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Outline

e Current detectors
e What we’ve learned
e What we cannot learn

* Cosmic Explorer
* Design concept
* Science case
N InEIE

* Multimessenger synergies

More Cosmic Explorer at April APS

This afternoon in D10.00002 - Beyond O4: What
lies ahead for Terrestrial Gravitational-Wave
Detectors, Stefan Ballmer

Saturday afternoon in $10.00002 - Cosmic
Explorer: Pushing the gravitational-wave frontier
across astronomy, physics, and cosmology,
Alessandra Corsi



Our observational landscape
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What we’ve learned

GW150914
The gravitational-wave data obtained by the ./\ $ ¢o
LIGO-Virgo-Kagra collaboration since 2015 has \_/. 9
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4. Binary neutron star mergers are the progenitors
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What we’ve learned

The gravitational-wave data obtained by the
LIGO-Virgo-Kagra collaboration since 2015 has
taught us that:
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Compact object binaries that merge within a
Hubble time exist in the Universe

Neutron stars and black holes in binaries have
masses spanning the range ~1 — 100 Mg

The spins (angular momenta) of the component
compact objects in these binaries are small

Binary neutron star mergers are the progenitors
of some short gamma-ray bursts and an
astrophysical site of heavy-element
nucleosynthesis

The fraction of the total energy density of the
universe contributed by gravitational waves is
Qecw < 5.8x107°
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What we’ve learned

The gravitational-wave data obtained by the
LIGO-Virgo-Kagra collaboration since 2015 has
taught us that:

1.

2.

Compact object binaries that merge within a
Hubble time exist in the Universe

Neutron stars and black holes in binaries have
masses spanning the range ~1 — 100 M,

The spins (angular momenta) of the component
compact objects in these binaries are small

Binary neutron star mergers are the progenitors
of some short gamma-ray bursts and an
astrophysical site of heavy-element
nucleosynthesis

The fraction of the total energy density of the
universe contributed by gravitational waves is
Qcw < 5.8x107°

Binary black hole spin magnitude

LVK PRX 13, 011048 (2023) X
Neutron star-black hole spin magnitude
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What we’ve learned

LVC, Fermi, Integral ApJL 848, L13 (2017) N‘eﬂ,et GR® st

. . . <= 2500 ightcurve from Fermi 10— e
The gravitational-wave data obtained by the § o o TR
LIGO-Virgo-Kagra collaboration since 2015 has ¢ 70 1A b husk /| u dkkibh 1.4 " ,ﬂ. Nt e
taught us that: £ woof YL RO IEEYTTT O PR | 1
1. Compact object binaries that merge within a -
Hubble time exist in the Universe s o
2. Neutron stars and black holes in binaries have § 200
masses spanning the range ~1 — 100 M P

3. The spins (angular momenta) of the component

compact objects in these binaries are small e T A S L N
4. Binary neutron star mergers are the progenitors -
of some short gamma-ray bursts and an BAAHBHHE
astrophysical site of heavy-element 7
y
5. The fraction of the total energy density of the
universe contrlbyted by gravitational waves is ...............
Qcw < 5.8x107° HEEE

Merging Neutron Stars  Exploding Massive Stars Big Bang
Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fission



What we’ve learned

The gravitational-wave data obtained by the
LIGO-Virgo-Kagra collaboration since 2015 has
taught us that:

1.

2.

Compact object binaries that merge within a
Hubble time exist in the Universe

Neutron stars and black holes in binaries have
masses spanning the range ~1 — 100 M,

The spins (angular momenta) of the component
compact objects in these binaries are small

Binary neutron star mergers are the progenitors
of some short gamma-ray bursts and an
astrophysical site of heavy-element
nucleosynthesis

The fraction of the total energy density of the
universe contributed by gravitational waves is
Qew < 5.8x107°
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What we can’t learn... yet

100
Redshift

* Binary neutron star mergers beyond
cosmic noon

* Precision measurements of the Y 1 dmpen.
neutron star equation of state B e TRE

* Binary neutron star postmerger signal GW114‘\\‘ ﬁ\\
* Binary mergers including Population 3 \ wioe ",'/’ ,"“3
Il and primordial black holes RN, - | //;‘5'7
e Gravitational-wave memory effect af%égé//

