 Hz pm

±p
Hz 10 0.1

Test masses Material Silica Silica
Mass kg 40 320
Temperature K 293 293

Suspensions Total length m 1.6 4
Total mass kg 120 1500
Fiber stress GPa 0.8 1.6

Newtonian noise Rayleigh wave suppr. dB 0 20
Body wave suppr. dB 0 10

Optical loss Arm cavity (round trip) ppm 75 40
SEC (round trip) ppm 5000 500

BNS horizon redshift 0.19 8.3
BBH horizon redshift 2.7 41
BNS SNR, z = 0.01 75 1260
BNS warning, z = 0.01 min 4 103

Table 3.2: Key design parameters and astrophysical performance measures for the LIGO A+ and 40 km
Cosmic Explorer detectors. The astrophysical performancemeasures assume a �.�–�.�MØ binary-neutron-
star (BNS) system and a ��–��MØ binary-black-hole (BBH) system, both optimally oriented. “BNS
warning” is the time before merger at which the event has accumulated a signal-to-noise ratio (SNR) of �.

then injected into the main interferometer at the back of the power recycling mirror.

Output Chain The gravitational wave signal is imprinted on the light exiting the interferom-
eter from the signal extraction mirror. This signal is measured using a balanced homodyne
detector with a local oscillator derived from a few hundred milliwatts of light extracted from
the beamsplitter. The spatial mode and frequency content of the signal and local oscillator are
cleaned by two bow-tie cavities known as output mode cleaners before being detected with high
quantum-efficiency photodiodes.

Filter cavity Low-frequency design and high-mass mirrors give Cosmic Explorer a very low
“standard quantum limit” (SQL) crossover frequency where the quantum noise has equal contri-
butions from photon shot noise and quantum radiation pressure noise. It is necessary for the
squeezed state to rotate from amplitude squeezing to phase squeezing at this frequency in order
to achieve broadband quantum noise reduction, and this will be accomplished with a 4 km filter

11

https://dcc.cosmicexplorer.org/CE-P2100003/public
https://dcc.cosmicexplorer.org/CE-P2100003/public
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CE Quantum noise

test mass

Shot noise (photon counting)

⇒ need high power: 1.5 MW

Quantum backaction (photon momentum)

⇒ need heavy test masses: 320 kg

Noise reduction with nonclassical states of light 
⇒ frequency-dependent squeezed light


● Virgo/LIGO will achieve 2× reduction

● Cosmic Explorer targets 3× reduction

M. Tse et al.

Phys. Rev. Lett. 123, 231107

Slide: Evan Hall, MIT
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CE Vibration Isolation

• Quadruple pendulums


• Filter vibrations above 5 Hz


• Test mass 320 kg, 70 cm diameter


• Improved suspension and isolation


• Longer pendulums,


• Additional blades in ‘monolithic stage’


• Lower noise sensors


• Displacement sensors


• Accelerometers

�
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FIG. �. Same as Fig. � but for Cosmic Explorer � realized with Left: the 2 µm technology (cryogenic silicon test masses and a 2 µm laser
wavelength) and Right: the 1 µm technology (room temperature fused silica test masses and a 1 µm laser). For both technologies, the seismic and
suspension thermal noises are comparable to the infrasonic Newtonian noise background, which is taken to be a geophysical limit for the facility
(Section V C �).

A. Ground motion

Ground motion limits the performance of gravitational-wave
interferometers both through the mechanical coupling from the
ground to the suspension point of the test mass and through the
direct gravitational attraction of the ground on the test mass
(the so-called “Newtonian noise”) [��]. Additionally, ground
motion transferred to the beam tube can cause noise from stray
light.

