" Arthur B.McDonald

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

A Compact Primer on Dark

Compact Objects
@

>

Melissa Diamond

McGill University
Arthur B. McDonald Canadian Astroparticle Physics Research Institute
Les Rencontres de Noirmoutier

‘ Friday June 5th, 2025

°®




h (d)
N ‘Overview

| ©
@ . What are the‘y?

Why study them?
3

How do they form?

g

How can we observe them?

R 4 )
,
0

A N



. o @
&

‘ <

e ©
& @ 3
What are Dark Compact Objects?




What are dark compact objects? O ©®
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An overdense, bound

collection of dark particles or
exotic states of matter too
heavy to be composed of a

single particle

®
N’

P N




What are dark compact objects?
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What are dark compact objects?

Aliases Examples
@ rrimordial Black Holes (PBHS)
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An overdense, bound collection of dark particles or exotic -
states of matter too heavy to be composed of a single particle
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We have not found dark matter




Why study dark compact objects?

Mass scale of dark matter

(not to scale)

QCD axion WDM lLimit unitarty limit

1022 eV oimd keV GeV 100Tv My 10 M
| _ t K R E——

“Ultralight” DM “Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) blde holes

|

non-thermal dark sectors
bosonic fields sterile v

Dark Compact Objects

can be thermal
\
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Tongan Lin, TASI lectures on dark matter models and direct detection (2019)



Why study dark compact objects?

Mass scale of dark matter

(More to scale)

QCD axion WDM limit unitanty” lirnat

102eV  wmmi keV GeV wrev M 10 M ~
| —+ =ttt

“Ultralight” DM “Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) )
con-thermal dark sectors black holes
bosonic fields sterile v Dark Compact Objects
can be thermal

1. Much of the available DM parameter space is occupied by dark compact

objects /
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Why study dark compact objects?
Why have we not found dark matter yet?
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Why study dark compact objects?
Why have we not found dark matter yet?
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Why study dark compact objects?
2. Dark matter being too heavy (scarce) to pass through the Earth

regularly may explain why we have not seen it

~ 1 m, dark matter / meter” / year

Detection System Amount of DM passing through
Largest DM detectors ~0.1 mg over 10 years
Largest neutrino detectors ~50 g over 10 years
The Earth ~ 1e17 g over 1 Gyr

Why have we not found dark matter yet?



Why study dark compact objects?

3. They arise in many existing dark theories and exotic cosmologies

 Early Universe Phase Transitions

e Scalar dark matter (including axions) with and without self-interactions
e Enhanced small scale perturbations

e Early matter domination

o Self-Interacting dark matter

12
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How do dark compact objects form?

e Collapse of enhanced overdensities (Primordial black holes)

e Structures build up through strong self-attraction (Nuclear dark matter)
 Phase transitions (Q-balls, Quark nuggets)

e Bose-Einstein Relaxation (Axion Stars)

e Early Matter domination

e Dark dissipation leading to collapse of dark matter halo

14
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Making dark compact objects

with dark dissipative interactions
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How do dark compact objects form?
Forming dark matter halos without self-interactions

H1> 4, — /\ —

?

(a) (b) (c)

(@) Density perturbations begin growing during matter domination
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How do dark compact objects form?
Forming dark matter halos without self-interactions

H™'> 4, —> —> \ /

(a) (b) (c)

(@) Density perturbations begin growing during matter domination
(b) Perturbations grow linearly as the Universe expands
(c) Overdense ball of dark matter collapses it’'s own gravity and virializes
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How do dark compact objects form?
Forming dark matter halos with dissipative self-interactions

Self-interactions
change the scale at
which perturbations

grow

Y
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How do dark compact objects form?
Forming dark matter halos with dissipative self-interactions
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(a) Density perturbations begin growing during matter domination
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How do dark compact objects form??
Forming dark matter halos with dissipative self-interactions
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(a) Density perturbations begin growing during matter domination
(b) Perturbations grow linearly as the Universe expands
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Forming dark matter halos with dissipative self-interactions

Self-interactions
change the scale at
which perturbations

grow

(a) Density perturbations begin growing during matter domination
(b) Perturbations grow linearly as the Universe expands
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How do dark compact objects form?
Forming dark matter halos with dissipative self-interactions

—

L —

Self-interactions
change the scale at
which perturbations

grow
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(d)

(a) Density perturbations begin growing during matter domination

(b) Perturbations grow linearly as the Universe expands

(c) Overdense ball of dark matter collapses it's own gravity and virializes

(d) Self-interactions release energy from the halo and cause it to collapse further
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How do dark compact objects form??

