Title: No peaks without valleys: learning about massive stars from the masses of merging black holes
Speakers: Lieke van Son

Series. Strong Gravity

Date: November 24, 2022 - 1:00 PM

URL: https://pirsa.org/22110110

Abstract: Gravitational wave observations are revealing new features in the mass distribution of merging binary black holes (BBHs). The BBHs we
observe today are relics of massive stars that lived in the early Universe, and we aim to use their properties to help reveal the lives and deaths of
their stellar ancestors.

In thistalk, | will discuss which of the observed features are robust, and if/how we can use them to constrain the uncertain progenitor physics. | will
focus on the lowest mass BHs, just above the edge of NS formation because we find they I) contain crucia information about the most common
formation pathway, 11) are least affected by uncertainties in the cosmic star formation, and 111) shine new light on the much-disputed mass-gap
between neutron stars and black holes.

Zoom link: https://pitp.zoom.us/j/914761269922pwd=QXdENmMErY klaY TdLcDZNTV BXaml X dz09
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LEARNING ABOUT STELLAR BINARIES =
FROM GRAVITATIONAL WAVE DETECTIONS
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A lot more data is imminent
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Third generation detectors will see the high z Universe!
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BBH mergers observed today probe early Universe

evolution . Binary black holes

_ and/or neutron stars
(metallicity r

=Y Y g =1al i
dependent) ,¢

Massive stars

o
(progenitors) X /W\/\h““
-9 .

cosmic
time

Current GW detections

adapted from Chruslinska review 2022
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BBH mergers observed today probe early Universe
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st s . Binary black holes
and/or neutron stars
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dependent) ,#

Massive stars \

(progenitors) g /\N\/\h““

GW induced inspiral A U“ coEmie
time
Lt

-4
Reach of next gen. GW detectors Current GW detections

adapted from Chruslinska review 2022
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How we test our models

Mixing
WR winds

‘ - % Mass transfer
Binary population models Angular momentum

Metalltcaty dependence

Chmwshooﬂnq
Red giant winds
C \ Core masses

-

onvectlon /

\

Predictions | Observations

Redshiftbin

— GWTC-3
GWTC-2

Merger rate

BH mass
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THE CHALLENGE

Can we identify the dominant physics
behind properties of merging BBHs?




Observed properties of merging BBH

II. BH spin

Pirsa: 22110110

|. BH mass

GWTC-3

- GWTC-2

Binary properties
Mass ratio
spin tilts: precession

eccentricity

The LVK collaboration, Abott et al. (2021)
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Observed properties of merging BBH

II. BH spin
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GWTC-3

- GWTC-2

lll. Binary propemies
Mass ratio
spin tilts: precession

eccentricity

The LVK collaboration, Abott et al. (2021)
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The mass distribution of merging BBHs
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The LVK collaboration, Abott et al. (2021)
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The mass distribution of merging BBHs

Feature
Fature
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The LVK collaboration, Abott et al. (2021)
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There are features in the mass distribution!

The LVK collaboration, Abott et al. (2021)
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“Pair Instability super Nova”

Pair production Core collapse Pair Instability SN!
T ~1010K - O ignition (No BH)
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(Renzo et al. 2020)

(Fowler & Hoyle 1964; Rakavy & Shaviv 1967; Barkat et al. 1967; Fraley 1968)
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Only 2C(«,7)'%O rate shifts the gap

-
Mass Gap
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Farmer et al 2020,
(cf. Farmer et al. 2019
Renzo et al. 2020)
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12C(ar,y)60 rate shifts the gap

- © BHs
- e e

- .
Mass Gap
: o e

Lot ot bt e 1 0 0 13

Farmer et al 2020,
(cf. Farmer et al. 2019
Renzo et al. 2020)

We expect a
pile-up just
below this gap

Mass Gap
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New rates shift the location of the gap up...
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Mass Gap

(Farag et al 2022,
cf. Mehta et al. 2022)
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e
There are features in the mass distribution!
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Why the low mass end is a great place to start

