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The best Is yet to come

About 100 surprises so far, thousands in ~5 yrs, millions in ~20 years

® | arge statistics: details emerging at the population level
® \any events means rare outliers
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Baibhav, DG+ 2019

03
10°

10°
10*

10°

Size of catalog

102

10

Design

A+

A++

Voyager

CE

1

2020



Outline

e Astro: tormation channels

o Stats: Population analyses

* Relativity: Hierarchical mergers




Can black holes really make it?

Power emitted in gravitational waves: \/“ f
da  64G3M® ¢ m
dt 5 a® (1+q)?
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- Gravitational waves are efficient below
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Relativity alone cannot explain the LIGO events,
we need some astrophysics



Yes! I’ve known you Ij/ Z Ij/ Z

Have we been together for SO Iong’?

since you were a star
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‘ , Don’t you remember?
, | We just met in cluster




Massive stars to BHs: field evolution

Belczynski+2016

TIME [Myr] a[Rpo] e
1 = Main-sequence binary star

0.0000 96.2 Mo ‘ ZAMS O MS 60.2 Mp | 2463 0.15
/ RLOF
2 First evolves to SUperglant: 3.5445 92.2 Mo .~:> O Ms 59.9 Mo | 2140 0.00
= Roche-lobe overflow, mass transfer ’”
35448 | or 423 M@'I . \ . MS 849 Mo | 3112 0.00
| CHeB ‘\ /=>
3 First goes supernova and forms a BH h g
" s it still a binary?
3.8354 |He star 39.0 Mo . MS 84.7 Mo | 3579 0.00
S J | ¢ ant: § DIRECT BH
econd evolves to supergiant: ISR PO ‘ ws s | 3700 003

4_ common envelope

Must be efficient... Critical stage to bring the
separation down! 50445 |BH 350 Mo
. but not too much: is it still a binary?

CHeB 822Mgp| 3780 0.03

044 e star 43.8 0.00
5 Second goes supernova and formsa BH 7 |7 3T ® He star 368 Mo
| . . '
s it still a binary? 53483 |[BH  365Mg - ® He star 342 Mg | 45.3 0.00
} DIRECT BH
6 53483 |[BH  3¢5Mg ¢ BH 308 M | 478 0.05
= Inspiral, merger, ringdown and LIGO § MERGER

10,294 o 0 0.0
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Dynamical assembling: 55555 %5

cluster evolution 5 ey
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1 . Dense stellar clusters, many three body interactions K K pacysinay | o3
j’{ Three-body ./(9/é * e
. . . . . Binary Formation 1
2_ Dynamical friction: heavy objects sink towards the center ‘;{ 0> &0
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Gaseous disks surrounding supermass
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Can we tell them apart’? \What we thought in 2017-2018..

|

}

|

dN/dlog(e)

1 Field CIuster |
~ Masses and rates gl 18 || Zevin+ 2017
| ~100 events needed to : ﬁ'lH S ;
distinguish these populations et b |
with masses and rates"” 3 J
Stevenson+ 2015, Zevin+ 2017 § [ ‘

g - F FLH"-J""L ’
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Eccentrlcmes

Promising! Especially for specific
scenarios like triples  Antonini Perets 2012
Go to LISA... Brievik+ 2016, Nishizawa+ 2016

0.8 ﬁﬂm_ﬁmq_ﬂm_ﬁm_ﬂm_ﬂm_ﬂm

- f=10 Hz Nishizawa+ 2016
0.6 —
0.4
0.2

0
10-8 10-7 10-¢ 10-® 10+ 103 0.01 0.1 1
eccentrlclty

| .
~ Spins have secrets!

| Before SN1 After SN1 Before SN2 After SN2 GW band

Binary star T 205 o DG. 20181
interactions imprint ega|  Atides
correlations onthe LIGO
spin directions: = [
| ¢ SN Kicks m/41 | Y
.+ Tides 0] -
* Mass transfer ™
| wnl T
‘ S /2 T
* DG+ 2013, 2018, ™* ‘ /
| Stevenson+2017, 0{ — - . = = —

lL Talbot Thrane 2017, etc




In reality...

Almost 10 years of GW astronomy and we have not
solved the formation channel problem (yet?)

e \any unknown processes (astrophysics is dirty)
* INtriNsiC degeneracies

e Selection effects

e [Ne stats Is haro

e [Neoretical astropnysicists are "creative’ (predictions change)




Populatlons the Bayes way

i - — S — e E——
(9 Slngle -event parameters: masses, spins, redshifts z

)\ Populatlon parameters Spectral iNndex of mass distribution, cutoffs

Inhomogeneous FPoisson proceSS' Loredo 2004, Mandel+ 2019,

Thrane, Talbot 2019, Vitale, DG+ 2022,

p(\|d) o<7T o N H/ppop AN L(d;|0) db

( Populahom prior [ Population mode\

Population posterior \ N events. .. Single-event likelihood

\
Selection effects: o(A) = / Ppop (0| A)Paet (0)dO

M Detection probability



What model for the Universe?

