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Pulsars: The Big and the Small

Neutron Stars: The Big and the Small

• Big: ~1.4 Mo 

• Small: Compressed into 10 km 

• Big: Can spin up to 700 s-1 (0.2 c at surface) 

• Small: Oblate spheroid to < 1 part in a million



NANOGrav Collaboration (1801.02617)

• Neutron star spin among the best measured 
quantities in physics.

F =  218.8118437960826270 +/- 0.0000000000000988 s-1

F’ =  -4.083888637248 +/- 0.0000143324982645 x 10-16 s s-1 

PSR J1713+0747

Neutron Stars: Precision Physics



• Can precisely measure the 
magnetic field:

• And approximately measure 
the age:

A Dipole Model



• 1000 PV potential available to accelerate particles
Ruderman & Sutherland (1975)

Curvature Radiation
• Changing magnetic field produces electric field





credit: Dave Thompson 

Multiwavelength Emission



Harding (2016; J Plasma Phys 82) 



Ozel et al. (1505.05155)

A Window Into Extreme Physics



A Window Into General Relativity



Positron Excess

Massive Stars
Shock Acceleration

A Window Into Astrophysics



• Sensitive probes of rare processes: 

1. Nuclear densities over macroscopic distances 

2. Strongest magnetic fields in the universe 

• Precise measurements are possible

A Window Into Fundamental Physics



The Program



• Sensitive probes of rare processes: 

1. Nuclear densities over macroscopic distances 

2. Strongest magnetic fields in the universe 

• Precise measurements are possible

A Window Into Fundamental Physics



Searching for Dark Matter Interactions



CDMS

Direct Detection: Experimental Efforts





Neutron Star 

• 3 x 1030 kg 
• 2 x 1010 days 

6 x 1040 kg day

Xenon-1T 

• 1000 kg 
• 700 days 

7 x 105 kg day

Neutron Stars: The Optimal Direct Detection Experiment



• Neutron stars are so 
dense that they are 
optically thick to dark 
matter

• This saturates the sensitivity of neutron stars to dark matter

Neutron Stars: The Optimal Direct Detection Experiment



• Neutron stars gravitationally attract nearby dark 
matter 

Capture radius is approximately 1 Ro

Neutron Stars: Astrophysics Enhancements

• Interaction scales as vx-1, very sensitive to slowly 
moving dark matter



• Neutron stars are a dark matter collider

When dark matter hits the neutron star 
surface it is moving relativistically:

• Can probe p-wave suppressed dark matter or dark 
matter mass splittings

Neutron Stars: Astrophysics Enhancements



Typical NS neutron momentum is:

This suppresses the interaction cross-section for low mass DM:

Neutron Stars: Particle Physics Complications



Dark Matter kinetic energy lost in a scatter with a proton is:

Very heavy dark matter requires multiple interactions:

Neutron Stars: Particle Physics Complications



Neutron Stars: Particle Physics Complications



Detecting Dark Matter Scattering in Neutron Stars 

Part I: Neutron Star Heating

Does the interaction produce an observable effect on the neutron star? 



DM-NS collisions impart significant energy into the NS:

Baryakhtar, Bramante, Li, TL, Raj (1704.01577)

This induces blackbody emission of luminosity:

Dark Matter Induced Heating



If Dark Matter subsequently annihilates, additional energy is 
injected (de Lavellez & Fairbairn (1004.0629))

Dark Matter Induced Heating

Baryakhtar, Bramante, Li, TL, Raj (1704.01577)



Potekhin & Chabrier (1711.07662)

• Thermal emission detected from 
young neutron stars 

• Older neutron stars continue 
cooling 

• Dark matter sets a minimum 
temperature of ~2000 K (1022 erg)

Detecting Hot Neutron Stars



Baryakhtar, Bramante, Li, TL, Raj (1704.01577)



Baryakhtar, Bramante, Li, TL, Raj (1704.01577)

• Observations at 2000 K require infrared telescopes

• A pulsar at 10 pc would have a flux of ~2 nJy at 2 microns

JWST 
10 nJy in 104 s

GMT 
0.5 nJy in 105 s

Detecting Thermal Emission



1. A nearby pulsar (10-20 pc). 

• Closest observed pulsar: 90 pc (PSR B1055-52) 

• Average Distance to nearest NS: 10 pc (Sartore et al. 0908.3182) 

2. A model to separate thermal from pulsed emission 

3. Constraints on thermal injection sources, e.g. gas 
accretion and magnetic heating. 

What Do We Need?



