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LIGO Gravitational Waves (GWs)

The waves of the electromagnetic
force are realized as (electric and
magnetic) fields which propagate
through space and time.
[Maxwell, 1865]

General Relativity describes
gravity in terms of a spacetime
which is deformable.

[Einstein, 1915]

GWs are oscillations of that
spacetime. [Einstein, 19106]

“ripples in spacetime”
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LIGO Propagating gravitational wave O
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LIGO Gravitational waves and LIGO: short version O

As detected by LIGO:
Binary black hole system

test mass

light storage arm

light
test mass Storage test mass

test mass

beam
splitter photodetector

power recycling mirror

GW ripples manifest as a space
strain h, where h=AL /L

Realistic sources: h ~ 10-23
= AL~ 10" m (Yikes!)
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LIGO Hanford Observatory

R Frey June 20, 2025



€S

.
©)
)
>
C
)
n

O
@)




(7))
| .
)
O
&
©
i
O
&
-
-
O
(O
>
)
e
r—
)
O
7))
L=

R Frey June 20, 2025




LIGO  Reducing the noise = increasing sensitivity O
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LIGO Observing runs O

Updated o1 02 03 04 05
2025-06-11
80 100 100-140 150 -160+ 240-325
LlGO I\/Iic Mpc Mpc . Mpc I Mpc
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. Mpc Moc Mpc See text
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The numbers represent the GW sensitivity of the detectors.

Specifically, they are the distance (in Mpc) that a binary neutron star (BNS)
merger can be clearly observed (SNR=8) by a single detector when average
over all sky positions. The maximum distance (‘horizon’) is about 2.3 further.

Because of their larger masses, BH mergers can be observed much further:

several Gpc in O4.
R Frey June 20, 2025



LIGO
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September 14, 2015, 2:51 AM Pacific

Boom !

Hanford, Washington (H1)

Livingston, Louisiana (L1)

0.30 0.35 0.40 0.45 0.30 0.35 0.40
Time (s) Time (s)
GW150914

First observation of GWs
First direct observation of black holes
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LIGO  Binary black hole inspiral, merger, ringdown O

[ [ [ [
Inspiral Merger Ring-

f" down
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— Numerical relativity
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LIGO simulated Nearby View — slowed down 100X

Video link: https://youtu.be/l 88S8DWbcU
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LIGO GW Discovery Accolades
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Boom II:
Binary neutron-star merger August 17, 2017 (O2)




LIGO Neutron stars

NS result from normal stellar evolution for massive
stars in the range 8 to 40 M®

= Fusion to lron

= Supernova (Type Il)
NS mass: 1to 3 M@

» (heavier remnant = black hole)
Radius ~ 10 km

~ nuclear density! At surface: g=2x 10? m/s?
Mysterious composition

= new phases of matter?

= quark matter?

= dark matter?

outer crust 0.3-0.5 km

/ ions, electrons

il’mer crust 1 —2 klﬂ
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid

few % electron Fermi gas

inner core 0-3 km

R Frey quark gluon plasma?



, gamma-ray burst,
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LIGO August 17, 2017: LIGO+Fermi O

Event rate (counts/s)

Frequency (Hz)

1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)
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Time from merger (s)

At=1.74 = 0.05s
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LIGO Speed of gravity O

At — 174 1 OOSS — Atastro _I_ EDZ(CQ — C)

At astro ~2 s is very reasonable
= Qur prior based on astrophysics of SGRBs was At =[0,4] s
» jet with y ~ 50 is delayed by ~2 s (relative tov=c) ata
photospheric radius of ~30 AU

« Limits: (1) Let At_astro = 0; (2) Let At _astro = 10 s:

—3x 10715« 89—C 7 x 1016

C

« Future measurements at different distances can improve this
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{IGO 170817: Astrophysics O
The “kilonova

 Tidal disruption of the merging neutron
stars
= Disruption depends on NS “stiffness” (EOS)
» Subtle effects in GW waveforms