* Cosmological stochastic gravitational- ff/

wave backgrounds
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The next generation

U

US-based concept planned for the late 2030s

Einstein

Telescope

European concept with triangular design

100
Redshift

CE Horizon Study
Evans + (inc SB) 2109.09882
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Cosmic Explorer

P e

Reference design includes two
faC|I|t|es widely separated in the US
40km + 20km (tunable)

1
Image: Edward Anaya, Virginia Kitchen, Angela Nguyen, and Joshua R. Smith 2
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Order of magnitude improvement in strain
sensitivity over current detectors

1028

Strain noise [1/vHz]
2

—h

9
N
(6]

CE MPSAC ngGW White Paper
Frequency [Hz] Evans + (inc SB) 2109.09882

Equivalent to an order of magnitude increase in the diameter of a telescope

()



Design concept

* Dual-recycled Fabry-Perot Michelson Interferometer

* Order of magnitude longer arms

* Quantum sensing

* Improved low-frequency isolation

Design parameter A+ A¥ CE
Arm length 4 km 4km 20km,40km
Arm power 750kW 1.5MW 1.5 MW
Squeezing level 6dB 10dB 10dB
Test mass mass 40kg 100kg 320 kg
Test mass coatings A+ A+/2 A+
Suspension length 1.6m 1.6 m 4m
Newtonian mitigation @ 0dB 6 dB 20dB

—k

I
[\®)
w

Strain noise [1/v/Hz]
2

—h

9
[\®)
(6}

CE (40 km)
CE Facility
Quantum
Thermal
Seismic

CE MPSAC ngGW White Paper
Evans + (inc SB) 2109.09882
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Key science objectives

(4 | ‘\ o Black hol@s“a
o o

Cosmic
Explorer
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Black holes and neutron stars through cosmic time

* Evolution of the merger rate 100
as a function of redshift :
* Remnants of the first stars l0-
& ]
* Seeds of supermassive black §
holes, hierarchical growth &2 |

1+ , :
* Smoking-gun distinction of : . :\L;i(y;fgﬁf |
- : = |
primordial black holes i _gigfgiﬁlescope |
0.1' ] \ . H
| 10 100 1000 10000

CE Horizon Study Total source-frame mass / Mg
Evans + (inc SB) 2109.09882
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Black holes and neutron stars through cosmic time

Characteristic strain \/fiz( f) at 10 Hz (Hz_l/ 2)
* Evolution of the mergerrate  _ 3x10® 1x107® 9x 107  4x107®

as a function of redshift I »
* Remnants of the first stars s ;‘7 \
. O i\
* Seeds of supermassive black = Y L
. . "% \ ””f—f—
holes, hierarchical growth Z N L !
. .. . g, Y = Globular cluster -
* Smoking-gun distinction of g NN Galactic fidld
primordial black holes A \\ — Pop TII s
£ / A N\ |— PBH [
§100 // \\\ \\kIIIIII!IlIIIIIIT
0 10 20 30 40

CE Horizon Study RedShlft

Evans + (inc SB) 2109.09882
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Dynamics of Dense Matter

Burgio+ PrPNP 120, 103879 (2021)

* 10m NS radius errors on the 25-
population level
* Detection of BNS postmerger =
signal yearly o
©1.5-
* Detection of continuous GWs § ] ewi7ost7

from known accreting NSs and

1.0: ——BOB --- Skyme )
millisecond pulsars

| —uix  -----BOB(N+Y)
* Detection of one supernova from 0.5 DBttF - SFHoMN
| —FSS2CC

within the Milky Way or its ] — Fss2ac

1 ——AFDMC

satellites over a 50-year lifetime 0.0 frrrrrrr e —
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Dynamics of Dense Matter

------- HLA —-= 20LA -+ 20LET === 4020A
* 10m NS radius errors on the B ———
I -
population level 03 BRRE e
* Detection of BNS postmerger E e ———
signal yearly § 102 s aalil e
3 e s
e Detection of continuous GWs g P A -
from known accreting NSsand 2 | Ll
millisecond pulsars A rasrias
. . ] ['I
* Detection of one supernova from ¢

within the Milky Way or its 1072 " dlo—l N )100
. . . I t
satellites over a 50-year lifetime S oron TSROt LB ce mrade study