. rimordial BHs?
Many different channels have been proposed... ™
/\/\M\/\/\
ii) Stable mass
transfer
£ iv) Triple systems vi) Dynamical formation
o in massive star clusters
o
&
iii) Chemically v) In gas disk of Active o °
Homogeneous Galactic Nuclei
®

D O O 2
O Q Q g vii) Kozai resonance

i) Classical with SMBH
(Common Envelope)
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2) The low-mass end is Less affected by uncertainties in the
“Metallicity-dependent cosmic star formation history S(Z, z)”

redshift
0 0.1 0.25 0.5 0.75 1 1.5 2 3 6 10
102 : ' : ' : ' : : s
101 |
N
Nn 100 _
>
k3
E 10—1 |
s
102 .
1073 . . . - .
0 2 4 §) 8 10 12
Lookback time [Gyr]
van Son et al. (2022a)
CAillQO
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2) The low-mass end is Less affected by uncertainties in the
“Metallicity-dependent cosmic star formation history S(Z, z)”

redshift
0 0.l 0.25 0.5 075 1 15 2 3 610
102 ' ' ' — —
I. Heavily affects BBH merger rate
& 10" § because of metallicity dependence of BBH
RNQ“‘ formation
. 10°;
2 .
5 Il. Poorly constrained
3 107" especially at low metallicity and high
§ redshifts!
1072
See Santoliquido+2021, Boco+2021 Broekgaarden+2021b,
10-3 | . _{| Chruslinska + 2019, 2021, 2022 and discussion on Monday
0 2 4 6 8 TO T2

Lookback time [Gyr]
van Son et al. (2022a)
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.
What we did

A new convenient analytic expression

Inspired by phenomenological model Neijssel et al. (2019)

S(Z.2) = SFRD(2) x j_g(z, x).

van Son et al. (2022a)
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I
What we did
Cosmic metallicity

A new convenient analytic expression ( density distribution

Inspired by phenomenological model Neijssel et al. (2019)

* Can be easily updated when new information becomes available
e.g. JIWST!

S(Z,z) =SFRD(z) (Z, z)

* Allows for a systematic variation of the model parameters
We did exactly this.
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systematic variation of §(Z, z)

—— GWTC-3
=3 Width of metallicity dist. H H N *
T il Fiducial mf)del |s_f|t to
5* TNG 100 simulation
Lo}
L ™\ stable channel , frosear -
-y (Springel et al. 2018; Marinacci et al. 2018; Nelson et al. 2018; Pillepich
10° et al. 2018a; Naiman et al. 2018; Nelson et al. 2019a;
2@ Pillepich et al. 2019
ab]
+~
av]
= 1071
—
4b]
20
S
b}
2 m— Fiducial : (wy = 1.13) Ro2 = 20.3 N
) .
L 0 10 20 ) Z%U 40 a0
More massive BBH component [M@] van Son et al. (2022a)

*We provide a Jupyter notebook this fit:
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systematic variation of §(Z, z)

van Son et al. (2022a)

= { — GWTC-=3 |
2 10 Vary 1 aspect of S(Z, z):
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"g;) | B
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=
@ width of the metallicity
B ot distribution at redshift 0
H L
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The low mass end is least affected

low mass — — GWIC=3  Redshift evol. of mean metallicity h Ig h mass
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The lowest mass BHs come from higher
metallicities (Z > 10-3) .. c.. el 20222
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The location of features does
not change!

= Width of metallicity dist.
1014 wy, (scale z =0)
o
= 1-.. stable channel
:':;;'_) 1[]{] 'o.
& .
Q‘ \ ., .-.
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- v ay
Z 101 B e 4.8 x
a | ==f= Narrow: (wp = 0.70) Rgp = 6.3 . %
== Fiducial : (wg = 1.13) Rgs = 17.1 M.
Wide: (wp = 2.00) Rgz = 53.0 \\ % |
1(1—2 Y LY ~3
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Mg [Mg)
van Son et al. (2022b)
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The location of features does
not change!

