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1 . 1    a  m o d e l  o f  t h e  U n i v e r s e
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p h y s i c a l  c o s m o l o g y
h o w  t o  s t u d y  t h e  U n i v e r s e ?

• i t  i s  s t u d i e d  f r o m  w i t h i n  

• i t  c o n t a i n s  a l l  o t h e r  p h y s i c s  a n d  s y s t e m s  

b y  d e f i n i t i o n

w e  n e e d  t o  d e f i n e  w h a t  s c a l e s  a r e  r e l e v a n t

c o s m o l o g y  i s  t h e  s t u d y  o f  t h e  U n i v e r s e  a s  a  p h y s i c a l  s y s t e m

a l t h o u g h  a  v e r y  p e c u l i a r  o n e

n o t  a  f u n d a m e n t a l  m o d e l  b u t  a n  e f f e c t i v e  

d e s c r i p t i o n  d r i v e n  b y  p r o p e r t i e s  a t  s o m e  s c a l e s



v .  g e n n a r i 7

b a s i c  p r o p e r t i e s

w h a t  i s  i t s  h i s t o r y ?
• s a m e  p r o p e r t i e s  a t  e v e r y  l o c a t i o n  a n d  i n  a n y  d i r e c t i o n  

• t i m e  e v o l u t i o n  w i t h  i n c r e a s i n g  d i s t a n c e  b e t w e e n  p o i n t s

m i n i m a l  s u m m a r y  o f  o u r  U n i v e r s e

i n i t i a l  d e n s e  s t a t e

e x p a n s i o n  a n d  c o o l i n g  d o w n

f o r m a t i o n  o f  s t r u c t u r e
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s t a t i s t i c a l  f r a m e w o r k
h o w  d o  w e  k n o w ?

• r e c e s s i o n a l  v e l o c i t y  c o r r e l a t e s  w i t h  d i s t a n c e  ( 1 9 2 9 )  

• l a r g e r  v e l o c i t y  d i s p e r s i o n s  ( 1 9 3 3 )  a n d  g a l a x y  

r o t a t i o n a l  c u r v e s  ( 1 9 3 9 )  

• l i g h t  e l e m e n t s  f r o m  n u c l e a r  r e a c t i o n s  ( 1 9 4 8 )  

• c o s m i c  m i c r o w a v e  b a c k g r o u n d  ( 1 9 6 5 )  

• d i m m e r  s u p e r n o v a e  a t  g i v e n  r e d s h i f t  ( 1 9 9 8 )

a  c e n t u r y  o f  e x p e r i m e n t s  a n d  

f e w  o b s e r v a t i o n a l  m i l e s t o n e s

• t h e o r y  o f  g r a v i t y  

• c o s m o l o g i c a l  p r i n c i p l e  

• b i g  b a n g  

• c o s m o l o g i c a l  o r i g i n  o f  l a r g e - s c a l e  s t r u c t u r e s  

• d a r k  s e c t o r  

• i n f l a t i o n  

• c o s m o l o g i c a l  r e d s h i f t

f r a m e d  i n t o  a  s e t  o f  a s s u m p t i o n s

C D M  m o d e lΛ



v .  g e n n a r i 9

t h e  m a i n  p r o b e s

c o s m i c  m i c r o w a v e  b a c k g r o u n d

s u p e r n o v a  I a b a r y o n i c  a c o u s t i c  o s c i l l a t i o n s

a n d  m a n y  m o r e …
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s t a t i s t i c a l  d i s c r e p a n c i e s
i s  t h i s  d e s c r i p t i o n  r o b u s t ?

• l a r g e  s t r u c t u r e  g r o w t h  r a t e  

• l i g h t  e l e m e n t s  a b u n d a n c e  

• f l a t n e s s  

• d a r k  m a t t e r  m o d e l l i n g  

• o t h e r s

h o w e v e r ,  t h i s  c o n c o r d a n c e  m o d e l  s u f f e r s  f r o m  s e v e r a l  

o b s e r v a t i o n a l  i n c o n s i s t e n c i e s

( e i t h e r  d a t a  

o r  t h e o r e t i c a l  

m o d e l l i n g )

p o s s i b l y  t h e  b i g g e s t  i s  t h e  d i f f e r e n c e  b e t w e e n  t h e  e a r l y -  

a n d  l a t e - U n i v e r s e  m e a s u r e m e n t s  o f  t h e  e x p a n s i o n  r a t e

t h e  H u b b l e  t e n s i o n

D i  V a l e n t i n o +  ( 2 0 2 1 )  [ 2 1 0 3 . 0 1 1 8 3 ]

https://arxiv.org/abs/2103.01183
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n e w  i n f o r m a t i o n

h o w  d o  w e  s o l v e  t h e s e  t e n s i o n s ?

c o s m o l o g y  r e l i e s  o n  e l e c t r o m a g n e t i c  o b s e r v a t i o n s

i n d e p e n d e n t  o b s e r v a t i o n s  c o u l d  p r o v i d e • p h y s i c a l  p r o c e s s e s  

• s t a t i s t i c a l  t o o l s  

• e x p e r i m e n t s  

• s y s t e m a t i c s

t h i s  d o e s  n o t  e n s u r e  a n y  k n o w l e d g e  a d v a n c e m e n t  

b u t  w o r t h  t r y i n g
g r a v i t a t i o n a l  w a v e s



1 . 2    g r a v i t a t i o n a l - w a v e  c o s m o l o g y
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g r a v i t a t i o n a l  w a v e s

w e  c a n n o t  s i m u l t a n e o u s l y  m e a s u r e  t h e  s c a l e ,  t h e  d i s t a n c e  a n d  t h e  r e d s h i f t ,  w h i c h  w o u l d  

d i r e c t l y  c o n s t r a i n  c o s m o l o g i c a l  p a r a m e t e r s

• t h e  s y s t e m  s c a l e  a n d  t i m e  a r e  t h o s e  a t  t h e  o b s e r v e r  

• t h e  d i s t a n c e  m e a s u r e d  i s  t h e  l u m i n o s i t y  d i s t a n c e

g r a v i t a t i o n a l  w a v e s  a r e  

p r o p a g a t i n g  d e g r e e s  o f  f r e e d o m  

o f  a  d y n a m i c a l  g r a v i t a t i o n a l  f i e l d

l u m i n o s i t y  d i s t a n c e -

r e d s h i f t  r e l a t i o n

v .  g e n n a r i 13

r e d s h i f t
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r e d s h i f t  i s  c o m p l e t e l y  d e g e n e r a t e  w i t h  t h e  m a s s  s c a l e  o f  t h e  s y s t e m
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g r a v i t a t i o n a l - w a v e  c o s m o l o g y
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w e  n e e d  t o  b r e a k  s c a l e  i n v a r i a n c e

• c o u p l e  G W  e v e n t s  w i t h  E M  i n f o r m a t i o n  

• g a l a x y  c a t a l o g s  

• s t a t i s t i c a l  m a t c h  
• c o u n t e r p a r t s  ( G W 1 7 0 8 1 7 )  

