Introduction to CBC Science
Meg Millhouse, Georgia Tech
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- Compact Binary Coalescences




Compact

Compact objects: high mass-to-radius ratio

L ess compact —> More compact

SFEESR

Very compact objects lead to more
extreme curvature of space-time




Compact

Compact objects: high mass-to-radius ratio

https://ns-in-my-city.daniel-wysocki.info/

Neutron Stars

M~ 1.4M,

e Formed by the collapse
of a massive star : = R ~ 10 km

(~ 10— 20M,)

e Density higher than
atomic nucleus -> mostly
- made of neutrons




Compact

Compact objects: high mass-to-radius ratio

Black holes

e S0 compact that even light
cannot escape the extreme
spacetime curvature

9
M ~ 5M, M > 10°M,

e\lasses span many orders of
magnitude

*radil not to scale



Compact

Compact objects: high mass-to-radius ratio

Black holes

e | |GO-Virgo-KAGRA sensitive
to stellar mass black holes

e Formed from collapse of a
massive ( 2 20M,,) star

(mostly!)

*radil not to scale



Coalescences
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Coalescences
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Anatomy of a waveform
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Anatomy of a waveform

. ~" ’ X ‘~' Waveform encodes data
about:
N— S — e - COMpact object masses

GW170729 GW170809 GW170814 GW170818 GW170823
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CBC Detections

Hanford, Washington (H1) Livingston, Louisiana (L1)

e GW150914: the very - 1 T e e
first detection!

I_l a n fO rd a n d _10 —— Numerical relativity —— Numerical relativity
Reconstructed (wavelet) Reconstmcted (wavelet)
Livingston

B Reconstructed ( temp!ate [ | Reconstmcted temp[ate

e e ReStdual —— Residual
___

36M, — 29M,,
system

Frequency (Hz)

Normalized amplitude

Abbott et al., PRL 116, 061102 (2016) 0.30 0.35 0.40 0.45 0.30 0.35 0.40 0,45
Time (s) Time (s)




CBC Detections

01+02+03 =90, O4a* =81, O4b* = 105, O4c* =17, Total = 293

* O4a, 04b, and O4c entries are preliminary candidates found online.
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LIGO-G2302098(3c8dd607), updated on 1 April, 2025 Time ( Day5) Credit: LIGO-Virgo-KAGRA Collaboration




Masses In the Stellar Graveyard




Population Analysis

- —— GWTC-3

® -ind a population model that
describes observed masses
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Ly K Phys. Rev X 13, 011048 (2023)



Population Analysis

Do we find objects in the theoretical mass gap”

120

- GW190521

100

LVK Phys. Rev. Lett. 125, 101102 (2020) and LVK ApdJ Lett. 900, L13 (2020



Population Analysis

Minimum BH mass?

GW190814

—— (Combined PHM
—— EOBNR PHM
—— Phenom PHM
Abbott+ 2018 M. _
——  Farr+Chatziioannou 2020 M.

25 24 25 20

ma [ M)

LVK ApJ Lett. 896, L44 (2020)



Population Analysis

How are CBCs formed?

Image by Shanika Galaudage
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Spin-orbit misalignment

LVK Phys. Rev. X 13, 011048 (2023)



Extreme Matter

* Binary neutron stars offer an
opportunity to study how matter
behaves at extreme densities

 What is the equation of state”

e Soft EoS: smaller radii, less
deformable

e Stiff EOS: larger radii, more
deformable

e ———_—

750 1000 1250
arXiv:1805.1158 idal deformation (not to scale!)




Extreme Matter

6] LIGO - Virgo o T 5ol
E 300 Ll:d | ES?)?V?_?'
é;zoo- 3
» Observe EM and GW signals  |Eis E
from the same system -
e GW170817:
e Gamma ray burst
e Kilonova
e Source of many heavy
elements!

Radio

LVK 2017 ApJL 848 L12



Cosmology

Measure the expansion of the Grozs
universe with theHubble o 5 5
=
constant :
luminosity distance from GW 3
\d %'? 0.0
§ H()_
/ C | 60 70 80 90 100 110 120 130 140
redShift frOm EM H, (km s~' Mpc™)

LVK, Nature 551, 85-88 (2017)



Tests of General Relativity

Are our GR-based models correct??

e Residual SNR




Tests of General Relativity

== == Null hypothesis
GWTC-3 Measurement

Are our GR-based models correct??
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Residual power
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Tests of General Relativity

Are our GR-based models correct??

70.0 115

* Residual power

Inspiral-merger-ringdown
consistency

* Speed of gravity




Tests of General Relativity

Are our GR-based models correct??

i Gamma rays, 50 to 300 keV GRB 170817A

* Residual power Fermi
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Bonus: Beyond-CBC Science
compact binary inspiral MA/V\AN“

- continuous

€2 ) ) )

-=- MODELLED ----

burst e~ stochastic

Image by Shanika Galaudage



Bonus: Beyond-CBC Science

burst
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-=- UNMODELLED - --

'‘Burst’ sources:

- SU

pernovae
_earn about SN explosion

mechanism

- Cosmic strings

- Ur

opological defects in the
universe

knowns!




Bonus: Beyond-CBC Science

- continuous

)))

----------- LONG DURATION ---------

MODELLED ----

Continuous GWs:

- Long lasting, O(years)
-rom "mountains” on NSs i
Provide additional info on
extreme matter

Image by Shanika Galaudage



Bonus: Beyond-CBC Science

Stochastic GWs

background:
Overlapping, indistinguishable
signals
-rom astrophysical or
cosmological sources

-=- UNMODELLED - --

Image by Shanika Galaudage
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