Detecting Dark Matter Scattering in Neutron Stars 

Part II: Dark Matter Collapse

How does the interaction affect the dark matter? 



The Secret Life of Dark Matter Inside a Neutron Star

Bramante & TL (1405.1031) 
Bramante & TL (1601.06784) 
Bramante, TL, Tsai (1706.00001)

• Capture - DM hits neutron and elastically scatters 

• Thermalization - Trapped dark matter thermalizes with 
neutron superfluid. If dark matter can annihilate, it will. 

• Collapse - Dark matter degeneracy pressure not capable 
of preventing collapse.



• Dark Matter 
thermalization is always 
suppressed by Pauli 
blocking. 

• Superfluidity and 
superconductivity effects 
in the NS core also have a 
sizable effect.

Bertoni et al. (2013; 1309.1721)

• However, if DM is trapped within the NS, interactions are inevitable. 
in pessimistic scenarios, DM thermalizes in a timeframe:

Dark Matter Thermalization



Dark Matter Collapse

▸ Two paths are possible: 

▸ If dark matter can annihilate, the large densities make 
annihilation inevitable. 

▸ If dark matter cannot annihilate, dark matter builds 
mass until it exceeds its own degeneracy pressure. 
For Fermionic dark matter this is: 

▸ It then collapses on a timescale:





• Requires dark matter to be non-annihilating.

• PeV Fermionic Dark Matter 

• Bosonic Dark Matter 

• Attractive Self-Interacting Dark Matter

Dark Matter Parameter Space





McDermott et al. (1103.5472)

Strong Constraints are Possible



A Signal
10% of Star Formation in central 200 pc of Milky Way 

Only one (very young) pulsar detected

The Missing Pulsar problem!



Local Pulsar ConstraintsDestroys GC Pulsars

Bramante & TL (1405.1031) 



Bramante & TL (1405.1031) 



Bramante, TL, Tsai (1706.00001)

An Electromagnetic Signal



An Electromagnetic Signal
Fermi GBM Collaboration (1710.05834)

• Gamma-Ray Bursts (observed 
by Fermi) 

• Optical emission from the 
decay of r-process elements 

• Fast Radio Bursts are 
potentially correlated with 
NS mergers.



LightGravity 

No DM Induced Collapse DM Induced Collapse

Light

An Electromagnetic Signal

NSNS



LightGravity 

No DM Induced Collapse

An Electromagnetic Signal

NSNS
Light

Light

Gravity 

DM Induced Collapse



LightGravity Light Gravity 

Merger Kilonovae  
Electromagnetic signals 
and gravitational waves 

jointly identified.                   

(proportional to ρ-1DM) 

Quiet Kilonovae 
Electromagnetic signals 

without gravitational 
waves. 

(proportional to ρDM).

Dark Mergers 
Gravitational waves 

without any 
electromagnetic signal. 

(proportional to ρDM).

New Phenomena



Two Methods

• Two methods to isolate dark matter signal: 

1. Look in regions where dark matter induced 
signal is dominant (e.g. dwarf galaxies) 

2. Examine the spatial morphology of events in 
and extract dark matter density profile.



Merger Kilonovae



Constraining Dark Matter - Merger Kilonovae



Fast Radio Bursts or Quiet Kilonovae



Finding Dark Matter - Fast Radio Bursts



1. New Observations of NS Mergers (gravitational waves, 
electromagnetic emission, fast radio bursts). 

2. Localization of the electromagnetic signatures within 
galaxies. 

3. Improved models for the electromagnetic signals from dark 
matter induced NS collapse. 

What Do We Need?



• Sensitive probes of rare processes: 

1. Nuclear densities over macroscopic distances. 

2. Strongest magnetic fields in the universe. 

• Precise measurements are possible.