The effect of multiple cooling chanbn_elsi on the formation of dark compact
objects

- Dark composites optically m
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https://iopscience.iop.org/article/10.1088/1475-7516/2024/02/002
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How do dark compact objects form??
Self interactions control how dark matter composites form
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Wait! Aren’t strong dark matter self-
Interactions forbidden??
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Many ways around these self-interaction limits
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Many ways around these self-lnteractlon I|m|ts

Bullet cluster Ilmlts

o/m < 1 .cm?/g

S (‘DIRECT CONSTRAINTS ON THE DARK MATTER SELF-INTERACTION CROSS SECTION FROM THE MERGING GALAXY [IEEE
CLUSTER 1E 065756”, Markevtich (2004)}

Ml - Dark particles are very heavy
*Self-interacting component only a fraction of all dark matter §

- . . .
8 *Dark structures form in the early universe at very high
- | densities or through exotic cosmologies In the early
universe

M *|nteractions are so strong that structures form quickly and
B then neutralize further interaction
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How do we look for dark compact objects?

e Gravitational lensing

e |rregular gravitational wave inspirals

e Contributions to GW background

e Dark radiation

e |rregular multi particle events at direct detection experiments
o Stellar dimming

e Paleo-detection

e Much more!

23



How do we look for dark compact objects?

Inspirals + Mergers

e Compact objects will naturally form binary systems in the early universe (piamond,
M.D. et al J. High Energ. Phys. 2023, 136) OI' IN over dense clusters

4 M T 53/37
[I'~9 X 10 1015 s

Merger rate in Milky Way due to early universe binary formation

e Merging compact objects may produce unique inspiral waveforms that can
help differentiate them from black holes (Gian F. Giudice et al JcAP10(2016)001)

24



L

How do we look for dark compact objects?
Inspirals + Mergers

Strain and frequency of the
expected nearest dark compact
object merger after one year of

observations

Gray dashed lines = frequency
Pink lines = peak strain
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How do we look for dark compact objects?

Many dark compact object binaries
collectively contribute to the SGWB

Dark Compact Objects whose inspirals would

contribution to the SGWB would be observable to

SR

LISA

Log10 [ M/M ]

2.0F

0.5F

0.0

Log10 [ M/g ]
Diamond, M.D. et al J. High Energ. Phys. 2023, 136 (2023)
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Contributions to the Stochastic Gravitational Wave
Background

Exotic cosmologies and phase
transitions that produce dark compact
objects often produce SGWB signals

Predicted GW spectrum from various early matter
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How do we look for dark compact objects?

Gravitational Lensing

e Heavy objects bend space-time, bending the path
Source of light from bright sources behind the “lens”

 Microlensing surveys such as MACHOQO, Subaru/
PLs HSC, OGLE and EROS-2 place some of the
strictest limits on primordial black hole and dark

compact object populations

. @ ens -, Works best for objects with

M > 10"'g (107'“M )

) 1/2

r<rg= (D D;g/Dg) ~M"* ~ 1R

(For EROS and OGLE)

27



How do we look for dark compact objects?

Stellar Dimming

e Dark compact objects with
some Interactions with light
can dim the light of sources
they pass in front of

Source Source Source

 Both exoplanet surveys and [ | pug
microlensing surveys can be
sensitive to this dimming i« Q) e ) tens? /) Lampshade
—

al, Phys. Rev. D 108, 103026), (Diamond et al, Arxiv
2409.08322) ~—

e Dimming light curve differs
from those of baryonic
ODJECtS (Baiet al, Phys. Rev. D 108, 103026) ‘ Farth ‘ Farth ‘ Farth

28
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How do we look for dark compact objects?

Stellar Dimming

e Dark compact objects with
some Interactions with light
can dim the light of sources
they pass in front of

 Both exoplanet surveys and
microlensing surveys can be

sensitive to this dimming

al, Phys. Rev. D 108, 103026), (Diamond et al, Arxiv
2409.08322)

e Dimming light curve differs
from those of baryonic
ODJECtS (Baiet al, Phys. Rev. D 108, 103026)

(Bai et
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How do we look for dark compact objects?

Multi- Scatter Events

L oosely bound composites
break apart when they pass
through the Earth.

e Direct detection experiments
may see rare many particle
“splashes” instead of single

particle events (Boukhtouchen et al
arXiv:2512.16043)

29
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How do we look for dark compact objects?

Multi- Scatter Events

L oosely bound composites
break apart when they pass
through the Earth.

logo(0ng [cm?])

e Direct detection experiments

. s [,7, S.S. exclusion
may see rare many particle —40rF 4 1 LZ exclusion @ Np ||
“splashes” instead of single I 1 1 e e N
partlcle events (Boukhtouchen et al / | J [ multiplegoatters @ Np
arXiv:2512.16043) 41 l L | 4 l |
2 4 0 S 10 12

log;o(ma [GeV])
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Conclusions

 Understanding dark compact objects is an important part of understanding the
dark universe

* The heavy side of dark matter parameter space is theoretically and
phenomenologically rich and diverse

o Great opportunity to collaborate with those working on star and galaxy
formation, direct detection experiments, and gravitational wave and lensing
searches

30
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Where we go from here

 |Improving predictions of dark compact object populations
 Predict and search for waveforms from dark compact object inspirals

 Predict and search for contributions of dark compact object inspirals to the
gravitational wave background

 Understand impact of dark radiation emitted during collapse on cosmology

e More ideas welcome!
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