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Cosmic Explorer

* LIGO has been very successful,

but the next big step in
gravitational-wave science will

require new facilities

* Cosmic Explorer is a larger,
and more technically
advanced version of the
current LIGO observatories

 Two observatories: one
40km (25 miles) and the
other 20km on a side
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Einstein Telescope (ET)

« Underground; in Eurome
«  Six detectors arranged in a triangle

« = sense both GW polarizations

« = “null stream” for consistency checks
«  Observe down to a few hertz using “xylophone”
detectors approach
« = low frequency: cryogenic silicon

* = high frequency: high power, room temp
«  ET Design Report published 2011, updated 2020
* In 2021, ET was included in the roadmap of the

European Strategic Forum for Research
Infrastructures (ESFRI).
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Redshift
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LISA Band
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100
Redshift

Throughout Cosmic Time
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Precision tests will be enabled by black hole mergers
like those seen now (~30 solar mass, at z ~ 0.3),
which will have an SNR ~ 1000 in CE.
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With thousands of BBH events per day, we will be
able to cherry pick the most telling events (high spins,

large kicks, edge-on, high ellipticity, etc.). f
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Precision tests will be enabled by black hole mergers
like those seen now (~30 solar mass, at z ~ 0.3),
which will have an SNR ~ 1000 in CE.

N\
/ / ol T

n ‘ \

3 |
> £ \ )
:': = \\ =
= A
5 © b A
(O N F /
® G ol N s
E E S e T Gy |
£ 3 ’ «
< .
w 5

L

o3

LIGO A+“’?w- Cosmic Explorer

With thousands of BBH events per day, we will be
able to cherry pick the most telling events (high spins,
large kicks, edge-on, high ellipticity, etc.).
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Cosmic Explorer Timeline

Observatory Design & Construction &
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[ﬂ]@gy Engageient
Site Search SitelSelected
& Research

Initial Horizon : ' ' | Upgrade & :
Study DeslignStage i :(':'on Sbeervaticn

@w’m l{'sm'clf’ Astronomy, & Local Ongoing Community Collaboration

Community Facility Operation

Construction il
Funded

Laboratorny/Research Upgraded

& Prototyping Design

"15 20 '25 "30 '35 40 45

U




co@c :
EXPLORER Cosmic Explorer

July 2022 M. Evans 18



COSMIC

EXPLORER

Esketemculeucw
(Esk‘etemc)
Ligzitdax~
epmx:Tmix
Hupacasath
1ka

pamux)

heedah s S mxoxe(C helan)

Kokomish

Twana

Nisqually, Yakama

Atfalati
lenino.

Chepenefa

Yahooskin

Chit

humaw
Wasisiw
(Washoe
Nisenan
Miwko? Waali?
Tamien N

Rumsen

July 2022

Ktunaxa amakis

Kalispel

Schitsu’

Nimiipuu (Nez Perce)

Lemh

Shos
10

NUWL
(Chemehue

Shiyaw-AsKiy

(Rlains/Cree)

Shoshone

hone-Bannc

Shosh

K

NU

Cosmic Explorer

MichifRiyii (Métis)

Apsaalookeé (Crow)

Eastern Shoshone

3annock

1-agha

Shiwinna (

Ndee/Nnéé:

ern Apache)

Piro/Mans

Tiwa T

Chiricahua Ap

(s}

Yoli (Concho).

Cahita

Tahues

InidoiIne

Hunkpapa Yanktonai

(Métis)

Ochéth

Mdewakanton

Itazipco

Sihapsa

Mnicoujou

S
Oohenumpa Honca

Arapaho ¢
(Pawnee)

Washtdge Mo"zh.

