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The week ahead — where this hour sits

Monday, August 10, 2026 Tuesday, August 11, 2026

Registration

Wednesday, August 12, 2026 | Thursday, August 13, 2026 ‘ Friday, August 14, 2026

m Welcome - Opening Remarks

Lecture: Introduction to Gravitational Lecture: Compact Binary Coalescence - Lecture and Tutorial: Calibration - 9 Lecture: LIGO-Virgo-KAGRA
Wave Astronomy Searches - Chad Hanna Elenna Capote Rob Coyne Operations - Nicolas Amaud
W Break Break W Break ‘ W Break
Lecture: Overview of the Observatories .\ ' ‘| | Lecture: Detector Characterization - Lecture: Compact Binary Coalescence Lecture: Building a Gravitational Wave Lecture: Multim ger Astr -
- Elenna Capote (Caltech) Derek Davis Parameter Estimation - Daniel Williams Catalog - Ed Porter Barbara Patricelli
(ki Lunch . Lunch m Group Photo . Lunch . Lunch
- Lunch
: -" anel Discussion: General Questions " Lecture: Continuous Waves - Lorenzo Lecture: Dark Matter Searches - Lan Lecture: Optics - Jessica Steinlechner Tutorial - Population Studies - Aditya
$and Introduction to the Collaboration 3 Mirasola Nguyen Quynh Vijaykumar
- = - ‘
3 Tutorial: Computing - Cort Posnansky (3 Tutorial - Detector Characterization - : : 2L Tutorial - Searches/Parameter
(Penn State) Jess Mclver (UBC) Derek Davis _’. : Estimation - Shio Sakon (Penn State)
(University of Rhode Island) ) Harrison Siegel (Perimeter Institute)
L .
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Four questions you should be able to answer by lunch

How big is the effect? What makes a source? What does a detector What makes it
measure? astronomy?
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The size of the effect
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Gravitational waves in General Relativity
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The quadrupole estimate

: 2G 1d°Q; 22GM/c2 p2
U™ 4 dp? r c?

¢ Mass conservation, no monopole radiation; momentum
conservation, no dipole radiation
e Quadrupole is the leading order:
e |t increases with the mass involved in the quadrupole
and the square of its velocity
* |t decreases inversely with distance to the source —
amplitude sensitivity gains translate into cubic volume
gains
* We need sources where all three factors are simultaneously
favorable

Pirsa: 26080002 Page 7/32



Back of the envelope: GW150914

B. P. Abbott et al. Phys. Rev. Lett. 116, 061102
T | I T

Inspiral Merger Ring-
Masses Compactness down
My =36 MO, my =29 MO 2GM/c? = 190 km r
M_total = 65 M® for 65 M© J 0 .
Velocity 1.0 ‘ —
L]
v/c = 0.5 near merger = 0.5 ]
> (v/c)=0.25 <
= (.0
£
G
5-0.5 -
Distance Result %]
d =410 Mpc h~ 10 10— Numerical relativity I
2 - W Reconstructed (template)
= 1.3 x 10** km measured: 1.0 x 10 I | | ]
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Constructing a sensitive detector

Test eAL=h:-L=5x10"®m
e Five thousandths of the radius of a proton
e Measuring it with light of wavelength = 1 um
— twelve orders of magnitude larger

e Power recycling and arm cavity gains achieves
about 1025 photons, measurement is
improved by 1 over square root of that

S, Ly=4km _

Test
Mass

Power Bearn L, =4km

Recycling Splitter
- »—I] p H B. P. Abbott et al. Phys.
20W & 100 kW Circulating Power Rev. Lett. 116, 061102

Laser
Source Test Test

Signal Mass Mass
Recycling ;

"W Photodetector
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Why the band is 10 Hz to a few kHz

1071 = e * Many noise sources in a real detector
}4| )1 E Eoifniﬁ.“t'”'u ‘ e Sensitive frequency range is defined by:
\‘\ | 'Lil- vl e Seismic motion and gravity-gradient
U \ o noise at low frequencies (<10Hz).
\ = 3?13?::“‘%0 Uvingston e Shot noise (photon counting
statistics) in the readout at high

10—19

frequencies (>200Hz)

A

e Thermal noise in the mid frequencies
— where the sensitivity lives

Total |

Displacement noise [m/v Hz]

