LIGO

3esults from the rirst part of LIGO-Virgo-
KAGRA's fourth observing run

with a special

Focus on correlations

Salvatore viale




#lcle

Where are we?

* QOver the last 10 years, we have gone
through 4 observing runs

* Detectors have steadily increased

their sensitivity Updated 01 02 03 04 05

* We have detected 218 binary co T b o i
mergers (+ ~150 candidates in O4b SaeeaaprE
and O4c) Virgo T . 1 /
 Mostly binary black holes AR e -
* Two neutron star binaries
° S|X neutron Star _ bIaCk h0|e LVK https://observing.docs.ligo.org/plan/

binaries

Note: you might see different numbers quoted. That is because some papers select by false alarm ratios, others by the probability of a source to be astrophysical



#lcle

Where are we?

 We have detected 218 binary
mergers (+ ~150 candidates in O4b
and O4c)

 Mostly binary black holes et 01 02 03 04 05
 [wo neutron star binaries GO § B e m »
e Six neutron star - black hole | LAREE S i 7013
binaries Virgo - i

« Each source has unique properties KAGRA i e
that Can teaCh US abOUt itS h iStOry, G2002127-v32 20I16 20l17 20I18 20I19 20|20 20'21 20|22 2(;23 2(;24 2(;25 2(;26 2(;27 2(;28 2(;29 2OISO 20IS1
enCOded in the graVitatiOnaI (WESAVASIS LVK https://observing.docs.ligo.org/plan/
We receive

Note: you might see different numbers quoted. That is because some papers select by false alarm ratios, others by the probability of a source to be astrophysical
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Gravitational-wave anatomy: source

Index 1 for the most massive object
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From single events to populations

 Now that we have hundreds of sources, we can start learning about the
underlying astrophysical populations of compact binary coalescences
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From single events to populations

 Now that we have hundreds of sources, we can start learning about the
underlying astrophysical populations of compact binary coalescences

Do we know what to expect?
e |t's complicated...
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Expectations pre-2015

* Before the discovery of gravitational waves, most of the community
considered two formation scenarios

« Common envelope evolution in field binaries (common envelope)
 Dynamical formation in globular clusters
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More recent developments

* |n a field binary, all mass transfer
episodes might be stable. Or the
progenitor stars might not even
exchange mass due to efficient
mixing (chemically homogeneous
evolution)

 Dynamical formation might happen
not only in globular clusters but also
IN nuclear star clusters or the disks
around supermassive black holes.
Triples might contribute significantly
to the rates Credit: Caltech/R. Hurt

11
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More recent developments

* |n a field binary, all mass transfer
episodes might be stable. Or the
progen itor stars m Ig ht not even TR TR
exchange mass due to efficient
mixing (chemically homogeneous i
evolution)

 Dynamical formation might happen
not only in globular clusters but also
IN nuclear star clusters or the disks
around supermassive black holes.
Triples might contribute significantly
to the rates Credit: Caltech/R. Hurt

e Or Pop lll stars? Primordial BHs?
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How do we find out?

e Theoretical and numerical

simulations can predict the properties

that compact binary systems from
different channels should have

“Just” compare those with the

properties of the population we are
detecting!
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How do we find out?

 [heoretical and numerical
simulations can predict the properties
that compact binary systems from
different channels should have

e “Just” compare those with the
properties of the population we are
detecting!

* [he simulations are costly and don't
capture all of the physics
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#lcle

Astrophysical models!

* Direct approach (Zevin+ Apj 910 152)

 Models for common envelope (CE),
chemically homogeneous evolution
(CHE), stable mass transfer (SMT),
globular clusters (GC), nuclear star
clusters (NSC)

 Parametrize by fraction of common
envelope that is removed and
black hole spin at birth

Black hole spin at birth

Fraction of envelope removed

15
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 Models for common envelope (CE),
chemically homogeneous evolution
(CHE), stable mass transfer (SMT),
globular clusters (GC), nuclear star
clusters (NSC)

 Parametrize by fraction of common
envelope that is removed and
black hole spin at birth

\!

U\
AL TN~

10 20 30 40 50 60
M [M]

Black hole spin at birth

Fraction of envelope removed
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Astrophysical models!