The location of Cosmic Explorer is not yet known, but an
assumption for the local ground seismicity can be made based
on publicly available seismic data and on the noise environment
from existing facilities. To get long-term trends that encompass
diurnal and seasonal variations in ground motion, we examined
noise histograms from selected USArray [��] and ANSS [��]
seismic stations in the western United States; these stations
were chosen for their proximity to promising Cosmic Explorer
candidate sites which have favorable topographic properties.
We also examined noise histograms from the LIGO Hanford and
Livingston sites. Above a few hertz, the ground motion of the
LIGO sites is dominated by on-site machinery. In particular,
heating, ventilation and air conditioning systems dominate
from 1 to 10 Hz [��]. We assume that it will be possible to
design the Cosmic Explorer infrastructure to better isolate the
interferometer from such machinery by moving the vibration
sources out of the experimental buildings, putting them on

dampers or on pedestals mounted separately and deeply into the
ground. The Cosmic Explorer ground noise model is shown
in Fig. �; this model assumes that above 5 Hz, the ground
acceleration noise is no more than 1 µm s�2 Hz�1/2.

A complete estimate of the Newtonian noise requires a model
of the seismic wave amplitude spectra and an understanding
of their propagation through the ground. In general, surface
seismic motion is usually assumed to be dominated by surface
waves (Rayleigh and Love waves) as opposed to body waves
(P and S waves), although the actual composition depends on
the particular site and may additionally include higher-order
surface waves [��]. Because the Cosmic Explorer site is not
known, we adopt a model in which the site is Rayleigh-wave
dominated above 5 Hz, with a flat body-wave spectrum of
amplitude 0.3 µm s�1 Hz�1/2 composed equally of P waves,
vertically polarized S waves, and horizontally polarized S
waves.2 Newtonian noise is generated from only the Rayleigh,
P, and vertically polarized S waves, because these waves either
cause a vertical displacement of the ground surface or density
fluctuations of the bulk. The P-, S-, and Rayleigh-wave speeds
are assumed to be cP = 600 m/s, cS = 300 m/s, cR = 250 m/s,

2 Love waves are not considered because they do not occur in a homogeneous
and isotropic elastic half-space; moreover, Love waves do not produce
Newtonian noise because their motion is a horizontal shear.

Hall et al. DOI: 10.1103/PhysRevD.103.122004 
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FIG. �. Left: schematic of the Advanced LIGO quadruple suspensions.
Right: one design concept for the final two stages of a Cosmic Explorer
silica suspension for a 70 cm diameter fused silica test mass. The
components shown in blue are fused silica. In particular, the test
masses, PUMs, and fibers between the two are are fused silica as are
the blade springs on the CE PUM. The components shown in black
are maraging steel blade springs. The components shown in silver are
the other steel components on the LIGO suspensions. The silicon CE
suspensions have silicon ribbons, silicon blade springs on the PUM,
and a 80 cm diameter test mass. Note that only the final two stages of
the CE suspensions are shown; the full suspension would be similar
to LIGO’s but would have 4 m total length rather than 1.65 m.

left panel of Fig. � shows a diagram of the LIGO suspensions.
Suspension thermal noise is related to the mechanical response
of the suspensions through the fluctuation dissipation theo-
rem [��–��] as S( f ) / T Im �/ f , where � is the mechanical
susceptibility.

In order to minimize thermal noise, the final suspension
stage—consisting of the penultimate mass (PUM), the test
mass, and the fibers or ribbons between them—is monolithic;
for the 1 µm technology, the material is room-temperature
fused silica, and for 2 µm technology, the material is cryogenic
silicon. The top two masses, called the top mass and the
antepenultimate mass (APM), are room-temperature maraging
steel for both wavelengths. In order to lower the vertical
suspension resonances, the top three stages are suspended by
steel wires from steel blade springs attached to the stage above.

In order to further reduce the resonances, the test masses are
suspended by a final set of blade springs attached to the PUM
made from the same material as the PUM and test mass. One
concept for the design of this final stage is shown in the right
panel of Fig. �. The stress and spring constant of the blade can
be calculated with beam theory [��] by approximating it as a
rectangular cantilever of length `, width w, and thickness h.
The maximum stress�max / `/wh2 occurs at the clamp, and the
spring constant k / wh3/`3 is the ratio of the load suspended

by the blade to its maximum deflection at the tip. The blade
dimensions should be chosen to minimize k while keeping the
maximum stress below a safety factor of the breaking stress of
the blade.