Cheyenne

Arapaho

auigu/(Kiowa)

Kiowa-Comanche

Apache (Oklahorr

Ndé Konitsaaii Gokiyaa

ribe
(Lipan Apache

ache

bas

Alazapas

Menominee

Menominee

Nidact

Kiikaapoi|(Kickapoo)

Peoria

Petun

Sauga

Meskwahki

asa:hinal(Fox)

Kiikaapoi/(Kickapoo

Nivach

hi'S

Seneca;Cay
lahor

Akokisa Atakapailshak
Chawasha

Karankawa

Rayados (Bogrados)

M. Evans

Pa

Tsala

(Chero Sissipahaw

aree -
Cohé

Apalact

Seminole
Mayaim

Miccosukee

Matecumbe

Taino

Quinnipiac




U

July 2022

Cosmic Explorer ’@

We live and work on the unceded
ancestral lands of Indigenous peoples.

|, together with the Cosmic Explorer team, acknowledge
these Indigenous communities and their stewardship of the
land, past, present and future.

The Cosmic Explorer team is committed to building long-lasting
synergistic relationships with Indigenous communities in order to
align our goals while building trust and mutual respect.

M. Evans 20



Origin of CE in 2013

* Long
Uncomplicated

Next-generation
Gravitational-wave

Observatory (LUNGO)

e As a counterpoint to the
complicated schemes
being contemplated at

the time
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Gravitational Wave Strain

[If you have masses that are fre
to move, you can (at least in
principle) measure the space-

N

S

time distortion produced by the
gravitational wave
N\ y,
4 ¢ )
- Amplitude of the
IL gravitational wave ~ 10
=21 -18
9 AL=hxL=10" x1000=10 )
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Why 40km?

* Broadly speaking, the sensitivity of these
instruments improves with length

* The bandwidth is, however, limited to roughly

. 3x105K™
S

== ~ 4 kH
LT I x40 km - dlHz

so making a detector longer than 40km would
compromise its access to interesting astrophysics
(i.e., post-merger signals and supernovae).

July 2022 M. Evans 23




Bandwidth vs. Length

* Buonanno: fmerger ~ 4.4 kHz (%)

* lightest black hole binaries will merge
below ~ 2 kHz

* Binary Neutron Stars expected to )
produce post-merger signals around I ERT
2-3kHz 5 Y

* Supernovae may produce significant
signal amplitudes up to few kHz

<

ro sin wt

Figure 6 A two-body system, m; and my orbiting in the xy-
plane around their C.O.M.

* Detector response (Sutton: “antenna
pattern”) becomes complicated, and

C
gets smaller,as f — ~

e —
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40km CE
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How do fundamental noises scale?
Just 1/L, right? Nope...

Shot Noise
while maintaining bandwidth

Radiation Pressure Noise hRPN
NI e e —— =, —— . ——— | — | —— || ——

horeN \ZMW\ A

Coating Thermal Noise st ( 14 cm )( 40 km

l le... ~ 4 |
constant loss angle hocTN \f 123 K \f §% 1077 I'beam

—_—

Residual Gas Noise hoos | Pas '14cm 140 km
facility limit... hOgas \4>< 10‘7Pa \ rbeam \ L
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How do fundamental noises scale?
Just 1/L, right? Nope...

Shot Noise Bt .2 MW |
while maintaining bandwidth : 1 —

hOshot \' Parm \ISUm rsq

Radiation Pressure Noise hRPN
NI e e —— =, —— . ——— | — | —— || ——

horeN \ZMW\ A

Coating Thermal Noise O (14 cm ) 40 km
constant loss angle... hocms = \"iiﬁ \|.' 5% 103
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Residual Gas Noise hoos | Pas '14cm 140 km
facility limit... hOgas \4>< 107 Pa \ oo \ L
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How do fundamental noises scale?
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Shot Noise
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How do fundamental noises scale?
Just 1/L, right? Nope...

