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Binary mergers in LIGO/Virgo O1-3




Binary mergers in LIGO/Virgo O1-3

What can be learned about
black hole populations?
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Adapted from LIGO-Virgo-KAGRA, Aaron Geller



Features in the mass distribution

Lower mass gap

) 0O T o 9 10
m | M.

The L):50 Scientific Collaboration, the Virgo Collaboration and the KAGRA Collaboration,
Phys/Rev. X 13, 011048, March 2023

’ Rachel Gray’s talk, PONT’23
Is the lower mass gap physical?



Features in the mass distribution

| ower mass aan
Black hole mass distribution
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The LIGO Scientific Collaboration, the Virgo Collaboration and the KAGRA Collaboration,
Phys. Rev. X 13, 011048, March 2023

Rachel Gray’s talk, PONT’23




Late evolution of BH progenitor stars
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Late evolution of heavy stars

M;i, = 40Mg
]Vf&rl ::3’7()PV1<)
109: /
: ==
[ C fenition Stellar evolution

simulated with
MESA 12778*

He ignition

108 1 1 1111111
102 103

104 10° 106 107

pe(g cm™)

*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Late evolution of heavy stars

— Main nuclear reactions:

M;i, = 40Mg
]Vlin ::3’7()PV1<)
C fgnition Stellar evolution
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He ignition
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*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Late evolution of heavy stars

Main nuclear reactions:
o4 2 5 160 4+ 24He

20Ne 44 He Min — 40M@
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C ignition Stellar evolution
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*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Late evolution of heavy stars

M;i, = 40Mg
]Vlin ::3’7()DVlc>
C fgnition Stellar evolution

simulated with
MESA 12778*

He ignition

108 1 1 1111111
102 103

104 10° 106 107

pe(g cm™)

*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



The danger zone: pair-instability it o
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The danger zone: pair-instability it o

Y et

The high temperatures of stellar cores mean electron-
positron pairs can be created from photons: yy — e™e™

’7 e
: Relativistic electrons
Unstable, because: mmmmmmmmmmmmmmmmmmsmsmseemeeee .\
The photons give the star — | r<2 unstable —
< 37 e lon pressure
outward pressure < W0 e
The electron-positron pairs - |77 — e*e™ Boltzmann suppressed
imply extra gravity but no e ET R a—
pressure pe (g em™)

— the core starts to collapse



Evolution of old population-Ill stars

: """"""""""""" ' Mln — 401\/.[@

:Core collapse triggers

rexplosive thermo- / M;, = 7T0M

‘nuclear burning of 1°0

C ignition Stellar
evolution
simulated with
MESA 12778*%*
He ignition
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*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Pair instability

in a nutshell

Adapted from Renzo et al [2002.05077]



Pair instability

iThe e™e™ pairs trigger

ipremature core-collapse

in a nutshell Fommmemmmsssmessoosoooooo , Q

il. The core gets so hot, (non-
1
' relativistic) e*e™ pairs are

Adapted from Renzo et al [2002.05077]



Pair instability
in a nutshell

p—p

12. Explosive burning of
ioxygen (a burning product
iof helium) gets ignited
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Adapted from Renzo et al [2002.05077]



Pair instability PR — '

'3a. Photodisintegration |
‘instability triggers | Initial star mass

Q M, 2 200 M,

in a nutshell

Adapted from Renzo et al [2002.05077]



Pair instability

-3a Photodisintegration
-|nstab|I|ty triggers
'immediate BH collapse

Initial star mass

in a nutshell
> 200 M,

m Iad

"3b Explosive oxygen
'burnlng unbmds all

N‘—»Q

Adapted from Renzo et al [2002.05077]



Pair instability

-3a Photodisintegration
-|nstab|I|ty triggers
'immediate BH collapse

Initial star mass

in a nutshell
> 200 M,

1n Iad

"3b Explosive oxygen
'burnlng unbmds all

'3c Some (but R Mt L LA L e
.not all) material | T

.|s ejected: PPISN i 2L o

M, 2 50 M,

m ~v

Adapted from Renzo et al [2002.05077]



Resulting black hole masses
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DC, McDermott, Sakstein arXiv:2007.00650 [hep-ph]



Resulting black hole masses
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Resulting black hole masses
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Resulting black hole masses
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Black hole mass

Pair-instability and black hole populations

PPISN pile-up

Stellar mass
Mppisn Mpign

See also Talbot & Trane, arXiv:1801.02699



Black hole mass

Pair-instability and black hole populations

Stellar mass

PPISN pile-up

MPPISN

MPISN

+ Initial mass PPISN pile-up

function (here
x power law)

Black hole mass M,

See also Talbot & Trane, arXiv:1801.02699



Pair-instability and black hole populations

PPISN pile-up

Black hole mass M*
BH

Does this explain the peak in the data?



Pair-instability and black hole populations

PPISN pile-up

Black hole mass M*
BH

Does this explain the peak in the data?

