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SUMMARY 2

SUMMARY LECTURE 2 o

inspiral mereer ringdown
» Network of kilometre-scale GW detectors: LIGO, Virgo, KAGRA g =
» Sensitive to GWs with frequencies between 20-2000Hz - / ( 7
» Compact binaries with total mass of 1 — O(afew100) M / ( > ) y)

» Data analysis for compact binaries:

»  Optimal search = matched filter

» Bayesian inference to extract binary parameters: masses, spins, I
source location, orientation, etc.

» Assumption: Noise is Gaussian and stationary — not necessarily true

» Requirement: Signal model — “tutti frutti” approach to modelling
compact binaries

» Analytical perturbation theory (inspiral & ringdown), numerical
relativity
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oy P Schmidt, Univ. of Birmingham



WAVEFORMS

SIGNAL MODEL

Inspiral Merger Ringdown
o ‘e ' D ‘) .
A Numerical Relativity
—
O post-Newtonian theory «— >
I (and PM & EOB) —
g
(}) BH perturbation
n theory
Y
S mass-rétio perturbation theory
(gravitational self-force) >
N
/ " &{\0\9} OQ\ fr equency Courtesy: H. Pfeiffer
Q\ 06 '6. P




MODELLING TECHNIQUES ot T
o 2 |~ [PretoriusO5]
|
NUMERICAL RELATIVITY (NR) :
<
»  Only few analytic solutions to Einstein field equations =
known ©
)
©
» No analytic solutions to the general-relativistic =
two-body problem > —< 0N, £/ 30
& | — - r=75M,, t/M,—30-28 |
» NRis a key ingredient to understanding GW - 7 r=100M,, t/My-30-28-27 Credit: G. Pratten/Einstein Toolkit
observations! 0 100 200 |
t/M,
» Breakthrough in 2005 [Pretorius, Baker+, Campanelli+]:
» First stable binary evolutions Reformulate the Einstein field equations (EFE) as
initial value problem (IVP)
» Extraction of the GW signal Prove existence of a well-posed initial value
problem
» Computationally expensive Numerically suitable reformulation of the EFE

. . “good” coordinates (gauge choices)
» Time consuming N
Initial data

» Many challenges remain! Deal with singularities ¢S, /(Cm2) 08T o081 8,/ (Grad)
“Find” the black hole horizons g -
| 0.2 03 04 U5 06 07 0& 09 10

§ P Schmidt, Univ. of Birmingham Extract gravitational waves /¢ [Boyle+ inc. PS, CQG]




MODELLING TECHNIQUES

NUMERICAL RELATIVITY (NR)

»  Open-source NR codes: Einstein [oolkit, NRpy+

» Recommended literature: Baumgarte & Shapiro, Numerical Relativity (Cambridge University Press)

Y

§ P Schmidt, Univ. of Birmingham [Credit: UIB]


https://einsteintoolkit.org/
https://nrpyplus.net/
https://www.youtube.com/watch?v=G4IrKYCKgCg

WAVEFORM MODELS

INSPIRAL-MERGER-RINGDOWN WAVEFORM MODELS CHEATSHEET

Phenom EOB NR Surrogates
Domain FD & TD TD (&FD) D
, Precession ,
Precession igher modes Precession
Physics Higher modes . , Higher modes
Some tides Some tides Eccentricity (NS)
Eccentricity (AS) Y
Efficiency Fast Medium to slow Slow
Accuracy Good Good Best
Systematics due to Systematics due to Only for massive BBH (can be
Caveats approximations & missing | approximations & missing hybridised)

physics

=8 P Schmidt, Univ. of Birmingham

physics

Limited parameter space



WAVEFORMS

PHENOMENOLOGICAL WAVEFORM MODELS

Closed-form expressions utilising analytical & numerical inputs
» Analytical information from PN/EOB + pseudo terms