• o t h e r s  ( g a l a x y  c l u s t e r s ,  h y d r o g e n  i n t e n s i t y  m a p s ,  
c r o s s  c o r r e l a t i o n s ,  … )  

• g r a v i t a t i o n a l - w a v e  p o p u l a t i o n  

• f e a t u r e s  i n  t h e  d i s t r i b u t i o n  ( s p e c t r a l  s i r e n s )

c o m b i n i n g  m u l t i p l e  e v e n t s  a l w a y s  r e q u i r e s  m o d e l l i n g  t h e  p o p u l a t i o n !

t h i s  t h e s i s  f o c u s e s  o n  t h a t

M u t t o n i +  ( 2 0 2 3 )  [ 2 3 0 3 . 1 0 6 9 3 ]

L V K +  ( 2 0 1 7 )  [ 1 7 1 0 . 0 5 8 3 3 ]

h o w  t o  g e t  t h e  r e d s h i f t ?

https://arxiv.org/abs/2303.10693
https://arxiv.org/abs/1710.05833
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p o p u l a t i o n - b a s e d  c o s m o l o g y
h o w  d o e s  i t  w o r k ?

w e  d e f i n e  t h e  c o n d i t i o n s  t o  e x t r a c t  r e d s h i f t  

i n f o r m a t i o n  f r o m  e v e n t  c o m b i n a t i o n

• c o s m o l o g i c a l  p a r a m e t e r s  r e l a t e  t h e  s i g n a l  f r o m  

s o u r c e  t o  o b s e r v e r  

• i n f o r m a t i o n  o n  t h e  s i g n a l  a t  s o u r c e  b r e a k s  t h e  

d e g e n e r a c y  a n d  r e s o l v e s  t h e  r e d s h i f t

i f  e v e n t  d i s t r i b u t i o n  p r o p e r t i e s  a r e  k n o w n ,  

t h e y  c a n  b e  i n c o r p o r a t e d  i n  t h e  p o p u l a t i o n  

m o d e l  t o  b r e a k  r e d s h i f t  d e g e n e r a c y
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v .  g e n n a r i 16

p r o p e r t i e s  a n d  m o t i v a t i o n

• t h e  o n l y  a s s u m p t i o n  u s e d  i n  t h e  l i t e r a t u r e  i s  t h a t  o f  a  s t a t i o n a r y  s o u r c e  d i s t r i b u t i o n ,  

i . e .  a  p o p u l a t i o n  t h a t  d o e s  n o t  e v o l v e  i n  t i m e  

• w i t h o u t  k n o w l e d g e  o n  t h e  s o u r c e  d i s t r i b u t i o n ,  p o p u l a t i o n - b a s e d  c o s m o l o g y  i s  

u n i n f o r m a t i v e  

• t h e  b a s i c s  o f  t h i s  m e t h o d  i s  a l s o  i t s  m a i n  l i m i t a t i o n :  i f  s o u r c e  a s s u m p t i o n s  a r e  

i n a c c u r a t e ,  t h e  i n f e r e n c e  i s

( s o u r c e  i n f o r m a t i o n  c o u l d  e x p l o i t  o t h e r  p r o p e r t i e s )

( a l t h o u g h  c o s m o l o g y  a l s o  e n t e r s  t h e  c o m i n g  v o l u m e  i f  u s i n g  t h e  r a t e )

( e . g .  i n t r i n s i c  e v o l u t i o n ,  s e e  b a c k u p  s l i d e s )

p o p u l a t i o n  i n f e r e n c e  r e p r e s e n t s  t h e  b a s i s  o f  a g g r e g a t e d  a n a l y s e s

• a l w a y s  r e q u i r e d  w h e n  m u l t i p l e  e v e n t s  a r e  c o m b i n e d  

• m o s t  o f  t h e  c u r r e n t  c o s m o l o g i c a l  i n f o r m a t i o n  c o m e s  f r o m  t h e  p o p u l a t i o n



1 . 3    h i e r a r c h i c a l  i n f e r e n c e
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s t a t i s t i c a l  f r a m e w o r k
h o w  t o  c o m b i n e  e v e n t s ?

t h e  a n a l y s i s  i s  f o r m u l a t e d  i n  t e r m s  o f  B a y e s i a n  s t a t i s t i c s

f u n c t i o n a l  f o r m  f o r  
t h e  B H  d i s t r i b u t i o n

G W  e v e n t s  t o  
b e  c o m b i n e d p o s t e r i o r l i k e l i h o o d p r i o r

t h e  l i k e l i h o o d  r e p r e s e n t s

e v e n t  p r o p e r t i e s  a n d  d e t e c t i o n  p r o b a b i l i t y  a r e  w e i g h t e d  b y  t h e  p o p u l a t i o n

• i n d e p e n d e n t  o b s e r v a t i o n s  

• m e a s u r e m e n t  u n c e r t a i n t i e s  

• s e l e c t i o n  e f f e c t s
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a  s i m p l e  e x a m p l e
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m e t h o d s
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p h e n o m e n o l o g i c a l  
a s s u m e  a  f u n c t i o n a l  f o r m  f o r  t h e  d i s t r i b u t i o n

h o w  t o  m o d e l  t h e  p o p u l a t i o n ?

a g n o s t i c  
f l e x i b l e  r e c o n s t r u c t i o n  f r o m  t h e  d a t a

p r o s p r o s
• e a s y  t o  i n t e r p r e t  

• f a s t e r  a s t r o p h y s i c a l  i n t e r p r e t a t i o n

• h i g h l y  f l e x i b l e  

• l e s s  d e p e n d e n t  o n  a s s u m p t i o n s

• p r o n e  t o  s y s t e m a t i c s  

• m o r e  p r i o r  d e p e n d e n t

• p r o n e  t o  o v e r f i t t i n g  

• m o r e  d i f f i c u l t  t o  e x t r a p o l a t e

c o n sc o n s
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i g n o r i n g  p a r a m e t e r s
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i n  t h i s  t h e s i s ,  w e  f o c u s  o n  t h e  m a s s  d i s t r i b u t i o n  o f  b l a c k - h o l e  m e r g e r s

• m a s s e s  a r e  w e l l  m e a s u r e d  

• m a s s  c a r r i e s  c o s m o l o g i c a l  i n f o r m a t i o n

• t h e  p o p u l a t i o n  c o i n c i d e s  w i t h  t h e  p r i o r  

• t h e  p o s t e r i o r  c o i n c i d e s  w i t h  t h e  p r i o r ,  

i . e .  i s  u n i n f o r m a t i v e

t h e  l i m i t s  w h e n  t h i s  a s s u m p t i o n  i s  e x a c t ,  

i . e .  w h e n  t h e  i n t e g r a l  i s  t r i v i a l ,  a r e

o t h e r  p a r a m e t e r s  c a n  a f f e c t  p o p u l a t i o n  o r  c o s m o l o g i c a l  i n f e r e n c e  ( e . g .  s p i n s )

• a l l  a n a l y s e s  u s e  t h e  I C A R O G W  s o f t w a r e  

• l i k e l i h o o d  v i a  M o n t e  C a r l o  i n t e g r a t i o n  

• l i k e l i h o o d  i s  t a p e r e d  f o r  n u m e r i c a l  s t a b i l i t y  