Stellar evolubkion simulations puﬁ Fhe
PPISN mass gap at ~45-60M,



Nuclear physics
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Nuclear physics SSClibbadisssiattl i e

‘P&r&icuiari.v sensitive ko ’C(a,7)!°0 °0f
40}
i S %0f
- m : —
<e\ 0 N < 20p
60 105‘ o MESA result v
109 (O R ez | —fit +1o
: .\@C 0....
: / 20 30 40 50 60 70

Baxter, DC, McDermott, Sakstein, Mhb(MGJ)
ApJL, arXiv:2104.02685 [astro-ph.CO]

He ignition
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Mass Gap

Pec (g Cm_B) 50

Farmer, Renzo, de Mink, Fishbach, Justham, ApJL 25
arXiv:2006.06678 [astro-ph.HE] B e e Y R S




What about new particles?




What about new particles?

iThe star evolves i
1
' differently !



What about new particles?

New particles...

- May be produced in the star and free stream out

- May collect in the star and annihilate in the core

- May be produced in the star and get trapped
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What about new particles?

New particles...

- May be produced in the star and free stream out
Gravity: the BHMG is a test of

Gy in stellar cores

Straight, Sakstein, Baxter,
arXiv: 2009.10716

- May be produced in the star and get trapped
May collect in the star and annihilate in the core



Most new effects shift the mass gap up

Hidden photon: e my, /10eV
Photophilic axion: giq
Electrophilic axion: axg
Extra dimensions: Mg /TeV

v — magnetic moment: ,/107

Modified gravity: AG/Gy

GW 190521
m,
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B l l l ] 1
| | | | |
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- e
10 60
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- % — ]
5 7 9
» | 1
| 1
-0.1 0.2 -0.3 —0.35
' | = : — ’
+0.6 +0.5 +0.4 +0.3
50 60 70 80 90
Mgavc Mg)

Sakstein, DC, McDermott, Straight, Baxter, PRL, arXiv:2009.01213 [gr-qc]




Most new effects shift the mass gap up

mgwwoszl
1 1 1 1 1 1 1 1 2I 1 3 1 1 4 1 1 5I 1 1 1 1 1 1 1
Hidden photon: € my / 107%eVE +— | | |
1 2 3 .
Photophilic axion: g0}  ——+—H In particular the BSM effects
10 60 which lead to novel loss
Electrophilic axion: @z “ ; channels / stellar cooling
. 5 43 2 1
Extra dimensions: Mg /TeV | i : — |
5 1 9
v — magnetic moment: u, / 107°°F  +— | :
. . -0.1 102 -0.3 ~0.35
Modified gravity: AG/Gyt : : — , | , :
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Sakstein, DC, McDermott, Straight, Baxter, PRL, arXiv:2009.01213 [gr-qc]




Stellar response to energy loss/injection

A heuristic aypram:k

DC and Sakstein, arXiv:2208.01110. Generalised from Frieman, Dimopoulos, and Turner, PRD (1987)



Stellar response to energy loss/injection

A heuristic a!agraa{:k

The stellar structure equakions [ T A

i o Conservation of mass: — = 4rxr
are homologous for skars 0{ a ] r P
_ . dp GMp 3}
{ o Hydrostatic equilibrium: — = — :
¢ dr r2

glven chemical composiﬁom

dr

¥ « Radiative transfer: — = —
: _dr  167r’T°

~

DC and Sakstein, arXiv:2208.01110. Generalised from Frieman, Dimopoulos, and Turner, PRD (1987)



Stellar response to energy loss/injection

A heuristic ayyraaak

- Extra energy means that energy generation is modified:

€ = €huc ~ €grav ~ Cneutrino T éppm = <1 i Z 5) €huc with
0=0 + 5neutrino i 5DM

grav

DC and Sakstein, arXiv:2208.01110. Generalised from Frieman, Dimopoulos, and Turner, PRD (1987)



Stellar response to energy loss/injection

A heuristic ayyra&tk

- Extra energy means that energy generation is modified:

€ = €huc ~ €grav ~ Cneutrino T éppm = <1 i Z 5) €huc with
0=0 + 5neutrino i 5DM

grav

- Equating L'(7") from rladiative transfer and energy generation equations,

y = <1 _ 25>3s+p+3n+1/

DC and Sakstein, arXiv:2208.01110. Generalised from Frieman, Dimopoulos, and Turner, PRD (1987)




Stellar response to energy loss/injection

A heuristic ayyra&th

OR —>6 I —Bs+p)) o oT Y65

R _3s+p+3n+1/’ L _3s+p+3n+1/’ T _3s+p+3n+1/

DC and Sakstein, arXiv:2208.01110. Generalised from Frieman, Dimopoulos, and Turner, PRD (1987)



Stellar response to energy loss/injection

A heuristic o\?praat‘:h

OR —>6 I —@Bs+p)Y 6 6T Y6

R 3s+p+3n+v L _3s+p+3n+1/’ T_3s+p+3n+1/

Post-MS evolution of a high mass
star: k & constant due to electron
scattering > s =0,p =0

CNOcycle:v =17,n=1
Tripple-a: v =40, n = 2

OR () oL 0 ol on(5)
— =3s1gn(v6), — =0, — = —sign
R S L T S

For injection: radius increases, temperature decreases
For new losses: radius decreases, temperature increases

DC and Sakstein, arXiv:2208.01110. Generalised from Frieman, Dimopoulos, and Turner, PRD (1987)



Stellar cooling and the BHMG

Enhanced losses — faster evolution — larger C/0 ot HD



Stellar cooling and the BHMG

Enhanced losses — faster evolution — larger C/0 ok HD

Carbon burnin
Helium shell Center Carbon Off-center Carbon Explosive Oxygen  Center Oxygen g

Oxygen burning
' _> i i — % % » C
CgIrIZpse

Pulsations

c—y
Pair
v > — Instability
SNe
(A) (B) (D)

Larger C/0 ot HD — greater progenitors collapse
— larger black holes

Adapted from Farmer, Renzo, de Mink, Fishbach, Justham [2006.06678]



What about new particles?

