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Collisionless DM

Core-cusp problem

J. S. Bullock et al., Ann. Rev. Astron. Astrophys. 55, 343 (2017) 
S. Tulin et al., Phys. Rept. 730, 1 (2018)

Too-big-to-fail

To alleviate these small-scale problem: 
DM self-interaction is introduced
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Constraints from DM direct searches

S. A. Malik et al., Phys. Dark Univ. 9-10, 51 (2015) 
O. Buchmueller et al., JHEP 01, 037 (2015) 
J. Aalbers et al. [DARWIN], JCAP 11, 017 (2016) 
D. S. Akerib et al. [LUX] PRL 118, 021303 (2017) 
C. Amole et al. [PICO], PRL 118, 251301 (2017) 
E. Aprile et al. [XENON], PRL 119, 181301 (2017)

GeV DMsub-GeV DM

M. Crisler et al. [SENSEI], PRL 121, 061803 (2018) 
(and refs. therein)



PHENOMENOLOGICAL DESCRIPTION OF THE DARK SECTOR

Dark matter self-interaction

▸ Introducing a dark scalar ϕ and a massive U(1)d gauge boson Zd in the 
dark sector and both couple to the fermionic asymmetric DM χ

attractive
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PHENOMENOLOGICAL DESCRIPTION OF THE DM-SM INTERACTION

DM-SM interaction and isospin violation

▸ The U(1)d gauge boson Zd can couple to SM photon via kinetic mixing 
εγ and Z boson via mass mixing εZ 

▸ The mixing can provide portals for interacting with SM EM current  
and weak neutral current 

▸ Effectively, the DM-baryon (neutron & proton) interaction can be 
recasted as
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DM couples to n & p in 
an asymmetric way

isospin violation effect

H. Davoudiasl et al., PRD 85, 115019 (2013) 
M. Kaplinghat et al., PRD 89, 035009 (2014)



What interactions we have so far?

▸ DM self-interactions 

▸ DM-SM interactions
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DM CAPTURE MECHANISM

Capturing DM particles

⇢0 = 0.3GeV cm�3
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Assuming DM velocity obeys 
Maxwell-Boltzmann dist.
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χ

Capturing DM particles

NS capture rate Cc : 
DM-baryon interaction σχb 
b = n, p for neutron and proton

R. Garani et al., JCAP 05, 035 (2019) 
N.F. Bell et al., 2004.14888 (2020)
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Capture rates: constant σχn = 10−45 cm2
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Yn ~ 50Yp

Due to isospin violation, the contribution from proton can become important!
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How much DM is inside the NS

▸ The number of DM particles Nχ 

dN�

dt
= Cc + CsN�
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S.D. McDermott et al., PRD 85, 023519 (2012)  
Chen et al., JHEP 08, 069 (2018)
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The virial equation will rebalance until r becomes 
smaller than rth!

DM SELF-GRAVITATING
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rth holds when this equality holds

Nχ increases through time! DM self-gravity 
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Not-to-scale

NS keeps capturing DM particles, Nχ will continue 
growing 

Rough estimation

r → smaller and smaller: DM self-gravitating
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When DM initiates self-gravitating, r becomes smaller and 
smaller 

Ek will be replaced by Fermi energy EF when DM be-
comes too crowded in the star (EF  < mχ, non-relativistic) 

The attractive Yukawa interaction UYuk can reduce NCh

DM COLLAPSE

Not-to-scale

In general, NS cannot capture this much DM within tUniv.
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BH FORMATION IN THE NS

▸ To proceed collapse, UYuk must overcome the relativistic Fermi pressure in 
the final stage (EF  ≳ mχ) 

▸ However, even a BH can form, it could suffer from Hawking radiation 

▸ When everything is setup: 
                     : DM self-gravitating 

                          :  To overcome Fermi pressure 

                                                          :  Avoiding BH evaporation

accretion Hawking radiation
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‣ To trigger BH formation 

Nχ > Nsg with the given time t = 5 Gyr 

To overcome relativistic Fermi pressure 

To avoid BH evaporation
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NS SENSITIVITY ON DM-SM INTERACTIONS

NS sensitivity on σχn and εn/εp : αχ = 1
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SUMMARY

Summary

▸ NS acts as a complementary probe to other DM detections 

▸ Proton can significantly contribute to DM capture rate in the presence of 
isospin violation 

▸ If DM particles self-interact attractively, BH can form inside the NS 

▸ By observing Gyr-old NS can set constraints on DM parameters αχ, mχ, mϕ, 
σχn,p 

▸ Model-independent analysis with a well-motivated U(1)d pheno model to 
justify the way