* Direct approach (Zevin+ Apj 910 152)

 Models for common envelope (CE),
chemically homogeneous evolution
(CHE), stable mass transfer (SMT),
globular clusters (GC), nuclear star
clusters (NSC)

 Parametrize by fraction of common
envelope that is removed and
black hole spin at birth

 Compare with the data on a grid or
using machine learning emulators

(Colloms+ ApdJ 988 189)

10 20 30 40 50 60
M [M]

Black hole spin at birth

Fraction of envelope removed

17
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Astrophysical models!

* Analysis on O3a data (2019): at least
two astrophysical channels are
needed

 |s this the way forward?

* In Cheng+ Apd 955 127 we revealed
limitations in this approach

* [he astrophysical models are
rough approximations

 We are not likely to have complete
set of astrophysical models

e This can introduce very Iarge Fraction of envelope removed
biases

\!

U\
AL A~

10 20 30 40 50 60
M [M]

Black hole spin at birth
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Phenomenological models

 Another avenue is to use phenomenological models, inspired by astrophysical
expectations

 For example, the astrophysical distribution of the black hole mass can be
parametrized as a combination of a power law and a gaussian

a= '3.5, mmln=3.3; mmax=91.1; €= 0.05 , IJE= 32.0 M@

10°
101 Pulsation Pair Instability

T e 00 y «
; ':'13:\("’01./"’?/ g 1077 |

:... :..: /oo 9/@ O

‘o0 Sg00 o '.0 Q =

®o ce0e| o Oy, Ss =

®olve 0 - & e 1073

... :. - . /Q@ 0

::. .... ¢ o e

.:.. :..: - 0 -4

252%0| © ) 10
L ... z... 9
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l I l 10—5

20 40 00 80 100
my [Mo]
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Phenomenological models

 Another avenue is to use phenomenological models, inspired by astrophysical
expectations

 For example, the astrophysical distribution of the black hole mass can be
parametrized as a combination of a power law and a gaussian

* Will skip all technical detalls, see e.qg, Vitale+ 2007.05579, Mandel+
1809.02063, LIGO/Virgo/KAGRA (LVK) catalog 2508.18083 for more details

Pulsation Pair Instability
a= '3.5, mmln=3.3; mmax=91.1; €= 0.05 ; u£= 32.0 M@
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Agnostic models

Edelman+ Apd 946 16

* Jo allow for more complicated S Ny
distributions we use “unmodeled” Lo éjg;jjjffmw 1’4
approaches 10, 100

modulated power law

» A variety of possibility exists, e.qg.
 Splines (alone or in mixture
mOdels) Heinzel+ PRD 111, 063043
. MRy ~t MRy «t InR3g = InRy
» Autoregressive models
e Gaussian mixture models R R R
. Yy ; QI ’ |
* GaUSSIan prOcesseS IRy = InRyp «t IRy~ InRy2

 New ideas every day

In ng - In RM = In R15 lanG

X

Models: B-Spines, Edelman+ (2023) Godfrey+ 2304.01288; AR, Callister+ PRX 14 2 021005; GMM, Mandel+ MNRAS 465 3254; Tiwari CQG 38 155007; 21
GP, Ray + Apd 957 37; Heinzel+ PRD 111, 063043



Updated O1 02 03 04 05
2025-07-16
80 100 100-140 150 -160+ 240-325
LI G O Mpc  Mpc Mpc pC Mpc
30 40-50 50-60 70-130
V_ Mpc Mpc Mpc Mpc
0.7 1-3 =10 25-128
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Results from GWTC-4

LVK 2508.18080, 2508.18081, 2508.18082, 2508.18083
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LVK https://observing.docs.ligo.org/plan/

Results from GWTC-4

LVK 2508.18080, 2508.18081, 2508.18082, 2508.18083

There Is a ton of science in these papers, | cannot possibly cover it all.
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Full spectrum mass distribution

R sPING

* A strong and flexible model are run and compared on all types of binaries (not
just binary black holes)

