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• What lurks in the heart of a neutron star? Can they contain dark matter? 

• What effects would “dark” neutron decays have? What can we learn about such DM ? 

• How can neutron star observations constrain QCD-like hidden sectors? 

• What new physics can we learn from gravitational wave detections (in NS mergers)? 

• What new constraints emerge on axions from the study of neutron star mergers?

• What is the NS mass maximum mass?

• To what extent do NS possess strangeness? Can we generate heavy NS with hyperons? 

• Is there a transition to deconfined quark matter? 

• Can we observe evidence of QCD phase transition, under what conditions? 

• How do GW observations constrain the EoS?

• Can we observe prompt black hole formation?

QCD & New Physics in Extreme Astrophysical Environments: 

Neutron Stars & their Mergers
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Dark Matter Capture in Stars
 an alternative approach to Dark Matter Direct Detection experiments

Due to their extreme density, neutron      

stars capture dark matter very efficiently.

Capture probability saturates at order 

unity when the cross section satisfies the 

geometric limit
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Neutron Stars → Black holes?

Can neutron stars accumulate so much dark matter that they would collapse to back 

holes? 

Yes, provided that:

• No annihilation (e.g. asymmetric dark matter, with DM-antiDM asymmetry))

• DM is bosonic (and condenses to a small self gravitating BEC), or 

• DM is fermionic with attractive self-interactions, and

• No repulsive-self interactions that prevent collapse (even very very tiny self-interaction 

is enough) NFB, Petraki & Melatos, PRD 2013

 Black hole formation is possible for non-annihilating dark matter, while unlikely for 

typical WIMP-like dark matter

Kouvaris; Kouvaris & Tinyakov; McDermott, Yu & Zurek; Bramante, Fukushima & Kumar;  NFB, Petraki & Melatos; 

Bertone, Nelson & Reddy; and others.
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Neutron star heating 

• Capture of dark matter (plus subsequent energy loss)

 DM kinetic energy heats neutron star ~ 1700K (Baryakhtar et al)

• Annihilation of thermalized dark matter

 DM rest mass energy heats neutron star ~ additional 700K

Coolest known neutron star (PSR J2144-3933) has a temperature of ~ 4.2 x 10� K. 

Old isolated neutron stars should cool to: 1000 K after ~ 10 Myr

100 K after ~ 1 Gyr
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NS Heating Sensitivity:

Spin-independent DM-nucleon scattering Spin-dependent DM-nucleon scattering

Anzuini, NFB, Busoni, Motta, Robles, Thomas and Virgato, JCAP 11, 056 (2021)



6

Neutron star mergers → gravitational waves Nelson, Reddy & Zhou, 

JCAP 07, 012 (2019)

• Light DM + light mediators (MeV scale)

• Either femionic DM (degeneragy pressure) or bosonic with repulsive self-interactions

 DM component extents to large radii  NS dark matter halo

• Increases the NS tidal deformability, Λ.

 LIGO observation of NS-NS merger, GW170817, constrains Λ � 800 

 strong bounds, even for small DM component ~10��
⊙
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• Heavier mediators  DM core

• Very large DM fraction from capture is 

unlikely. But mixed DM-neutron stars could 

form in some asymmetric DM models. 

• If DM ~ 10% of NS mass 

⟹ Distinctive gravitational wave signatures  

for NS-NS mergers. 

J.Ellis et al., 1710.05540

Neutron star mergers → gravitational waves
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Radial Distribution of Hyperons In Heavy NS

CMF: Papazoglou et al. (1999)

DD2Y-T : Typel et al. (2010)
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Follow up on Annala et al., 

Nature Physics (2020) model 

independent EoS based on

speed of sound interpolation

between low and high density

- claim low value implies quark matter
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Dark matter particles must have 

strong repulsive interaction: like 

omega in NN force
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Alternative due to Strumia (JHEP 2022)

with mχ very close to mn /3

No repulsive interaction needed.

Moment of inertia decreases after decay: 

hence star spins up and gets hotter!

Husain and Thomas,



A Theory of Neutron Stars

is not settled
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[Berryman, SG, & Zakeri, 2022; 
after Baym & Pethick, 1975]

Much ongoing discussion, also at QCHSC 24!

QCD @ T = 0; ρc ≃ (1 − few) ρ0

How can we possibly identify new (BSM) physics,

new phenomena?

Description?

EoS? 

Role of Hyperons? 

Many talks!

V. Dexheimer …

S. Gardner
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https://media.ligo.northwestern.edu/

A surprise! — GW190814
A object — neutron star or black hole?2.6M⊙

Mass Gap?

Also GW230529!S. Gardner



3https://www.ligo.caltech.edu/news/ligo20240405

 Neutron star  
or black hole?

S. Gardner

NS/BH transition

speaks to


EoS, 

rotation,…

Improvements

in 


sensitivity

opens new

windows…
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