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~ The Dawn report on CE Observational Science

e Several scienstists who don’t belong to the LVK were invited to
provide their perspective on scientific potential of CE and 3G
detectors, and related challenges

— E. Berti, GW astrophysics (populations, tests of GR, ...)

— H. Peiris, Cosmology

— P. Chandra, Radio

— E. Troja, Gamma/X-ray observations

— A. Steiner, Nuclear physics

— W. Fong, OIR

— K. Fang, Neutrinos (excited about prospects of SNe detection)
— J. Greene, C. Miller, S. Smartt, A. Villar, panel discussion

Salvatore Vitale
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Overall message

The community expects GW observational science to be a central
part of the astrophysics landscape in the 2030s

This sentiment was also echoed in the Astro decadal

Strong consensus that 3 or more sites are needed to maximize the
science impact

Given the large number of events, and cost of telescope time, more
info should be given in GCNs to help prioritize

Need to think carefully about construction/update schedules: the
community doesn’t have an appetite for a long upgrade gap.

Salvatore Vitale
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ﬂ omments and feedback are invited on this Horizon Study.

. M M M . or the next revision, feedback is most useful if received by
e S C I e n I I C p O e n I a O a S e e n C.SMIC July 15, 2021. Please submit feedback via the web form at
EXPLORER [l

discussed in the recently completed -
| . .
Cosmic Explorer Horizon Study (CEHS) , %
| ¢

e The final draft can be read at

Lorer.org/horizon-study-feedback
smicexplorer.org

&{orizbn Study for

Cosmic Explorer
* A corresponding document exists for ScienCENBRAE A OTEREIER . 1 ity

and papers exist for the high-frequency
(OzGrav) concept

CEHS 2021
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https://cosmicexplorer.org/
http://www.et-gw.eu/index.php/relevant-et-documents
https://arxiv.org/abs/2007.03128
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* The CE HS identifies key science
outcomes that can be reached
with 3G detectors

— Black holes and neutron stars

throughough cosmic time

— Dynamics of dense matter & Cosmic Explorer

extreme environments Einstein Telescope

— Extreme gravity & Fundamental
Physics

Yt

Salvatore Vitale
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Listening to the Universe

CEHS 2021
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Can detect black holes from
populations which are currently
unaccessible

"CE and ET will be probing the
population before the peak of star
formation. This gives lots of insight into
metallicity, generations of stars (pop
1), formation channels, etc. It teaches
us about stellar formation and
evolution in a unique and powerful
way.”

It is important to have a network, to
measure distance well, and hence
source-frame mass
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* Primordial black holes mergers

i : Characteristic strai h(f) at 10 Hz (Hz™'/?
might be recognizable because of waracteristic strain /fh(f) at 10 Hz (Hz™/%)

3x107% 1x 1072 9x 10 4 %1072

—  Galactic field
Globular cluster
\ —— Pop III

— PBH

— Mass and spins spectrum

—_
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o

— Eccentricity at merger
— Extemely high redshift

e Of these, the high redshift might

be the most uncontroversial
smoking gun
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CEHS 2021
* Matter in neutron stars experiences A

the most extreme conditions in the *CHa”qr_on Quark-Gluanoe
visible universe -
Heavy lon

Can explore regions of the QCD Collision
phase diagram which are not
accessible at Earth {
— Determine internal structure of {
neutron star Neutron Star
— Equation of state . Collision
“It is clear that gravitational waves J
can provide insights into nuclear VR Quarks?.

physics which are probably Ganit
inaccessible otherwise"
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Binary neutron stars

Credit: T. Dietrich

Late inspiral Post merger
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Binary neutron stars - Equation of state

i Read+ PRD 88, 044042
* Advanced detectors will start BNS at100Mpc. ead+ PRD 88,

measuring the equation of
state of neutron stars

— Most likely from the inspiral
phase

N

<
N
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VS, (f) and 2 \/7|B(f)

(L
— With a bit of luck, hints of 10 T ’sé;;?;Qo
postmerger physics
* 3G detectors will easily
measure the EOS from both
inspiral and post-inspiral

NsnRr>5 per year

LIGO-HF Einstein Cosmic

s . 20km—-HF
Telescope  Explorer
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* Multiple DAWN panelist have
stressed the fundamental
significance of GW170817

— Detection at all frequencies, from Q i

GBM |

Swope +10.9 h

gamma rays to radio waves . DT 2054
INTEGRAL

— Proved BNS are progenitors of (at
least some) short gamma ray bursts

— Proved BNS produce kilonovae
emission, and heavy metals

LVC and friends, AplJL, 848:L12, 2017
— Allowed for a measurement of the

local Hubble parameter
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EXPLORER Nultimessenger astrophysics - 3G