• w e  u s e  a  n e s t e d  s a m p l e r  ( d y n e s t y  o r  n e s s a i )  

• u s e  s u f f i c i e n t  n u m b e r  o f  l i v e  p o i n t s  ( 2 0 0 0 )  

• s e n s i t i v i t y  e s t i m a t e s  f r o m  L V K

s e t t i n g s



2 .    c u r r e n t  g r o u n d - b a s e d  d e t e c t o r s
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L I G O - V i r g o - K A G R A
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t h e  c u r r e n t  n e t w o r k  c o m p r i s e s  

f o u r  g r a v i t a t i o n a l - w a v e  d e t e c t o r s

f r o m  t h e  f i r s t  d e t e c t i o n  i n  2 0 1 5 ,  w e  h a v e  n o w  

o b s e r v e d  a b o u t  3 9 0  e v e n t s ,  m o s t l y  b l a c k  h o l e  

m e r g e r s

e n a b l i n g  p o p u l a t i o n  a n a l y s i s

w h e r e  d o  t h e y  c o m e  f r o m ?
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f o r m a t i o n  c h a n n e l s

v a s c o  g e n n a r i

• d i f f e r e n t  c h a n n e l s  p r o v i d e  s p e c i f i c  s i g n a t u r e s  

• s t i l l  u n a b l e  t o  d i s t i n g u i s h  t h e m  f r o m  t h e  d a t a

t h e  p o p u l a t i o n  c o n t a i n s  i n f o r m a t i o n  o n  

t h e  u n d e r l y i n g  a s t r o p h y s i c a l  p r o c e s s e s  

t h a t  m a k e  u p  t h e  b l a c k  h o l e  m e r g e r s

i s o l a t e d  b i n a r i e s d y n a m i c a l

M a p e l l i +  ( 2 0 2 1 )  [ 2 1 0 6 . 0 0 6 9 9 ]

r e p e a t e d  m e r g e r s

G e r o s a +  ( 2 0 2 1 )  [ 2 1 0 5 . 0 3 4 3 9 ]

https://arxiv.org/abs/2106.00699
https://arxiv.org/abs/2105.03439
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s c i e n c e  o b j e c t i v e s

25

a s t r o p h y s i c s

c o s m o l o g y

• l e a r n  a b o u t  a s t r o p h y s i c a l  c h a n n e l s  f o r m i n g  b l a c k  h o l e  m e r g e r s  

• m e a s u r e  t h e  U n i v e r s e  e x p a n s i o n  w i t h  g r a v i t a t i o n a l  w a v e s

l a r g e  c a t a l o g u e s  e n a b l e  p o p u l a t i o n  a n a l y s e s

L V K  ( 2 0 2 6 )  [ 2 6 0 5 . 2 7 2 2 6 ]

L V K  ( 2 0 2 6 )  [ 2 6 0 5 . 2 7 2 2 7 ]

c u r r e n t  r e s u l t s ?

https://arxiv.org/abs/2605.27226
https://arxiv.org/abs/2605.27227
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o p e n  q u e s t i o n s

26

• w h a t  f e a t u r e s  i n  t h e  m a s s  d i s t r i b u t i o n  a r e  r o b u s t ?  

• w h a t  r o l e  m o d e l l i n g  a s s u m p t i o n s  p l a y ?

• w h a t  f e a t u r e s  d r i v e  t h e  c o s m o l o g i c a l  i n f e r e n c e ?  

• h o w  c a n  w e  m i t i g a t e  m o d e l l i n g  s y s t e m a t i c s ?

o n  t h e  p o p u l a t i o n  d i s t r i b u t i o n

w h a t  m o t i v a t e d  o u r  w o r k ?

o n  t h e  c o s m o l o g i c a l  i n f e r e n c e

… l e t ’ s  g e t  s t a r t e d !



2 . 2    p h e n o m e n o l o g i c a l  m o d e l l i n g
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s i m p l e  p a r a m e t r i s a t i o n s

• r e s u l t s  a r e  u n s t a b l e  a g a i n s t  c h a n g e s   

i n  t h e  p r i o r  r a n g e s  

• a  s h a r p e r  l o w - m a s s  p e a k  i s  p r e f e r r e d  

• t h e  m o d e l  c a n n o t  c a p t u r e  b o t h  t h e   

a n d   p e a k s
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a  p o w e r - l a w  +  g a u s s i a n  m o d e l  h a s  

w i d e l y  b e e n  u s e d  i n  t h e  l i t e r a t u r e

G e n n a r i +  ( 2 0 2 5 )  [ 2 5 0 2 . 2 0 4 4 5 ]

https://arxiv.org/abs/2502.20445
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s i m u l a t e d  d a t a

• b i m o d a l  l i k e l i h o o d  w h e r e  t h e  u s u a l  

r e c o n s t r u c t i o n  r e p r e s e n t s  a  l o c a l  m i n i m u m  

• a  s h a r p e r  l o w - m a s s  p e a k  i s  p r e f e r r e d
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Injected population
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g e n e r a t e  e v e n t s  f r o m  a  m o d e l  w i t h  b o t h  

f e a t u r e s  a n d  r e c o v e r  w i t h  a  s i m p l e r  o n e

c a r e f u l  w i t h  p h e n o m e n o l o g i c a l  m o d e l s !

G e n n a r i +  ( 2 0 2 5 )  [ 2 5 0 2 . 2 0 4 4 5 ]

https://arxiv.org/abs/2502.20445
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m o r e  c o m p l e x  p a r a m e t r i s a t i o n s
w h a t  a b o u t  a d d i n g  c o m p o n e n t s ?

• m o d e l s  w i t h  t h r e e  o r  f o u r  p o w e r - l a w s  f i t  b o t h   a n d   

f e a t u r e s  

• m o r e  s t r u c t u r e  a t  l o w - m a s s :  p e a k  a t   p r e c e d e d  b y  a  g a p  

• f o u r t h  o v e r d e n s i t y  a t  a b o u t  
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p o w e r - l a w - o n l y  m o d e l s  c a n  c a p t u r e  

m o r e  s t r u c t u r e  i n  t h e  m a s s  d i s t r i b u t i o n

h o w  r o b u s t  t h e r e  f e a t u r e s  a r e ?

