
New Physics and the
Black Hole Mass Gap

Samuel D. McDermott, Fermilab (6th Floor)

Work with Djuna Croon + Jeremy Sakstein: 2007.00650 [hep-ph], 2007.07889 [gr-qc]  
(&/+ Maria Straight and Eric Baxter): 2009.01213 [gr-qc]



LIGO Observations: O1+O2



LIGO Observations: O1+O2

“lower” mass gap



LIGO Observations: O1+O2

“lower” mass gap

“Black hole 
mass ceiling”



LIGO Observations: O1+O2

“lower” mass gap

“upper” mass gap
“Black hole 

mass ceiling”



LIGO Observations: O1+O2

“lower” mass gap

“upper” mass gap
“Black hole 

mass ceiling”



GW190521
From

 R. Abbo*
 et al. (LIGO

 Scien8fic Collabora8on and Virgo Collabora8on),  
Phys. Rev. Le*

. 125, 101102 (2020).



From
 R. Abbo*

 et al. (LIGO
 Scien8fic Collabora8on and Virgo Collabora8on),  

Phys. Rev. Le*
. 125, 101102 (2020).

GW190521
https://www.ligo.caltech.edu/news/ligo20200902



�

40 50 60 70 80 90
0

20

40

60

Croon, McDermott, Sakstein 
2007.07889

power law 

increase



�

40 50 60 70 80 90
0

20

40

60

Croon, McDermott, Sakstein 
2007.07889

power law 

increase

 “flattens”MBH
(pulsations)



�

40 50 60 70 80 90
0

20

40

60

power law 

increase

Croon, McDermott, Sakstein 
2007.07889

 “flattens”MBH
(pulsations)  decreases

M
BH



�

40 50 60 70 80 90
0

20

40

60

power law 

increase

Croon, McDermott, Sakstein 
2007.07889

no remnant!

 “flattens”MBH
(pulsations)  decreases

M
BH



�

40 50 60 70 80 90
0

20

40

60

power law 

increase
 decreases

M
BH

Croon, McDermott, Sakstein 
2007.07889

maximum 
black hole 

mass

no remnant!

 “flattens”MBH
(pulsations)



Outline

1. Physics of the pair instability mechanism 

2. Beyond-the-Standard-Model explanations of GW190521 

3. Standard Model explanations of GW190521 

4. Future prospects



Outline

1. Physics of the pair instability mechanism 

2. Beyond-the-Standard-Model explanations of GW190521 

3. Standard Model explanations of GW190521 

4. Future prospects



102 103 104 105 106 107
108

109

Evolution of Pop III Stars

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

time→
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• Simulate stars with MESA v12778* 
starting from the zero-age helium branch 
through pulsations 

• Final BH mass is the material gravitationally 
bound to the core after hydostratic equil-
ibrium is regained (following pulsations)

Lower 
mass 
stars
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Main nuclear 
reaction: 

{

Subdominant but 
important:

γ

16O
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Evolution* of Pop III Stars
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*MESA v12778 Paxton et al, arXiv:1710.08424 [astro-ph.SR]

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

more massive stars prematurely collapse 
because of the e+e− pair instability 

• the process  destabilizes the star 
if the  are nonrelativistic 

• me ≈ 6×109 K — instability appears in the 
range Tc ≈ me/10 up to Tc ≈ me/2

γγ → e+e−

e+e−

Croon, McDermott, Sakstein 
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←time
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Outcome of Pulsations
Pulsations:

return to 
hydrostatic 
equilibrium

time↪︎
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“Intermediate” mass stars lose 
some mass to pulsations but 

eventually burn all of their fuel
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Pulsations:
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“Very massive” stars unbind 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



Models of Light BSM Physics
• Electrophilic axion:  

• Photophilic axion: 

• Dark photon:
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*see also  
Straight, Sakstein, Baxter 

2009.10716

additional models: 

Neutrino dipole moment: 

Large extra dimensions: 

Modified gravity*:
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Models of Light BSM Physics
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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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Implications for Black Hole Masses
Croon, McDermott, Sakstein 

2007.00650 + 2007.07889

t=0

��
� � � � � �

�� � � � � � �

0 20 40 60 80 100

20

40

60

80

100

120

140

160

20

40

60

80

100

120

140

160

� � � � � �

� �
� �

� �

� � � � � �

� �
� � �

�

�

�

0 1 2 3 4 5

20

40

60

80

100

120

140

160

20

40

60

80

100

120

140

160

� � � � � �

� � � � � �

0 1 2 3 4 5

20

40

60

80

100

120

140

160

20

40

60

80

100

120

140

160

||| |

| | | |

| | ||

||||

| | | |||

||

50 60 70 80 90

Sakstein, Croon, SDM, Straight, Baxter  
2009.01213



But… Limits!
Claimed constraints from other stellar systems are in “tension” 

