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Dark Matter (DM) -induced Neutron Star (NS) Implosion

• Dark Matter and other Astrophysical Motivations

• Signatures: products of the NS implosions 

(detectability has matured & signatures not sensitive to the 

details of the implosions)

• Direct signatures (see 1706.00001)

• I dreamed for a neutron-star inpiral/merger, back in last June…

Outline

Yu-Dai Tsai (Cornell), Pheno 2018
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and we have it now!
GW170817 !!!!!
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First neutron star merger observed!
Golden age for neutron star phenomenology 
& multi-messenger probes for new physics 

(Imagine O(100) SN 1987A)



• Think about neutron star as our “direct-detection 
detector” 
NS has high density: high fiducial mass (event 
rate), and can gather DM in a small radius, allowing 
collapse, to give us various signatures

• The densest stars. They have densities of 1017 kg/m3

• (Earth has a density of around 5×103 kg/m3 ) 

• Almost a black hole (BH), but the degeneracy pressure is 
keeping it from collapsing. 

Neutron Star and Dark Matter?
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Beyond DM Direct Detection

5

DM-Nucleon
Scattering 
Cross-section

Red: NS maximum capture, will explain in later slides

2020

2025



Astrophysical Motivations for 
DM-induced NS Implosions

Explain Observations/Puzzles:
• Missing Pulsar Problem

(Bertoni, Nelson, Reddy, 2013 & Bramante, Elahi, 2015)

• Explain Fast Radio Burst (FRB)
(Fuller and Ott, 2014 & Bramante, Linden, YT, 2017)

• Enrichment of r-process elements
(Bramante, Linden, 16 & Bramante, Linden, YT, 17, 
also in progress, considering recent Draco measurement)
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• Light Black Holes and Their Mergers:

NS-mass BH-BH binary merger events

(Bramante, Linden, YT, 2017)

• Quiet Kilonova:

Kilonova from NS implosion

(Bramante, Linden, YT, 2017)
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Dark MaTTer-inDuCeD 
neuTron sTar iMPlosions
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- Asymmetric Dark Matter (ADM): dark matter with particle/anti-
particle asymmetry in the dark sector, often linked to 
baryon/lepton asymmetry.

- The asymmetry often sets the DM relic abundance.
- see, e.g., reviews from Petraki and Volkas 2013, Zurek 2013 … 

- Dark matter asymmetry allows efficient collection and collapse 
in stars without annihilating to lighter particles 

- See e.g. Goldman and Nussinov 1989, Kouvaris and Tinyakov 2010, Lavallaz
and Fairbairn 2010, McDermott, Yu, Zurek 2011, Bell, Melatos, Petraki 2013, 
Bertoni, Nelson, Reddy 2013, …

- Extend to Topological Defects (GUT), Q-Ball (SUSY), etc
(Bramante, YT, in progress)

NS Implosion & Asymmetric Dark Matter
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DM-induced NS Implosions
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• Consider the implosion using PeV-EeV (106 -109 GeV) ADM as an example.
Reference:
• For super heavy ADM: see e.g. Bramante, Unwin, 2017
• Other mass ranges: see e.g. Bramante, Kumar, et al. 2013, Bramante, Elahi 2015



Dark Matter Capture

Dark Matter Capture Time:
the time for a critical collapsing mass to accumulate

See Bramante, Linden, YT, 1706.00001
also Bramante, Delgado, Martin, 2017 (multi-scattering)

implies maximum mass capture rate, 
(DM initial halo kinetic energy scales linearly with ௫)

DM-nucleon cross section,
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R: NS radius
M: NS mass

(assume NFW profile throughout the talk)

(Goldman, Nussinov 1989)



Time scales

Bramante, Linden, YT, 1706.00001

~ 10 Gyrs
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For PeV-EeV ADM:
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Time scales
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For PeV-EeV ADM:
, ,

• So the capturing sets the 
implosion time.