B e r t h e a s ,  G e n n a r i +  ( 2 0 2 6 )  [ 2 6 0 3 . 0 6 7 9 2 ]

https://arxiv.org/abs/2603.06792


2 . 3    a g n o s t i c  m o d e l l i n g
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r e s o l u t i o n  s c a n  o f  t h e  m a s s  d i s t r i b u t i o n

• u n i f o r m  s p a c i n g  f i n d s  

h i g h - m a s s  s t r u c t u r e  

• l o g  s p a c i n g  f i n d s  

l o w - m a s s  s t r u c t u r e

c h a n g e  t h e  n u m b e r  o f  s p l i n e  

e l e m e n t s  t o  i n c r e a s e  f l e x i b i l i t y

l o g  s p a c i n g  i s  f a v o u r e d  b y  

B a y e s  f a c t o r s  a n d  a g r e e s  w i t h  

p h e n o m e n o l o g i c a l  m o d e l s

u n i f o r m  s p a c i n g l o g  s p a c i n g
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G e n n a r i +  ( 2 0 2 6 )  [ 2 6 0 4 . 1 4 2 9 0 ]

https://arxiv.org/abs/2604.14290
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a p p r o a c h  c o m p a r i s o n

• a  f o u r - p o w e r - l a w  m o d e l  i s  

e q u i v a l e n t  t o  t e n  q u a d r a t i c  

s p l i n e s  f o r  t h e  l o g ( P D F )  

• f e a t u r e s  c l o s e l y  m a t c h  

• s h a r p   p e a k  

•  u n d e r - d e n s i t y  

•  a n d   p e a k s  

•  o v e r - d e n s i t y

10 M⊙

15 M⊙

20 M⊙ 35 M⊙

∼ 60 M⊙

10°6

10°4

10°2

100 4PL

20 40 60 80

m1 [MØ]
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100 10 splines

f u l l  p a r a m e t r i c

n o n - p a r a m e t r i c

w h a t  i s  t h e  p h y s i c s  b e h i n d ?
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p o t e n t i a l  e x p l a n a t i o n s
W i l l c o x +  ( 2 0 2 5 )  [ 2 5 1 0 . 0 7 5 7 3 ]
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100 4PL

20 40 60 80

m1 [MØ]
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100 10 splines

G i n a t +  ( 2 0 2 6 )  [ 2 6 0 4 . 0 7 4 5 6 ]

A n t o n i n i +  ( 2 0 2 2 )  [ 2 2 0 8 . 0 1 0 8 1 ]S t e g m a n n +  ( 2 0 2 6 )  [ 2 6 0 9 . 3 0 3 7 8 ]

https://arxiv.org/abs/2510.07573
https://arxiv.org/abs/2604.07456
https://arxiv.org/abs/2208.01081
https://arxiv.org/abs/2609.30378


2 . 4    c o s m o l o g i c a l  i n f e r e n c e
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G W T C - 4  w i t h  p o w e r - l a w s

• i m p r o v e m e n t  c o m p a r e d  t o  L V K  a n a l y s i s  

• c o n s t r a i n t s  c o m p a r a b l e  t o  B B H s + N S B H s ,  

b u t  o n l y  u s i n g  B B H s

h o w  m u c h  d o e s  i t  d e p e n d  o n  t h e  

m o d e l l i n g  a s s u m p t i o n s ?  

e x p e c t e d  b y  r e s o l v i n g  m o r e  s t r u c t u r e

 p r e c i s i o n !23 %
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B e r t h e a s ,  G e n n a r i +  ( 2 0 2 6 )  [ 2 6 0 3 . 0 6 7 9 2 ]

https://arxiv.org/abs/2603.06792
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u s i n g  B - s p l i n e s
m o r e  s t r u c t u r e ,  b e t t e r  c o n s t r a i n t s
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i s o l a t i n g  s u b - p o p u l a t i o n s

• c o n f i r m s  t h a t  m o s t  o f  t h e  

c o s m o l o g i c a l  i n f o r m a t i o n  c o m e s  

f r o m  t h i s  f e a t u r e  

• s u b - p o p u l a t i o n  r e c o n s t r u c t i o n  i s  

c o n s i s t e n t  w i t h  t h e  f u l l  a n a l y s i s

c o u l d  i t  w o r k ?

 i t  m a y  b e  a  n e w  d i r e c t i o n  t o  m i t i g a t e  s y s t e m a t i c s
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e v e n t s  “ b e l o n g i n g ”  

t o  t h e   p e a k10M⊙

• c o m p a c t n e s s  p e a k s  p r o v i d e  c o n f i n e d  p o p u l a t i o n s  

w i t h  s h a r e d  a s t r o p h y s i c s

n e e d  t o  r o b u s t l y  c h a r a c t e r i s e  s e l e c t i o n  e f f e c t s

G e n n a r i +  ( 2 0 2 6 )  [ 2 6 0 4 . 1 4 2 9 0 ]

https://arxiv.org/abs/2604.14290


2 . 5    p r o s p e c t s  a n d  p r o b l e m s
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O 5  f o r e c a s t s
w h a t  a b o u t  t h e  f u t u r e ?
B e r t h e a s ,  G e n n a r i +  ( 2 0 2 5 )  [ 2 5 0 8 . 1 9 3 3 1 ]
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• r e s u l t s  s i g n i f i c a n t l y  d e p e n d  o n  t h e  

u n d e r l y i n g  p o p u l a t i o n  m o d e l  

• a  v e r y  s h a r p   p e a k  m a y  d e l i v e r   

p r e c i s i o n  a n d  s o l v e  t h e  H u b b l e  t e n s i o n  

u s i n g  t h e  p o p u l a t i o n  a l o n e

10M⊙ ∼ 3 %

s i m u l a t e d  d a t a s e t s  f r o m  c u r r e n t  d a t a  f i t s  

o f  p o w e r - l a w  m o d e l s  u s i n g  1 5 0 0  e v e n t s

r e s u l t s  d e p e n d  o n  t h e  p o p u l a t i o n  m o d e l

https://arxiv.org/abs/2508.19331
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n u m e r i c a l  s t a b i l i t y

b o t h  t h e  n u m e r i c a l  s t a b i l i t y  c u t  a n d  t h e  s m o o t h i n g  d e t e r m i n e  t h e  s h a r p n e s s  o f  t h e   p e a k10 M⊙
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t h i s  a f f e c t s  B a y e s  f a c t o r s :  h i g h  l i k e l i h o o d  v a l u e s  i n  t h e  e x c i s e d  p a r a m e t e r  s p a c e

r e a l  d a t a s i m u l a t i o n
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c u r r e n t  s t a t u s
i s  t h i s  a p p r o a c h  a c t u a l l y  r e l i a b l e ?

t h e  m a i n  r e s u l t s  o b t a i n e d

• c u r r e n t  d a t a  s u p p o r t  a  n a r r o w  l o w - m a s s  p o p u l a t i o n ,  

w h i c h  m a y  p r o v i d e  a c c u r a t e  c o s m o l o g i c a l  m e a s u r e m e n t s  

• t h e  c h a r a c t e r i s a t i o n  o f  t h i s  f e a t u r e  i s  b e y o n d  t h e  r e a c h  

o f  c u r r e n t  s e n s i t i v i t i e s  w i t h  c u r r e n t  m e t h o d s

o p e n  q u e s t i o n s

• d e v e l o p m e n t  o f  m e t h o d s  t o  c h a r a c t e r i s e  i t s  i n t r i n s i c  w i d t h  ( e . g .  p o p u l a t i o n  s a m p l i n g ,  e n t r o p y  b o u n d s )  