For the 1 µm technology, as with LIGO, the silica test mass
is suspended from the PUM by four silica fibers welded to the
test mass [��]; in Cosmic Explorer they are welded at the top
to the blade springs while in LIGO they are welded directly to
the PUM. The contribution of the loss angle � to the imaginary
part of the horizontal spring constant Im k / �/D is reduced
by the dilution factor D / I�1/2, where I is the cross-sectional
area moment of inertia of the fiber or ribbon [��, ��, ��].
Since I / r4 for a fiber of radius r , it is advantageous to make
the radius as small as the breaking stress of the fiber allows.
Maximizing the stress in the fiber in this way has the added
benefit of reducing the contribution of the fiber to the vertical
spring constant and increasing the frequency of the first violin
mode, which is proportional to �1/2.

The thermoelastic noise of the fiber has two contributions:
one from thermal expansion and one from the temperature
dependence of the Young modulus. These two contributions
cancel when the fiber stress is appropriately chosen. Thus, a
tapered fiber is used with a larger radius at the ends (where
the most bending, and therefore the most loss, occurs) chosen
to give the stress necessary to cancel the thermoelastic noise,
and a smaller radius along the length of the fiber chosen to
maximize the stress [��].

For the 2 µm technology, as with Voyager, the silicon test
mass is suspended by four silicon ribbons welded to the test
mass at the bottom and to the blade springs at the top. Since the
ribbons are held near the zero-crossing of the thermal expansion
coe�cient, the thermoelastic noise in the ribbons cannot be
canceled by choice of stress as is done for the fused silica fibers.
The ribbon dimensions are therefore chosen to maximize the
stress along the entire length of the ribbon. Since I / wh3

for a ribbon of width w and thickness h, a width-to-thickness
ratio of ��:� is chosen to soften the pendulum in the horizontal
direction and to increase the gravitational dilution.

The suspension design also determines the seismic noise,
discussed below in Section V B, since the suspensions provide
passive 1/ f 8 filtering of seismic noise above all of the lon-
gitudinal, vertical, and angular resonances. To reduce both
seismic and suspension thermal noise, it is thus advantageous
to make the suspensions as soft as possible and to lower their
resonances.

To achieve this goal, the total allowable height of the sus-
pensions for all technologies has been increased to 4 m and the
total mass increased to 1500 kg. Within these constraints, in
an analysis similar to that done for Voyager [��], the lengths
and masses of the silica and silicon suspension stages have
been optimized to minimize the sum of these noises over the
frequency band of 4 to 15 Hz.

Fig. � shows the contributions of each stage to the total
suspension thermal noise. The silica suspensions are dominated
by the horizontal noise of the PUM and test mass above about
10 Hz with contributions from the horizontal noise of the APM
below. The silicon suspensions are dominated by vertical noise
of the APM below about 7 Hz, above which the horizontal
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CE Newtonian noise Hall et al. DOI: 10.1103/PhysRevD.103.122004 

��

103 30
Frequency / Hz

10�17

10�16

10�15

A
cc

el
er

at
io

n
no

is
e
� m

s�
2

H
z�

1/
2

Cosmic Explorer 2 (2 µm)
Cosmic Explorer 2 (1 µm)
Cosmic Explorer 2 (2 µm)
Cosmic Explorer 2 (1 µm)

Total Newtonian
Rayleigh waves
(10� suppression)
Body waves
(3� suppression)
Infrasound
(no suppression)

FIG. ��. Newtonian noise estimates for Cosmic Explorer. For CE�, the Rayleigh wave content is assumed to be suppressed by a factor of �
in amplitude below the ground motion shown in Fig. �, either through o�ine subtraction or local mitigation (e.g., excavation as described in
Section V C �) in the immediate vicinity of the test mass. The P- and S-wave amplitudes are each assumed to be a factor of �� higher than the
Peterson low-noise model [��]. For CE�, the Rayleigh wave content is assumed to be suppressed by a factor of �� in amplitude, and the body
wave content is suppressed by a factor of � in amplitude. The infrasound amplitude is taken from the Bowman model [��].

in the atmosphere, such as advected temperature fluctuations
or aeroacoustic noise, because we expect the Newtonian noise
induced by these processes to be negligible above a few hertz.

