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Outline

Intro to DM-induced neutron star (NS) implosions

Astrophysical Signatures:

Kilonova Events and r-Process Elements
Optical Signature

Gravitational Signature

Optical + Merger Signature

Radio Signature

Conclusion and Outlook
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NS Implosion & Asymmetric Dark Matter

- Asymmetric Dark Matter (ADM): dark matter with particle/anti-
particle asymmetry, often linked to baryon / lepton asymmetry.

- The asymmetry often sets the DM relic abundance.

- 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, Kouvaris 2011, ...

- Primordial black holes (PBHs) could also implode NSs through
a different process, but among the signatures we study they
only have negligible effects, details see arXiv:1706.00001.

YU-DAI TSAIL P12017
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DM-induced NS Implosions

1. DM captured 2. DM thermalizes

5. Form solar mass BH

4. BH consumes
3. DM collapses neutron star

* Go through the process using PeV-EeV (10> -10'%eV) DM as an example
* Superheavy ADM: see e.g. Bramante, Unwin, 2017

* Other mass ranges: see e.g. Bramante, Kumar, et al. 2013, Bramabte, Elahi 2015
<
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Dark Matter Capture

For 0, z 1(}_45(‘.1'[12 (&) , as Chris/Nirmal mentioned,

1. DM captured PeV
capture rate 'y X PzTna
’UCL'
= DM density x DM-nucleon cross section
DM velocity
*-—
vx velocity o
px density determines
in MW halo whether DM
scatters,
gets trapped

t. := Dark Matter Capture Time
(from no DM to when the critical mass M,.;; accumulated)

e X ’Ux/Px- See e.g. Bramante, Delgado, Martin, 2017
+ Baryakhtar, Bramante, Li, Linden, Raj, 2017

6

Pirsa: 17070025 Page 7/29



2. DM thermalizes

Repeated scattering results in DM with
same temperature and settle at center
of neutron star

3. DM collapses
MIS™ ~ My /m¥% (~107* M for PeV DM )

crit P
DM will collapse to a black hole if the
accumulated mass exceeds its own degeneracy

pressure
(Mcrie > Mgeip_gravitate for PeV-EeV mass DM)

4. BH consumes neutron star

Bondi accretion from the black hole
consumes the host neutron star

YU-DAI TSAL P1 2017
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Determining the Implosion Time

1. DM captured

te

3. DM collapses

2. DM thermalizes

Tth

4. BH consumes
neutron star

TBondi

For PeV-EeV ADM:

l‘c >> Tths Tco »TBondi

* So the capturing sets
the implosion time.
* Easy to parameterize

* Appendix of 1706.00001
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Normalized Implosion Time

PeV-EeV Heavy dark matter, fermionic or bosonic —
fewer particles required for collapse.

= AT ¢ .
For g, = 105 Zems (—m-’“ ) 1

PeV
tC Cx 7~?X/px.
Px GeV/em®
t.— = Constant x |Gyr ———
Ux e [ " 200 km/s

; : 10 PeV\? . GeV/cm?
ferm _ 3 2 tec—| = —— 5 Gyr ————
M, ~ My /m% TR ( M ) % 200 km/s

crit p
A B PV 2 20 G GeV /cm?
= = L e
1 My 200 km/s

Croti =

V()= Al ™

M2 ~ VAMY /mE | 4 Px

Colpi, Shapiro, and Wasserman, 1986

YU-DAI TSAI PI1 2017
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NS Implosions [MWEG! yr!]

Total NS Implosion Rate in terms of t.—
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MWEG: Milky Way
Equivalent Galaxy
~ (4.4 Mpc)?

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

Bramante, Linden,
YT, 2017
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R-PROCESS AND KILONOVA

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

& Kilonova Events
- Neutron star slurped into a black hole made of dark x

matter at its core. Implosion tidally spurts neutron
star fluid (rate see e.g. 1706.00001)

Possible r-process sources:

- Merging neutron star binaries, tidal forces expel
dense neutron star fluid (rare, ~1/104 years)

Neutron-rich fluid then beta decays, create kilonova events,
and forms heavy neutron-rich elements,

total 104 Mo r-process elements produced in Milky Way
(see, e.qg., Freeke et al, 2014)
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r-Process Element Abundance & Bounds

o
o
== ]

If NS implosions are responsible
for all the r-process elements, we
have the “matching” curves and
constraints set by requiring

total NS mass ejected to £ 104

100+

n
o

te px/Vx [Gyr GeV cm?/200 km s!)
o

5 MO in the Milky Way.
¥ I5 Gyr Old Pulsar By Earth | . x-aXiS' e.ection mass er NS

1} ! Bramante, Elahi, 2015 . €) P
ob— & 4 1 implosion

10° 10> 10*% 0001 001 01 « y.axis: implosion parameter

Msj [Mo) teP/Vs

Two matching curves assume * The constraints are stronger if
different total neutron star NS implosions not responsible
numbers for all r-process elements
Bramante, Linden, YT, 2017 e “Self-detecting” dark matter?