A Window Into Fundamental Physics



Axions proposed to solve the strong-CP problem

If this constant is promoted to a field, 
its self-interactions drive it to 0:

This term must couple to the EM field, 
allowing for decays to photons:

One Slide on Axion Dark Matter

Marsh (2015; 1510.07633)



• We can search for the resonant 
decay to photons:

Detecting Axion Dark Matter



Neutron Star 

• 1010 T 
• 108 m2 

1028 T2 m2

ADMX 

• 10 T 
• 1 m2 

100 T2 m2

Neutron Stars: The Optimal Axion Laboratory



Hook et al. (1804.03145)

• Resonant interactions 
occur when plasma 
frequency equals the 
axion mass:

Neutron Stars: The Optimal Axion Laboratory

• Need detailed model of NS magnetic fields.

Mitra et al. (1510.00103)

= 6 x 10-4 eV



Hook et al. (1804.03145)

• Can place complementary constraints on the QCD axion. 

• Specific to models where axions are the dark matter.

Neutron Stars: The Optimal Axion Laboratory



What Do We Need?

1. Nearby, highly-magnetized pulsar. 

2. Better models of the pulsar magnetic field. 

3. Sensitive observations of radio lines (different 
techniques than traditional pulsar searches). 



Finding the Right Neutron Star



Harding (2016; J Plasma Phys 82) 

Radio Pulses: A Blessing and a Curse



A New Method for Detecting Invisible Pulsars



2o  ~ 10 pc 

A New Method for Detecting Invisible Pulsars



•5 / 39 sources in the 2HWC catalog are correlated with bright, middle-aged 
(100 — 400 kyr) pulsars.

• 12 others with young pulsars 
• 2.3 chance overlaps 
• TeV emission may be contaminated by SNR

TL et al. (1703.09704)

Discovering Pulsars at TeV Energies



• TeV halo observations solve many astrophysical puzzles 

• Prove that pulsars produce the positron excess 
(Hooper, Cholis, TL, Fang 1702.08436) 

• Explain the TeV gamma-ray excess                                          
(TL & Buckman 1707.01905) 

• Explain inhomogeneities in cosmic-ray diffusion , 
(Hooper & TL 1711.07482) (Evoli, TL, Morlino, TBS) 

• Explain TeV gamma-rays from the Galactic center 
(Hooper et al. 1705.09293)

Astrophysical Implications of TeV Halos



•5 / 39 sources in the 2HWC catalog are correlated with bright, middle-aged 
(100 — 400 kyr) pulsars.

• 12 others with young pulsars 
• 2.3 chance overlaps 
• TeV emission may be contaminated by SNR

TL et al. (1703.09704)

Discovering Pulsars at TeV Energies



• Tauris and Manchester (1998) 
calculated the beaming angle 
from a population of young and 
middle-aged pulsars. 

• This varies between 15-30%. 

• 1/f pulsars are unseen in radio 
surveys.

Discovering Pulsars at TeV Energies



•Correcting for the  beaming fraction implies that  56        
TeV halos are currently observed by HAWC.  

•However, only 39 HAWC sources total. 

•Chance overlaps, SNR contamination must be taken into 
account.

-11
+15

Discovering Pulsars at TeV Energies



What Do We Need?

1. Continued observations of TeV halos. 

2. A model for the confinement and                                                             
emission of electrons in TeV halos. 

3. A method for precisely determining the pulsar position within 
the TeV halo. 

Evoli, TL, Morlino (1807.09263)



TL, Auchettl, Bramante, Cholis, Fang, Hooper, Karwal, Li (1703.09704)



1. Understand Dark Matter/Neutron Star Interactions 

• Can already set strong constraints on some models 

1. Asymmetric Dark Matter 

2. Axions 

• Can probe extremely generic dark matter models.

The Program



1. Understand Dark Matter/Neutron Star Interactions 

• Can already set strong constraints on some models 

1. Asymmetric Dark Matter 

2. Axions 

• Can probe extremely generic dark matter models. 

2. Differentiate dim dark matter signals from astrophysics 

• Need detailed models of neutron star physics. 

• Requires observations of pulsars with “special” attributes 

1. Nearby 

2. Strong Magnetic Fields 

3. Not Beamed Towards Earth

The Program





Chawla et al. (1701.07457)



Keane et al. (1501.00056)



TL & Buckman ( 1707.01905)



• Pulsars have unique characteristics that are optimally 
suited for new physics searches. 