it i Overall SFR history
10! SFRD(z) [a,b,c,d]
L(-)
= stable channel
[
E 10 83 x:[
o
lo
2, I
O, |
f
% g 10_1 IIII s '/ \ .
== |
| Madau & Fragos 2017: Rp2 =173 5 x 9
|I Fiducial : Rpz =171
|| Approx. to upper limit : Rp2 = 55.4 e
2Ll ¥
0 10 20 30 40 50

MBH‘l [IVI{:}]
van Son et al. (2022b)
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Summary part |

* The BBH mass distribution displays 2 features:
- high mass feature at ~35 Mo
- |low mass feature at ~9 M@

* The low mass feature is especially interesting!
- few formation channels are relevant
- |ess uncertainty from cosmic star-formation rate

#7}' . Tarantula Nebula forrhmg stars
o Credit: (JWST)
NASA, ESA, CSA, STSel, Webb

! Ligke van Son CfA Harvard & Smlm'somaw; . - o ERO Production Team -
".}.' P 'l. Y& -

4 3
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There are features in the mass distribution!
/1-01\ adapted from Abott et al. (2021)

Feature 1 — GWTC-3
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There are features in the mass distribution!
/—1-01\ adapted from Abott et al. (2021)
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O 102 3M _ BHs are favoured by the IMF over

o0 o

T progenitor stars of 8M® BHs

> by about an order of magnitude...! (e, koupa2001)
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Where are the BH's with 3-6 Mm?

(There appears to be a lack of 3-6Mg BHs: Fishbach + 2020, Abbott et al. 2021b, Farah + 2021, Ye & Fishbach 2021 )

‘ We don’t see them ‘ A: They don't exist B: They don't merge

l

Observational bias
against detecting
such systems?

(e.g., Fishbach + 2017)
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A: They don’t exist? 18

; . — 10
...or discontinuous

SN physics: Fryer & Kalogera 2001,

Fryer + 2012, Belczynski + 2012, Fryer + 2022,
Olejak + 2022

M,

»n o
7! 12
_ ) @©
Discontinuous remnant mass E 10
distribution based on X-ray
observations (= NS-BH gap) 'E 8
Bailyn et al. 1998, Ozel + 2010, Farr + 2011, (qv]
Kreidberg + 2012 cC 6
=
)
oC )

0

<A<k X,

Adapted from Fryer + 2012

= Fryer + 12 Rapid, AMyre = 3
—— Fryer + 12 Delayed, AM e = 3

Supernova remnant mass gap

Neutron star formation

9 1 6 3 10 12 14

CO-core mass[IVI@]

see also Philipp Podsiadlowski’s talk
on Tuesday
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Where are the BH's with 3-6 Mm?

(There appears to be a lack of 3-6Mg BHs: Fishbach + 2020, Abbott et al. 2021b, Farah + 2021, Ye & Fishbach 2021 )

‘ A: They don’t exist

l

You cannot form
any BHs with
masses 3-6 solar
mass

(“NS-BH mass gap”)

?

e.g. Fryer & Kalogera 2001, Fryer+
2012, Belczynski+2012, Fryer+2022,
Olejak+2022

CAim@PO

B: They don't merge

Evolutionarysbias

against merging

double compact
objects

van Son et al. 2022b
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Isolated binary formation can be roughly split in two

Common envelope channel: Stable RLOF channel:

at least one common envelope Experiences only stable mass transfer

e.g. Belczynski et al. (2007); Postnov & van den Heuvel et al. (2017); Inayoshi et al. (2017);
Yungelson (2014); Belczynski et al. 20164a; Neijssel et al. (2019); Bavera et al. (2021); Marchant et
Eldridge & Maund (2016); Lipunov et al, al. (2021); Gallegos-Garcia et al. (2021)

(2017); Vigna-Gomez et al. (2018)

A dh
® ¢ x
Cartoon from van Son et al. 2021
. i
Meua | Mgugs Megy,a ' Maug
e ® ©°
v L J
dgen = 7.3 R Ggon = 18.6 R
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Isolated binary formation can be roughly split in two