» NR calibration in the strong-tield regime

» 3 regimes: inspiral, intermediate, merger-ringdown
J P J J mode-by-mode
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[Ajith+, Santamaria+, Husa+, Khan+, Hannam+, PS+, Pratten+, Garcia-Quiros+, Hamilton+, Estelles+]

y P Schmidt, Univ. of Birmingham




WAVEFORM MODELS 8

EFFECTIVE-ONE-BODY

» Two-body dynamics replaced by particle with reduced mass moving in effective metric:

‘ EOB Mapping

-
® HIEQIB—M\/lJrQV <Hff 1)
» Equations of motions:
i = (A/B)"? 8y, Hron pr, = —(A/B)"? 8, Hgop
P = 8p¢[:[EOB Py = ﬁg@

NR calibration

» Factorised waveform:

hEOB — 0 (tm - t) hinsplunge (t) 4 0 (t B tm) hringdown (t)

‘m ‘m ‘m

[Credit: G. Pratten]

: "_:: P Schmidt, Univ. of Birmingham



WAVEFORM MODELS

NUMERICAL RELATIVITY SURROGATES

» NR simulations are computationally expensive
V

» Limited coverage of the full binary parameter space

» Are pure NR-based waveform models achievable, i.e. no analytic
approximations?

» NR surrogate models [Canizares+ ,Field+, Blackman+, Varma+] O

» Continuous interpolation between discrete waveforms [Field+, Galley+]
» 5D precessing NR surrogate around GW150914:

. . . . . . W .

» ~270 NR simulations spanning ~20 orbits [Blackman inc. PS+] X

» /D precessing NR surrogate between mass ratios 1-4 and spins < 0.8

» ~1528 NR simulations [Boyle+ inc. PS]

—
/\ [Blackman+, 20 6]

2228 P Schmidt, Univ. of Birmingham



WAVEFORMS

WHAT PHYSICS IS INCLUDED?

»  BBH models: Highly accurate for circular binaries with aligned spins

» Including higher order multipoles

» Verified up to moderate mass ratios + additional gravitational self-
force information

o » Lack of simulations with large spins & long inspirals

» Some eccentricity (lots of ongoing work & recent progress) S
e o [Pratten, PS+, 2020]

Precessing BBH: modelled only approximately P15 0 B @ 85 0

my [M@_

» Little to no calibration to NR [Pratten, PS+, 2022]
O @® 12.51

BNS: low-order analytic f-mode tides + some calibration to NR 120

simulations

[
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Radius (km

»  No complete model including post-merger

—

1.0+

»  NSBH: no precession; no complete model including post-merger 105

L0100

= Equation of State
Adiabatic
Dynamical

y P Schmidt, Univ. of Birmingham
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MULTIMESSENGER ASTROPHYSICS WITH
GRAVITATIONAL WAVES



GW OBSERVATIONS

Masses |n the Stellar Graveyard

LIGO-Virgo GRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars
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01-03 HIGHLIGHTS 13

SOME HIGHLIGHTS (A PERSONAL SELECTION)

N — GWTC-3
LIGO Hanford Data (shifted) 0.0035 = 2= = - Sz — AN e GWTC-2
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2.9 P Schmidt, Univ. of Birmingham - - 4
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04 PERFORMANCE

FOURTH OBSERVING RUN

» Hl
- L1
S 160
» Oda: May 24, 2023 - January 16, 2024 < 1o
Q
» Duty cycle: H1 (68%), L1(69%) e 17 RRby
‘_5 100 .
2, $ . s ¢
g 80 2 S : - . !
O 60 .. . 4,‘ S L bt T e e e sl
Network duty factor R A e‘;'.':-‘ el ety U S A L St RN
[126897561€-1389456018) % 40 .;._" S “%“ y .-:';.‘.--": v e ." et v . ' ; . :" ‘{'
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m Single interferometer [29.7%] . [ &= R " et ) epe Lt
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Time [weeks] from 2023-05-24 15:00:00 UTC (1368975618.0)