YU-DAI TSAIL PI 2017 13
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Kilonova Bound

Bl Kilonova light curves depend mainly
B on the mass and velocity of NS fluid
S 100 ejected (Kasen et al, 2013)

50

'g | * Dark Energy Survey (DES)

> 10| published a null wide field optical
Q 51 search for kilonovae (Doctor et al.,
s | DES, 2017)

et ' I3 Gyr Old Pylsar By Earth

K 1 : I' Bramante, Elahi, 2015

& osb 8w 1 « Wesetbounds from (not-seeing)
& 10 105 104 0001 001 0.1

kilonova events by DES, assuming
M, [Mo] ejection velocity B = 0.3¢

x-axis: ejecta mass per NS implosion
y-axis: implosion parameter t.p,/vy

The kilonova bound may
Bramante, Linden, YT, 2017 eventually exclude the r-process
matching curves

YU-DAI TSAL PI1 2017 14
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Quiet Kilonova
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Quiet Kilonova: Abbott et al., LIGO/VIRGO, PRL 2016

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

* WITHOUT detectable merger signatures,

so we call them “Quiet Kilonova”
(Bramante, Linden, YT, 2017)

YU-DAI TSAL P1 2017 16
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Quiet Kilonova Morphology

.. or “Gold Donut”, since its related to r-process that can give you gold
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Gravitational-wave Signature form
Converted NS-NS(BH) Merger
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G-Wave Signature: Black Mergers

* Putative "mass gap" between NSs (m<3 MO) and
BHs (m>5 IVIO)

* NS-NS or NS-BH mergers are converted into BH-BH
mergers, creating m<3 M@ solar-mass BH-BH

mergers, violating the mass gap
* These are merger events WITHOUT optical follow-
on, we call them “Black Mergers”.

Tf
e - -~
f\\

YU-DAI TSAI PI1 2017
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MERGER KILONOVA
(BRIGHT MERGER)

Using the altered NS-NS(BH) galactic merger
distribution to test DM-induced implosions

21/30
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Combined Signature: Merger Kilonova

/7

Having Black Mergers means the usual NS-NS(BH) o .
mergers have the distributions altered by NS Gy

implosions

Merger Kilonova: NS-NS(BH) mergers
* Merger signatures detectable by LIGO/VIRGO
* The associated Kilonova signature can be confirmed by BlackGEM

e e e
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CDF(Cumulative distribution
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Sartore et al, 09
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Merger Kilonova CDF

Statistics of Merger Kilonova Events
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* Apply K-S test for randomly generated events based on the

implosion parameter t.p,./v,

* (Right) Purple band indicate number of events needed for 2o

significance in testing the ADM model parameters

* Dashed: upper and lower quartile; Solid: the median based on the

repeated experiments.

» Different NS-distribution models does not change the result much

YU-DAI TSAI PI1 2017
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Merger Kilonova CDF

Statistics of Merger Kilonova Events
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* Apply K-S test for randomly generated events based on the

implosion parameter t.p,./v,

* (Right) Purple band indicate number of events needed for 2o

significance in testing the ADM model parameters

* Dashed: upper and lower quartile; Solid: the median based on the

repeated experiments.

» Different NS-distribution models does not change the result much

YU-DAI TSAI PI1 2017
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Radio Signatures: Fast Radio Bursts
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Unexplained ~ ms long
radio pulses (spanning a
large range of radio
frequencies)

First identified in 2007,
in archived 2001 data
recorded by the Parkes
Observatory

~ 20 detected so far

figure from Thornton et
al., 2013

YU-DAI TSAIL P12017
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Fast Radio Burst and DM Implosions

Fast radio bursts (FRBs) from DM:

FRBs: millisecond-length & ~Ghz radio pulses, found to distances of 2
Gpc with an all sky rate ~ 1074/day. The source is not fully
determined.

DM-induced NS implosions may be the source of FRBs. The EM energy
released by a NS implosion matches what is required for an FRB
[Fuller and Ott, 2014].

We improve on the rate calculations by using a realistic star
formation history [Hopkins and Beacom, 06] and NS distribution
[Sartore et al, 09]

YU-DAI TSAI PI1 2017 26 /30
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Match NS Implosion Rate to the FRB Rate

=" 0.050 feeseeseess :

k, et :

4 Incorporate NS birthrates

2 0.010 s in Milky Way

[ o F-i {

2 0.005)__§ & clapture rate for given

P @ position in galaxy

2 0.001 EE.

ke o

=) 0 .

= 5 Bramante, Linden, YT,
1 5. 8 50 100

te px/vx [Gyr GeV em=/200 km s1]

* The dotted lines indicate high, median, and low FRB rate
estimates from surveys [arXiv: 1505.00834 and 1612.00896].

YU-DAI TSAL P1 2017 27/30
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Statistics of Located FRBs

* FRB caused by DM-induced NS-implosions
vs FRB come from a non-imploding population of NSs,
at 20 significance.
* Need localized to ~ 1 kpc in a host galaxy
* FRBs could possibly be located by
CHIME - The Canadian Hydrogen Intensity Mapping Experiment &
HIRAX- The Hydrogen Intensity and Real-time Analysis eXperiment
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Bramante, Linden, YT, 2017
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Conclusion and Outlook

* (Asymmetric) Dark Matter implodes neutron stars
and give novel astrophysical signatures.

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

- Merger signatures by LIGO/VIRGO

- located FRBs by radio arrays like CHIME and
HIRAX

can be applied to test the DM implosion scenarios.

* Explore similar/different models for NS-implosions
and conduct more detailed analysis

YU-DAI TSAIL PI1 2017 29/30
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‘We-are all in the gutter, but some of us
are looking at the stars.
— Oscar Wilde, on searching for new physics

Thanks you! Special thanks go to Joe and Tim.
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