Strong model Flexible model
FurLLPopr-4.0 BGP
e 10°
100 .. % ................. }; ......... 100
§ : . & -2
;: 3 =
= 30 ¥ 100 @
s 2, (®)
= 9} 0
P N
S 10 3 -~
s H N
= 2= 1071 C'B"
: g
F 9 =
_100 =]
e | = 107
1 3 10 30 100 1 3 10 30 100
my M) my [ Mg 24

Models: FullPop-4.0, Fishbach et al. 2020; Farah et al. 2022: Mali & Essick 2025. BGP, Ray et al. 2023a. LVK 2508.18083
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Full spectrum mass distribution

R sPING

* A strong and flexible model are run and compared on all types of binaries (not
just binary black holes)

Strong model Flexible model
FuLLPopr-4.0 BGP
A 10°
100 ... _ ................. / ......... 100 =
T
S 30 30 =7 L .. " 101 SE
= S) @
— —~ Y
N g 3
g <=0 F107 &y
_100 3 RE SN (e R ERRR WRTRRRRRRE ......... =
| J— _ : — | BNS , - NSBH 1073
1 3 10 30 100 1 3 10 30 100
my [ M) my [Mg)] 25

Models: FullPop-4.0, Fishbach et al. 2020; Farah et al. 2022: Mali & Essick 2025. BGP, Ray et al. 2023a. LVK 2508.18083
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Full spectrum mass distribution

. _ LVK 2508.18083
* The overall peak in the merger rate Is __
below 2 M, (i.e., neutron stars)

* The peak for the black holes mass
function is around 8-10 M,

* Electromagnetic observations had é : é é
suggested a possible gap between ‘ Primary mass [Mq]
neutron stars and black holes

 The LVK finds that the merger rate

— — = =

- o o o

o et W] [N
wul gl | m

3
[

Merger rate [Gpc_3yr_1M51]

3
[S]

1

©
S

A
:

2
decreases there but doesn’t go to N e ——— B ST
Zero 5 o
» No evidence for an empty gap S - = —
2 M, Secondary mass [M ] 14 M,

26
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Binary black hole mass distribution

LVK 2508.18083

 Most of the analyses focus
specifically on the binary black hole

sources
 Main takeaways

» Clear features at ~10 M and ~35 . |
M@ (already fOund) 10 20 30 4(I):)rimary50mass [?\04@] 70 80 90

i

B-SrLINE, GWTC-4.0
—— BROKEN POWER LAW + 2 PEAKS, GWTC-4.0
------- Power LAaw + PeEAK, GWTC(C-3.0

O

101 .

[
=]
(:.

~a

—t
=
b

-
-
B

f—t
=
2

Merger rate [Gpc>yr—'M

h

v AY
s \
10! AR —— GWTC-4.0 ] e
] /1’ \\

©

» Hints of something at ~20 M ,?

 Evidence that the slope of the
continuum steepens after the

35 M, peak

H

-
o

al

—t
3
[\

Merger rate [Gpc>yr~'M
=

—_
3
w

| 1b Zb | 46 | 60 | | | 100
10 M, Primary mass [M ;] 100 M

Models: BP2P, Callister & Farr (2024); B-Spine, Edelman+ (2023)
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Binary black hole spins distribution

 The LVK find that the component spins
In black holes are usually small

 Assuming the same underlying
distribution for the two spins, the 25 o

population has a peak at < 0.2

¢ Seems to support theory and numerical
work (e.g. Fuller & Ma ApJL 881 L1)

LVK 2508.18083

=== Default, GWTC-3.0

Gaussian Component
Spins, GWTC-4.0

B-Spline, GWT(C-4.0

—

Spin magnitude

28

Models: Wysocki et al. 2019; Edelman+ 2023; LVK 2508.18083
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* The orientation of the black hole

spins can yield precious information

about thelr formation channels - vitae+

CQG 34, 03LTO1; Rodriguez+ ApJL 832 L2; Farr+ Nature
548 426; Talbot & Thrane PRD 96 023012

* Fleld evolution is expected to yield
spins which are (roughly) aligned to
one another and to the angular
momentum

 Dynamical formation in clusters
should yield isotropic spin orientation

Spin tilts and formation channels

Field evolution

Dynamical formation

29
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Binary black hole spin tilts distribution

