Discussion session
GW probes of DM



How do we identify dark-matter admixed
compact stars?

How does dark matter affect compact binary
inspiral/merger?

How does dark matter impact on observed
stellar/compact object populations?

How do we distinguish (make use of) events
affected by lensing?



CONCLUSIONS AND KEY TAKEAWAYS

GW170817: A Golden Laboratory for Dark Matter Constraints

o N A\
(¥) WHAT WE FOUND (%) WHY GW170817 IS UNIQUE FOR DARK MATTER
oo o Unlike typical events, we know a priori that collapse to a black
Gravitational waves from compact binaries encode hole did not occur. This makes GW170817 an exceptional
W rich information about neutron stars and their laboratory to constrain dark matter properties.
environment.
@ Nature of the host galaxy
. 6 . i NGC 4993 is well studied across the electromagnetic spectrum,
We ca.n infer masses, radii, tidal deformap ility, providing its mass, morphology, and star-formation history.
equation of state, and post-merger behavior. — — : —
sl I—— B Location within the galaxy
; ; The binary’s position (~2.5 effective radii from the center)
Q G.W170817 (with EM counterparts) confirmed a is measured, constraining the local gravitational potential.
binary neutron star merger and enabled —
breakthroughs across astrophysics and cosmology. Age of the binary system
- . N From its offset and assuming typical natal kicks for neutron stars,
GW190425 revealed a very massive system, . i iiivi IS SeRES agei~100 My
highlighting the diversity of compact binary Dark matter profile along the line of sight
outcomes and the role of the environment. @ Photometric and dynamical modeling of NGC 4993 provides the
dark matter density profile at the binary’s location.
- PR J
GW170817, with its rich multimessenger data and well-characterized environment,
O offers an unparalleled opportunity to place robust and model-independent
constraints on the properties of dark matter.
B N J
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How does dark matter affect compact binary inspiral/merger?

DM Equation of state, environmental effects? role of self-interaction, dissipation

DM effects on the merger and post-merger remnant, threshold mass for prompt collapse,
dominant post-merger GW frequencies.

Multimessenger signatures and parameter degeneracies: kilonovae, neutrinos, or
electromagnetic counterparts to break degeneracies.
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1. How are overdensities in the dark
matter generated around compact
objects?

2. Can these structures survive up to
the merger?

3. Can we distinguish the resulting
dephasing in GWs from other effects
e.g. modifications to GR, eccentricity
etc?

4.1s there an efficient way to model the
dark matter effect on the merger?
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What can we learn about DM
from GW propagation/lensing?

What aspects of halo
morphology, mass function,
etc... can we constrain?

How is GW propagation
complementary to emission and
other probes?

How does this relate to
fundamental theories?




Clustering in GW population

Clustering of BBHs/BNSs
and Galaxy. Do CBC

sources trace galaxies or
DM?

Can we estimate the
redshift evolution of

Clustering Bias?

CBC formation channels

and their relation to the
structure formation of the

Universe?

Controlling Systematics

Waveform systematics.
Data Analysis Artifact
Noise mis-modelling:

Glitches, Non-Gaussianity,
Non-stationarity
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Implosion of Neutron Stars by Accumulation of Dark Matter

From capture to thermalization: Chandrasekhar mass, DM capture with Pauli blocking, and thermalization

~

p
@ Chandrasekhar Mass of DM

* DM self-gravity opposed by quantum pressure
— maximum stable mass (Chandrasekhar mass)

.
[MC}, ~ 5.7 My (lGeV> j
My

More generally,

w
‘ My, G3/2mx , w=~0.633
Scaling:
{ MCh 0.¢ m;z J

Lighter DM — smaller Mcy,

3 i
@ Capture of DM by Neutron Stars (Pauli Blocking)

» Capture rate of DM particles by NS
(suppressed by Pauli blocking)

[Ncap — C(mxa Ox s Px» Udisps TNS)J

For elastic scattering,

S Px 9
T My v

S(my, Tns) = Pauli blocking factor (< 1)

(depending on parameters)

[

Long timescales: 10° — 100 yr J

« (G : Newton's constant
* M, : solar mass

+ 0y : DM-nucleon scattering cross section
* Ugisp - Velocity dispersion of DM

* Py : Ambient DM density
« Tys : Neutron star core temperature

-
@ Thermalization of DM

» Captured DM thermalizes with NS matter
and forms an isothermal DM core.

Core radius (set by balance of gravity and thermal pressure):

Tl = ) =——————
2nGpcmy
Core number density:
Ncap, Tth

- 47 3
EWAL
Thermalization time:

3m,my 1
= : Boltzmann constant
8v2m (my+my) ny Oy U + Tc : Core temperature of NS
* pe : Core density of NS
: Nucleon mass in NS

Tth

[Time to thermalize: < 10° er

l

n, : Number density of nucleons in NS

Y

DM particles are captured by neutron stars over long timescales and thermalize rapidly,
forming a dense isothermal core whose evolution determines the fate of the neutron star.

i Key DM properties: My, Oy, Py, Udisp

crucially determine capture and thermalization.
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Implosion of Neutron Stars by Accumulation of Dark Matter (Cont.)
From Bose—Einstein condensation to black hole growth and implosion

When central number density exceeds critical
value ngrit, DM undergoes Bose—Einstein
condensation (BEC).

2
My c2 ) 3/

Repit 22612
crit (kBTc

BEC core radius:

B (3NBEC ) s
rTBEC = | ———

4N crit

BEC core mass:
Mggc = my Nggc

-
@ Bose—Einstein Condensation (BEC) 1

-

@ Growth of Black Hole

Once Mggc > My, BEC core collapses to a
BH seed. The BH grows by Bondi—Hoyle
accretion of surrounding DM and NS matter.

Bondi—Hoyle accretion rate: )
- GM
MBH =49 X ( BH) 52
(c2 + vZy)®
A =~ 1 (efficiency)

p = ppm + Pns (density)
cs = sound speed in NS matter
vre] = relative velocity (DM—NS)

BH mass evolution:

-
@ Implosion Time Scale

Implosion occurs when BH mass exceeds a
critical value M., leading to rapid collapse
of the NS into a BH.

Implosion condition:
[ Mgy = Mcrid

Implosion time:

tc = t(Mpy = Myit)

= NS collapses to BH on timescale t..

9]

dMpgy . Typical range:
[ BEC time: typically 10° — 107 yr } [ Growth time can be < collapse time J (depends on m,., 0, Py )
if conditions are favorable
8 . < = .
(. kg : Boltzmann constant (. Pns - NS matter density k . . -
T, : Core temperature of NS * ¢cg : Sound speed in NS matter Merit, - Cnt'?fal, EHmgss bon
= e 8 Speed of light [ * Urel ! Relative velocity (DM—NS) L destabilizing the NS

If the BEC core exceeds My, a black hole forms and grows. When it reaches M., the neutron star
rapidly implodes on timescale ., which encodes the properties of dark matter.
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