• i s o l a t e  s u b p o p u l a t i o n s  ( s t a t i s t i c s  a n d  a s t r o p h y s i c s )

c o s m o l o g i c a l  
m e a s u r e m e n t s

p o p u l a t i o n  
r e c o n s t r u c t i o n

m o d e l l i n g  
a s s u m p t i o n s



3 .    f u t u r e  s p a c e - b a s e d  d e t e c t o r s
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L I S A

s p a c e - b a s e d  d e t e c t o r  

p l a n n e d  f o r  2 0 3 5

• f i r s t  g r a v i t a t i o n a l - w a v e  d e t e c t o r  i n  s p a c e  

• 2 . 5  m i l l i o n s  k m  a r m s  

• n e w  s o u r c e s  i n  t h e  m i l l i h e r t z  b a n d

w h a t  s c i e n c e  w i l l  w e  b e  a b l e  t o  d o ?
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o b j e c t i v e s

• p r o b i n g  e v o l u t i o n  o f  

m a s s i v e  b l a c k  h o l e s  

• d y n a m i c s  a r o u n d  m a s s i v e  

b l a c k  h o l e s  

• f u n d a m e n t a l  p h y s i c s  

• b i n a r y  s t a r s  i n  o u r  g a l a x y  

• p r o b e  t h e  e x p a n s i o n  o f  

t h e  U n i v e r s e

C o l p i +  ( 2 0 2 5 )  [ 2 4 0 2 . 0 7 5 7 1 ]

w h a t  p o p u l a t i o n s  w i l l  w e  s e e ?  

w h i c h  f e a t u r e s  w i l l  t h e y  h a v e ?  

w i l l  w e  b e  a b l e  t o  d o  c o s m o l o g y ?

n e e d  t o  r e l y  

o n  s i m u l a t i o n s

https://arxiv.org/abs/2402.07571
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m a s s i v e  b l a c k  h o l e  p r e d i c t i o n s

v a s c o  g e n n a r i

• h e a v y  s e e d s  

• l i g h t  s e e d s

I z q u i e r d o - V i l l a l b a +  ( 2 0 2 6 )  [ 2 6 0 5 . 0 0 0 9 2 ]

t w o  m a i n  w a y s  o f  c r e a t i n g  a  f u t u r e  m a s s i v e  b l a c k  h o l e

r e d s h i f t s  ,  m a s s e s  10 − 20 103 − 105

r e d s h i f t s  ,  m a s s e s  15 − 30 102 − 103

C o l p i +  ( 2 0 2 5 )  [ 2 4 0 2 . 0 7 5 7 1 ]

https://arxiv.org/abs/2605.00092
https://arxiv.org/abs/2402.07571
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c o s m o l o g y  w i t h  M B H s

v a s c o  g e n n a r i

M a n g i a g l i +  ( 2 0 2 3 )  [ 2 3 1 2 . 0 4 6 3 2 ]

Ta m a n i n i +  ( 2 0 1 6 )  [ 1 6 0 1 . 0 7 1 1 2 ]

L a g h i +  ( 2 0 2 6 )  [ 2 6 0 3 . 2 3 6 1 2 ]

g
a

la
xy

 c
a

ta
lo

g
u

e
s

q u a s i - p e r i o d i c  o s c i l l a t i o n s

M B H B s  w i t h  c o u n t e r p a r t s

E M R I s

https://arxiv.org/abs/2312.04632
https://arxiv.org/abs/1601.07112
https://arxiv.org/abs/2603.23612
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• l a c k  o f  r e a l i s t i c  p o p u l a t i o n  i n f e r e n c e  i n  t h e  l i t e r a t u r e  

• a p p l y  c u r r e n t  s t a t e - o f - t h e - a r t  m e t h o d s  t o  L I S A  s o u r c e s

• n o  p o p u l a t i o n - b a s e d  i n f e r e n c e  i n  t h e  l i t e r a t u r e  

• i m p l e m e n t i n g  t h e  f i r s t  o f  t h i s  k i n d

o n  t h e  p o p u l a t i o n  d i s t r i b u t i o n

w h a t  m o t i v a t e d  o u r  w o r k ?

o n  t h e  c o s m o l o g i c a l  i n f e r e n c e

… l e t ’ s  c o n t i n u e !
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M B H B  c a t a l o g u e s

Q 3 n d

1 0  y r s  ~ 1 2 0 0  e v e n t s  

4  y r s  ~ 5 0 0  e v e n t s

Q 3 d

1 0  y r s  ~ 7 0  e v e n t s  

4  y r s  ~ 3 0  e v e n t s

h o w  a r e  t h e y  d i s t r i b u t e d ?

• l a r g e  p o p u l a t i o n  u n c e r t a i n t i e s  

• p o t e n t i a l l y  h i g h  r e d s h i f t s
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h e a v y - s e e d  p o p u l a t i o n s
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d i f f e r e n t  c a t a l o g u e  s i z e  d e p e n d i n g  o n  t h e  s i m u l a t i o n  a s s u m p t i o n s

n e e d  t o  f i n d  a  s u i t a b l e  p a r a m e t r i s a t i o n !

b e i n g  g e n e r a t e d  s e m i - a n a l y t i c a l l y ,  t h e r e  i s  

n o  c l o s e d - f o r m  e x p r e s s i o n  f o r  t h e  p o p u l a t i o n

B a r a u s s e  ( 2 0 1 2 )  [ 1 2 0 1 . 5 8 8 8 ]

A n t o n i n i +  ( 2 0 1 5 )  [ 1 5 0 6 . 0 2 0 5 0 ]

https://arxiv.org/abs/1201.5888
https://arxiv.org/abs/1506.02050
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w e  u s e  t h e s e  f i t s  t o  g e n e r a t e  a  p o p u l a t i o n  

t h a t  i s  n o t  a f f e c t e d  b y  s y s t e m a t i c s  

( i d e a l i s e d  a n a l y s i s )

w e  f i t  d i f f e r e n t  p h e n o m e n o l o g i c a l  

m o d e l s  t o  t h e  a s t r o p h y s i c a l  d a t a
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• c h o o s e  t h e  m o d e l  w i t h  h i g h e r  

e s t i m a t e d  m a x i m u m - l i k e l i h o o d  

• u s e  b o t h  t h e  r a t e  e v o l u t i o n  a n d  

r e d s h i f t  p r o b a b i l i t y

n
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a p p l y  h i e r a r c h i c a l  

i n f e r e n c e  o n  t h e  

d a t a s e t s

• l a r g e r  v a r i a t i o n s  o n  

t h e  s e m i - a n a l y t i c  

m o d e l  

• d e p e n d  o n  m i s s i o n  

r e a l i s a t i o n  

• c o n s i s t e n t  r e s u l t s  

w i t h  s i m u l a t e d  d a t a

e x a c t  p o p u l a t i o ns e m i - a n a l y t i c
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a p p l y  h i e r a r c h i c a l  

i n f e r e n c e  o n  t h e  

d a t a s e t s

• l a r g e r  v a r i a t i o n s  o n  

t h e  s e m i - a n a l y t i c  

m o d e l  

• d e p e n d  o n  m i s s i o n  

r e a l i s a t i o n  

• c o n s i s t e n t  r e s u l t s  

w i t h  s i m u l a t e d  d a t a

e x a c t  p o p u l a t i o ns e m i - a n a l y t i c
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i n  t h e  a b s e n c e  o f  b e t t e r  c a t a l o g u e s  

o n l y  L I S A  w i l l  t e l l …

• r i c h e r  a s t r o p h y s i c s  ( m o r e  f e a t u r e s )  