Option 1. Simple, parametrized functional forms
LIGO/Virgo and many others

L—v Fncode some physical intuitions (but hard coded)

Option 2: Non-parametric models rivaciverozzo 2021, Edeimant 2022
Callister Farr 2023

L’ Purely data-driven, but physical interpretation becomes tricky

Option 3: Direct fits to astro sims o oG 2018, wong+ 2020, Mould DG+ 2022

Lv Astrophysics! But very model dependent!
Need some deep learning to make it work



The population of merging BHs

| LIGO/Virgo 2021
Using all the events up to GWTCS:

20 10 60 30 100 01 02 03 04 05 06 07 08 09 10
my [Me)] q

Primary mass Mass ratio

-—=- (é}WTC-Q
® (Good handle on the

marginal distributions. ..

e Still largely relying on simple
parametrized models

® But some very interesting

, 5 5 : steps into the wild, "non
6o~ o2z o4 06 08 Lo parametric” inference




Are BHs correlated?

e Next: correlations! E.g. does the mass spectrum evolve with redshift”?
Hints, not all models Rinaldi+ 2023

® But masses and spins are definitely anticorrelated!

Mo X1 cos By + qx2 cos by
q:_él Xeff = E[—l,l]
m1q 1 +g¢
1.0
® [rst discovered
0.8k ................. ................. ......... h Callister+ 2021
| | 0 ‘ | | ® Confirmed with more data
O LIGO/Virgo 2021
= 0.6 oo | |
D e Confirmed with more stats
% Adamcewicz+ 2022, 2023
© O A b N,
=
02 o -
| tried very hard to kil it but
LIGO/NIrgo2021 -+ &1 couldn’t”  Tom Callister (July 2023)
O—°01.OO —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

Xeff
Effective spin



A solid prediction? The gaps

300 4 Metallicity ' ' ' o I\Illolr eI black holesl‘? . -
200 - 2%1072 103 LVC2018 : / -

—_—10% ——10"

100 - i |
80 - Nothing? | Upper mass gap.

0 supernova instabilities

30 -
20 -

Black holes

Compact object mass

Nothing?

{ Lower mass gap.
| between BHs and NSs

(S)

Neutron stars

10 20 30 50 80 100 200 300
/AMS mass



Pair-instability supernovae

As the mass of the core increases: L B s O N L

Core Pulsations Pair ]
Collapse Instability.

Ot
-
T 1

Electron-positron production
Radiation pressure drops
Core contracts

Temperature goes up
Explosive oxygen burning
Entire star is gone (PISN)
Repeated pulsations (PPISN)

S '_;—‘ _ — N BN N BN B B S S S e .

S
()
I I I L

NSO ORON=
o
S

Heger Woosley 2002, Belczynski+ 2016,
Woosley+ 2017, Spera Mapelli 2017,
Marchant+ 2018, Stevenson+ 2019

DO
-

Black hole mass (Mpy [Mg))

[ Farmer+ 2019
- 107° — 107°
10F ---- 5x10° -~ 2x 1073
e 10—4 3><10_3
 —— 5x 10
O NN N I Y N Y [N Y S S [ N N NN |

3040 5000 0
CO coremass (Mco [Mg])

This limit is very solid. ..
Flarlmelr+ 2019, Renzo+ 2020
cuntil itisn’t

tars an

Belczynski+ 2019, 2020, Farmer+ 2020,
Costa+ 2021, Farag 2022




LvCl2o20 |

GW190521:
The impossible BH
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mz[Mo ]
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milMg ]

| An extremely conﬂdent detechon of
| black holes with 66 I\/I@ and 85 l\/l@
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Black hole generations

lg BH . ‘ lg BH
1g BH 1g BH
1g BH ' ‘ 1g BH redshi&l / ¢ ‘ . ©

2g BH
redshift Z
redshift z

2g BH
2g BH ‘ ’ 1 BH
lg BH ‘ ‘ 1g BH /
\ / redshift > €q
redshift z
redshift z
e @

o

lg+1g event lg+2g event 2g+2g event

f Orth°90"3| bUt Complementary, dwechon
”‘ to the usual field vs. cluster debate h




Spins: the magic number

DG Berti 2017, Fishbach+ 2017, Berti Volonteri 2008

(
|
{

I

z_ - _ _ _
e

Orbital hang-up |

| i' . |
-
Peculiar spin distribution

neaked at 0.7

4L
5l lg + 1g
lg + 2¢
= 9| 28 + 2¢

I5rimary;s spin

0.6 0.8 1.0

_ Secondary’s spin

DG Berti 2017




An explosion of nhew predictions

|
11

L

Masses in the pair-instability mass gap
Heger+ 2003, Woosley+ 2007

Peculiar spin distribution peaked at O.7
DG Berti 2017, Fishbach+ 2017

GW kicks reqguire large escape speed
DG Berti 2019

Very frequent in AGNS

Yang+ 2019, Tagawa+ 2020

Promising for GW190412

DG Vitale Berti 2020, Rogriguez+ 2020

Leading explanation for GW190521
LIGONirgo 2020

Several events in the LIGO catalog?
Kimball+ 2021, Mould DG Taylor 2022

Don't overdo !