 Model the distribution of spin LVK 2508.18083
orientations as a sum of an isotropic
component and a Gaussian with
mean and scale measured from the

data (Vitale+ A&A 668 L2)

e Or as a flexible spline model S 04
(Edelman+ ApJ 946 16) - Default, GWTC-3.0

. . e - Gaussian Component
* No obvious sign of a peak at +1, v ~— Spins, GWTC-4.0
expected for aligned spins

cos 0)

B-Spline, GWT(C-4.0

0.0 | | | i | i |
P POSSIbIe peak away frOm +1 ? —1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
Cosine spin tilt angle
e Triples? (Stegman+ 2512.15873) olc :
O Do G

30
Models: Vitale+ 2015, 2022; Talbot & Thrane 2017; Edelman+ 2023
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Binary black hole spin tilts distribution

= Isotropic + Gaussian Truth
e |n Vitale & Mould 2505.14875 we — Posterior 90% CI e brior
: : ===« Posterior median
caution that spurious peaks are
possible 2
* Even if the true population has a ;
peak at +1 =

* With catalog sizes comparable to
GWTC-4 or larger

p(cos 7|di50)

p(cos 7|ds300)

Cosine spin tilt angle

LVK 2508.18083

31
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Binary black hole y . distribution

» The effective spin y.¢ IS measured to

be peaking at ~0 and skewed to the LVK 2508.18083
right at 99.3% credibility A\ Skownormal Effective Spin

Gaussian Effective Spins,

» Suggestive of at subpopulation of GWTC-3.0
sources evolved In isolation : n

e No more than 84% of the sources z
can come from dynamical channels 2

(imply isotropy, Y. Symmetric L -
around zero)

32
Models: Miller et al. 2020; Roulet & Zaldarriaga 2019; Banagiri+ 2025
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Astrophysical correlations

Mass distribution

» Many of the models described so far _w
assume independence among s
parameters .
e There are good reasons to believe -y
astrophysical processes will Co
correlated source parameters oo
: : Statistically independent??
» Correlations can be probed with =
|arger datasets Spin distribution

=== Default, GWTC-3.0

Gaussian Component
Spins, GWTC-4.0

B-Spline, GWTC-4.0

~
~ -~

-~
“w-_-‘h"

33
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Mass ratio/y .. correlation

LVK 2508.18083

* First reported by Callister+ ApJL 922

|5 in GWTC-2 data with a linear 05 s
correlation s
» Corroborated by Adamcewicz & I
Thrane MNRAS 517 3928 with —0.5
copulas
 And by Heinzel+ PRD 109 103006 10°:

with splines 5
e In GWTC-4, it is unclear if is the 10 

mean or the width of y.. that evolve

with the mass ratio 02
0.0 0.2 0.4 0.6 0.8 1.0

Mass ratio

oett(q)

—_— |

34
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Mass ratio/y .. correlation

e In GWTC-4, it is unclear if is the VK 9508 18083

mean or the width of y.. that evolve 0.
with the mass ratio

» But configurations where neither
evolve are disfavored at 99%
credibility for the linear model (92%
with a copula model) .

—— LINEAR
SPLINE (¢ = 0.6)

20  —-15  —10  —05 0.0 0.5 1.0

35
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Redshift/y.. correlation

* |n Biscoveanu+ ApjL 932 L19 we LVK 2508.18083
reported evidence that the 050 -
distribution of y, broadens with . :
redshift in GWTC-3 data %;0_25
* ...while the position does not ~0.501 —— EINEAR

evolve R
» Maybe due to metallicity evolution |

with redshift - Bavera+ A&A 665 A59 R ////
1071 -

* This finding is confirmed in GWTC-4 G e
with both linear and agnostic |
approaches o

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Redshift
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Toward generic correlations

e As the dataset increases In size,
more generic models are needed

e Several have been proposed in the
last few years

. VAMANA (Mixture Model) - Tiwari+
2020*

 Binned Gaussian processes -Ray+
2023

* |ncorporated by LVK in the GWTC-4
paper

* Really a mixture of strong-ish pieces

BGP

LVK 2508.18083, Ray+ 2023 l 10°
100 o

10

o
-]

3 101

Secondary mass [M ]
=

1073

1 3 10 30 100

my [Mo}
dr/dmidm;, [Gpc3yr-M 2]
100+ 4
- Tiwari+ 2025 S IIO-1
S 80
=~ 11A-3
z 10
v 60r
v
g 11073
> 40}
O
e, 107
S 20!
B .
>_‘_——A 10—9
20 10) 60 80 100
Primary Mass, m1[M | 37
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What comes next - PixelPop

» At MIT, we have been developinga .. . .