• c o m b i n a t i o n  w i t h  o t h e r  p r o b e s

w e  f i n d  i n  g e n e r a l  p o o r  c o n s t r a i n t s  

d u e  t o  t h e  l a c k  o f  f e a t u r e s

m a n y  t h i n g s  m a y  i m p r o v e  i t
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E M R I  c a t a l o g u e s

o n l y  o n e  f i d u c i a l  c a t a l o g u e  f o r  t h e  m o m e n t
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• s e l e c t i o n  e f f e c t s  a r e  h i g h l y  r e l e v a n t  

• s m a l l e r  r e d s h i f t s  t h a n  M B H B s  

• s e c o n d a r y  o b j e c t  m a y  h a v e  m o r e  s t r u c t u r e

S N R  e v a l u a t i o n  v e r y  e x p e n s i v e ,  n o t  e a s y  t o  

e s t i m a t e  s e l e c t i o n  e f f e c t s

E M R I  d e t e c t i o n s  a r e  v e r y  u n c e r t a i n ,  

r a n g i n g  f r o m  z e r o  t o  t h o u s a n d s  e v e n t s

s a m e  p r o c e d u r e  u s e d  f o r  M B H B s :  

p o p u l a t i o n  f i t s ,  h i e r a r c h i c a l  i n f e r e n c e ,  

p o p u l a t i o n - b a s e d  c o s m o l o g y

B a b a k +  ( 2 0 1 7 )  [ 1 7 0 3 . 0 9 7 2 2 ]

P i a r u l l i +  ( i n  p r e p . )

https://arxiv.org/abs/1703.09722
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c a n  w e  i m p r o v e  o n  c o s m o l o g i c a l  c o n s t r a i n t s ?

i m p r o v e d  r e s u l t s  c o m p a r e d  t o  M B H B s  

b u t  s t i l l  f a r  f r o m  p r e c i s i o n  c o s m o l o g y
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Combined• u n i q u e  h i g h - r e d s h i f t  i n f o r m a t i o n  b u t  

i n s u f f i c i e n t  p o p u l a t i o n  f e a t u r e s  

• n e e d  m o r e  r e l i a b l e  p r e d i c t e d  

p o p u l a t i o n s  b u t  u n k n o w n  u n t i l  L I S A  

w i l l  f l y

c o s m o l o g y  w i t h  L I S A  w i l l  l i k e l y  r e q u i r e  

c o m b i n a t i o n  w i t h  E M  i n f o r m a t i o n
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c u r r e n t  s t a t u s
p o p u l a t i o n - b a s e d  c o s m o l o g y  w i t h  L I S A ?

t h e  m a i n  r e s u l t s

• p o p u l a t i o n - b a s e d  i n f e r e n c e  w i t h  m a s s i v e  b l a c k  h o l e s  d o e s  n o t  s e e m  a  r e l i a b l e  

r o u t e  d u e  t o  t h e  s c a l e s  o f  t h e  p o p u l a t i o n s  

• f e a t u r e s  i n  t h e  s e c o n d a r y  o b j e c t  o f  E M R I s  m a y  i m p r o v e  c o n s t r a i n t s

o p e n  q u e s t i o n s

• n e e d  a  m o r e  a c c u r a t e  p r e d i c t i o n s  o f  t h e  E M R I  s e c o n d a r y  o b j e c t  

• c o m b i n e  E M  i n f o r m a t i o n  ( e . g .  c r o s s - c o r r e l a t i o n s ,  b a c k g r o u n d s ,  c o u n t e r p a r t s )



4 .    d i s c u s s i o n  a n d  c o n c l u s i o n s
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d i s c u s s i o n

p r o b e s  c o m b i n a t i o n  m a y  b e  p a r t i c u l a r l y  e f f e c t i v e

• c h a r a c t e r i s e  l i m i t a t i o n s  o f  r e d s h i f t  e v o l u t i o n - c o s m o l o g y  d e g e n e r a c y  

• i m p r o v e d  m e t h o d s  t o  h a n d l e  n u m e r i c a l  s t a b i l i t y  

• B a y e s i a n  s u b p o p u l a t i o n  i s o l a t i o n  ( e v e n t s  s h a r i n g  t h e  s a m e  f o r m a t i o n  c h a n n e l )

t h e  m a i n  c u r r e n t  p r o b l e m s  o f  p o p u l a t i o n - b a s e d  i n f e r e n c e  ( i n  m y  o p i n i o n )

• t h e   p o p u l a t i o n  w i t h  g a l a x y  c a t a l o g u e s  ( e . g .  b o t h  c o v e r  l o w  r e d s h i f t ,  h i g h  S N R ,  

g o o d  s k y  l o c a l i s a t i o n :  c a t a l o g u e s  m a y  b e  i n f o r m a t i v e )  

• f o r  L I S A ,  i t  s e e m s  t h e  b e s t  r o u t e  a l t h o u g h  n e e d  m o r e  d e v e l o p m e n t s

10M

h o w  t o  g e t  t o  p r e c i s i o n  c o s m o l o g y  w i t h  g r a v i t a t i o n a l  w a v e s
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d i s c u s s i o n

h o w e v e r ,  E M  c o m b i n a t i o n  n e e d  c a r e f u l  t r e a t m e n t

• i m p o r t i n g  s y s t e m a t i c  

• c o m b i n e  i n c o n s i s t e n t  d a t a s e t s

t h e  a d d i t i o n a l  i n f o r m a t i o n  c o m e s  a t  t h e  c o s t  o f

• h o w  t o  d e f i n e  s t a t i s t i c a l l y  i n c o n s i s t e n t  e x p e r i m e n t s ?

• c a n  w e  c o n t r o l  E M  s y s t e m a t i c s  b e t t e r  t h a n  G W ?  

• w h a t  i s  t h e  r o l e  o f  G W s  i f  i n f o r m a t i o n  c o m e s  f r o m  E M  d a t a ?

t h e  f u t u r e  o f  g r a v i t a t i o n a l - w a v e  c o s m o l o g y  i s  s t i l l  u n c l e a r ,  b u t  i t s  s t u d y  h a s  a l r e a d y  

e n a b l e d  u s  t o  a d v a n c e  o u r  u n d e r s t a n d i n g  o n  a s t r o p h y s i c s  a n d  s t a t i s t i c s



t h a n k  y o u  f o r  y o u r  a t t e n t i o n



b a c k u p  s l i d e s
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p o p u l a t i o n  s y n t h e s i s  c o d e s
c o m p a c t n e s s  p e a k s

c o m p a c t n e s s  p e a k s
i s o l a t e d  b i n a r i e s

i s o l a t e d  b i n a r i e s

h i e r a r c h i c a l  t r i p l e s

s t a r  c l u s t e r s



G W T C - 3  h i g h l i g h t s
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h o w  d o e s  t h e  m a s s  d i s t r i b u t i o n  l o o k s  l i k e ?