Binary neutron star inspiral range

200 1 “ |l

»  O4b: April 10, 2024 - June 9, 2025 S
» Duty cycle: H1(54%), L1(74%), V1(79%) =3
Network duty factor %’
(1395790418 140297120353 %
Triple interferometer [39.2%] L
Double interferometer [37.7%)] <

Single interferometer [13.4%]
No interferometer [9.8%)

vvvvvvvvvvvv

0 6 17 TR 24 30 35 L &/ 5 0
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E P Schmidt, Univ. of Birmingham https://gwosc.org/detector_status



https://gwosc.org/detector_status

04 PERFORMANCE

FOURTH OBSERVING RUN

» As of July 25th @ 11.00 CEST:

» 118 significant detection candidates

» 2175 low-significance detection candidates
» Binary detection rate:

» ~3 events per week
» Public alerts now also for

» Low-significance triggers

» Early warning

» Automatically issued within ~30s

event ID: S240615dg
50% area’ 1 deg®
90% area: 5 deg’
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37, Total = 208

* O4a and O4b entries are preliminary candidates found online.

101 O2 O3a 03b./04a

O4b

[as of July 21]
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LIGO-G2302098(232bbbae), updated on 21 July, 2024
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Credit: LIGO-Virgo-KAGRA Collaboration



BINARY NEUTRON STARS

GW170817

» On August 17th 2017 at 12:41:04 UTC (14:41), LIGO detected GWs from a binary neutron star
inspiral: GW170817

500

— '~ p— -
- —
—, v —
— 5 - - B -
VIl S
. ~ = —

LIGO-Hanford

SNR ~ 18.8

LIGO-Livingston

WESNR ~ 26.4

Frequency (Hz)

50 LVC,PRL, 119, 161101 (2017)

30 20 10 0
Time (seconds)

A new way of probing the structure of neutron stars!
>1:9 P Schmidt, Univ. of Birmingham

Normalized amplitude

16



BINARY NEUTRON STARS 17

A GW MULTI-MESSENGER EVENT .
UVOIR lightcurves
» Coincident discovery of a short GRB by Fermi 15
» Observation across the entire EM spectrum v 20l :
© \
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=y P Schmidt, Univ. of Birmingham




WAVEFORM MODELS

IMPRINT OF MATTER ON THE GW SIGNAL

=~ point-masses, same
signals

+ tidal excitation of internal oscillation

Some energy used to deform the NS

Moving tidal bulges produce GWs

: P Schmidt, Univ. of Birmingham

neutron star

black hole

modes

Credit: T. Hinderer, T. Dietrich

tidal effects
J‘

NV u“

. 43 2
Ecw ~ |43 (Qorbit + QNS)}

N

Tidally induced
quadrupole moment

compllcated
post-merger
signal

tidal deformability

/

O _ _y e®
QY = &



WAVEFORMS 19

EFFECT ON THE GRAVITATIONAL WAVE

Energy goes into deforming the neutron stars

» Enhances GW emission relative to black holes 10-21 .
» Leading-order effect at 5PN: builds up a clean dephasing from = RIS
~400H7 = 10 o NS-NS BH-BH_E
15 merger merger
_c; 10723 3 g
VAVATAVAVAVAVAVAVAVAVAY Y S
v ¥ E 10724 -
g 100 Mpc Einstein Telescope
—-25 || . N B . A B . o
107" 40 50 100 500 1000 5000

» Leading-order phase contribution characterised by weighted t(H2) Credit: J. Read, 2013

combination:
]\ _ 16 (m1 -+ 12m2)m‘11A1 —+ (m2 —+ 12m1)m%A2
13 (M1 + mg)°

| best measured tidal parameter —

' tells us about the equation of state

[Flanagan&Hinderer, Favata, Wade]

£~-8 P Schmidt, Univ. of Birmingham



BINARY NEUTRON STARS

EOS CONSTRAINTS FROM GW170817 . e
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EE P Schmidt, Univ. of Birmingham