Zevin Holz 2022

Perhaps reproducing correlations?
Santini, DG+ 2023




Black-hole recolls

We should say IMRK

nstead of IMR. .. Q ¢
Inspiral Ringdown
[k /s]
® Anisotropic emission of GVWs causes s 1000 2000 5000
the ﬂﬂal BH to recoll DG+ 2018 [ 1 Fitting formula
0.30- [ Surrogate '
® [ux of linear momentum accumulates : 0.01
at the very end 0.25- 0.008 1
DG+ 2018 : 0.006 1
® [ypical recoils are of O(100) km/s 0.20 0-004-
] 0.002 - -
® GO into the 1000s km/s if Iucky 0'15_; [ 0'08. 9.0 10.0 1.0 |
Campanelli+ 2007, Gonzalez+ 2007 : :
e Only environment with large escape 010
speeds can retain remnants! 0.05 ]
DG, Berti 2019 ; |
® Pcrhnaps avoidable with spin fine-tuning oo e I
Rodriguez+ 2019 o2 4 6 8 10 12

Uk [0.0010]



The role of the escape speed

An escape speed of ~80 km/s is necessary to populate the mass gap
DG Berti 2019

e ————— _ 030f———e e |
: D veSC: ].O km/S b XmaX: — Xmax:0-6 -
: = : | — max = 0.2 =—— Xmax=0.8
] [ Vesc =200 km/s [ | T Amax = — Amax=

0.05 - [ Vese=300km/s | | selective pairing

: ' 0.20 - . 3
_ 1 N=5x10
E XmaX — 0.5 7

- 0.04 1 : .. - -

g _ selective pairing | = 0151

< N =5x 103 S

0.03 - _ [
f 0.10 3 4y 1
1 1 0.02 -

0.011 0.05 1 0.01
=8 j 0.00 A [

.00 —m—m—mm——————————— . 0.00 H-¥————n—— NN - —L

0 100 200 300 400 500
Vese |K/S]

e Nuclear star cluster Antonini+ 2016
e Jriples Antonini+ 2017, Bin+ 2019

e Disc-assisted migration
Stone+ 2017, Bartos+ 2017




Where do hierarchical black-hole
mergers come from?

DG Fishbach 2021

Triples and few-body Young star clusters
configurations
- - Globular clusters
Isolated binary evolution
(chemically homogeneous)
\ . ) Hierarchical
P / First-generation mergers
Isolated binary evolution 4 b
(common envelope)\/ K
Primordial .
black holes AGN disks

(migration traps)



The gaps are precious

Baibhav, DG+ 2020

® WO channels “field” and “cluster” N = Ngalg + Neoluster

® Some are inthe gap: N = Ny gap + Naap

® The gap iS eXC|USi\/e: Nﬁeld,gap =0 Ncluster,gap — Ngap

e A predicted efficiency: A = N;\l;lster,gap
cluster

® |ndividual contributions:

|
=
Q
i)

= |

@

a.

||
Z
09
Q
i,




High mass but low spin?

DG, Giacobbo, Vecchio 2021

00 1g LIGO VvV Ng+lg 00 vee=100km/s

1.0
0.8 -

0.6 1
=

0.4 .

0.2 ¢

0.0

150

" Hierarchical mergers |
cannot do it ’
(even If you try hard)

T a future event is there. ..
we need something else!

e | owered CO reaction rate
e.g Farmer+ 2020, Costa+ 2021, Farag+ 2022

e \Neaker stellar winds
e.g. Leung+ 2019, Belczynski+ 2020

e Rotation
e.g Marchant Moriya 2020, Woosley Heger 2021

e Stellar collisions
e.g. Di Carlo+ 2019, Renzo+ 2020

® Accretion
e.g. van Son et al. 2020, Natarajan 2021
e Pop lll stars

e.g. Farrell et al. 2020, Kinugawa et al. 2021



Here comes deep learning

Mould, DG, Taylor 2022

Consistently include hierarchical mergers when fitting the data”
Awesome but the population is not analytic anymore.