• w i d e  v a r i e t y  f o r  d i f f e r e n t  m e t h o d s

S a d i q +  ( 2 0 2 1 )  [ 2 1 1 2 . 1 2 6 5 9 ]

L V K  ( 2 0 2 1 )  [ 2 1 1 1 . 0 3 6 3 4 ]

T i w a r i  ( 2 0 2 1 )  [ 2 1 1 1 . 1 3 9 9 1 ]

C a l l i s t e r +  ( 2 0 2 3 )  [ 2 3 0 2 . 0 7 2 8 9 ]

To u b i a n a +  ( 2 0 2 3 )  [ 2 3 0 5 . 0 8 9 0 9 ]

G e n n a r i +  ( 2 0 2 5 )  [ 2 5 0 2 . 2 0 4 4 5 ]

https://arxiv.org/abs/2111.03634
https://arxiv.org/abs/2111.13991
https://arxiv.org/abs/2112.12659
https://arxiv.org/abs/2302.07289
https://arxiv.org/abs/2305.08909
https://arxiv.org/abs/2502.20445


G W T C - 4 / 5  h i g h l i g h t s
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w h a t  a b o u t  t h e  l a t e s t  d a t a ?

• s a m e  f e a t u r e s  a s  G W T C - 3  o v e r a l l  

• d i f f e r e n c e s  b e t w e e n  p a r a m e t r i c  a n d  

n o n - p a r a m e t r i c

B - s p l i n e s

T i w a r i  ( 2 0 2 5 )  [ 2 5 0 7 . 1 5 6 9 7 ]

H e r n a n d e z +  ( 2 0 2 5 )  [ 2 5 0 9 . 0 3 6 0 7 ]

L V K  ( 2 0 2 5 )  [ 2 5 0 8 . 1 8 0 8 3 ]

Ta g l i a z u c c h i +  ( 2 0 2 6 )  [ 2 6 0 1 . 0 3 3 4 7 ]

L V K  ( 2 0 2 6 )  [ 2 6 0 5 . 2 7 2 2 6 ]

https://arxiv.org/abs/2507.15697
https://arxiv.org/abs/2509.03607
https://arxiv.org/abs/2508.18083
https://arxiv.org/abs/2601.03347
https://arxiv.org/abs/2605.27226
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c u r r e n t  s t r u c t u r e

• l o w - m a s s  

• p e a k  a t   

• g a p  a t  ?  

• m e d - m a s s  

•  o v e r d e n s i t y  

• a n o t h e r  p e a k  a t  ?  

• h i g h - m a s s  

• o v e r d e n s i t y  a t  ?

10M⊙

15M⊙

∼ 35M⊙

20M⊙

60 − 70M⊙ • h o w  s h a r p  t h e   p e a k  i s ?  

• d o  p a r a m e t r i c  a n d  n o n - p a r a m e t r i c  a g r e e ?

10M⊙

h o w  r o b u s t  t h e s e  f e a t u r e s  a r e ?

[ 2 5 0 2 . 2 0 4 4 5 ][ 2 5 0 8 . 1 8 0 8 3 ] [ 2 1 1 1 . 1 3 9 9 1 ]

[ 2 3 0 5 . 0 8 9 0 9 ]

[ 2 5 0 9 . 0 3 6 0 7 ]

https://arxiv.org/abs/2502.20445
https://arxiv.org/abs/2508.18083
https://arxiv.org/abs/2111.13991
https://arxiv.org/abs/2305.08909
https://arxiv.org/abs/2509.03607
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G W T C - 4 / 5  h i g h l i g h t s

• g a l a x y  c a t a l o g s  a r e  m o s t l y  u n i n f o r m a t i v e  

• l a r g e  d i f f e r e n c e s  b e t w e e n  d i f f e r e n t  m o d e l l i n g  
a s s u m p t i o n s

s i m i l a r  t o  w h a t  
I ’ l l  s h o w  y o u !

c a n  w e  d o  b e t t e r ,  a n d  a t  w h i c h  c o s t ?

Ta g l i a z u c c h i +  ( 2 0 2 6 )  [ 2 6 0 1 . 0 3 3 4 7 ]

P i e r r a +  ( 2 0 2 6 )  [ 2 6 0 1 . 0 3 2 5 7 ]

H e r n a n d e z +  ( 2 0 2 5 )  [ 2 5 0 9 . 0 3 6 0 7 ]

L V K  ( 2 0 2 6 )  [ 2 6 0 5 . 2 7 2 2 7 ]

https://arxiv.org/abs/2601.03347
https://arxiv.org/abs/2601.03257
https://arxiv.org/abs/2509.03607
https://arxiv.org/abs/2605.27227
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s e c o n d a r y  m a s s

25 50 75 100 125 150 175

H0 [km s°1 Mpc°1]
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p(m2|m1) ª PL[m2,min,m1]

with m2,min 6= m1,min,a

Planck18

SH0ES
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R

p(
m
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)d

m
1

i n s t e a d  o f  u s i n g  t h e  m a s s  r a t i o ,  

w e  m o d e l  t h e  s e c o n d a r y  m a s s  

c o n d i t i o n e d  o n  t h e  p r i m a r y

• t h e  s e c o n d a r y - m a s s  p a r a m e t r i s a t i o n  

c a n  c h a n g e  t h e  r e c o n s t r u c t e d  

d i s t r i b u t i o n  

• t h e  p o s t e r i o r s  o n  t h e  H u b b l e  

c o n s t a n t  a r e  i n v a r i a n t

B e r t h e a s ,  G e n n a r i +  ( 2 0 2 6 )  [ 2 6 0 3 . 0 6 7 9 2 ]

https://arxiv.org/abs/2603.06792
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B - s p l i n e s

• B - s p l i n e s  a r e  b u i l d  f r o m  p o l y n o m i a l  

b a s e s  o v e r  k n o t s  

• t h e  k n o t  g r i d  i s  f r e e  t o  v a r y  w i t h  t h e  

m i n i m u m  a n d  m a x i m u m  m a s s  

• v a r y i n g  t h e  n u m b e r  o f  c o m p o n e n t s  

a l l o w s  t o  m o d e l  r i c h e r  s t r u c t u r e  

• w e  m o d e l  t h e  l o g ( P D F )  w i t h  B - s p l i n e s
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u n i f o r m  s p a c i n g

l o g  s p a c i n g

0 20 40 60 80 100
x
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10

20

30

N
i(
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2 splines

h o w  t o  c a p t u r e  c o m p l e x i t y ?
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o t h e r  s p l i n e s