* Hypothesis pre-170817:

* Nuclear ejecta bombarded by neutrons
- v~0.1-03c
= Creation of heavy nuclei (r-process)

= Unstable isotopes = decay = glowing object
"kilonova”

= Similar to Supernova afterglow

Shibata
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LIGO G\ Iocalization allows ID of afterglow (kilonova) O

ApJL 848 L12
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8h

~30°

Swope +10.9 h

NGC 4993
43 + 3 Mpc

offset of 2
kpc — typical
of kicks

“Multimessenger Astronomy-



and the astronomy world tuned in

— @
> T e ©
// ® @
// K o ©
' 4 LIGO Hanford & . 5 K
/' - ... oo, ML, N
' o$ Virgo ' © A N\
4 y 3 0 ° S ¢ - = i ®
A LIGO Livingston 0 il TR,
® gy *'W ; v [
\\ Qe & o‘ 4
\\ ¥
\ /
L /'
\\\\ ¥ /
\\\ /-’/

R Frey June 20, 2025



GW170817
®

Hubble

e.g. optical/IR and x-rays

22 August 2017
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GW170817
@
E

0.5-8.0 keV
26 August 2017

Chandra

Troja, et al, Nature 2017




LIGO

t:0.00e+00s / T:10.96 GK / pi: 8.71e+12 g/em”

ll.”., rcch
100 h

outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km

Pb (282

neutron-proton Fermiliquid  |()* 17
few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?
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LIGO (yigins of elements: Major Update due to 170817 O

| ©)
52
Te
84
i Po

50
Sn
82
Pb

~

~ »
~ IN ‘
fl B B

-

E
N o
H
ﬂ
c
o
E
n
o O
o
E
H
o ~
o))
H

= o
H

58 59 60
Ce P Nd
90 91 92
Th P u

57
La
89
Ac

.

Merging Neutron Stars  Exploding Massive Stars g Banc
Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fission

R Frey June 20, 2025



LIGO Black hole masses O

* Supermassive — rapid accretion in early star forming era
= not observable by LIGO
= Galactic centers
= Milky Way: 4 X 10° Mg
= M87: 6% 109 M,

o ‘Stellar mass’
= Presumed products of stellar evolution

* M>3 My (TOV)

= |[f M< Mg then primordial (!)
= 40 <M <60 Mg, ‘difficult’ but observed (low metallicity)
= 60 <M < 130 Mg not supposed to exist (pair instability)
= M>130 My possible; not yet observed

R Frey June 20, 2025



LIGO The ‘mass gap’ undone ? Sequential mergers?
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LIGO NS/BH mergers detected as of May 2023

I\/Iasses |n the Stellar Graveyard
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BBH Subpopulation Models

Jaxen Godfrey

Cosmic Cousins: 10 Msun Subpopulation (update)

16 ISOLATED PEAK MODEL and PEAK4CONTINUUM MODEL Mass Distributions
e Edelman et. al. 2022 H ° H
: e ooiaes P oo, New Project: Building a Model for
10" ‘ $ ; E
= - ! Stable Mass Transfer BHs
=10
- = Stable Mass Transfer Model Primary Mass Distribution
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— el
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-> prelim results: 10 Msun peak consistent with SMT channel
arXiv:2304.01288


https://arxiv.org/abs/2304.01288

LIGO Those were the highlights for O1, O2 O3.
What about O4 ?

01+02+03 = 90, O4a* = 81, 0O4b* = 105, O4c* = 17, Total = 293
LIGO 3004 *04a, 04b, and O4c entries are preliminary candidates found online.
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LIGO-G2302098(61404c23), updated on 19 June, 2025 ¥imMe@ (DAYS) - | 160.virgo-kAGRA Collaboration

« The GW horizon is limited by our ability to reduce the noise of the
interferometer

« Rate of detected events ~ horizon*3
« 0O4: May 2023 — Nov 2025
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LIGO Beyond binary mergers...

