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Outline

• Next generation gravitational wave detectors 

• Astrophysics and multi-messenger astronomy 

• Cosmic Explorer 

• Einstein Telescope 

• Summary
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Next Generation Ground based 
Gravitational Wave Detector

• 10x better performance across the whole frequency band (with respect to aLIGO A+) 

• 20 km and 40 km L-shaped surface 
observatories 

• scaled up LIGO technology & 
enhancements 

• GW frequencies 10Hz—2kHz

Cosmic Explorer (CE) Einstein Telescope (ET)
• 10 km underground triangle* 
• 6 interferometers in “xylophone” 

configuration: 
• Cryogenic low frequency 
• High power high frequency 

• GW frequencies 7Hz—2kHz
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Next Gen Gravitational Wave Observations

Increased event rate 

• 105 BHBH sources per year 
• 106 NSNS merger per year  

Plan for new facilities 
• Implement lessons learned 
• Utilizing new techniques and technologies 

Next generation observatories 
• 10x better performance across the whole 

frequency band 
• Cosmic Explorer (CE) 
• Einstein Telescope (ET)
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Cosmology and Precision Science

Able to see astrophysical gravitational wave 
events out to almost the edge of the observable 
Universe. 

• Aim to see almost all BNS mergers 
• To register most of 30+30Ms black-hole 

mergers 
Increased precision in waveform detection 

• SNR ~300 for NS-NS events 
• SNR ~3000 for BH-BH event 
• Testing GR, ringdown measurements 

Multi-Messenger Astronomy 
• More neutron star mergers … 

Evans et al., arXiv:2109.09882 (2021)
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Science with Next Generation Observatories
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New Facilities

Next generation observatories 
• New facilities 
• New locations 
• Incorporating lessons 

learned from current 
observatories
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Next Generation Ground based 
Gravitational Wave Detector

• 20 km and 40 km L-shaped surface 
observatories 

• scaled up LIGO technology & 
enhancements

Cosmic Explorer (CE) Einstein Telescope (ET)
• 10 km underground triangle* 
• 6 interferometers in “xylophone” 

configuration: 
• Cryogenic low frequency 
• High power high frequency 

* under reevaluation
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Cosmic Explorer
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• Next-generation US-led gravitational-wave observatory 
project 
‣ 40-km and 20-km L-shaped surface observatories  
‣ Estimated operating in 2030s 
‣ Synergies with other facilities (Einstein Telescope, 2G 

detectors, space-based detector LISA, EM telescopes, 
particle detectors, etc.) for enabling astronomy and 
astrophysics breakthroughs 

• Envisioned as an NSF-funded Project 
‣ Horizon Study (2021) — arXiv:2109.09882 (key science 

questions, design overview, community, organisation 
and planning, etc.)

LIGO-G2301949

Cosmic Explorer
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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

4 km filter cavity

beamsplitter

signal extraction
mirror

power recycling
mirror

pre-stabilized
laser

320 kg end
test mass

320 kg input
test mass

input mode
cleaners

output mode
cleaners

balanced
homodyne

detector

squeezer

symmetric
port

antisymmetric
port

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.

67

Quantity LIGO A+ LIGO A# CE

Arm length 4 km 4 km 40 km / 20 km

Wavelength 1 um 1 um 1 um

Mirror mass 40 kg 100 kg 320 kg

Mirror Material Fused Silica Fused Silica Fused Silica

Arm Power 0.8 MW 1.5 MW 1.5 MW

Squeezing 6 dB 10 dB 10 dB

Newtonian Noise 
Suppression - 3x 10x

Cosmic Explorer Design

Major advantage, 
test mass coating requirement 

are the same as that of A+

https://dcc.cosmicexplorer.org/CE-P2100003/public
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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 
• This required tuning of operating point 

• 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

Design motivations



COSMIC
EXPLORER

TAUP 2025 - CE-G2500061-v1 13

• Quadruple pendulums 
• Filter vibrations above 5 Hz 
• Test mass 320 kg, 70 cm diameter 
• Improved suspension and isolation 

• Additional blades in ‘monolithic stage’ 
• Longer pendulums 

• Lower noise sensors 
• Displacement sensors 
• Accelerometers

Hall et al. DOI: 10.1103/PhysRevD.103.122004 

�

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

CE - Test Mass Suspension
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Newtonian noise is classical Newtonian force 
acting on the Test Masses. 
• Driven by local density changes 

• From seismic activity 
• From atmospheric disturbance

Newtonian Noise
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Hall et al. DOI: 10.1103/PhysRevD.103.122004 
��
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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,

• Required mitigation of upto 10x suppression  
• Predominantly surface wave 
• Research underway to develop techniques 

• Infrastructure features 
• Low density around/underneath test mass 
• Meta-material/refraction near stations.

M. W. Coughlin et al  Phys. Rev. Lett., 121:221104.
S. S. Y. Chua, et al. APL, 122(20), 05 2023. 201102.

CE - Newtonian Noise
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Einstein Telescope
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Next-generation European-based gravitational-wave observatory 
• Planned to be operation in the 2030s 
• 10-km triangle underground observatory* 
• Sense both polarisations; sensitive to low frequencies down to a few Hz

• Solid — room temperature high-frequency 
• Dashed — cryogenic low-frequency

Einstein Telescope

* Nominal design, under revision
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• Equilateral triangle 

• Arm length 10km 

• 200-300 m underground 
• Mitigate Newtonian Noise 

• 3 ‘detectors’ 
• Each detector consist of a low- and 

high-free interferometer.

Einstein Telescope Nominal Design
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Quantity ET-HF ET-LF

Arm length 10 km 10 km

Wavelength 1 um 1.55 um

Mirror mass 200 kg 211 kg

Mirror Material Fused Silica Silicon

Arm Power 3 MW 18 kW

Operating Temp 290 K 10-20 K

Squeezing 10 dB 10 dB

Newtonian Noise 
Suppression - 3x
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Underground location for reduction of seismic and 
atmospheric GGN + long baseline

Slide: Stefan Hild
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Where?
Two formal candidate sites:

● North of Sardinia (Sos Enattos, 
Lula area, Barbagia)

● EMR EURegio (border between 
Belgium, the Netherlands, and 
Germany)

Proposed third potential site:

● Lausitz, Saxony, Germany

Site evaluation is a complex task 
dependent on:

● Geophysics and environment
● Finances and organization
● Services, infrastructures 

Slide Courtesy Einstein Telescope, 
Archisman Ghosh
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Geometry

Slide Courtesy Einstein Telescope, 
Archisman Ghosh
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GW-3-CPP

GW-4-CPP

GW-5-CPP

GW-6-CPP

GW-8-CPP

GW-7-CPP

CPP #: Conference Room F1-R3



COSMIC
EXPLORER

TAUP 2025 - CE-G2500061-v1 25

Summary

• Next generation detector with an increase in sensitivity 
of 10x 

• Astrophysics delight 
• Ability to see most NS-NS merger events 
• High SNR detections 
• Ability to test GR, merger ringdown measurements 
• Cosmology with high volume of events 

• Cosmic Explorer, US based, 40 km and 20 km facilities 
• Einstein Telescope, EU based, underground facility

Operational quantum manipulated and 
optimised light source within the LIGO 
detectors (photo G. Mansell)
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Thank you 

Questions?