BINARY NEUTRON STARS

EOS CONSTRAINTS FROM GW170817 R R ERE

»  Using multi-messenger information to improve the constraint on the 12

neutron star equation of state

»  Prediction of kilonova light curve (forward modelling) & optimisation of
follow-up strategies

Apparent magnitude + constant
[\

GW EM 247
Dynamical Post-merger 277
M = (M1 M2)¥ ejecta: disk/ejecta: ol
(M1 + M2)1/5 | | .
10" 0 10
q — M2 /M 1< 1 Days since merger
+1.01
A+Mgoy: R=11.06 o km
i ﬂ", i Primary
i |I E Il i Secondary
I —— A2018-EoS
b C02019
] Il . Ca2020
E P ——D2020
= | I ——B2021
i :l : L |
Observer E Observer i R
GRB jet i ——
(gamma rays) S
s , .l | ! . .
228 P Schmidt, Univ. of Birmingham [Nicholl+, MNRAS 2021] 8 10 12 14 16

Radius (km)

21



BINARY NEUTRON STARS 22

GW170817: A BRIGHT STANDARD SIREN

» GWs give the luminosity distance & inclination distributions

» EM identities the host galaxy (sky position) from which we can determine the Hubble velocity distribution

| | —— p(Ho | GW170817)
l l Planck?!’
. . SHOES?®
0.04 - I I
| |
| |
| |
| |
I I
() | I I 19 B B
g 00 | | Ho = 70.07 % kms™" Mpc™!
n I I
. I I
c l | (at 68.3% Cl)
< ! !
~ I I
s 0.02
T
Q. I
| |
I I
| |
| |
0.01 - l l
| |
I I
| |
| |
I I
| |
0.00 : | — | | '| | | —1
50 70 80 90 100 110 120 130 140

Ho (kms~!Mpc™1)

N P Schmidt, Univ. of Birmingham [ LVC, Nature 551,85-88 (02 November 2017)]



BINARY NEUTRON STARS 23

GW190425

»  BNS with SNR ~13 observed in LIGO Livingston in O3a

»  Component masses consistent with neutron stars

» No improvement on EOS constraints (consistent but less constraining)

l ,,‘ X, ~~ (""‘\'t) 10_ I X < Oo89 /\
~ v < 0.05 | > S
16 AR\ \ = 81 ------- Galactic BNS
\ \, ’ D
o K \\ \ 'U
.‘. \ \ \ =
= Nl = -
314 % 2N —
o o =
= L T 4
1.21 \\‘\ \\‘ N 8 )l d N
L \\ ;-\\\\\ D_‘ 2 | '// \\
\\ \ / \\\
.. N T
. O — T LT

200 225 250 275  3.00 325 350 375  4.00

130 L7 200 225 230 275 2.00 '
5 v . mtot (M@)
iy (M)

28 L Schmidt, Univ. of Birmingham VK, Apd L 892:L3 2020




GW190814

GW190814

» ldentified in low-latency by LIGO-Livingston & Virgo

» 3-detector SNR ~ 25
» Latest skyway (green) issued 13.5 hours after the detection
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—60°

=y P Schmidt, Univ. of Birmingham




[LVC, ApJL 896:L44 (2020)]

A binary black hole or a neutron star — black hole binary?

GW190814 m, The secondary is heavier than known
~2.6M, NSs and lighter than known BHs.

2M, 4M, 5M,

PSR J0740+6620 ? BH candidate EM BHs

221 M, ~33M, 25M,
Cromartie+ (2019) Thompson+ (2019) e.g. Ozel+ (2010)

GW170817 remnant

=z7M®
LVC (2017) [LIGO-DCC G2000963]

A

S P Schmidt, Univ. of Birmingham



BBH OR NSBH?

26

GW190814 - WHAT IS THE NATURE OF THE SECONDARY?

