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Dark Matter 

Captured in 

Stars
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Is it possible 
that there are 
new kinds of 

compact objects 
close to the 

Chandrasekhar 
Limit?



What Can This Be?

• No new physics

• Primordial black holes

• Neutron star converted to a black hole due to PBH transit

• Core collapse of dark matter blob 

• Neutron star converted to BH due to dark matter
Basudeb Dasgupta (TIFR Mumbai), Georg-Fest 9-11 Nov 2022, MPI Munich 10

Occam’s razor solution!

Zeldo’vich (1966), Hawking (1970), … Carr, … Recent interest due to Bird et al. (2016) 

Capela et al. (2013), Takhistov et al. (2017), …
But rate too low : Montero-Camacho et al. (2019), Genolini et al. (2020) 

Kouvaris et al. (2018) : Asymmetric DM with Self Interactions
Shandera et al. (2018) : Dark Atoms

Dasgupta, Laha, and Ray (2020) : This Talk

Image: Warner Bros.
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Dark matter captured in a neutron star 
can collapse into a tiny black hole, 

which can eat up the host star from inside.

This predicts a new class of black holes, 
that we call “Transmuted Black Holes”.

How to look for them?

This Talk

Dasgupta, Laha, and Ray (PRL, 2020)



Dark matter is a new particle 
with largeish mass       and 

infrequent (but nonzero) interactions

Main Assumption



Galactic DM is Attracted to Stars

• The DM particles have speeds 
of about 200-300 km/s

• The escape velocity of neutron 
star is about 10

5 
km/s, and about 

10
3 
km/s for white dwarf

• DM particles are gravitationally 
attracted to a star (speed 
increases due to energy 
conservation) and they can “zip 
through” the star
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Image: Artist’s composition of Hubble image 
and Via Lactea simulation

Neutron Star
in a galaxy

Dark matter particle
in the galaxy halo



DM gets Captured in Stars

Basudeb Dasgupta (TIFR Mumbai), Georg-Fest 9-11 Nov 2022, MPI Munich 14

• Unless the incoming DM 
scatters with the material of the 
star, it simply “slingshots” away 

• Scattering on the stellar matter 
reduces kinetic energy of DM

• If the energy-loss is sufficient, 
i.e., velocity < escape velocity, 
then it is captured

DM far away 
speed 
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Scattering with 
nucleon

DM speed
after a collision 

Neutron star

Press and Spergel (1985), Gould (1987)



What we did …

• An analytical calculation of the capture rate in stars, 
including the possibility that the DM is not always 
captured after a single collision but rather it requires 
several collisions to get captured

• Analytical treatment of the energy-loss distribution for 
each collision, and possible interactions between the 
captured DM particles, etc.
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Dasgupta, Gupta and Ray (2020)

Dasgupta, Gupta and Ray (2019)



In more detail …
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where

Dasgupta, Gupta and Ray (2020)

Mediator 
mass

Theta function decides how much energy lost on average



Thermalization after Capture
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• Once captured, many more 
collisions can occur bringing 
the DM particle to near-rest

• Eventually the DM “sinks” to the 
center of the star forming a 
thermalized sphere of radius

• This process is quick, relative to 
stellar lifetime and the DM 
capture-time itself



Self-gravitation Condition
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The thermalized sphere of DM at 
the center of the star can start 
self gravitating if DM density 
exceeds that of ordinary stellar 
material therein



Chandrasekhar Limit for Collapse
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vs.

The Chandrasekhar limit for a sphere of 
DM-like particles is different from that of 
the same limit for ordinary atoms

Can be much smaller for heavy dark matter

If 
mass captured > mass to self gravitate 
&& 
mass captured > mass needed to collapse
a small BH forms



Accretion of the Star into the BH
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• It can accrete material from the 
star efficiently

• The tiny BH can evaporate through 
Hawking evaporation

• Unless initial black hole is lighter 
than about 10

12
kg, accretion wins 

and the star transmutes into a BH 

Fig. from Giffin et al. (2021)



A quick recap

• DM is assumed to be a particle with mass and has 
cross section on nucleons

• It is nonrelativistic in the galactic halo, and gets 
captured in stars owing to gravitational attraction 
followed by one or more scatterings in the star

• The DM blob can collapse into a black hole at the 
center of the star

• This proto-BH can be extremely small, but it eats up 
the whole star and we get a Transmuted Black Hole
that’s roughly the mass of the original star.