Shot Noise
while maintaining bandwidth

Radiation Pressure Noise hRPN
while maintaining bandwidth fpmesles
hoRpN

Coating Thermal Noise
loss angle dependence?

hocTN _\123K\5><

Residual Gas Noise Ngas |

facility limit... hOgas \4>< 10~7 Pa \ L 3/2

July 2022 M. Evans 30



Scaling Up... an example

Cosmic Explorer (expected R&D improvements)

= Quantum

m— Seismic

== Newtonian

== Suspension Thermal

=== Coating Brownian
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Technical Readiness of Cosmic Explorer

*  Mostly “incremental” changes relative to LIGO

The mirrors will be bigger, and the suspensions
longer to help with low-frequency performance

«  We expect somewhat better
coatings for the mirrors
(lower thermal noise,

few or no point absorbers)

point

»  While challenging, we are
targeting a plausible improvement
in quantum performance

mass

penultimate

suspension s

mass \

penultimate mass _:;-j 2h
with blade springs ||~

test mass|
320 kg, |
Y 70cmO \

20m

(10dB of squeezing)
ceomic P
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Advanced LIGO

Cosmic Explorer
Hall+ PRD 103 122004 (2021)



Newtonian Noise (local gravity)

 Variations in local gravity (Vitale, Harms) set the
limit at low frequency (along with many, many,

technical noises...)
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Low frequencies are hard
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The Next-Gen GW Network

Einstein Telescope (ET) is a similar project  « N S g '

underway in Europe
* Planning to operate together
« On the European Strategy for Research

Infrastructures (ESFRI) Roadmap
 Different design (underground triangle,
6 interferometers, 3 of them cryogenic)

Laser Interferometer Space Antenna (LISA)
* An ESA-led space observatory with a small

NASA contribution ) - »
« Expected to be launched in 2034 and take

data concurrently with CE and ET

Neutron-star Extreme Matter Observatory (NEMO)

* An Australian observatory but a smaller
observatory focused on specific science

« Aspire to build a CE-like detector in the future

July 2022 M. Evans
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As previously mentioned (Katsavounidis,
Sutton), networks are important for GW
science

LIGO, Livingston, LA

Binary black
hole system
merging here
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As previously mentioned (Katsavounidis,
Sutton), networks are important for GW
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LIGO, Livingston, LA

Binary black
hole system
merging here
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As previously mentioned (Katsavounidis,
Sutton), networks are important for GW
science

Binary black
hole system
merging here
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As previously mentioned (Katsavounidis,
Sutton), networks are important for GW
science

Binary black
hole system
merging here
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Source Localization
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Source Localization
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Source Localization
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Source Localization
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Localization and Early Warning

1da 6h l1h 10 min 1 min 10s Is
, Y : : , , , . Can we draw the arrow before the NSs merge?
1000 == aLIGO T,

2 1 [m== Voyager
= ]
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=100 7
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m -
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. PhysRevD.103.122004
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Borhanian and Sathyaprakash, in preparation
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Conclusion

Gravitational-wave science is still in its infancy

We are at the dawn of a new age of exploration

Cosmic Explorer is the US concept for a next-
generation gravitational-wave detector

We are very excited about the future!
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LIGO Hanford Observatory
H1 detector
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Now approaching 100 events!

Gl )2 O3a O3b
GWTC-3 CBC candidates with pagro > 0.5
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Now approaching 100 events!

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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Image: Eddie Anaya

C.@C (Undergrad, Art, Cal State Fullerton)
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Image: Eddie Anaya

C.@C (Undergrad, Art, Cal State Fullerton)
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Signal Frequency and Black
Hole Mass

Estimate Period of Last Orbit

<

For 30 Mg, R, ~ 90km
taker;=r,=2R sothatv=c/2

ro sin wt

r1 coOSwt
ro COS Wi

Top,=(41)90km /(c/2)

~7.5ms
fo=1/T,,~125Hz
fow =2 f,p ~ 250 Hz

Figure 6 A two-body system, m; and my orbiting in the x y-
plane around their C.O.M.

(actual value for GW150914 was ~200
Hz)
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Sighal Amplitude and

Distance

Estimate Distance to Source

For 30 Mg, R ~ 90km
take GW strain at the source
h =% (sincev/c=1%)

d.~R./ (4 hy) ~ 2.5 G light-
years

(actual value for GW150914 was 1.3
Gly)
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Figure 6 A two-body system, m; and my orbiting in the x y-
plane around their C.O.M.
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