• Easy to parameterize

• We will care most about 
capture time from now



Boson:

Fermion:

Normalized Implosion Time (NIT)

Colpi, Shapiro, and Wasserman, 1986

We propose this normalized implosion time,

Yu-Dai Tsai (Cornell), Pheno 2018

R=10 km,
M=1.4 M
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Total NS Implosion Rate in terms of

MWEG: Milky Way 
Equivalent Galaxy

(4.4 Mpc)ଷ

Incorporates NS 
birthrates in Milky Way,
capture rate for
position in galaxy

Could match 
FRB energy/rate 
(proposed in 
Fuller & Ott, 2014)
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- Light Black Holes and Their Mergers (G-wave)

- Neutron Star merger galactic distribution    

(Gravitational + Optical Signature)

- Quiet Kilonova (Optical) 

- r-Process Abundance and Kilonova Events 

- FRB and Missing Pulsars and Others (Radio       

Signature)

Astrophysical signatures:
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Light Black Holes and 
their Merger (Black Merger)

Gravitational-Wave Signature form 
Converted NS-NS Binary Merger
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Light Mass Black Hole

• There is a postulated mass gap between lightest BH 
and heaviest NS

• Observationally, BH mass (> 8 M ) and BH-BH 
mergers are (>18 M ) 

• Standard Astro processes do not create < 3 M BHs

• NS can be converted into BH, through DM-induced 
Implosion, creating a 
m ~ 1 – 2 M (neutron-star-mass) BH, violating the 
putative mass gap. 

• See e.g. Bramante, Linden, YT, 2017 & Yang, East, 
Lehner, 2017
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G-Wave Signature: Black Mergers

• NS-NS binaries can also be converted into BH-BH 

binaries, creating m ~ 2 - 3 M (NS merger-mass) 

BH-BH mergers, again violating the putative mass gap. 

• These are NS-mass mergers WITHOUT optical follow-

on, we call them “Black Mergers”, or “Light Black Hole 

Mergers”

• Bramante, Linden, YT, 2017
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Black Mergers

• We currently HAVE the sensitivity to see black 
mergers!

• GW170817 could have been a black merger, but we 
saw EM counterparts.
NS-NS inspiral looks the same as BH-BH inspiral
signatures for current LIGO/Virgo!

• The difference is one should NOT see EM counterparts 
for Black Mergers.

• Black Merger rate ~ NS Merger rate for certain model 
parameter! (Bramante, Linden, YT, 2017. New analysis 
in progress)
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G-Wave Signature: Black Mergers

ADM1: ௖ ௫/ ௫=  3  Gyr/cmଷ(200 km/s)ିଵ

ADM2: ௖ ௫/ ௫= 15 Gyr/cmଷ(200 km/s)ିଵ

• Prediction: Almost No NS-NS merger in the Galactic Center!

• Can use LIGO/Virgo to see merger signatures, that are 

without optical signatures by BlackGEM telescope
22



MerGer kilonova
(ns MerGer DisTribuTion)

Use the imploded NS-NS merger galactic 
distribution to test DM scenarios

G-wave + Optical Signature
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Look at the Distribution of NS Mergers

No Implosion 
(Sartore et al, 09)

NS-NS mergers
• Inspiral/merger signatures detectable by LIGO/Virgo
• The associated Kilonova event can be seen by, e.g. DES, BlackGEM, 

ZTF, …
• Having Black Mergers means the usual NS-NS mergers have can 

the distribution altered by NS implosions

ADM1: 𝑡௖ρ௫/𝑣௫=  3  Gyr/cmଷ(200 km/s)ିଵ

ADM2: 𝑡௖ρ௫/𝑣௫= 15 Gyr/cmଷ(200 km/s)ିଵ
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CDF of the Merger Kilonova



Statistics of Merger Kilonova Events

• Apply Kolmogorov–Smirnov test for randomly generated events based on 
௖ ௫/ ௫

• (Right) Purple band indicate number of events needed for 2σ significance in 
testing the ADM model parameters

• Dashed: upper and lower quartile; Solid: the median based on the repeated 
experiments.

• GW 170817 2kpc away from the center of NGC4993 (arXiv:1710.05444)

• No Implosion

ADM1

ADM2

2020

2025
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Statistics of Merger Kilonova Events

ADM1

ADM2

2020

2025
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Very rough estimation of the NS merger observation 
rate based on a single event

• Advanced Virgo achieve full design sensitivity in 2018. 
• LIGO restart running in Fall 2018 for the O3 (joint with Virgo)

Soares-Santos (DES) @ Fermilab, Oct. 17



Beyond Direct Detection
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DireCT siGnaTures

- Quiet Kilonova from NS implosion
(and r-Process Element Enrichment)

- Neutrino Signature
(no time, see 1706.00001, the backup slides, or
http://pirsa.org/displayFlash.php?id=17070025)
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Outlook
• Future astrophysical observations:

- Kilonova events seen by telescopes like Dark Energy 
Survey (DES), BlackGEM and ZTF

- Merger signatures by LIGO/Virgo

- located FRBs by radio arrays like CHIME and HIRAX 

can be applied to test the DM implosion scenarios, 

in the next few years.

• Study Topological Defects (GUT), Q-ball (SUSY) models!