R SPING

high-resolution high-dimensional 102- 102

agnostic approach to population '~~~ | R )

inference, based on gaussian 10°- —Xet =0 100 [Gpe yr ]

Processes 10° 107
e PixelPop - Heinzel+, PRD 111, 063043 and PRD | e

111, L061305 2= 0:70)

z
0.0 0.5 1.0 1.5 100 102

Heinzel+ PRD 111, LO61305
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What comes next - PixelPop

PIXELPoOP Heinzel+ in prep

R it 10°
o At M'T, we have been deve|0ping ) Hloz | .. ......... )
high-resolution high-dimensional W = L - | R
agnostic approach to population W é %
. . = 10 T
inference, based on gaussian HERE S T 2 1.
processes s iH e
(0p) =
* PixelPop - Heinzel+, PRD 111, 063043 and PRD 2 .
111, L061305 100‘ ; — )
10 10 10=
* Not part of GTWC-4 paper, writing Priman: mass M1
follow-up paper to showcase " !
capabillities S T
: @ T 10!
» Can already run with 3 correlated : s
parameters g w H
S «=Z| F107
* Nothing assumed but smoothness 3 . e
1 :10_3
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What comes next - PixelPop

PIXELPoP Heinzel+ in prep

£ 10°
° A.t MIT, we h qve b een d evel Op|n g ) 102 ” ..... ......... -
high-resolution high-dimensional HEN VY9 ¥
agnostic approach to population W é &
inference, based on gaussian é . § o SRR :
processes N i
0p) ]
* PixelPop - Heinzel+, PRD 111, 063043 and PRD .
111, L061305 o -
* Not part of GTWC-4 paper, writing Primary mass (Mol
follow-up paper to showcase B e
capabilities = o Pt For
* Can already run with 3 correlated -
parameters :
&
 Nothing assumed but smoothness "

2 A 6 8 10 12 14
Primary mass [M ] 40
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* |n Alvarez-Lopez+ 2506.20731 we
have applied PixelPop to a common
envelope population as predicted by
pop synth

 Simulated a universe with 400 BBHs
from common envelope

* Highly non-trivial high-D correlations

Pixel Pop s view of non-trivial correlatlons

Xeff

T aaa ' | | T T T T T | T | |
- - = — ' =
NS ®
"‘J) - 4k - i
&2
N
Q;} I 1 | |
MR ) L ] ] ] | 1 | 1 1 ] 1 ] |

A [AJ] q Xeft

Zevin+ Apj 910 152; Alvarez-Lopez+ 2506.2073141
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PlxelPop s view of non-trivial correla

|ons

* |n Alvarez-Lopez+ 2506.20731 we
have applied PixelPop to a common
envelope population as predicted by
pop synth

 Simulated a universe with 400 BBHs
from common envelope

* Highly non-trivial high-D correlations

my [Me)

Xeff
Pairwise MI coefficient

mi [MG)] q Xeff <

Zevin+ Apj 910 152; Alvarez-Lopez+ 2506.2073142
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Pixel Pop’s view of non-trivial correlati

ons
 We showed how a simple 2-D correlation is insufficient

» Model m/q with PixelPop, but use strong models for z and y,

| ] |
----- True T —— 08
Posterior | 103 - -
; -=== "True
- -~ ,l“ - Posterior
: | 9 | \
O ~ \ B
______ 2 10 | .
0.8 @, H D
o eSS0 101 |l \\\
O — - n
-'é 0.6 N '| \‘
() *
" 1
2 0.4 E 0 "l ‘|
= = 107+ | ] -
o2 M — |
107L 102 i Q —0.5 0.0 0.5
miR(my, q; z = 0.2) [Gpe3yr 1] )
0.0 — '
2 10 50 Xeff

my [Mo)