The ever-increasing sensitivity of LIGO will...

« Allow more observations of mergers of BHs and NSs
= More

» Further: In O4 observing BBH mergers to ~6 Gly
* More short gamma-ray bursts

= \Wider mass range (sub-solar mass?), M>100 M@
= Greater fidelity (SNR) - details of the GW waveforms

« Allow opportunity for observing new types of GW sources
= Supernovae
» Magnetars
= Long gamma-ray bursts
= Cosmic strings
= Cosmic inflation

R Frey June 20, 2025




LIGO Neutron stars

NS result from normal stellar evolution for massive
stars in the range 8 to 40 M®

= Fusion to lron

= Supernova (Type Il)
Mysterious composition

= new phases of matter?

GW observations can tease out the NS
composition — equation of state

R Frey

outer crust 0.3-0.5 km
ions, electrons

il’mer crust 1 —2 klﬂ
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid

few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?



LIGO Magnetars

Magnetars are young neutron stars with magnetic fields about
1000x that of ‘normal’ neutron stars

= B~101-10" G
= Earth: 0.5 G
Slowly rotating: few Hz or less (magnetic braking)

About 90%/10% of core-collapse supernovae result in normal
neutron stars/magnetars

Earth (and satellites!) receive a giant x-ray flare within the Milky
Way every 5-10 years

More frequent smaller x-ray flares

R Frey June 20, 2025



dec (deg)

LIGO

Magnetars and GWs ?

let05

Locations of known magnetars (J2000)

galactic plane
unidentified flares
+  known magnetars

—40

~60 LMC
sSMcC .

SGR 1935+2154

Swift J1818-1607 [
_\_\_\_—_\_\5‘,
*

1 RXS J170849
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350

720,976.2384 Hz e— <= 1840 Hz X-rays from
6L Hze === —————— - > 1sorz | 2004 giant flare
* ——————————————————————————
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* » 19 Hz
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: | ll I \ |
]

1000

[ | L
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Starquakes produce (giant) x-ray flares

They also ring-up mechanical modes in
the magnetar, some (e.g. f-modes) can
produce GWs

< No giant flares during O3 run, but
many ordinary x-ray flares

UO student Kara Merfeld led the O3
collaboration analysis/paper



LIGO  Astrophysical inference from NS f-modes

f-modes as damped
sinusoids (Andersson &
Kokkotas

M
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X-ray flares from magnetars
accompany a major perturbation,
such as crust cracking or B-field
rearrangement

These probably ring up
mechanical modes: f-modes -
GWs

Can use a detection or non-
detection to infer NS properties
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LIGO And now:
r-process nucleosynthesis from magentars!

a) Prompt y -ray spike b) Spin modulated c¢) Radioactive y-ray emssion
AN X-ray tail

Luminosity

WV

100 10! 102 103

Metzger, et al (2025)
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LIGO Vela Glitch of April 29, 2024 O

Radio observations: I\Bﬂaaltlthlfrvev ot
* Rotational frequency changed: al Blaid
% ~24 %1076
« Time of glitch knownto ~ +/-4 s Assume all
glitch
. . ener oes

An impulse which can ring up f-modes ? into f‘C_Jy |

= analysis ~ magnetar flare modes: (==

Vela distance: 267 pc

Analysis complete and paper
almost ready to send to a journal.