10-20 [Coating Brownian |

e

\ i) . ——
T Suspension thermal
Y'Gravity gradients
- LS|

* The observing band is therefore an

bha, LTS Substrate Brownian . - -
Fad Y e
P s Jne}mnc_-. englnee:rlng outcome, not a physical
P . T . M i e Sl e R TR constraint
10! 102 107

Frequency [Hz]

Vajente, Gustafson, Reitze in Advances In Atomic,
Molecular, and Optical Physics, Academic Press, 68, 2019
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The gravitational-wave spectrum

period

Adapted from: Romano, J.D., Cornish, N.J.
Living Rev Relativ 20, 2 (2017)
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Four classes of signal, four analysis problems

Short-lived Long-lived
< >
Known o ] ]
Modelled + transient Modelled + persistent
Waveform
Compact binary coalescence. Continuous waves from spinning neutron stars.
Matched filtering against template banks. Long coherent integrations, huge parameter
Unmodelled + transient Unmodelled + persistent
Unknown Supernovae, cosmic strings, the unknown. Stochastic background.
Excess-power and coherence methods. Cross-correlation between detectors.

Waveform V
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Compact binary coalescence: inspiral, merger, ringdown

e Three regimes of one signal, each needing a
different theoretical tools
e Inspiral: post-Newtonian (Minkowski)
expansion
e Merger: numerical relativity — no analytic
handle, full Einstein equations on a
computer

e Ringdown: black hole perturbation theory,
quasinormal modes of the remnant

* Modern waveform models, such as Effective
One-Body (EOB), stitch approximations together
and calibrate against numerical relativity
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Strain (1072")
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B. P. Abbott et al. Phys. Rev. Lett. 116, 061102
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Strain from inspired at the detector

] 2/3

1)~ 20, 4,6, ) [z’ f(M, 15— 1)) cos[®(ty — 1) + ]
‘3

e Phase evolution is controlled by the chirp mass .# — which

. . o (m1m2)3/5
is why o is measured far better than the individual masses M = (1 13 Z)
1/5
* Amplitude carries distance and orientation together, so (my + my)
distance r and inclination L are degenerate: major
T : 5/8
limitation on standard-siren cosmology o Ip—1t
* Only the redshifted mass #' = (1+z).# appears — GW - S5
observations never measure a source-frame mass without 1/
a cosmology or a counterpart 1 o 1 5 YA

* @ is the antenna pattern: sky position and polarization f = — ;
enter through the detector, not the source 2z ot n M 256 fo—1
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Order of magnitude: when does it merge?

0% / M~27M, | |GW150914 | -
103}

M =~ 65M 3 M
/ ° E: C—n_d4.4ﬂekHZ

SCO = 32,GM

102}
101k

10°F

1071f
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104E
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107

il
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105k | ]
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What we have not seen yet

e Core-collapse supernovae:

e Guaranteed to emit, uncertain waveform,
essentially a Galactic-rate problem

e Continuous waves from spinning neutron stars:

e would give a direct handle on crustal
physics and NS ellipticity

e Stochastic background of cosmological origin,
as distinct from the astrophysical foreground

e Sub-solar-mass and other primordial-black-hole
candidates

* And the genuinely unanticipated

e historically, new observational windows
deliver surprises
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I I I From measurement to astronomy
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International Gravitational-Wave Observatory Network

9 In operation

9 Under construction 0 GEO
Q
¢
LHO Virgo
Q
¢ KAGRA
LLO
Q
LIGO India
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Observing runs
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The anatomy of a successful observing run

The instrument The analysis The astrophysics
Noise, coatings, squeezing, calibration, Filters, backgrounds, posteriors, Populations, formation channels,
detector characterization, computing — selection functions. cosmology, strong-field gravity.

what sets the limit.