L2
GWI170817

1.0 & GW190425

GW19081/
. M awi90s14
0.6 -
GW190412

Hi GWI70608

| GW 151226
0.2 -

GW151012
0 9 4 6 3 10 12 14

Iy / A'[ O, |

Difficult to reconcile with neutron
star maximum mass constraints

. ('

,}.‘

-

:EE P Schmidt, Univ. of Birmingham

— GWI170817 Low Spin |
Es —— GW190425 Low Spin </
= 0.0004-
a
= o |
= Y
"z 0.0002:
(=X
A, AN
0.0000 | ' ]
1000 2000 3000
As
No tidal information obtained
Asymmetric mass ratio
suppresses tidal effects
117 ¢ A .
0 Ptidal X / 2 25/2 (PN Corrections); g <1

16 (1+¢)7° X1 Xg =

-
-
-
-

-

O0RT G081

Low black hole spin

makes tidal disruption

unlikely

[LIGO-DCC G2000963]



GW230529

27

6W230527

» L1-only detection by 3 matched-filter searches with SNR ~ 11

o

o § VS
(8

-.EE P Schmidt, Univ. of Birmingham

[LVK, arXiv:2404.042438]

50% area: 8,431 deg®
90% area: 24,534 deg®



GW230529

6W230527

» Primary mass < 5SM at 99% credibility

» Secondary mass consistent with a neutron star

Primary mass mi /Mg

Secondary mass ma /Mg

Mass ratio ¢ = ma/m;

Total mass M /Mg,

Chirp mass M /Mg

Detector-frame chirp mass (1 + z) M /Mg
Primary spin magnitude y1

Effective inspiral-spin parameter Yeg
Effective precessing-spin parameter xp
Luminosity distance D1, /Mpc

Source redshift z

3.670°5
1.479°5
0.3979-14

0.6
515076

1.9470704
2.026 75 905
0.441039
—0.1079-12
0.4079 50
201702

0.04+0:02

Ty P Schmidt, Univ. of Birmingham

2.9

1.5

1.0

L I

N

GWI1708

GW2001

17

GW190425
m GW190814

05-162426

= GW200115.042309

29 §

28

'

/

0
[LVK, arXiv:2404.04248]
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GW230529

FILLING THE MASS <—> GAP

with observations of compact binaries from gravitational waves

GW190425 *‘
H— GW200115

(primary) GW230529 .
(primary) (primary)

GW230529 |

(secondary) e |
~ GW190814
© (secondary)

Mass of compact object (M) 1 2 3 4 5 6

Includes components of compact binary mergers detected with a False Alarm Rate (FAR) of less than 0.25 per year

S P Schmidt, Univ. of Birmingham [Image credit: S. Galaudage/Observatoire de la Cote d'Azur]



GW230529 30

6W230529: BLACK HOLES OR NEUTRON STARS?

»  Source most likely an NSBH after accounting for uncertainties in population models and EOS constraints

X1, X2 < 0.99 X1, x2 < 0.05 POWER LAW + DIP 4+ BREAK
P(m; is NS) (2.9+0.4)% < 0.1% (8.8 £2.8)%
P(msy is NS) (96.1 + 0.4)% > 99.9% (98.4 + 1.3)%

» Assuming an NSBH, the minimum black hole mass in NSBH is lower than previously inferred: ~ 6M_ — ~ 3.4M

L R eene s mm Only GW200105 + GW200115 i
= 2 L i { = With GW230529 |
= E | i ' — Differential merger rate (mean)
— | ;1 . = == Mmin,nH posterior (90% credible interval)
o E : ;
2 ! | |
5 ny z
— OL. ... S e T R SO SRS
ar 107 A E -
7| & i 1]~ ~
2 I a4 .
&= {1 1 o |
2 1 6 8 10 12 14 16 18

[LVK, arXiv:2404.042438]

§ P Schmidt, Univ. of Birmingham



GW230529

WHAT ABOUT MATTER SIGNATURES?

______
- - -

-
-
- .