Common envelope channel: Stable RLOF channel:

at least one common envelope Experiences only stable mass transfer

e.g. Belczynski et al. (2007); Postnov & van den Heuvel et al. (2017); Inayoshi et al. (2017);
Yungelson (2014); Belczynski et al. 20164a; Neijssel et al. (2019); Bavera et al. (2021); Marchant et
Eldridge & Maund (2016); Lipunov et al, al. (2021); Gallegos-Garcia et al. (2021)

(2017); Vigna-Gomez et al. (2018)

: A7 A
are CE less efficient than assumed?
Klencki+ 2020; 2021, Marchant + 2021,
Gallegos-Garcia+ 2021, Olejak + 2021 ® ad .
Cartoon from van Son et al. 2021
! |
Meua | Mgugs Megy,a ' Maug
.. [ ] @ : &
v L J
dgen = 7.3 R Ggon = 18.6 R
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]
What does the

i
| Features in GWTC — 3
Sta b I e c h a n n el = I —— GWTC3, (Power law + Peak)
= EQ 101 I Possible rise in GW data
red |ct? = ' (Farah et al. 2021)
p 5 - i
@ .. —
The fiducial stable channel S 10 2 —
matches the rate and shape at o i : / -
= / ]
low mass = n | / ~
- - ¥
I /
O | / Fiducial model from
101 it
Q0 | / van Son et al. 2021
qJ I r_x":!
= : Stable MT channel (BBH)
: “_f{ Ro2 = 20.3 Gpe~3yr!
19~ - - - - - .
2 4 6 8 10 12 14

Calculated using

Primary BH Mass [I\/IG]

van Son et al. (2022b)
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My avis a

M, 8
Why does the foe= My/My
stable mass transfer
channel drop below a
certain mass? AWy (M)
Requiring mass transfer stability M-;-.a
iImposes a minimum on the mass!

Bae =0

van Son et al. (2022b)
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15t mass transfer

M, post MT1
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2" mass transfer




Mzmx-is,a | ﬂ’-{ZAMS,b
Moy anig -
QZAMS — ZAMS 2
| gqt ¢ Myaps 1
M | 15t mass transfer

COTE ~

Why does the e MMy S| fam W Bl
stable mass transfer '

Channel drop below a f,’ ; ﬂffpostMTl
certain mass? Mo (Moyeg)
® l
Requiring mass transfer stability Mewa
imposes a minimum on the mass! | s
Bux=0 g '
s
My, @ : )
. dMy (M,
van Son et al. (2022b) ./\Q —

Meny Mysp,
CGAill@O
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I
Mzmx-is,a | ﬂ’-{ZAMS,b
;
|
I
: fBacc
M i 15t mass transfer
COTE |
\\1

[ O——

Why does the foe= Myo/My
stable mass transfer

k .ﬁacc = Z’:'a,cc/ j/j;lon

F—

channel drop below a Moo
‘MB:w'l Qpre MT2 = Mipost w1 < Qerit 2

NIBH a

MBH > f(qZAMS lf"‘_or(! dj"{S\Z Gerit 2 !E )
(_\—) | Y J 5::1,1 =0 %J |

2"d mass transfer

certain mass? LUNUSRAN

Initial distribution Physics parameters |
variable y
ﬂffml,,a ]
A~ - dﬂﬂ:‘]\"(ﬂ/j;ore.b)
van Son et al. (2022b) - o

Myny Mys),
GAill@O
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Isolated binary formation can be roughly split in two

Common envelope channel:
at least one common envelope

e.g. Belczynski et al. (2007); Postnov &
Yungelson (2014); Belczynski et al. 20164a;
Eldridge & Maund (2016); Lipunov et al,
(2017); Vigna-Gomez et al. (2018)

are CE less efficient than assumed? g
Klencki+ 2020; 2021, Marchant + 2021,
Gallegos-Garcia+ 2021, Olejak + 2021 ®
3 Mgy,a | Meis
.. L ]
4
dgen=7.3 R