Pirsa: 26080002 Page 21/32



Matched filtering in one slide

e Correlate the data against a bank of template
waveforms, weighted by the inverse noise
spectrum

* The noise-weighted inner product is the whole
idea: frequencies where the detector is quiet
count for more

* Template banks are large because the parameter
space is large — this is a computing problem as
much as a statistics problem

* The signal is invisible by eye:

* GW150914 had SNR = 24 and you still cannot
see it in the raw strain

e Typically requires a trigger with SNR above a
threshold in more than one detector to suppress
instrumental noise artifacts
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Significance: what a false alarm rate actually is

e FAR is a statement about the search, not
about the universe:

e how often this pipeline, on this data,
produces something this loud by chance

e Backgrounds are estimated empirically

e time-slides and other techniques break
real coincidence while preserving the
noise character

* FAR is not a probability the event is real

e Getting to a probability of astrophysical
origin requires a population prior
* Low-significance alerts exist precisely because

the threshold is a choice, and different follow-
up programs want different thresholds
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Candidate

Inst.‘

Burst

CBC

FAR
yr ")

SNR

Pastro

FAR
(yr™ 1

SNR

past ro

GW240406_062847 HL

GW240413_022019

GW240414_054515 HV

GW240420_175625
GW240426_031451
GW240428_225440
GW240501_033534
GW240505_133552
GW240507_041632
GW240511_031507
GW240512_024139
GW240513_183302
GW240514_121713
GW240515_005301

HLV|

H
HL
HV

0.028 129

0.0046 10.3

0.0035
0.45

10.4

9.2

0.0013 16.2

0.0013 13.8

0.0013 16.9

81 128

> 0.99

> 0.99

> 0.99
0.97

> 0.99
> 0.99
> 0.99
0.55

<1.0x107°
<1.0x107°
0.0026
350
0.0011
<1.0x 105
< 1.0 x 10~5
0.13
5.7 % 10~4
<1.0x 1073
<1.0x 1075
<1.0x 1073
<1.0x10°°
<1.0x10°°

Extracted from A.G. Abac et al.
https://arxiv.org/abs/2605.27225

11.2
17.1
10.7
10.0
9.4
15.5
10.2
8.7
10.2
15.9
11.1
14.5
15.6
11.6

> 0.99
> 0.99
> 0.99
0.02
> 0.99
> 0.99
> 0.99
0.98
> 0.99
> 0.99
> 0.99
> 0.99
> 0.99
> 0.99
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Parameter eSti mation ¢ The output is a posterior distribution over ~15 parameters,

never a point estimate

Table 2. Source Properties of GW230529 from the Primary Combined Analysis (BBH
Waveforms, High-spin, Default Priors)
_/\ Parameter Value
L
3 d O 1 ’ Primary mass mq/M., 3.6_(1':3
Secondary mass my/M, 1.4"2;?
- \ 1 Mass ratio g = mafmy 0.39 041
2.5F 4 |
I ] Total mass MM, 51708
. ]' ] : —0.04
—_— ] Chirp mass M /M, 194
= q / 0.04
® ! 5 ]
E 2.0F a= i A Detector-frame chirp mass (1 + 2)M /M., 2.026" )00
— L 10
o 1 Primary spin magnitude x; [).44(’,:2}10
GW170817 l Effective inspiral-spin parameter Xa¢s 0,100
15 I GW190425
OF - : S 039
[ = GW].QOS 14 | ) Effective precessing-spin parameter x, 0.40" 535
GW200105—162426 1 ] Luminosity distance D /Mpc 2011532
m (GW200115_042309 Zf‘ N 0.04:002
- AL : 1 ource redshift z KT R
ioLit% | = GW230529 1
1 1
U 10 20 Note. We report the median values together with the 90% symmetric credible intervals at a reference
frequency of 20 Hz.
m [ ]u@] : G.Abacetal AplL970 L34 (2024)
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Low latency and the multimessenger clock

Time relative to gravitational-wave merger

Detection [N

Classification [l
Sky Localization [Jj

Detection [
Automated Vetting [[] | 1st Preliminary
Classification [J] fAlert Sent

Sky Localization [

Cluster additional events [ |2nd Preliminary
Re-annotate [J|Alert Sent

Parameter Estimation (R
Human Vetting [

Classification |

Parameter Estimation [N | Update

Classification ||Alert Sent
-30 s Os 30s 3 minute 1 hour 1day 1 week

Early Warning
Alert Sent

nitial Alert or
Retraction Sent

Preliminary alerts in ~30 sec latency in O4 distributed via SCIMMA and GCN

24
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Highlights from O4 - Hubble-Lemaitre Constant

This work (Updated)