Primary mass [M_] Alvarez-Lopez+ 2506.20731
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Pixel Pop s view of non-trivial correlatons

We also showed how a simple 2-B 3-D correlation is insufficient

» Model m,/q/y.« with PixelPop, but use strong model for z

True

107 100 10? 102

miR(my, q; 2z = 0.2) [Gpe™3yr~!] [ iI.I_I
) 10 50 100 102
my [ M) Riq; z=0.2)
[Gp{ VT ']

10°0 10" 100 102
miR(my, q; z = 0.2) [Gpe=3yr~]

my (M)

------ True

| . Posterior

100 102

Rxer: 2 =10.2)

[G]}{'_:i yr ] ]

------ True

—— Posterior

.
10° 10" 102
R(q, Xei; 2 = 0.2) [Gpe™3yr™!]
00 02 04 06 08 1.0 100 10
q R(:‘fl'lfl 3 — [J2)
[Gpe™?yr]
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PixelPop’s view of non-trivial correlations

 We also showed how a simple 2-B 3-D correlation is insufficient

» Model m,/q/y.¢ with PixelPop, but use strong correlated model for z

#lcle

Three-dimensional PixelPop

Two-dimensional PixelPop |
. | . | 1“; __ : | |
—~ 3 2= 0.8 .
|$-—‘ 107~ ==== True i =) : I
¢f|>>b i Posterior - 'T_' L0~ ;' l"-x_ -
& ]_02 N ',' ‘\\ JL M: : ""'-.__. ‘
gl " \\\~\ '.:l_: : I[}l | l: ‘n.tl: i
— 10! - .' A\ . =0 ] 1
i |' \ & :' '.L
8 | \ 107 : | !
= 10°- .' \ - | |
oo — |. B - - |
05 0.0 0.5 1.0 0.D 0.0 .0 1.0
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Pixel Pop s view of non-trivial correlations

#lcle

 We also showed how a 4-D correlated model is needed
» Model m,/q/y.q with PixelPop, but use strong correlated models for p(z | Yo)
(“Hybrid PixelPop” - ask me about clairvoyance)

Two-dimensional PixelPop | Three-dimensional PixelPop Hybrid PixelPop
----- True .

| : | 1“'1
F":L
‘1 ) Posterior

| 103‘ 2z = 0.8
==== True

. _} |
) Posterior L0

== 10 -

1{}(]' 4
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PixelPop ’s next steps

* Working on an a version with actual 4-D generic correlations (Jack Heinzel)
 The main issue is the estimation of the detectors’ sensitivity
* Working on mixture models of PixelPop with strong models (Sofia Alvarez-Lopez)

e Best of both worlds?

* Strong model can do its thing while PixelPop hooks on glitches/outliers/
oddballs and captures residual correlations

* \Woking on interpretability and tails

47



#lcle

PixelPop ’s next steps

* Strong model can do its thing while PixelPop hooks on glitches/outliers/
oddballs and captures residual correlations

« For example, run on GWTC-3 w/o excluding GW190814 (m, = 2.6M@)

1023
)
< — 10!
[
S
EZ
2O, 107
S
10_1g -
2 10 30 100
my [Me)]
Full mixture Parametric part
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PixelPop ’s next steps

* Strong model can do its thing while PixelPop hooks on glitches/outliers/
oddballs and captures residual correlations

« For example, run on GWTC-3 w/o excluding GW190814 (m, = 2.6M®)

1023
&\ d Posterior
< 10!-
I ]
S
‘—TC? _
EZ
@ O, 1075
s _
10_12
2 10 30 100
my [ Mg
Full mixture Parametric part 10° 107

PixelPop part (Gpeyr ] 49
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Conclusions

e GTWC-4 has doubled the number of known sources and revealed
» Excesses of 10 M and 35 M, black holes

 Existence of black holes with masses below 3 MQ (.e., N0 mass gap) and
above 100 M

* Dearth of large spins, and preference for positively aligned spins

» |Larger spins at larger redshifts; mass ratio pairing evolving with mass;
correlation between y.+ and mass ratio

* Are we seeing hints of multiple populations?
* Will probably double again the size of the catalog by the end of O4c!
 We urgently need agnostic methods to measure correlations in the data
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