<A<k X

Megy,a

Ogpy =

Stable RLOF channel:

Experiences only stable mass transfer

van den Heuvel et al. (2017); Inayoshi et al. (2017);
Neijssel et al. (2019); Bavera et al. (2021); Marchant et
al. (2021); Gallegos-Garcia et al. (2021)

Cartoon from van Son et al. 2021

MBH.B

d--—=-===-

=

86R
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van Son et al. (2022b)
35 e %0, TR Yl Le e T
& g . ¢
30
O
2. 251
We can N
predict the S 20
minimum BH i . population |
mass C_i 151 hesis resul
analytically S
E 1 =
EEEEE ': ._
o
5.
%.0 0.2 0.4 0.6 0.8 1.0

Lieke van Son, CfA Harvard & Smithsonian ZAMS mass ratIO _ Mzams 2/I\AzarﬁS 1
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van Son et al. (2022b

35
| p— | 30‘
)
2. 251
We can \
predict the £ 20,
minimum BH o
]
mass > 151
analytically E
TERE - 10 1
o
5-.
Y
%.O 0.2 0.4 0.6 0.8 1.0
Lieke van Son, CfA Harvard & Smithsonian ZAMS mass ratIO - Mzams z/Mzams .
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This creates a dearth of low mass BHs without the need for a gap in
the remnant mass distribution..!

van Son et al. (2022b)

]
= Analytical min(Mpy 1) | k Possible rise in GW — observed dist.

301 == Analytical min(Mpgy ) —_— :
'_'O A Numerical 99.% > z EG) 101'5 I
2 2% L L .
o Jeore i > I x e .

— ().28 ' [

g 5 (small core) 4o Db 8 .l _ : 5 W% P
= 0.31 . " ‘ Q 10 | § ) e
3 0.34 (bigger core) 0 | O ! ‘é I
S 0.38 ey . { & ] —
- R ,A E | LL.‘O I [_f;'urc-_.ln RII.Z
g 0.41 (biggest core) = = —— small core
= 10 o 1074 Z |
o = ' : ¢ bigger core

5 S | ¥ :

_ i biggest core
NS formation ; 10-2! _ — 1 : , . .
?].[} 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10 12 14
ZAMS mass ratio = My o/ Myams 1 Primary BH Mass [M ]
CQAimllPO
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@

The stable mass transfer channel leads to a
cut-off in the primary mass

1. causes a lack of low mass BHs
(could look like “NS-BH mass gap” in the GW inferred mass distribution)

2. determines the location of the peak!

Lieke van Son, CfA Harvard & Smithsonian
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Summary part ll

* the low mass peak in the BBH mass distribution
SN remnant mass function or binary physics?

* The stable channel could explain the low-mass peak

—> no need for a gap in the remnant mass distribution

<+ Tarantula Nebula forming stars
" Credit: (JWST) =
- NASA, ESA, CSA, STScl, Webb
ERO Production Team
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Summary part Il

* the low mass peak in the BBH mass distribution
SN remnant mass function or binary physics?

* The stable channel could explain the low-mass peak

—> no need for a gap in the remnant mass distribution

—> no need for the CE channel to explain BBHs

. Tarantula Nebula forming stars
' Credit: (JWST) “
. NASA, ESA, CSA, STScl, Webb
ERO Production Team
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Outlook

® 04 will resolve the features in the mass distribution

®* more BH mass measurements are coming
(from Gaia/microlensing etc.)

Tarantula Nebula forming stars
Credit: (JWST) -
NASA, ESA, CSA, STScl, Webb
ERO Production Team
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Outlook

® 04 will resolve the features in the mass distribution

®* more BH mass measurements are coming
(from Gaia/microlensing etc.)

The future is bright!

especially in GWs ;)

= Rt ' ¥ o W Tarantula Nebula forming stars _
. o TN SRR S Credit: (JWST)
: ' - #7777 NASA, ESA, CSA, STScl, Webb

- Lieke van Son; CfA Harvard &Sm’_i:ﬁ'sania o - o / ERO Production Team -
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