= — e N — = = . \

Cluster-inspired training simulations |
~-T-based KDEs ‘z
Neural network ~70k parameters l
Selection-effect modeling |
Hierarchical Bayesian analysis with "
. nested sampling h

® We can tell the

+0.02
0.05Z902

generations apart
e Additional structure In
the gap due to higher
generations
® Similar results from a

— — T ————t
I Mfyid, OG, Taylor 2022]
h |

cluster-tuned model
Kimball+ 2021, 2022

0.02

l'l'l"l'l"l"'l
0.04 0.06 0.08 0.10

f>2g



What'’s breaking the symmetry?

1.0

® Hierarchical mergers make small

LIGOAVirgo 2021
: : | mass ratios. ..

: : : ‘ B . :
: : : i : -
0.8 froveeeeens T ot
. : : : N T —— :
: : : ¢ : :
: : : y : :

5 5 A L\ g ® Hierarchical mergers make big
0.6 F e ................. ................. ............. SRR ................. SpiﬁS. N

® Sut how on Earth only positive

[0 )0 S ................. ................. | ......... ................. | |
e effective spins”

0.2

__but not here ................. ....... ® \/\/hy not negative a3 WeHr)

® [here must be a preferential
direction

04700 —0.75 —0.50 —0.25 0.00 1.00

Xeff

VWe argue. .. Santini DG+ 2023
e———————— - — . B o= v)—l

|
|

e e e e ———— e



Here Comes the diSk! Santini DG+ 2023

1.0
0.8
0.6
S
0.4
0.2
0.0

Field binaries

-1.0

05

Xeff

0.0

05

Disks?
Clusters (co/counter-alignment)

Disks!

(spherical symmetry) (prograde only)

A mix of grey and red gives a decent fit!

Some explorations by McKernan+ 2021, Vaccaro+ 2023



Why | think repeated
mergers are exciting

Remember that

gravitational waves = relativity + astrophysics
Relativity 1s clean, astrophysics is dirty...
.. but relativity is “vacuum”, astrophysics is full of stuff to discover
Hierarchical mergers largely rely on

l
1

relativity while providing key insights i‘
on the underlying astrophysws {

i
!
ﬂa
)

—— ————— = — - =




The best Is yet to come

About 100 surprises so far, thousands in ~5 yrs, millions in ~20 years
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A targeted population model

A linear population model for the first two moments of the conditional distribution
(Could this be a restrictive assumption?) Future work

sy = e )

pr(q) = pro — p1(1 —q),
logg UX(C_I) = log,y 00 — log; o1(1—q). Callister+ 2021

Ligo/Virgo 2021




Careful, it’s a population correlation!

® g and Xeft are known to correlate at the single-event level! , pa, 2018
® Both enter the waveform phase at 1.5PN ¢ e Flanagan 1994

® Sut this Is something else!

® Potential caveat: waveform systematics leaking into the population fit”
e Combination with selection effects”? Future work

Single-event correlation: waveforms Population correlation; astrophysics?
1.0 : 1.0
] Ng, DG+ 2018
08 _________________________________ : : : \
| 0.8 Froeeeerennenns ................. ................. ...........
06' I : : : \
04 E | 0.6 e ................. ................. '\’
1o T GWI51226-like : = |
| — Spinlipped i N — — _—
V003 02 01 00 01 02 03 04 05 ' | ' '
= .
Tﬂ:‘ 5_ 1 02 L ................. ................. ................. ................. ................. .................
= L g : ; : z
Sy ~ , , , LIGO/Virgo 2021
203 —02 —01 00 01 02 03 04 05 0.0 z s ; ; : ; ;
Xeff —1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

Xeft



Let’s parametrize this ide

|
|

| Fleld binaries
. Disk binaries

- Mixing fraction  faisk € [0, 1]

p(mq) < m§

p(m) o m?

p(ms|my) ox mh

Spins

Ng+1g merger chains N ~ Poisson(\)

.

e ——————
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Yang+ 2019
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Let’s parametrize this idea...

1.0

|
|

I

Santini D

| Fleld binaries
. Disk binaries

e ———

 Mixing fraction | fa

G+ 2023
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: , :

0.8F

0.6

0.4r

0.2

0.0F

———— e

-1.0

|
-0.5

I 1 I 1
0.0 0.5 1.0
Xeff



Looks like 1t works

0.8

—0.21

Fiducial model; a=-35 p=1.1

Santini DG+ 2023

I | I | I |
0.0 0.2 0.4 0.6

|
0.8

logiy oy (q)

0.0

® [rror bars via statistical bootstrapping

v = —2.3 fdisk = 0.2 Xmax — 005

T~

® (Grid exploration with a simple least-square optimization

e Careful: this is not a full Bayesian fit. The model is just too simple.

® [he focus here Is targeting the key trend.

® Only other astro attempt also uses disks ~ McKernan+ 2021, Vaccaro+ 2023