Capozzi & Raffelt 2007.03694: “The evolution of a low-mass star as it ascends the 
red-giant branch (RGB) is driven by the growing mass and shrinking size of its dege-
nerate core until helium ignites and the core quickly expands”     

CAST excludes  up to  eV, weakening linearly at larger ; 
helioseismology requires  (Vinyoles et al., 1501.01639) 

Exceeding the luminosity of photons from the sun unacceptably changes the 8B 
neutrino flux, limiting  (An et al., 1302.3884; Redondo and Raffelt 
1305.2920)

⟹ α26 ≤ 0.2

g10 ≤ 0.7 ma ∼ 0.02 ma
g10 ≤ 4

ϵmA′ 
/meV ≲ 10−9
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Capozzi & Raffelt 2007.03694: “The evolution of a low-mass star as it ascends the 
red-giant branch (RGB) is driven by the growing mass and shrinking size of its dege-
nerate core until helium ignites and the core quickly expands”    

CAST excludes  up to  eV, weakening linearly at larger ; 
helioseismology requires  (Vinyoles et al., 1501.01639) 

Exceeding the luminosity of photons from the sun unacceptably changes the 8B 
neutrino flux, limiting  (An et al., 1302.3884; Redondo and Raffelt 
1305.2920)

⟹ α26 ≤ 0.2

g10 ≤ 0.7 ma ∼ 0.02 ma
g10 ≤ 4

ϵmA′ 
/meV ≲ 10−9

the Sun is pretty well (though as yet imperfectly) understood
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Claimed constraints from other stellar systems are in “tension” 

Capozzi & Raffelt 2007.03694: “The evolution of a low-mass star as it ascends the 
red-giant branch (RGB) is driven by the growing mass and shrinking size of its dege-
nerate core until helium ignites and the core quickly expands”    

CAST excludes  up to  eV, weakening linearly at larger ; 
helioseismology requires  (Vinyoles et al., 1501.01639) 

Exceeding the luminosity of photons from the sun unacceptably changes the 8B 
neutrino flux, limiting  (An et al., 1302.3884; Redondo and Raffelt 
1305.2920)

⟹ α26 ≤ 0.2

g10 ≤ 0.7 ma ∼ 0.02 ma
g10 ≤ 4

ϵmA′ 
/meV ≲ 10−9

Solar bound only  (Redondo 1310.0823)α26 ≤ 4200

the Sun is pretty well (though as yet imperfectly) understood

these stars have uncertainties (mixing, structure) and unexplored 
parameter degeneracies (age, metallicity; distance, reddening)
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New Physics: Summary
• New light particles can shorten helium burning, reduce the amount 

of oxygen, and increase the black hole mass 

• The picture (including effects on other stars) is not perfectly tidy as 
degeneracies / observational uncertainties are underexplored 

• Constraints on hidden photon, photophilic axion, and neutrino 
dipole moment seem robust; electrophilic axion potentially less so 

• Model building routes to skirt bounds?



New Physics: Summary
• New light particles can shorten helium burning, reduce the amount 

of oxygen, and increase the black hole mass 

• The picture (including effects on other stars) is not perfectly tidy as 
degeneracies / observational uncertainties are underexplored 

• Constraints on hidden photon, photophilic axion, and neutrino 
dipole moment seem robust; electrophilic axion potentially less so 

• Model building routes to skirt bounds?

Lots of room 
remains for better 

understanding!
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retention of H envelope

2010.00705
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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

“rates” error bar dominated 
by rate of 12C(α, γ)16O
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Three Routes for SM Explanations

1. Increase the mass before PPISN 

2. Increase the mass during PPISN 
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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

approximate deBoer et al. 
error bar for 12C(α, γ)16O
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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
Nth gen - Nth gen mergers, 

accretion in nuclear star cluster, 
…



Three Routes for SM Explanations

1. Increase the mass before PPISN 

2. Increase the mass during PPISN 

3. Increase the mass after PPISN Nth gen - Nth gen 
mergers

van Son et al., 2004.05187
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SM Explanations: Summary
• There “definitely may be” paths to making BHs with masses 

 through SM mechanisms alone 

• Reliant on very uncertain SM ((g)astro)physics: 
nonequilibrium stellar dynamics: how do stars merge / mix? 
what happens to the new core and envelope? 
stellar populations: how do binary systems evolve? what are 
viable pathways for multiple mergers? 
nuclear physics: how does 12C capture 4He?

M ≳ 50M⊙

If these are responsible for GW190521, we 
have witnessed a rare event (not every 

star or black hole experiences a merger)
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 GW190521: BSM vs SM explanations
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

† caveat to be discussed shortly
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Black Hole Population Statistics

First four LIGO 
detections:

p (m1, m2 ∣ α, Mmax) ∝
m−α

1 ℋ(Mmax − m1)
min(m1, Mtot,max − m1) − Mmin
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LIGO Observations: O1+O2+O3a
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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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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:

Croon, McDermott, Sakstein 
2007.00650 + 2007.07889
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