• Early studies can set strong constraints on the 
asymmetric dark matter and axion parameter spaces. 

•Our observational techniques are in their infancy. The 
next decade will revolutionize the field in several 
directions.

Conclusions



Extra Slides



• Early results indicate that 
pulsars themselves can 
confine electrons to 
produce TeV halo emission. 

•Analog with cosmic-ray 
confinement in supernova 
remnants. 

A Model for TeV Halos Evoli, TL, Morlino (1807.09263)

• More detailed models including reacceleration and joint 
supernova/pulsar emission are necessary.  



•Tentative Evidence that MSPs 
also produce these TeV halos. 

•MSPs are the coldest and 
oldest pulsars — important for 
DM heating. 

•Models indicate a MSP should 
exist within ~50 pc, but none 
has yet been found.

Hooper & TL (1803.08046)

Discovering Pulsars at TeV Energies



Emission Morphologies



Evolutionary History of Millisecond Pulsars



• Dark Matter 
thermalization is always 
suppressed by Pauli 
blocking. 

• Superfluidity and 
superconductivity effects 
in the NS core also have a 
sizable effect.

Bertoni et al. (2013; 1309.1721)

• However, if DM is trapped within the NS, interactions are inevitable. 
in pessimistic scenarios, DM thermalizes in a timeframe:

Dark Matter Thermalization



Dark Matter Collapse

▸ Two paths are possible: 

▸ If dark matter can annihilate, the large densities make 
annihilation inevitable. 

▸ If dark matter cannot annihilate, dark matter builds 
mass until it exceeds its own degeneracy pressure. 
For Fermionic dark matter this is: 

▸ It then collapses on a timescale:



The Missing Pulsar Problem
▸ Large pulse dispersion was 

reasonable culprit 

▸ Magnetar found in X-Ray 
observations in 2013. 

▸ No pulse dispersion in X-
Rays

Dexter, O’Leary (1310.7022)

▸ Magnetar subsequently found in radio 

▸ Pulse dispersion is small! 

▸ Why aren’t any other pulsars observed !?



Gravitational Waves from NS Collapse

▸ Gravitational Waves from DM induced collapse

▸ Single NS collapse models 
have been considered 
(primarily from accretion 
induced collapse). 

▸ DM induced NS collapse 
observable throughout 
the Milky Way (0.01 yr-1 ?)

Baiotti et al. (gr-qc/0701043)



Differentiating Black Hole and NS Mergers

▸ Anomalies in the tidal strain of binary neutron star mergers.

Littenburg et al. (1503.03179)

▸ DM induced NS collapse 
produces a population of 1.4 
Mo black holes. 

▸ Can potentially see differences 
in merger and ring-down, but 
not presently feasible.



Particle Physics Mash-Up

Hook et al. (1708.08464)

• Low mass axions can mediate forces between inspiraling 
neutron stars, providing effects comparable to gravity. 

• LIGO observations can probe the low-mass axion window.











• The standard WIMP freeze-out scenario is still the best-
motivated model to explain the Dark Matter abundance.

One Slide On WIMP Dark Matter



Direct Detection



Dark Matter Flux Depends on NS EOS



Axion and Neutrino Cooling in Neutron Stars

Hamaguchi et al. (1806.07151)



r-process Enrichment
Margutti et al. (1801.03531)



What is the r-process?



Fast Radio Bursts



Axions proposed to solve the strong-CP problem

This provides you with an independent 
way to solve the strong-CP problem - by 
setting mu = 0. 

However, this appears to be at odds with 
experimental data.

One More Slide on Axion Dark Matter

Marsh (2015; 1510.07633)

This is the sum of two different terms, 
that independently must be small.



QCD Axion obtains its mass from its decay constant and the 
coupling to quarks:

QCD Axion Mass Bounds

Raffelt 1995 

The high-mass range of the QCD axion (low-fa) is set by the 
constraint that the axion never comes into thermal equilibrium 
(and light-through a wall and astrophysical constraints).

The low mass (high-fa) limit is set such that axions don’t 
overclose the universe:



Kalapotharakos et al. (1108.2138)
Goldreich-Julian Current

NS is a conductor with a strong rotating magnetic field. Thus, an 
electric field and current are formed. 