�. Mitigation strategies

Unlike mechanically coupled seismic and acoustic noise,
which can be strongly attenuated by suspending and inertially
isolating the test mass inside a vacuum chamber, the Newtonian
e�ect of seismic and acoustic fluctuations cannot be attenuated
except by reducing the fluctuation amplitude, increasing the
distance from the fluctuations to the test mass, or using auxiliary
sensors to estimate the Newtonian contribution to the detector
strain channel. Newtonian noise mitigation therefore requires
a di�erent set of techniques than for mechanical isolation, and
the amount of achievable suppression will not be as great.

CE� calls for mitigating the seismic Rayleigh-wave Newto-
nian noise by a factor of 2 in amplitude; CE� calls for mitigating
the seismic Rayleigh-wave Newtonian noise by a factor of 10
in amplitude, and the seismic body-wave Newtonian noise by a
factor of � in amplitude. This mitigation could be achieved by
several means, potentially used in concert:

�. Seismometer array subtraction. Arrays of seismometers
can be used to estimate the seismic field in the vicinity
of the test mass and thereby subtract Newtonian noise
from the gravitational-wave channel [��]. A proof-of-
principle experiment to subtract ground motion from
a tiltmeter signal achieved a tenfold suppression in the
region 10–20 Hz [��].

�. Excavation underneath the test masses. Nearby density
and displacement fluctuations can be suppressed simply
by removing earth from the vicinity the test mass, replac-
ing it with a lightweight fill material such as extruded
polystyrene if necessary. Harms and Hild [��] computed
the suppression of Rayleigh-wave Newtonian noise from
a 11 m wide and 4 m deep hemispherical recess, and here
we repeat their analysis to additionally include the e�ect
of the recess on P- and S-waves. The result is shown
in Fig. ��, showing that moderate reduction of Rayleigh
waves can be achieved near and above 10 Hz, while the
reduction of body waves is less significant.

�. Topography and seismic metamaterials. Seismic meta-
materials could be built to deflect or dissipate seismic
waves before they arrive at the test mass, potentially
suppressing surface wave amplitudes by a factor of a
few [��–��]. Similarly, berms, ditches, and other nearby
topographic features can a�ect the propagation of seismic
waves, and thus the Newtonian noise level.

No mitigation of infrasound noise is assumed, and thus
infrasound is considered a sensitivity limit of the Cosmic Ex-
plorer facility. Tropospheric LIDAR, which would otherwise
be well-suited to three-dimensional estimation of atmospheric
fluctuations, would require sensitivity improvements of sev-
eral orders of magnitude in order to sense and subtract infra-
sound [��]. Ba�ing or otherwise acoustically isolating the
interior of the test mass building may be able to reduce the in-
frasound Newtonian noise below the outdoor value at a discrete
set of frequencies [��]. A true cuto� for infrasound noise could
be engineered by burying the test mass a depth d below ground,

• Newtonian noise is classical Newtonian 
force acting on the Test Masses.


• Driven by local density changes


• From seismic activity


• From atmospheric disturbance


• Required mitigation of upto 10x suppression 


• Research underway to develop techniques


• Develop dual torsion to directly measure 
Newtonian noise


• Infrastructure features

M. W. Coughlin et al  Phys. Rev. Lett., 121:221104.D. J. McManus, et al. CQG, 34(13):135002, 2017
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Einstein Telescope

With help from:

Stefan Hild



12

Einstein Telescope

https://www.et-gw.eu/index.php/etimages

European based next generation 
gravitational wave observatory.


• Equilateral triangle


• Arm length 10km


• 200 -300 m underground


• 3 ‘detectors’


• Each detector consist of a low- and 
high-free interferometer.