'NS
\\)

BH
ws > - stable
accretion 2 —4 kHz

H ’ M‘.’\' max < Mbmurv o
inspiral = Moinary <3 Mg &
// Mpinary v MR Iy her-p \\\
. 955, shor. e S| BH
‘ merger hypermassive NS\\ ‘
NS

ringdown

NS

/O

>
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< 1kHz GRS G © 7, X T B 00 B 7 74

inspiral

/

———

—
Ridar = Risco

» tidal disruption

//;;Iunge

ringdown

P SChmidt, UIrv. O DIrrnngridiri

31

[Bartos+ 2019]
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GW230529

WHAT ABOUT MATTER SIGNATURES?

4

[Gompertz+, inc. PS; Fourcart+]

Unequal masses & anti-aligned BH spin: indistinguishable

from BBH
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Comparable masses & aligned BH spin: tidal disruption
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GW230529

6W230529: RATES & EM PROSPECTS

»  (Provisional) Update of local NSBH merger rate: 30 — 200 Gpc™yr~! (note after O3: 18 — 44 Gpc>yr™})

| — BINNED GAUSSIAN PROCESS | ]UQE ey M =0 M
0.8 .= PowERr LAw -+ DIP BREAK | : i ' | e A/f}:em,min = 0.1 Mg
s .| ™= With GW230529 A A\ = With GW230329°
olr:- _l’ ; \‘ F';D ]
Q) , i T . -
E : : : 1 : L .
.z(\ : ' N g ‘ 5
Yo & J-OU 7
| N\
oo 0.2F |
107! 10¥ 10! 107 0.0 (.1 0.2 0.3 0.4
733—5 Mga l:C;pC—S yr_l} fEI\'I-bright — f(j\fl}:zm = A{Bﬂm,min)
GW230529 increases the inferred GW230529 increases the inferred fraction
lower mass gap merger rate! of NSBHs with EM counterparts!

R P Schmidt, Univ. of Birmingham [LVK, arXiv:2404.04248]
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6W190521

» Very massive binary black hole: my = 85+ M@ mo — 66+ M@
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EM BRIGHT BBH?

» Mergers surrounded by gas (e.g. in AGN disks) can create counterparts

» Interacting shocks, mini-disk interactions, accretion onto remnant black hole & jet formation (see e.g. Murase+ 2016,
Bartos+2016, McKernan+ 2019, Rodriguez-Ramirez+ 2023, etc)

» Claim of EM counterpart to GW190521 by [Graham+, PRL 2020]

» Redshift measurement

Your gravitational-wave 5 E/:‘ :i

sprinkler: N ~
Eejected .
| (D)
2 . yCenter of mass l f\ - ( A)
m)
. l 7 Becoil

[Credit: Astrobites]

Ty P Schmidt, Univ. of Birmingham
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RUN EXTENSION & 05

» O4 extended until June 9th, 2025

Updated mm O1 == 02 == O3 == O4 05
2024-06-14
80 100 100-140 150 -160+ 240-325
Mpc  Mpc Mpc Mpc Mpc
I | |
LIGO 1 B I HE ~
30 40-50 40-80
. Mpc Mpc See text
Virgo | I o T
0.7 1-3 =10 25-128
Mpc Mpc Mpc Mpc
KAGRA | . W
| | i i | i i | i i | | | | | I
G2002127-v25 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Virgo target sensitivity and entry date

See https://observing.docs.ligo.org/plan/ for O5 are currently being assessed

Py P Schmidt, Univ. of Birmingham
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LIGO/VIRGO UPGRADES?

