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Main nuclear 
reaction: 

{

Subdominant but 
important:

γ

16O
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The  star 
collapses directly

40M⊙

time



Evolution* of Pop III Stars
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←timeThe more massive of 
these stars “pulse”:
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(Pulsational) Pair Instability

pulsations triggered by 
premature collapse due to the 

e+e− pair instability
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Outcome of Pulsations
Pulsations:

resumes burning C
time↪︎
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loses some mass to pulsations 
but eventually burns all its fuel
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unbinds entirely

violent explosion!
←time
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 — pulsational pair instability supernova (PPISN) 
vs 

 — pair instability supernova (PISN)

70M⊙ ≲ Min ≲ 100M⊙

100M⊙ ≲ Min ≲ 250M⊙

remnant (despite 

some mass loss)
no remnant
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Recipe for Changing the BHMG
• New light degree(s) of freedom are produced in the core of a 

massive star during helium burning 

• This additional loss channel causes the star to consume fuel more 
quickly and end helium burning earlier 

• This reduces the amount of 16O available during pulsations 

• Explosions are less violent ⟹ mass loss is less pronounced ⟹ a 
heavier black hole

Croon, McDermott, Sakstein 
2007.00650 + 2007.07889
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Implications for Black Hole Masses
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SM Uncertainties
“Rates” mainly 12C(α, γ)16O

40 50 60
Maximum BH mass (MBH,max [MØ])

Net
¢t

¢s

sin2 µw

∫r

ÆMLT

fov

Winds
Rates

Z

Numerics

Physics

Environment

Farmer et al., 
1910.12874

(2σ errors) R. J. deBoer, et al. Rev. Mod. Phys. 89, 035007 – 2017

also rare events: 
• pre- & post-collapse 

mergers 
• accretion after formation 
• binarity 
• rotation 
• …



Surprisingly Massive: SM vs BSM
BSM physics

• “Location” of the mass gap is not 
as expected from SM-only 
calculation: objects “in the (SM) 
mass gap” form from isolated 
evolution, no mergers required 

• Implies a continuous† distribution 
of BH masses up to a new, higher 
value of MBH

SM physics

• “Location” of the mass gap is the 
SM-only calculation prediction* 

*unless ~5σ deviations from nuclear rates 

• Systems with no mergers give a 
continuous distribution of  up 
to expected value of the gap plus 
rare excursions to higher masses 
that “pollute” the gap

MBH

† plus higher-gen BH mergers



The Future



LIGO Observations: Sept 2020



LIGO Observations: Oct 2020
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Black Hole Population Statistics
p (m1, m2 ∣ α, Mmax) ∝
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Black Hole Population Statistics
p (m1, m2 ∣ α, Mmax) ∝
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dMBH
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1
dMBH(θ)/dM*

dN(2g)

dMBH
∼ ∫ dMa

dN(1g)(Ma)
dMa

dN(1g)(MBH − Ma)
dMa

this is exactly what we get from MESA!

Baxter, Croon, SDM, Sakstein 
arXiv:2104.abcde
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Black Hole Population Statistics
after GWTC-2

Baxter, Croon, 
SDM, Sakstein 

arXiv:2104.abcde
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Conclusions
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Conclusions

• LIGO is in the middle of its “discovery bump” 
— we are learning so much more about the 
Universe all the time! 

• GW190521 provides rich fodder for new ideas 
and tests of both SM and BSM physics 

• The future is exciting!

xkcd.com/1022/

http://xkcd.com/1022/


Thanks!

sammcd00@fnal.gov
home.fnal.gov/~sammcd00/

mailto:sammcd00@fnal.gov
http://home.fnal.gov/~sammcd00/


Environmental Variation

SM prediction: MBH < 48 M☉

Farmer et al., 
1910.12874 

ApJ 887 53F
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Three Routes for SM Explanations

1. Increase the mass before PPISN 

2. Increase the mass during PPISN 

3. Increase the mass after PPISN
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R. J. deBoer, J. Görres, M. Wiescher, R. E. Azuma, A. Best, C. R. Brune, C. E. Fields, 
S. Jones, M. Pignatari, D. Sayre, K. Smith, F. X. Timmes, and E. Uberseder 
Rev. Mod. Phys. 89, 035007 – Published 7 September 2017
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Losses to Light Particles
• Electrophilic axion:  

• Photophilic axion: 

• Dark photon:

Croon, McDermott, Sakstein 
2007.00650 + 2007.07889
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Losses to Light Particles
• Electrophilic axion:  

• Photophilic axion: 

• Dark photon:
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