In these simulations the NS is not a perfect dipole.



A Signal
10% of Star Formation in central 200 pc of Milky Way



Dark Matter Induced Collapse in dSphs

• The dispersion velocity in dwarfs is also small.  

• Reticulum II: 3.3 +/- 0.7 km s-1 (Simon et al. 2015) 

• Dark matter accumulation rate scales inversely with 
velocity: 

• Dwarf Spheroidal Galaxies are an optimal laboratory 
for asymmetric dark matter detection.

Bramante & TL (1601.06784)



Dark Matter Induced Collapse in dSphs

• Reticulum II dSph  

• Discovered by DES in 2015 

• Spectroscopic follow-up 
determined r-process 
abundances. 

• Large r-process abundance, 
but low metallicity! 

• Points to a rare formation 
channel (NS mergers)



Dark Matter Induced Collapse in dSphs

• Normalize the nuclear 
cross-section to the 
missing pulsar problem. 

• Supernovae produce 
~100 events. 

• Mergers produce 
~0.0005 events 

• DM induced collapse 
produces ~0.1-3 events.



Dark Matter Induced Collapse in dSphs

• Prediction: Globular Clusters should not be similarly r-
process enriched.

Roederer 2011 (1104.5056)

• In fact, no globular 
cluster has been 
observed to have an r-
process 
overabundance 
exceeding 1.2 dex.

• 6 of 9 stars in Reticulum II have r-process enrichment 
exceeding 1.68 dex.



Dark Matter Induced Collapse in dSphs



Pulsars Produce the Positron Excess

• Can calculate the gamma-ray spectrum necessary to fit 
the Geminga data from HAWC and Milagro 

• Can use this to calculate the underlying steady-state 
electron and positron spectrum

Hooper, Cholis, TL, Fang (1702.08436)



Pulsars Produce the Positron Excess

• Utilizing a diffusion model, along with the steady state 
electron spectrum, and the morphology of the emission, can 
calculate the fraction of the electron energy lost before 
escaping the halo. 

• Less energetic electrons make it to the ISM!
Hooper, Cholis, TL, Fang (1702.08436)



Pulsars Produce the Positron Excess

• In these models, Geminga 
naturally produces ~50% of 
the positron excess. 

• The total contribution from the 
remaining Milky Way pulsars 
produces the remaining 
emission. 

• Difficult to understand TeV 
halo spectrum if pulsars do not 
make the positron excess.

Hooper, Cholis, TL, Fang (1702.08436)



Pulsars Produce the TeV Excess

• Milagro detected bright 
diffuse TeV emission 
along the Galactic plane.  

• The intensity of this 
emission is incompatible 
with hadronic models 
constrained by Fermi 
and Argo-YBJ data.

TL & Buckman (1707.01905)

• TeV halos produce a hard spectrum component that 
naturally explains the intensity and spectrum of this 
emission.



Pulsars Produce Anisotropic Diffusion

• Diffusion near TeV halo is 
known to be suppressed 
- by two orders of 
magnitude! 

• Diffusion constant near 
us must be high to 
explain observations of 
10 TeV electrons. 

• Pulsars produce regions 
of low-diffusion, where 
TeV halos shine!

Hooper & TL (1711.07482)



Pulsars Produce Anisotropic Diffusion

• Cosmic-Ray electrons 
produced by the pulsar 
obtain a steep gradient. 

• This excites Alfven 
waves moving parallel to 
the electron gradient.

Evoli, TL & Morlino (TBS)

• These Alfven waves dominate cosmic-ray turbulence, 
because they are resonant with the electron energy - 
leads to low diffusion



Pulsars Produce Galactic Center Pevatron

• The spectrum of the HESS 
pevatron looks like the 
Geminga spectrum. 

• Diffuse electrons can be 
made via pulsar natal kicks.

Hooper, Cholis, TL (1705.09293)



Particle Physics Mash-Up

Hamaguchi et al. (1806.07151)

• Can also use neutron star 
cooling curves to place 
limits on the axion cross-
section. 

• Observations of the 
Cassiopeia A NS, with a 
known age of 337 years, rule 
out fa < 5 x 108 GeV.