Gupta+ (inc SB) 2307.10421

20km CE is critical! ”



Multimessenger Astrophysics

e At least one 40km CE = 100x

higher BNS detection rate

BNS redshift reach of z =~ 2

* Map the progenitors of short

gamma-ray bursts

 Measure time delays

With at least 2 XG detectors:

e Tens of signals localized to < 1

deg?

e Thousands to < 10 deg?

HLA: 19.7deg?

40LA: 6.6deg?

2040A: 2.7deg?
—— 40LET: 2.1deg?

2040ET: 0.8deg?

] PTF/iPTF, 7.3 deg?
* Few —tens < 10 deg? 5 mins

before merger

Figure: Stephen Fairhurst

—+—i1 deg
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Extreme Gravity and Fundamental Physics

* Tests of General Relativity
* Parameterized deviations
* Ringdown tests of no-hair theorem
* Memory effect
* Beyond-GR polarizations
* Graviton mass

* Cosmology
* Expansion rate of the universe using
standard sirens
* Constraints on ACDM and dark
energy EoS using NS EoS

(c) breathing mode
xory

(b) cross mode (d) longitudinal mode (f) vector-y mode

Simulated GW150914-like observations

Strain (10721)

—1.0{ EEE LIGOA+ I Cosmic Explorer

14 12 10 08 06 04 02 0.0
CE Horizon Study Time before merger (s)
Evans + (inc SB) 2109.09882
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Beyond the Standard Model

* Exotic compact objects

* Black hole mimickers 107 N . Pl
* Boson clouds around black holes 10-8 \f:m N 5
. \ Z
* Neutron stars with dark matter N \\ /// 5
interiors — 107 \\\\\ = - —— 5LIGO-03
. . . . . = Zt--"T ———ETD\*\
* Primordial stochastic gravitational- &wo2{ T S==== """ —an |
wave backgrounds T ke
. . 1071 P — ETD-20 ||
* Cosmic strings L eating —— ETD40
* First-order phase transitions L0 T s g
* Explosive particle production via o e 1
preheating f [He] CE Horizon Study

Evans + (inc SB, plot) 2109.09882
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Cosmic Explorer timeline

Horizon Community Facility

Study Operations

CDR sjte PDR FDR
i . selected I

2020 2025 2030 mid-2030s

>

NSF MPS ngGW subcommittee report emphasized the extraordinary
discovery potential of a Cosmic Explorer 40km detector while at the
same time carrying the lowest technical risk

See session $10.00002 on Saturday afternoon
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Imessenger synergies




Conclusion

* Deeper, wider, sharper
* Black holes and neutron stars
through cosmic time

* Dynamics of Dense Matter and
Multimessenger Astrophysics

* Extreme Gravity and
Fundamental Physics

e Discovery potential

Image: Evan Hall (MIT), Nils Fischer, Harald Pfeiffer, Alessandra Buonanno
(Max Planck Institute for Gravitational Physics), SXS Collaboration
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h(t)

Next-generation data analysis

le-24
7.51|—— BBH

—— NSBH
—— BNS

5.0 1

1|—— Gaussian background

0 2 4 6 8 10 12 14
Time [min]
Bias in inferred binary Scalability of population Separation of astrophysical
parameters from inference techniques to foreground and cosmological

overlapping signals? thousands of events? background?
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Source — frame Mass

IMBBH

1200
HLA

of dete

ctions

=

1000 —

HLET

T e

re

of detections

D |=

3900]

800

600

400

200

ns

3624)

1200
20LA
1000-—I::::j

T  —

800

600

400

200

1200
20LET
1000|2017

40LET

T | —

g g

of detections =

800

600

400

200

1200

4020A

4020ET

1000

800

600

400

200

1071

1071

Redshift z

10°

107!

1073

31



Primordial Black Holes (z > 25)
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Population IIT Black Holes
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Boson cloud reach

distance reach (kpc)
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