Abbott et al. 2021
ApJ, Vol. 909, No2

Abbott et al. 2023

ApJ, Vol. 949, No2

Abac et. al 2025
arxiv 2500.04348

This work
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Bright siren mmm Dark + bright sirens

mmmm Spectral 4+ bright sirens

c_:\\"l‘(_#l: [T CBCs]

o o ————— - i ——————

GWT@-3.0 [43 CBCs
S

GWTC-3.0 [47 CBCs]

GWTC-40 [142 CBC|
]

GWII'C-4.0 [142 CBCs]
-— |

GWTC-5.0 [236 CBCs|
= -

GWTC-5.0 [23p CBCs]
— |

Planck

Ade et al. 2016
AEA, Vol, 594
SHOES

Riess et al. 2022
ApJL, Vol. 934

LVK Collaboration,
https://arxiv.org/abs/2605.27227
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GW250114: what higher SNR buys you

GW150914 — Sept. 2015 . Hanford
|

Abac et al, PRL 135, 111403 (2025)

GW25014 — Jan. 2025 Hanford

Credit: Caltech/MIT/LIGO Laboratory

te=t— Ipeuk I’M I

Hawking
Area ‘
Theorem

T T
=50 0 50
L= tpeak [En]
Energy
Conservation

Probability Density

I 2
Fractional Area Dilference, (Aj—A;)/A;
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* Near-equal masses, m; =33.6 M©® and m, =

32.2 MO, low spins, low eccentricity — a clone
of GW150914!
* SNR = 80 makes black hole spectroscopy

possible: resolve the 220 mode and constrain
the first overtone

» Ringdown frequencies and damping times test
the Kerr nature of the remnant directly

¢ Horizon area confirmed to increase across the
merger, consistent with Hawking's area theorem

* The general lesson: sensitivity does not just find
more events, it changes which questions we can
ask and answer
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The next decade - LIGO Example

Updated Mar 3 2026
10+ CY time-line:
{A+, A% and CE) CY2026

LiGo-2600011+1 |01 @2

LIGO

cY2027 cY2028
Q3 o4 (@1 @z

cY2029 CY2030 CY2031 cY2032 CY2033 CY2035 CY2036 cYz038 CY2039
Q1 G2 @3 04(Q1 02 03 Q4@ G2 Q3 Q4[/Q1 @2 @3 @4(Q1 G2 Q3 Q4/@1 G2 @ G4 @1 G2 Q3 Q4[Q1 @2 G3 @4[Q1 Q2 Q3 Q4[Q1 G2 @3 Q4

CY2040
Q1 02 @ 0401 Q2 Q3 e4]01 G2 Q3 Q4

Q1

A+ Install

c c e

Notes: Even though no run shown in these years, not decdied on yet.

| |

A# Proposal |[Funding /fabrication

Install
=
Comm ! c c
Notes: TBD: All at once or staggered 2/17: Modified Install and Comm and brought IR3 forward 1 year.
~ IS NN NN NN EENEEIENENIENENEENNENNOEEEE NN
Explorer Conceptual Design phase Preliminary Design Final Design/Funding |Construction
CE Detector Install
oy |
Notes:

For Rubin: Preliminary Design duration: foughly 2 vears Gap from PDR to construction funding start: 3 years

Comm

Construction

Noles; Updated from netes from Brien 2/20/2028

LIGO-M2600011-v1, Reitze et al,

30
LIGO Laboratory
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Next Generation Detectors - late 2030s or early 2040s
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Science :: CE with 2G CE with ET CE, ET, CE South
o o (=] o o (=] (=] o (=]
N T 9 a o T N T =
o o s & & s & & e & o &
Theme Goals o~ I a N & &N = T N N <

Black holes from the

first stars
Black holes and

I
-
AN

neutron stars
throughout cosmic
time

Dynamics of dense
matter

Extreme gravity and
fundamental physics

Discovery potential

Technical risk

Seed black holes

Formation and evolution
of compact objects

Neutron star structure and
composition

New phases in quantum
chromodynamics

Chemical evolution of the
universe

Gamma-ray burst jet engine
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What you are joining

The instrument The analysis The astrophysics

Noise, coatings, squeezing, calibration, Filters, backgrounds, posteriors, selection Populations, formation channels,
detector characterization, computing — functions. cosmology, strong-field gravity.
what sets the limit.

These are one problem, not three — there is lots of work to do

Thank you —
questions.
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