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Motivation: stellar cooling limits
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• Axions: hypothetical 
light pseudoscalar
degrees of freedom

• Most axion couplings 
are constrained by 
stellar cooling
• ! ⊃ #$%% &'( )*+'+,*
• ! ⊃ -.//
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• What about muons?
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Why hasn’t this been done?
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Role of muons in SN only recently appreciated

+  Axion production depends on temperature

+  Muon abundance also depends on temperature

Difficult to place robust bound
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Why hasn’t this been done?
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Role of muons in SN only recently appreciated

+  Axion production depends on temperature

+  Muon abundance also depends on temperature

Difficult to place robust bound

But new results make this possible!



Outline

• Part I: Observations of SN neutrinos constrain new 
physics.

• Part II: Supernovae are sensitive to new muonic 
couplings.
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What is a supernova?

• Massive stars form 
layers of heavy 
elements via fusion

• Collapse of iron core 
leads to explosion 
(>1053 erg)
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Supernovae
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Neutrino 
sphere
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• PNS: protoneutron star
• r ~ 10 km
• T ~ 40 MeV
• Nuclear density

• Neutrinos emitted from 
‘neutrino sphere,’ cooling 
PNS in ~10 seconds

• Cooling constraint: new 
particle cannot transfer more 
energy than neutrinos



Supernovae
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New particle

• PNS: protoneutron star
• r ~ 10 km
• T ~ 40 MeV
• Nuclear density

• Neutrinos emitted from 
‘neutrino sphere,’ cooling 
PNS in ~10 seconds

• Cooling constraint: new 
particle cannot transfer more 
energy than neutrinos



SN1987A
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• Blue supergiant in Large 
Magellanic Cloud

• Neutrinos arrived over ~10 
seconds (cooling timescale)

• Recent observations suggest 
cooling neutron star (Cigan et al., 
Oct. 2019; Page et al., May 2020)

cerncourier.com
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There are muons in supernovae! (June 2017)
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• Boltzmann suppression 
small
• ! ! → #$#%, etc.

• Electron degeneracy above 
muon mass
• &% → #% '( '̅*

• ‘Muonization’: '̅* escape 
more easily than '*

PNS '*

'̅*

'* sphere
'̅* sphere



Muons help supernovae explode
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Electron energy converted to 
muon rest mass

Softer equation of state

Higher temperature

Higher neutrino energy

More efficient heating of gain 
layer

PNS
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Without muons



Muons help supernovae explode
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Simulations
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• Full simulations with 
multiple NS masses
• GR corrections
• Six-species neutrino 

transport
• Full set of neutrino 

interactions
• PNS convection
• Seven weeks on 

supercomputer...

• First library of profiles 
with muons included 

• Available to anyone!
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Axion cooling
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• Produced by Compton 
scattering and 
bremsstrahlung

• Free-streaming regime: 
axions escape PNS without  
interacting

• Trapping regime: rapid 
reabsorption/reemission 
out to ‘axion sphere’
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Different regimes
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Different regimes
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Axion sphere
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• Muon abundance falls 
rapidly with 
temperature

• Axion sphere 
approaches ~18 km

• Trapping extends to 
high couplings

• Intermediate region 
excluded
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Results
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• Profile uncertainty 
well-controlled

• Just one example of 
new muon physics!

SN bound (this work)
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Takeaways

• Part I: Observations of SN neutrinos constrain new 
physics.

• Part II: Supernovae are sensitive to new muonic 
couplings.
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Thank you for your attention!



Future work
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• Full dynamical simulations 
with axions included

• Signatures in intermediate 
regime?

G. G. Raffelt

H.-T. Janka



Lingering questions
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• Compact remnant?
• Alternate mechanisms?

Cooling 
NS Pulsar

Black 
Hole? ? ?



Evidence for neutron star
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astro-ph/1910.02960

• ALMA observes “blob” of hot 
dust moving opposite to heavy 
elements (Cigan et al., Oct. 2019)

• Temperature consistent with 
NS cooling curve (Page et al., May 2020)

• Other explanations highly 
disfavored
• Radioactivity too diffuse
• Disjoint source too high energy
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• ALMA observes “blob” of hot 
dust moving opposite to heavy 
elements (Cigan et al., Oct. 2019)

• Temperature consistent with 
NS cooling curve (Page et al., May 2020)

• Other explanations highly 
disfavored
• Radioactivity too diffuse
• Disjoint source too high energy
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NS

Cloud of 
heavy 

elements
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Evidence for neutron star
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Takeaway 1:
Alternate mechanisms in 
increasing conflict with 
observations

