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Dark matter exists
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Dark possibilities

image: Tongyan Lin



Natural laboratories

 neutron starcore-collapse 
   supernova

https://tamilastronomy.in/

2307.14435 
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Lab features

very high densities
=> steep gravitational potentials

deeply Fermi-degenerate constituents

 low stellar temperatures

nucleon superfluidity

 ultra-strong magnetic fields

extreme regularity in rotation 

 powerful gravitational radiation

c.f. atomic clocks

Fermi sea
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Confront and exploit

very high densities
=> steep gravitational potentials

deeply Fermi-degenerate constituents

 low stellar temperatures

nucleon superfluidity

 ultra-strong magnetic fields

extreme regularity in rotation 

 powerful gravitational radiation

c.f. atomic clocksne
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VERSUS

hence 446 references in our review!
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Ultra-light dark matter vs pulsar timing arrays

signals: 
pulsar spin fluctuations, 
reference clock shifts
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ALP dark matter vs neutron star radio
Green Bank & Effelsburg Very Large Array

J. W. Foster, Y. Kahn, O. Macias, Z. Sun, R. P. Eatough,  
V. I. Kondratiev, W. M. Peters, C. Weniger, B. R. Safdi R. A. Battye, J. Darling, J. I. McDonald, S. Srinivasan

2107.012252004.00011

Primakoff conversion 
in magnetosphere 
=> radio line

T.D.P.Edwards, B.J.Kavanagh, L.Visinelli, C.Weniger 2011.05378



James Webb (space)

Thirty Meter (Hawai’i?!) 

 Extremely Large (Chile)

Neutron stars as thermal detectors of  “particle” dark matter

infrared

internal fire

fundamental physics

(“nucleon Auger effect”)

external fire
(“dark kinetic heating”)

BULLET CLUSTER

(with clumped dark matter)
optical

ultraviolet 

LUVOIR

Roman/WFIRST 

     Rubin/LSST

+

Dark Energy Survey

telescopes 

FAST, CHIME, uGMRT, SKA, … 
to find new pulsars

+ radio 



 neutron starcore-collapse 
   supernova

Use neutron stars as scattering targets

“detector” properties

diameter: 20 km 
density: 1015 g/cm3 
temperature:  
100-1000 K  
(if 109 yr old)



The signature: external fire

luminosity = kinetic power
(out) (in)

 dark matter
1750 K

Phys.Rev.Lett. (2017)

  N. Raj, M. Baryakhtar,  
J. Bramante, S. Li, T. Linden

C
dT
dt

= − σSB(area)T4 + ·Eexternal

exact analogy: keeping soup hot

“Dark kinetic heating”
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dark matter mass
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Sensitivities of  neutron star direct detector



Important variations on a theme

Are we barking down  
the wrong scattering target?

       A. Joglekar, N. Raj, P. Tanedo, H-B. Yu 
  Phys. Lett. B (2020) & Phys. Rev. D (2020)

#2Must we refrigerate dark matter 
to see its effects?

                     R. Garani, A. Gupta, N. Raj  
                                  Phys. Rev. D. (2021)

#1

?

products of 
β equilibrium 

(answer: yes and no; 
highly model-dependent question) 

Treat electrons carefully; relativistic in star. 



Important variations on a theme

Are we barking down  
the wrong stellar region?#3



*
*

* may not be neutrons 
(maybe quark matter, meson condensates, etc.)

deeper => 
knowledge of structure 
more uncertain

Neutron star structure

better capture, 
more dubious

N Raj, J Acevedo, J Bramante, R Leane  
                                           JCAP (2020)



Important variations on a theme

Can we catch clumpy dark matter?#4

image: astrobites

Is most dark matter clumped?

Earth may be in a DM void 
 => 
underground searches  
not in play!

— sub-kpc scale physics 
 unknown 
— small scale power  
 enhanced in many  
 cosmologies  



Important variations on a theme

#4
subhaloNS

             N Raj, J Bramante, B Kavanagh  
                                             PRL (2022)

DES, Rubin/LSSTJWST,  
Roman/WFIRST 

Can we catch clumpy dark matter?