• Sense both polarisations, sensitive 
to low frequencies down to a few Hz
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Einstein Telescope

Slide: Stefan Hild
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ET Xylophone Sensitivity

ET-LF

ET-HF

Slide: Stefan Hild
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ET Seismic noise

Underground location for reduction 
of seismic and atmospheric GGN + 
long baseline

Slide: Stefan Hild
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ET Candidate Sites

Currently two site candidates:

• Sardinia

• EU Regio Meuse-Rhine / Limburg


Geological properties and underground 
seismic being investigated

Slide: Stefan Hild
ETpathfinder, Maastricht University
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What could we build in Australia

Carl Knox | OzGrav-Swinburne
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Gravitational Wave Observatory

Ackley et al., doi:10.1017/pasa.2020.39 (2020) 

When or if Australia host a 
gravitational wave observatory


• Maximising GW Science


• What detector config maximised the 
science outcome


• How many global detectors are 
required


• Duty cycle (global/individual)


• Sky localisation


• Polarisation



• Long-term ground based detectors 
are being actively considered


• Huge astrophysical observations


• Cosmic Explorer, US based, 40 km and 
20 km facilities


• Einstein Telescope, EU based, triple 
detectors in single underground 
facility


• NEMO, potentially AU based, focused 
on kHz observations

19
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Questions



• 2010 ET conceptual design completed 

• 2021 Design update, forming the ET collaboration, ESFRI approval

• 2021 – 2025 stagewise technical report updates (…, preliminary, detailed, …)

• 2021 – 2024 Detailed site characterisation, refine cost evaluation

• 2024/2025 Site Selection

• 2026 Full Technical Design

• 2027 Infrastructure realisation start (excavation, vacuum system, ….)

• 2032+ detector installation / commissioning / operation (50+ years)

21

ET Timeline

Slide: Stefan Hild/Michele Punturo 
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Cosmic Explorer

Evans et al., Cosmic Explorer Horizon Study, https://
dcc.cosmicexplorer.org/CE-P2100003/public (2021) 

8 Technical Overview and Design Choices 8.1 Reference Detector Concept
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Figure 8.2: Estimated spectral sensitivity (solid black) of Cosmic Explorer and the known fundamental
sources of noise that contribute to this total (colored curves). The design sensitivity of LIGO A+ is also
shown in dashed blue.

at low frequencies where fluctuations in the vacuum field amplitude quadrature beat with
the main laser field to produce a fluctuating radiation pressure force on the mirrors. At higher
frequencies, it is the beating of the vacuumfield fluctuations in the orthogonal phase quadrature
with the main laser field, shot noise,b that directly limits the accuracy with which the phase can
be measured.���–���

While Heisenberg’s uncertainty relation dictates the fundamental limit below which the
vacuum fluctuations cannot be reduced, fluctuations in one quadrature can be reduced at
the expense of increasing the fluctuations in the orthogonal quadrature, leading to “squeezed
states.”��� As with Advanced LIGO,��� Cosmic Explorer will use a nonlinear crystal pumped
with a laser at twice the frequency of the main laser, known as a degenerate optical parametric
amplifier, to produce the correlations necessary to generate such squeezed vacuum states and
inject them into the antisymmetric port. In this way, radiation pressure noise can be reduced
by injecting states with decreased uncertainty in the amplitude quadrature, at the expense of
increased phase uncertainty and shot noise. Similarly, shot noise can be reduced by injecting

bThis shot noise arising from the beating of the vacuum fluctuations entering the antisymmetric port with the main
laser is a truly intrinsic phase noise of the optomechanical system. It is distinct from the related technical noise,
also referred to as shot noise, where phase noise is produced by excess light incident on a photodiode beating with
vacuum fluctuations.
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Main Configuration Highlights


• Improved suspension and isolation


• longer pendulums,


• Improved lower noise sensors

https://dcc.cosmicexplorer.org/CE-P2100003/public
https://dcc.cosmicexplorer.org/CE-P2100003/public


RIN and frequency noise

• RIN/Phase noise requirement at PRC input in 

GW band

• 1% power imbalance in arm

• Safety factor of 10 below

• ~10pm DC offset

• Plane wave model

• Requirement around 2kHz:

• Require RIN of 10-7 

• Require Phase noise of ~3 x 10-9

• Or would need 106 suppression of NPRO 

noise 

• Concern: Higher frequency/RIN noise coupling 

seen in LIGO than simple model would predict 

at higher frequencies.

• Could potentially be attributable to 

thermal effects which would be 

significantly less of an issue with cryo IFO

Requirements here are to beat QN limited 
sensitivity at GW frequencies, haven’t 
considered requirements in control band yet.