• ALMA observes “blob” of hot 
dust moving opposite to heavy 
elements (Cigan et al., Oct. 2019)

• Temperature consistent with 
NS cooling curve (Page et al., May 2020)

• Other explanations highly 
disfavored
• Radioactivity too diffuse
• Disjoint source too high energy



New insights on neutron stars
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• Improving constraints on 
equation of state (EoS)
• X-ray bursts (Steiner et al. 2010, 2013)

• Controlled EFT (Tews et al. 2018)

• GW170817 (Capano et al. 2019)

• High-mass radio pulsar (Cromartie 
et al. 2019)

• NICER (Riley et al. 2019)

• EoS determines peak 
temperature in PNS



New insights on neutron stars
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Pheno literature
Best model of SN1987a

5 10 15 20
0

10

20

30

40

50

radius (km)
Te
m
pe
ra
tu
re

(M
eV

)

• Improving constraints on 
equation of state (EoS)
• X-ray bursts (Steiner et al. 2010, 2013)

• Controlled EFT (Tews et al. 2018)

• GW170817 (Capano et al. 2019)

• High-mass radio pulsar (Cromartie 
et al. 2019)

• NICER (Riley et al. 2019)

• EoS determines peak 
temperature in PNS

• What does this mean for 
BSM phenomenology?



New insights on neutron stars
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Pheno literature
Best model of SN1987a
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Takeaway 2: 
EoS softer 
à higher temperature 
à higher flux of new d.o.f.

• Improving constraints on 
equation of state (EoS)
• X-ray bursts (Steiner et al. 2010, 2013)

• Controlled EFT (Tews et al. 2018)

• GW170817 (Capano et al. 2019)

• High-mass radio pulsar (Cromartie 
et al. 2019)

• NICER (Riley et al. 2019)

• EoS determines peak 
temperature in PNS

• What does this mean for 
BSM phenomenology?



Luminosity
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• !" > 3×10() erg/s 
excluded

• Transition between 
regions occurs 
smoothly

• Axion sphere 
approaches ~18 km 
in trapped regime
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CITE Mechanism
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• CCSN simulations consistent 
with: 
• Progenitor mass and radius
• Supernova light curve
• Observed neutrino spectrum
• Observed amounts and 

distributions of ejected heavy 
elements
• Observed asymmetric kick
• Observed explosion energy
• And now, inferred NS mass, 

temperature, and location
https://arxiv.org/pdf/2004.06078.pdf

• CITE consistent 
with: 
• Progenitor mass 

and radius
• Observed neutrino 

spectrum

• CITE marginally
consistent with: 
• Observed explosion 

energy
https://arxiv.org/pdf/1601.03422.pdf



ALMA Observation
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• Could be thermal 
emission from surface or 
synchrotron from pulsar
• Heavy elements receding 

with right kick
• Compact object coming 

towards us

https://arxiv.org/pdf/1910.02960.pdf



NS 1987A from SN 1987A
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• Models show remnant of mass ~1.22-1.5 Msol

• Lower than most pulsars, certainly lower than black 
holes
• Pulsar spin and magnetic field would also have to 

be “finely-tuned” over 4 orders of magnitude
• If blob disjoint from source, could be pulsar wind 

heating
• But observation of total luminosity would enforce 

pulsar to be weak and nearby
• Thermal just gives correct luminosity out of the box

https://arxiv.org/pdf/2004.06078.pdf



NS 1987A from SN 1987A
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https://arxiv.org/pdf/2004.06078.pdf



How will ultimately know?
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• Periodic variations in 
luminosity à pulsar
• Cooling evolution consistent 

with thermal emission à CCO
• Irregular variations à accretion 

source
• NuSTAR measurement of 

decay line à 44Ti
• Further observation narrows 

error bars

https://arxiv.org/pdf/2004.06078.pdf



New EoS Measurements
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New EoS Measurements
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New EoS Measurements
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New EoS Measurements
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New EoS Measurements
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Muonization
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• "̅# escape more 
easily than "#

• Weak magnetism 
effects: 15%

https://arxiv.org/pdf/astro-ph/0109209.pdf



CMB bounds
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• Muons could produce axions in 
the early universe and change 
Neff

• However, the change is highly 
dependent on the uncertainty 
on Neff

• Difficult to place constraint now, 
rough estimate is 1e-7 GeV-1

• N.B. a reheating temperature 
below the muon mass would 
also eliminate this contribution

https://arxiv.org/pdf/1808.07430.pdf
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t = 1s
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t = 7s
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