• t h e  r e c o n s t r u c t i o n  

d e p e n d s  o n  t h e  m o d e l l i n g  

a s s u m p t i o n s  

• n o t  a b l e  t o  r e p r o d u c e  

s h a r p  f e a t u r e s

u n i f o r m  s p a c i n g l o g  s p a c i n g

10°5

10°3

10°1

p(
m

1
)

uniform spacing

ln Lmax = °47.1
ln B = °42.2

log spacing

ln Lmax = °21.8
ln B = °19.9

4 Splines

10°5

10°3
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)

ln Lmax = °15.7
ln B = °22.3

ln Lmax = °9.2
ln B = °12.8

8 Splines

10°5

10°3

10°1

p(
m

1
)

ln Lmax = °10.2
ln B = °23.4

ln Lmax = °4.0
ln B = °13.5

12 Splines
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)

ln Lmax = °8.7
ln B = °25.7

ln Lmax = °3.8
ln B = °14.3

16 Splines
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ln Lmax = °8.0
ln B = °28.2

20 40 60 80

m1 [MØ]

ln Lmax = °2.0
ln B = °16.1

50 100 150

H0 [km s°1 Mpc°1]

20 Splines

w e  m o d e l  t h e  P D F  d i r e c t l y  

w i t h  B - s p l i n e s
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a  p o s s i b l e  a s t r o p h y s i c a l  i n t e r p r e t a t i o n ?

t h e  d i s t r i b u t i o n  i s  l i k e l y  o v e r f i t t e d ,  b u t  i t  m a y  i n d i c a t e  h i e r a r c h i c a l  m e r g e r s

20 40 60 80
m1 [MØ]

10°5

10°3

10°1

101

p(
m

1)

8-10
16-20

32-40

64-80

10 Splines

20 Splines

[8 − 10] [32 − 40][16 − 20] [64 − 80]

G e n n a r i +  ( 2 0 2 6 )  [ 2 6 0 4 . 1 4 2 9 0 ]

https://arxiv.org/abs/2604.14290
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e v e n t - r a t e  a n d  v a l i d a t i o n

• s u p p o r t s  s p e c i f i c  f o r m a t i o n  c h a n n e l  f o r  t h i s  f e a t u r e  

• i n d e p e n d e n t l y  c o n f i r m e d  i n  [ 2 6 0 5 . 2 5 9 8 0 ]  a n d  b y  

o n g o i n g  m u l t i - p o p u l a t i o n  a n a l y s e s
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G e n n a r i +  ( 2 0 2 6 )  [ 2 6 0 4 . 1 4 2 9 0 ]

w e  o b s e r v e  a  s t e e p e r  r a t e  e v o l u t i o n  i n  r e d s h i f t  

t a r g e t i n g   e v e n t s  o n l y10M⊙

s i m u l a t i o n - b a s e d  v a l i d a t i o n  o f  t h e  

m e t h o d  w i t h  s e p a r a t e  p o p u l a t i o n s  

https://arxiv.org/abs/2605.25980
https://arxiv.org/abs/2604.14290
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i n t r i n s i c  e v o l u t i o n

• l i n e a r  e v o l u t i o n  o f  t h e  f e a t u r e s  

a n d  m i x i n g  f r a c t i o n s  i n  r e d s h i f t  

• n o  e v i d e n c e  f o r  r e d s h i f t  

e v o l u t i o n  o n  G W T C - 3  

• i n t e r p l a y  b e t w e e n  e v o l u t i o n  

a n d  s e l e c t i o n  e f f e c t s
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p o i s s o n  n o i s e

4 6
log10(m1)

0.00 0.25 0.50 0.75
log10(q)

Q3d Catalogue

0 5 10
z

a  c a t a l o g u e  w i t h  f e w  d e t e c t e d  e v e n t s  i s  

s t r o n g l y  a f f e c t e d  b y  P o i s s o n  n o i s e  

t h e  i n t e r a c t i o n  b e t w e e n  t h e  p o p u l a t i o n  

m o d e l l i n g  a n d  s p e c i f i c  r e a l i s a t i o n  

b e c o m e s  l e s s  c l e a r
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c o s m o l o g y  o n  s e m i - a n a l y t i c  c a t a l o g u e s
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£104
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Fixed cosmology

Free cosmology

• m a x i m u m  l i k e l i h o o d  v a l u e  o f  e a c h  r u n  

• s o u r c e - f r a m e  d i s t r i b u t i o n  m a p p e d  t o  

t h e  o b s e r v e r  f r a m e  

• t h e  o n e  w i t h  f r e e  c o s m o l o g y  b e t t e r  

f i t s  t h e  d a t a  i n f e r r i n g  a  w r o n g  v a l u e  

o f  t h e  c o s m o l o g i c a l  p a r a m e t e r s  

• c o s m o l o g i c a l  p a r a m e t e r s  a r e  

e f f e c t i v e l y  u s e d  t o  i m p r o v e  t h e  f i t
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H S n o d - l i k e  c a t a l o g u e s

4  y r s

~ 1 6 0 0 0  e v e n t s

1 0  y r s

~ 4 0 0 0 0  e v e n t s
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r e c e n t  d e v e l o p m e n t s

• d i r e c t l y  s a m p l e  h i e r a r c h i c a l  l i k e l i h o o d  

• n o n - p a r a m e t r i c  t o  p a r a m e t r i c  m a p p i n g  

• s a m p l i n g  t h e  o b s e r v e d  d i s t r i b u t i o n

v a s c o  g e n n a r i

M a n c a r e l l a +  ( 2 0 2 5 )  [ 2 5 0 2 . 1 2 1 5 6 ]

To u b i a n a +  ( 2 0 2 6 )  [ 2 5 0 7 . 1 3 2 4 9 ]

R i n a l d i +  ( 2 0 2 5 )  [ 2 5 0 6 . 0 5 1 5 3 ]

(a)
(a)(b)

(c)

(b)

(c)

a  l o t  o f  e f f o r t  i s  d e d i c a t e d  t o  

i m p r o v i n g  c u r r e n t  t e c h n i q u e s

https://arxiv.org/abs/2502.12156
https://arxiv.org/abs/2507.13249
https://arxiv.org/abs/2506.05153
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c o s m o l o g y - e v o l u t i o n  d e g e n e r a c y

l a r g e  d i s t a n c e s  ( d e g e n e r a c y  b r o k e n )s h o r t  d i s t a n c e s  ( d e g e n e r a c y )

c o s m o l o g y  a n d  l i n e a r  e v o l u t i o n  

s i m u l t a n e o u s l y  i n f e r r e d
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c o s m o l o g y  f r o m  i n f o r m a t i o n
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c o m p u t e s  t h e  e n t r o p y  o f  t h e  d a t a  

m a p p e d  t o  t h e  s o u r c e  f r a m e  f o r  

d i f f e r e n t  c o s m o l o g i e s

t h e  t r u e  o n e  i s  t h a t  m i n i m i s i n g  

t h e  i n f o r m a t i o n
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r i n g d o w n  a n a l y s e s

• p o s t - m e r g e r  m o d e l  c u r r e n t l y  u s e d  b y  t h e  

L V K  i n  t h e  T G R  p a p e r  

• c o n t r i b u t i o n  t o  a n  i m p o r t a n t  r e v i e w  o n  

t h e  s t a t u s  o f  r i n g d o w n  

• P W T  o f  t h e  L V K  p a p e r  o n  G W 2 5 0 1 1 4  T G R

s e v e r a l  c o n t r i b u t i o n s  t o  r i n g d o w n  d a t a  

a n a l y s i s  a n d  t e s t s  o f  g e n e r a l  r e l a t i v i t y