M&jbﬁ itk Ls nakural ko Llook at energy E,Mjec&om...

New particles...

Recent claim: (P)PISN can be avoided altogether

by DM annihilation in Pop-Ill stars
Freese and Ziegler, arXiv:2212.13903



Dark matter in stars

* Distribution: Gould & Raffelt, ApJ, 1990

npm(7) T(r) = (7 g ST + mp)
e local thermal equilibrium = e o T(7)
nDM(O) ILTE T(O)

| npp(r) e~ (""row)’ 3kT,
o isothermal ==, ™M=
pM(0) / g0 TDMT 272G pMpm

Spergel & Press, ApJ, 1985




Dark matter in stars

* Distribution: Gould & Raffelt, ApJ, 1990

npm(7) T(r) = (7 g ST + mp)
e local thermal equilibrium = e o T(7)
LTE

npm(0) 1(0)
. npm(7) e~ (7o’ 3kT.
o isothermal =25 DM =
pM(0) / g0 TDMT 272G pMpm

Spergel & Press, ApJ, 1985

1.01
—— K=0.1
* Knudsen numbers 08 i~ k=02
_ _ ol 7 N — K=04
K — /1(1’ — O)/FDM S — K=9
= 0.6 K=10
R — LTE
t_ 0.4+ —— Isothermal
q‘ |
0.21
Banks, Ansari, Vincent, Scott, JCAP, -
arXiv:2111.06895 0.0 —

0.0 0.5 1.0 1.5 2.0 2.5
T/Tiso



Dark matter in stars

* Maximum injection (without depletion): annihilation equilibrium

Nopp = \/FcapNI%M/F \/C /C,

* Energy injection then depends on the capture rate:
noMm(r) ) npm(r)

epm = C where fipy(7r) =

. p(r) Npm

* If all DM is captured,

2
/| 8 3 /(v Pom/.
Ccap — (Dﬂ'RZ — ﬂRZVDM E— 1 + — = oM il
371' 2 VDM mDM




DC & Sakstein, 2023

Preliminary results: reduced C/O in cores

C/O at HD 11% and 23% lower for 1e8, and 3e9 respectively

Stellar evolution
simulated with
MESA 12778*
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age

*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



DC & Sakstein, 2023
Preliminary results: reduced C/O in cores

C/O at HD 11% and 23% lower for 1e8, and 3e9 respectively

A\
@ @ o (e Stell luti
\ s Helium burniin ellar evolution
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@ » ny
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—SM N :
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> N\
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age
*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



DC & Sakstein, 2023

Preliminary results: O transport

M = 62M,.,. PDM = 3 x 107
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DC & Sakstein, 2023

Preliminary results: O transport

Cownvective Erans F»c:»r&

M = 62M,.,. PDM = 3 x 107
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DC & Sakstein, 2023

Preliminary results: O transport

Cownvective Erans F»c:»r&

M = 62M,.,. PDM = 3 x 107

|
N -
—

D N N N N N N

AN

‘:=.- N
-
S N —— —— —— —

NS

NN N N |
U
L N

- — il

NN

~

o
7
7p
=
=
—
75!
o0
7p
avi
-

g |
5000 10000 15000 20000 2000 4000 6000 S000 10000 12000
Model Number Model Number

O!6 is &mmsgzor&ad
baclke to bthe core



DC & Sakstein, 2023

Preliminary results: grid of results
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DC & Sakstein, 2023

Preliminary results: grid of results

Mpu(Mo)
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To conclude,

A peak in the black hole mass function is found at ~ 35 Mg

* Pair-instability supernovae predicts a peak in the mass function at
~ 45 - 50M,

* New physics?
* Novel loss channels shift the peak upwards

* Preliminary results: dark matter annihilation tends to
exacerbate pair-instability, but does not shift the peak

* The mystery remains...



Community survey about
the Jan 7 postdoc deadline:

Thank youl!

...ask me anything you like!

djuna.l.croon@durham.ac.uk | djunacroon.com



Helium burning rates as a function of T
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Upper end of the mass gap

i Photodisintegration: rapid

iabsorptlon of high energy photons !




Upper end of the mass gap

i Photodisintegration: rapid
-absorptlon of high energy photons

I W

iPhotodisintegration leads to decrease
iin I'; and therefore a contraction

.can no longer keep up W|th contractlon
'due to photodisintegration

'No pulsations, immediate !

icollapse into black holes |