: . CEHS 2021
e With a network of 3G detectors we will

be able to access hundreds of well-
characterized BNSs per year

— For many of them, the source can be
localized even before the merger happens

— Variety of system parameters, their effect
on the EM emission and its energetics

— Cosmology
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“ : . , —— 40440 —— 40420 — 20420
CE provides an exciting opportunity to — 40 40++20:PM 20-+20:PM

detect NSNS mergers to z~5 and 2

beyond, allowing us to explore the
optical/IR counterpart science drivers

as a function of cosmic time.”
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Some of the challenges

* The DAWN meeting highlighted many challenges that our
community needs to address to maximize the scientific promise of
3G detectors

— High SNRs require very accurate waveforms (PE, TGR)
— Even more so when matter is involved (BNS, NSBH, SNe modeling)

— Population analyses will need to deal with large number of sources;
overlaps

— Algorithms cost scaling with N_events and SNR

— Need to produce fast, reliable and small sky localization, including aux
information (masses or probability of being bright)

— Reliable detection of unmodeled sources, CWs, stochastic background

Salvatore Vitale
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Why you should get involved

Virtually all of these challenges will already be encountered by the
LSC in the coming science runs, just less acute

— R&D will pay off even before 3G detectors are online

For early career scientists especially, you have the chance to help
shaping and sharpening the science case of detectors that will be
online when your students graduate

Get involved! Can join the CE consortium, talk to me if you have
guestions

But first, please endorse the DAWN report, strong support from the
community is a must to get CE online!

Salvatore Vitale
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backups
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Ng+ in prep

Salvatore Vitale
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EXPLORER Detecting Pop |l BH mergers

— Cluster
Field

—— Pop III

— Total
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Detecting Pop Ill BH mergers

— Cluster
Field

— Pop III

— Total

Salvatore Vitale

Can measure the location of high-z peak with
a few months worth of data and no
modeling!

B GPR
B Phenom

0.0 0.125 025 0.375 0.5 0.625 0.75 0.875 1.0
True fg

Ng+ ApJL 913 L5
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Cutler+, 1903.04069

LISA SNR =5
3G SNR~ 10

* LISA can observe heavy BBH and
intermediate-mass BBH

Some of those signals will also be
visible from the ground (years
later)

Complementary information!
(Sesana PRL 116, 231102; Vitale | WO
PRL 117, 051102; Barausse+ PRL _ mfj
116, 241104) —— ET/CE

For nearby IMBH, LISA might == LISAAET/CR

provide Mchirp info, but not for 5 2i6 247 248
z>"~0.3 M. [Msun]

(@)
DO
()

Mtotal [Msun]
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Ng+ PRD 102, 083020

* Black holes will form clouds of
ultralight bosons (if such particles
exist)

— The bosons cloud emits nearly
monochromatic GWs

LISA could detect the GWs from
the inspiral while 3G detectors
could simultaneously detect the
GWs from the axion clouds

I 1
1073 1072

Jow (Hz)
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Pinning down a single PBH

B CE-CES-ET
B CEET

10

Ng+, 2108.07276

Salvatore Vitale
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Ringdown tests

* Ringdown modes only depend on final BH mass and spins (in general
relativity)

* If one can measure more than 2 of the ringdown parameters (dumping
times, frequencies) then the others can be used for consistency checks

Gossan+, 1111.5819

(500 M, 0.61)

(500 M, 0.61)

(9]
—_
(=

Strain /& X 1017

—— All modes
21 mode

- ——- 22 mode
33 mode

— — — 44 mode

BH mass in 102 Mo
BH mass in 102 Mo

0.605 061 0615 . 060 0.62
Dimensionless BH spin Dimensionless BH spin
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Trade study

* The composition of the 3G network is not finalized
* The Horizon Study contain an analysis of various configurations
and tradeoffs
— Are 40Km necessary or are 20Km enough?
— Are two 20Km — 20Km better than one 40Km?
— Can previous-generation detectors help?
— What science goals can be pursued with only one detector?

Salvatore Vitale
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Trade study

Science CE with 2G CE with ET CE, ET, CE South

Goals & 9 QR 9 R <
Black holes from the

Black holes and first stars

neutron stars Seed black holes

throughout
cosmic time Formation and evolution
of compact objects

Neutron star structure and
composition

Dynamics of New phases in quantum
dense matter chromodynamics

Chemical evolution of the
universe

Gamma-ray jet engine

Extreme gravity, fundamental physics, and
discovery potential

Risk to science goal due to technical issues
and higher than expected detector noise

Salvatore Vitale CEHS 2021; also Borhanian+ in prep
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Stochastic background

preheating
| === inflation

cosmic strings

aLIGO-03

ETD
20-20
40-20
40-40
ETD-20
ETD-40
CES-20

Salvatore Vitale

In a network with ET or with
another CE, Cosmic Explorer can
contribute to searches for a
stochastic background