Black holes with accretion

U Radio, X-rays : ~ Radio, X-rays

Companion
star

Relativistic jet

Stellar-mass i$_upermassive
black hole i b ack hole

&
v
o
&/
5
-

: _ F Accretion disk
Accretion disk : {1 billion km)

(1,000 km diameter)

Host galaxy

Black hole

; AGN
binary

X-rays,
visible,
then radio

Stellar-mass

// black hole

Accretion disk §
* (100 km)

Helium

Hydrogen

Collapsar

%1? Microblazar % Blazar % Gamma ray burst




LIGO GWs from collapsars O

Collapsars: The collapse of massive,
highly rotating evolved stars
Progenitors of long GRBs (gamma-ray
light curves longer than ~2s)

LGRB distance follows star formation

* Most distant z~8

* Nearest 40 Mpc (pre-LIGO)

« Redshifts largely unmeasured (few %)
Collapsar accretion disks are potential GW
sources — non-homogeneities
First full GR + magnetohydrodynamic
simulations give new insights:

Gottlieb, et al

Wobbling GRB jets (top)

Generically get robust GW emission from
non-uniformities in the accretion disk --
Rossby vortices (bottom)




LIGO The near future

* In O1-0O2: about 1 GW event per month
= GW discovery
= Binary neutron star merger
* In O3: about 1 GW event per 5-days
= Routine quantum squeezing
= ‘impossible’ high mass black holes
 0O4: more than 2 events per week
= Frequency-dependent squeezing
= What new discoveries await??

O

Updated O1 02 03
2025-06-11
80 100 100-140
Mpc  Mpc Mpc
LIGO § L
30 40-50
Mpc Mpc

Virgo

0.7
Mpc

KAGRA |

O4

150 -160+
Mpc

50-60
Mpc

1-3 =10
Mpc Mpc

05

240-325
Mpc

See text

25-128
Mpc




LIGO The farther future (2030s)

Cosmic
<~ Explorer
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Site Study
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LIGO Connection to the native people of the site

BOKEGEN NIItSItpIIS-Stankoll T Lree vy e (e
(Pauquachin)  (Blackfoot / Niitsitapi ) Confederacy)
S Ktunaxa amakis Resiniboine ‘ Nadffanan,
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Yankton ; Erie  Lenapehoking

hit-dee-ni|(Chetco)

< e The Cosmic Explorer team recognizes the inherent connections between
Noreasteni Porth the lands, waters, sky, and people.
kel We are committed to cultivating connections to place and partnerships =~ B8
Awaswas N ¥ . o e .
SEMLE  \with Indigenous communities who have cared for these places in the past,
Tibatula present, and future.
Kashtik
gt We acknowledge that we are responsible for the manner in which we do

q science and for the impacts it has on the land and its peoples.

1 Tohono O’‘odham Tia rib o pasczz(:j:o'a Ay
Janos  gymas Jumanos Bidai Opelousas Als
Sana Mascogo Houma
Comca'ac (Seri) Jococobas > F[SEEE?;iegTéi;J‘)erSf
e Chiso ¥'35C080 Karankawa 'c«(_,:_'a;.ation) A
Yoeme (Yaqui) Nﬂ

Tobosos Alazapas

AR Tanamarac
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LIGO Yvette Cendes- Radio Astronomer here!

* New faculty member - astronomer !

« Specializing in transient radio astronomy-
signhals that change over time- using
telescopes like the Very Large Array (VLA) in
New Mexico

« Research covers a range of astronomical
objects, ranging from black holes that shred
stars (Tidal Disruption Events, or TDES),
exoplanets, supernovae, gamma-ray
bursts...

« Also involved in outreach, in traditional and
social media (from editor for the Guinness
Book of World Records to Reddit)

 Article in latest issue of Scientific American
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LIGO UO LIGO Group

Graduate Students

Lance Blagg

Samantha Callos*
Genevieve Connolly
Adrian Helmling-Cornell
Benjamin Mannix

S t Paul
Samatha Callos Undergraduate Students

an ez Reyes Jonathan Olsen

Miranda Claypool
Claire Nelle

Recent PhDs:

Bruce Edelman
Kara Merfeld

Matthew Ball
Jaxen Godfrey
JD Merritt FaCUIty
o Ben Farr
Ray Frey
Robert Schofield

*LSC Fellow, LHO, Summer, Fall
2025
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