» A# — a possible targeted upgrade to the existing LIGO
facilities (see https://dcc.ligo.org/LIGO-T220028//public)

» A factor of 2 improvement in sensitivity (larger test
masses, improved seismic isolation & mirror coatings,

Redshift

100_
higher laser power, etc.) 3 —
»  Similar upgrade proposal for Virgo (V_nEXT) AR
Al
Range [Mpc] Post-Merger ' (A+ coatings)
: : (10) (max) _ A* wideband
Configuration BNS BBH {epy|min|  2max  ppm’ Ppm —— Voyager doop
O3 LLO 130 1200 0.3 1.3 0.4 0.6 Voyager wideband
July 2022 LLO 120 1200 0.5 1.5 0.3 0.5 10_1101 T n — s
A+ 350 2600 2.7 3.2 1.4 2.0 Total source-frame mass [M]
A+ Wideband 290 2300 3.7 3.5 2.2 2.6
Af 600 3700 6.2 b4 2.7 3.7 A [ Detect
A (A+ coatings) 440 3000 6.1 16 27 34 Configuration e o eeons
Af Wideband 490 3300 6.8 5.5 4.8 5.6 B ALEL bbLl
| | | | A+ 6971 201770 14407573

A* Wideband (A+ coatings) 400 2900 6.7 4.7 48 55 h T
AP 364100

A¥ (A+ coatings) 138731

| - A* Wideband 177795
Estimated time before merger of an raeban —120

optimally-oriented BNS with 1.4 + 1.4 M at
z = 0.03 such SNR = 8 in a given detector

y P Schmidt, Univ. of Birmingham

15267137 613173132
6301927 2902+1149

009712 39371908
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3G DETECTORS

THE NEXT GENERATION

EINSTEIN TELESCOPE

gravitational wave obseryatory

-~

DETECTOR STATION = *

30 TUNNEL @ ~5m

CENTRAL FACILITY

COVFPUTING CENTFE

3
5 s~
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o 1

Alday
e

Length ~10 km
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LY
PRIV =3

years ago

Credit: Evan Hall
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| | ll]ll]l ] ] ]l]lll] | 11
THE NEXT GENERATION T e
1072 — 10M,

8 {--- ET-D E
» Detection rate: 10> - 106 BBH events per year; 10> BNS events per year = f j
» New GW & MMA sources! K v ] ' ;
= [ L gh
» Access to the BNS poster merger phase Z 1020 U\‘lfw i
» Possibility for discovering GWs from CCSNe & isolated neutron stars § lM :
= k |
_— = 10 pc o f
[Radice+, 2019]
CE40 ©® BNS @ BBH @ Poplll BBH e PBH e NSBH

Redshift z

i 10 100 1000 1 10 100 1000 1 10 100 1000 4 10 100 1000

Total Binary Mass [M] Corsi, 2024]

EE P Schmidt, Univ. of Birmingham



3G DETECTORS

THE NEXT GENERATION

»  20/40: cosmic explorer with 20/40 km long arms

» ET: triangular Einstein telescope with 10km long arms

» H/L/A: Hanford, Livingston, Aundha with A# sensitivity

»  Assumed BNS rate: 320 Gpc ™ yr~!

»  Observation time: 1 year

»  Minimum frequency: 5 Hz

10 AQ < 10deg®, 5mins before merger ot HLA —A— 20LET
--@-= HLET - AQLET
2 SNR > 10 @ 20LA  -4- 4020A
O ~%- 40LA % 4020ET
p 10 —
E 4
()
N 3
Q w4 S g T
c |\ . S¥ S
+ """""
@)
=
100_
0 —p=——%
10°

Time before merger (mins)

P Schmidt, Univ. of Birmingham

[Corsi+ 2024 & Gupta+ 2023]
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1 40LA
[ 1 20LET
1 40LET
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LIl 1l |

| | | B | | |
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Redshift

AQ < 10 deg?
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Redshift



INTO SPACE

LISA: DISCOVERING GWS IN SPACE

1/2
» Sensitivity range: 0.1TmHz - THz o ~ 1 (3M ~ 1kHy 10M g
0 A\ P3
» Access to new sources: dm \ R M
» Galactic double white dwarts L —
» Supermassive black hole binaries T e, Galactic Background
! I\ day hour l MBHBs at 2z = 3 .
» Extreme mass ratio inspirals 07 s wllus % Verification Binaries |-
: \, — EMRI Harmonics :
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