Basudeb Dasgupta (TIFR Mumbai), Georg-Fest 9-11 Nov 2022, MPI Munich 21



Bosonic DM + 1.3 Msun Neutron Star
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TBH formation 
is not ruled out 
by present data

Dasgupta, Laha, and Ray (2020)



Bosonic DM + 1.3 Msun Neutron Star
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Under some 
assumptions, 
strongest 
limits on DM

Dasgupta, Laha, and Ray (2020)



Fermion DM + 1.3 Msun Neutron Star
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More parameter 
space unexplored

Dasgupta, Laha, and Ray (2020)



Light Mediator
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TBH formation 
is not ruled out 
by present data

Dasgupta, Laha, and Ray (2020)



What if DM has other interactions?
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Annihilation 

• no collapse

• Heating up of the star

• Can check using JWST!

Self-interaction

• M
CL

is larger

• Can resist collapse easier

• Can test using the existence of 
stars!



How to Find these Fantastic Beasts?
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o Regions of large DM density needed

o Typically compact stars such as NS are easier to 
transmute

o Can merge with a NS, another TBH or a BH, and emit 
gravitational waves



Using Correlation with DM density
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• Detection of a sub-Chandrasekhar BH in a low-DM-
density region will disfavor its TBH origin

• Discovery of old neutrons stars in DM dense region 
will disfavor the TBH mechanism

• Coexistence of a sub-CS BH and NS will disfavor TBH

• Sudden disappearance of isolated neutron star or 
white dwarf in a DM-dense region will hint at TBH

Improved localization of GW events needed

parameter space required for transmutation is disfavoured by the existence of NS

parameter space required for transmutation is disfavoured by 
the existence of companion NS 

Continuous monitoring of NS/WD needed



Correlation with Mass Distributions
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The mass-function of observed TBH candidates can be compared 
with that of the parent neutron star or white dwarf populations

Dasgupta, Laha, and Ray (2020)



Redshift Evolution of Merger Rates
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The merger rate of 
TBHs is distinct 

from other 
candidates and 
3rd-generation 

gravitational wave 
observatories can 

test it 

Dasgupta, Laha, and Ray (2020)



Observable Mergers
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Dasgupta, Laha, and Ray (2020)



A bit more detail … Neutron Stars
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Merger Rate = x Star Formation Ratex Binary FractionMerger-time distribution

Taylor et al. (2012)

The merger rate of binary neutron stars can be computed
This allows us to compute the TBH merger rate also



A bit more detail … TBH
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x Star Formation Ratex Binary FractionMerger-time distribution

Dasgupta, Laha, and Ray (2020)

TBH merger rate is systematically lower and cut off at larger red-shifts

Merger Rate = x Delay due to Transmutation 



Neutron Stars as a Dark Matter Lab
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Neutron Star 
existence can set 

strongest limits on 
DM interaction! 

Work in progress …
(with Sulagna Bhattacharyya and Anupam Ray)



LIGO as Dark Matter Lab
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LIGO data already 
set the strongest 

limit on DM 
interactions 

under certain 
assumptions! 

Work in progress …
(with Sulagna Bhattacharyya and Anupam Ray)



Take Home
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• Dark Matter

– How to find what it is? Several different approaches. None successful yet!

• Stellar and Black Hole Astrophysics

– Can stars collect dark matter? Yes! Neutron Stars, WDs, …

– How much? We can compute. Depends on dark matter’s interactions.

– What does it do? Can accumulate. Can collapse! Can annihilate …

• Phenomenology

– What are the signatures of such dark matter collection? Black holes, Mergers, …

In this talk: NS-BH transmutation can be used to study DM interactions  
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Cheers to 
many more 
years of fun 
and physics!