And something different

ignite it

heat it quick

χ

  N Raj 
 2306.14981

x-ray fountains
hours-long,  erg𝒪(1042)

regular bursts103 ×
> 0.1 Γaccret

·MEdding

at C “ocean” layer of NS



Neutron stars = Pauli batteries

20

neutron Fermi
energy
~ 100 MeV

 + anythingn → χ

explosive liberation
 of energy!1056 protons

n n → n χ }
new heating mechanism: 
nucleon “Auger effect”

p n → p χ

1057 neutrons 
=>

Fermi sea

+

The signature: internal fire

: “dark neutron” that mixes with neutronχ



Constraints: NS heating

21

B ' = 0
0705.23362009.11046

1712.05761
0905.4208
0809.4902 future telescopes
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neutron star heating: |mn− mn′�| ≲ $(10 MeV) UCN searches: |mn− mn′�| < 10−18 MeV

PSR J2144-3933:
coldest NS

Cas A

future telescopes

MNS =1.5M⊙,
RNS = 12.6 km

PSR B0950+08,
PSR J0108-1431,

PSR J0437-4715,
PSR J2124-3358.

Goldman et al.
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NS energy per baryon Zeeman from Earth’s B field

[hypothetical mirror B field]

PRL 2021 McKeen, Pospelov, Raj  



topological 
 defect DM

Thorne- 
Zytkow  
objects

BEC, BCS  
states

Type Ia 
nuclear reaction  
network

Many roads to be built/explored…

+ tons more!



THANK YOU!

QUESTIONS?



Brightness diagnosis
L / (� � 1)mDM +mDM

+ annihilation

kinetic heating
 
� =

1p
1� 2GM/R

!





Scattering on pasta
Nandi & Schramm (2017)

dark matter

response functions

dark matter

low momenta: 
coherent  
scattering

high momenta: 
quasi-elastic  
scattering

N Raj, J Acevedo, J Bramante, R Leane  
                                           JCAP (2020)



“Electron star” dark matter detection

cross section ∝ Fermi energy2 

                                 [(150 MeV)2]

cross section ∝ electron mass2 

                                 [(0.5 MeV)2]

hard to lose energy to zippy electrons         A Joglekar, N Raj, P Tanedo, H-B. Yu 
Phys. Lett. B (2020) & Phys. Rev. D (2020)



Thermalization vs capture

                      R Garani, A Gupta, N. Raj  
                                 Phys. Rev. D. (2021)



Detection

Thirty Meter 

Detection: infrared telescopes

Imager NIRCam IRIS

7⇥ 104 sec

✓
d

10pc

◆4

105 sec

✓
d

10pc

◆4

James Webb

F200WFilter

T = 1750 Kelvin (infrared emission)

1.65 µmPeak wavelength:

1.75� 2.2 µm 2.0� 2.4 µm

K-band

Observ. time
for 2𝜎 sensitivity

backup



It’s called a neutron.
N. E. U. T. R. O. N.,

neutron.

James Chadwick30
also   Λ0, Σ0, Δ0, . . .

Dark neutrons: an introduction

0      : charge under all fundamental forces
1/2 : spin 
1      : baryon number

a new particle “ ”χhypothesis: 
its character:



neutron “dark” neutron

χn

939.5654 MeV/c2

mχmn ( m̄χ

m̄n ϵnχ
ϵnχ (

?

Hamiltonian

nothing forbids it:
compulsory!ϵnχ

31

quantum mixing
=>

(hidden)



Consequences for neutrons
magnetic “transition“ dipole momentoscillations

32

quantum mixing already seen in Nature:

ρ x Z

photon - rho meson photon - Z boson neutrino flavours
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Constraining neutron conversions

heating rate

cooling rate
(blackbody emission)

≤
energy release rate 

neutron number density

NS
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Conversions to dark neutrons

energy release rate Pauli blocking conditionnumber density*

neutron chemical potential*

* determined from high-density equation of state + NS mass & radius,  
   in practice used Brussels-Montreal BSk24 with 
 

MNS = 1.5 M⊙, RNS = 12.6 km

symmetry factor

scattering neutron 
Fermi sea

spectator nucleon
Fermi sea

3 sources of energy:

E1
E2

E3
Amusement

proton spectators 
(~ 10% of NS nucleons)
supply more heat!
less Pauli-blocked,
greater cross section
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Conversions to dark neutrons
medium-dependent splitting

e.g. neutron star nuclear 
self-energies, 10—100 MeV

n
n/p n/p

n′�

energy-dependent
phase shifts
from nuclear potential models
(https://nn-online.org/) 

https://nn-online.org/
https://nn-online.org/