• Study possible Neutrino Signatures (at IceCube?)

• Many many works to do!
29



Thank You!

Also thanks Pheno 2018 organizers 
for this wonderful conference
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Dark Matter and Maximum Pulsar Age Curves

• ATNF Pulsar Catalogue Overlaid, ages from pulsar timing

• Based on the number of GC pulsar progenitor stars, GC radio surveys should have 
already found O(10) pulsars in the central parsec. However, none have been 
observed. Missing Pulsar Problem! (Only a few ~ 104 year old magnetars found so 
far/pulses broadened by electron scattering?)

• Milky Way’s 1-500 pc center surveyed in the next decade by FAST, SKA.
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Beyond Direct Detection

32

• Pulsar bound set by pulsar J1738+0333, 4 Gyr characteristic 
age, with companion white dwarf of apparent age 0.5-5 Gyr

2019

2025



r-ProCess anD kilonova

Preferred/Constrained
Implosion Parameter Space
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r-Process (Rapid Neutron Capture Process)

- Core collapse supernovae (frequent, ~1/100 years)

- Merging neutron star binaries (rare, ~1/104 years)

- Neutron star implosion tidally ejects neutron star 
fluid (rate see e.g. 1706.00001)

Postulated r-process sources: 
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• Total of 104 M⨀ r-process elements produced in Milky Way 

(Freeke et al, 2014), including Gold, Xenon, Germanium, and Uranium



Dark Matter Implication
from r-Process Elements

(NS implosion rate) x (mass ejection per implosion), 

integrated over time

~ the amount of r-process element the NS implosions 

produced

We can constrain the maximum abundance produced 

in the Milky Way (MW) by NS implosions
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• x-axis: ejection mass per NS 
implosion

• y-axis: NIT, 𝒄 𝒙/ 𝒙 (related to 
the rate)

Assuming NS implosions are
responsible for all the r-process 
elements, get the “matching” curves 
and constraints from setting total NS 
mass ejected to ≤ 10𝟒 M in MW. 

• The constraints are stronger if 
NS implosions only partially 
responsible for all r-process 
elements 

• 10𝟗 NSs
• 10𝟖 NSs

r-Process Abundance Implications

Bramante, Linden, ‘16 & Bramante, Linden, YT, ‘17

Bramante, Elahi, 2015 

ejection mass per 
NS implosion
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• Plan to develop numerical  
simulation of the NS implosion to 
determine the mass ejection



Dark Matter Implication 
from KN Events

KN observation rate (from implosions) ~ 

Function (NS implosion rate, mass ejection 

per implosion, velocity of the ejecta)

Dark Energy Survey (DES) put upper bound on 

KN observation rate (Doctor et al., DES, 2017) 
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Bramante, Linden, YT, 2017

Kilonova light curves depend mainly 
on the mass and velocity of NS fluid 
ejected (Barnes & Kasen, 2013)

• Dark Energy Survey (DES)
published a null wide field optical 
search for kilonovae (Doctor et al., 
DES, 2017) 

• One can set bounds from (not-
seeing) kilonova events by DES

• x-axis: ejecta mass per NS implosion
• y-axis: NIT ௖ ௫/ ௫

• assuming ejection velocity β = 0.3c

KN Rate Implications

Bramante, Elahi, 2015 
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• The kilonova bound may eventually 
exclude the r-process matching curves



Quiet Kilonovae and 
The Morphology

Optical Signatures from NS Implosions
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Quiet Kilonova

Quiet Kilonova:

• Kilonova events from NS implosions, but 
NOT from the NS-NS or NS-BH mergers. 

• WITHOUT detectable inspiral/merger 
signatures, so we call them “Quiet Kilonova” 
(Bramante, Linden, YT, 2017)

Abbott et al., LIGO/VIRGO, PRL 2017

Yu-Dai Tsai (Cornell), Pheno2018 40



… or “Quilonova Donut”

Imploded
Imploded

Imploding
Imploding

ADM1

ADM1: ௖ ௫/ ௫=  3  Gyr/cmଷ(200 km/s)ିଵ

ADM2: ௖ ௫/ ௫= 15 Gyr/cmଷ(200 km/s)ିଵ

ADM2

Quiet Kilonova / NS Implosion Morphology

• ADM1 and ADM2 are 
implosions with  two 
NIT/model parameters

• ADM1 implosion faster 
than ADM2

• ADM1 is the larger 
donut

• DM use NFW profile.

• Talk about FRB in the 
end if there is time left 41Bramante, Linden, YT, 2017