— Challenging for slor-roll inflation;
cosmic strings and preheating also
shown

You can download these curves
at

dcc.cosmicexplorer.org/CE-
P2100003/public
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EXPLORER Tests of general relativity

e Larger SNR and better low
frequency will yield dramatic
improvements

* Also, precise ringdown tests,
memory effect, propagation
tests, more!
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Chamberlain+, 1704.08268

Al.
Voyager 1
CE I |
ET-D |

1 0
PN Order
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Lasky+, PRL 117, 061102

Memory

number of events

SNR,LIGO-Virgo 5 years
[] SNR,Voyager-ET 1 year
|| SNR/5,CE-ET 1 year

Yang+, 1803.02429

Salvatore Vitale

Very challenging to detect with
advanced detectors

Lasky+ showed that one might
make a statistical detection given
>>1 sources

— Somewhat optimistic assumptions
Yang+ focuses on 3G and

quantifies SNR in the memory
IEN:
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Axions and all that

Axions are proposed ultralight bosons that can extend the
standard model and could be viable dark-matter candidates

107 s u/evs 1071

If an ultralight boson exists, they will spontaneously form
clouds around spinning black holes

These clouds will emit potentially detectable gravitational
waves, providing evidence for a new particle

— Nearly monocromatic GWs

We can perform direct searches using known black holes

Salvatore Vitale
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Golden BBH events

e A GW150914-like event will have SNR~2000 in a Cosmic
Explorer facility.

* How well can we do?

Precision for a few key parameters for GW150914

T 41+0.14
Mass ratio g 0.8475

i i o et e 4+0.14
Effective inspiral spin parameter x .g —0.03" 35

S GG NP B ,. +140
Luminosity distance Dy, /Mpc 440" 150

LVC 1602.03840

Salvatore Vitale
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Golden BBH events

e A GW150914-like event will have SNR~2000 in a Cosmic
Explorer facility.

* How well can we do?

GW150914-like

—E
'3 LE
|3 LvIvE
] Lee
|3 LceE

086 088 090 092 004 096 098 1.00 0990 292 494 496 498 500 502 504
q D[Mpc]

Salvatore Vitale Vitale, Whittle, PRD 98, 024029 36
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Low/High frequency - Network size trade off

LIGO DCC G1900660 public

More detectors The unexpected

warning Stochastic Sky localization BNS
localization N

Tests of General relativity
IMBH Source-frame v

o masses Distance/ Inclination/
NS post-merger

high-2 Cosmology EM modeling

A
Supernovae and other unmodeled transients

Continuous waves

Memory =
Precessing BH spins Aligned BH spins
||

Eccentricity mass ratio Ringdown NS Equation of state

BBH

S. Vitale, 2019

Better low-frequency Better bRt il Better high-frequency
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Axions and black hole spins

Binary
formation

Cloud !
dissipation¥

1[0111

Ng+ 1908.02312,
2007.12793,
2011.06010
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e |f boson exist, black holes of
appropriate mass must have
small spins

— Boson cloud has removed spin

084011) '
— 0 L .
Also a few % of mass loss 2/ i7" ~100 Myr — B a1y

(Arvanitaki+, PRD 95 043001, 91 | | v
g '7’/ us = 107 1%ev

—:= BH age = 10yr

* E.g.,45Mg canonlyreach

m = 3 mode if its age is 10
billion years

1/21/22




XPL Signature in the BH population

* BH spins at formation g

— E.g. uniform in mass and spin

1/21/22




XPL Signature in the BH population

* BH spins at formation g

— E.g. uniform in mass and spin

* Bosons carve an exclusion region
in the mass/spin plane

— Depends on black hole mass and
age

1/21/22




XPL Signature in the BH population

* BH spins at formation g

— E.g. uniform in mass and spin

* Bosons carve an exclusion region
in the mass/spin plane

— Depends on black hole mass and
age

* Detected population should have
small spins and follow critical
curve

1/21/22
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BBH Spins

 Due to larger SNR and isotropic orbital orientation, 3G will get
much better spin estimation than 2G
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Post-merger optimization

CEHS 2021

w40 km, CB 40 km, PM
30 km, CB 30 km, PM
20km, CB 20 km, PM
10 km, CB 10 km, PM

40km, CB === 40 km, PM
30km, CB 30 km, PM
20km, CB 20 km, PM
10 km, CB 10 km, PM
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/ 107# Hz™ /2
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Strain noise

e 1ee o520 25 30 35
Frequency / Hz Frequency / kHz
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+0.32
060_0 20 . — \’\'1thout POP II
! With Pop I11

0.03*3%2

0.10

0.08

0.06

0.04

12.5 0.02

0.00
=
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11.15+.78

[ +0.07
0.4677 07
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Listening to the Universe

CEHS 2021 100

Redshift

* ok
GW150914 |

*
W170817
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