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What is the evidence for Dark Matter?


What is it? What are its properties?


How can we uncover its identity?
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Everything, Everywhere, All at Once
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Dark Matter in Cosmology
Cosmic Microwave 

Background (CMB)

[Planck, 1502.01589]

Credit: ESA/Planck Collaboration

TCMB = 2.73 K

ΔT

Proton

Dark Matter

https://arxiv.org/abs/1502.01589
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Galaxies in Simulations

[IllustrisTNG simulation - 2101.12373]

Dark matter has become an integral part of the standard cosmological model - the  Cold Dark 
Matter ( CDM) Model. DM plays a key role in our understanding of how Galaxies form, their 
properties and distributions.

Λ
Λ

[E.g. 1609.05917  vs 1610.07663]

Cosmological simulations can now produce realistic (and beautiful) Galaxies.

Warning: Galaxy formation is messy and non-linear and still not fully understood

[See also e.g. Auriga Simulations - 1610.01159]

[Video on previous slide available here] 

https://arxiv.org/abs/2101.12373
https://arxiv.org/abs/1609.05917
https://arxiv.org/abs/1610.07663
https://arxiv.org/abs/1610.01159
https://www.youtube.com/watch?v=Fim6dWJhxz4
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Dark Matter in Galaxies

<latexit sha1_base64="1Nk5bhsJOpkUBSGczWZCZNzrnoc="></latexit>
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Extent of disk

Rotational velocity  of stars (and gas) in 
disk galaxies allows us to infer (in principle) the 
enclosed mass distribution.

vrot(r)

<latexit sha1_base64="IOV/03BfY2gOTItrmz7a88CRYMI=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHxtJlFQLgRvXiERB4JbMjsMAsjs4/MzJoQwhd48aAxXv0kb/6Ns4CJGq2kk0pVd7q7vFhwpTH+sDJr6xubW9nt3M7u3v5B/vCoraJEUtaikYhk1yOKCR6yluZasG4sGQk8wTre5Dr1O/dMKh6Ft3oaMzcgo5D7nBJtpKYc5AvYrpXxRamGsF3FDsYpcYqlCsbIsfECBVihMci/94cRTQIWaiqIUj0Hx9qdEak5FWye6yeKxYROyIj1DA1JwJQ7Wxw6R2dGGSI/kqZCjRbq94kZCZSaBp7pDIgeq99eKv7l9RLtV90ZD+NEs5AuF/mJQDpC6ddoyCWjWkwNIVRycyuiYyIJ1SabnAnh61P0P2kXbadil5ulQv1qFUcWTuAUzsGBS6jDDTSgBRQYPMATPFt31qP1Yr0uWzPWauYYfsB6+wQ5VI09</latexit>r

Rotation curve flattens at large radii, which 
cannot be explained by mass of observed gas 
and stars (expect Keplerian  at 
large radii).

vrot(r) ∝ 1/ r

DM density at Earth:
<latexit sha1_base64="BEg4QrAlBWHXbgVFQHklxf+U2Vw="></latexit>

⇢� ⇠ 5⇥ 10�25 g/cm3

⇠ 0.3 GeV/cm3

⇠ 0.008 M�/pc
3

[1404.1938]

https://arxiv.org/abs/2004.11688
https://arxiv.org/abs/1404.1938
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Dark Matter in Galaxies

<latexit sha1_base64="1Nk5bhsJOpkUBSGczWZCZNzrnoc="></latexit>
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Rotational velocity  of stars (and gas) in 
disk galaxies allows us to infer (in principle) the 
enclosed mass distribution.

vrot(r)

<latexit sha1_base64="IOV/03BfY2gOTItrmz7a88CRYMI=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHxtJlFQLgRvXiERB4JbMjsMAsjs4/MzJoQwhd48aAxXv0kb/6Ns4CJGq2kk0pVd7q7vFhwpTH+sDJr6xubW9nt3M7u3v5B/vCoraJEUtaikYhk1yOKCR6yluZasG4sGQk8wTre5Dr1O/dMKh6Ft3oaMzcgo5D7nBJtpKYc5AvYrpXxRamGsF3FDsYpcYqlCsbIsfECBVihMci/94cRTQIWaiqIUj0Hx9qdEak5FWye6yeKxYROyIj1DA1JwJQ7Wxw6R2dGGSI/kqZCjRbq94kZCZSaBp7pDIgeq99eKv7l9RLtV90ZD+NEs5AuF/mJQDpC6ddoyCWjWkwNIVRycyuiYyIJ1SabnAnh61P0P2kXbadil5ulQv1qFUcWTuAUzsGBS6jDDTSgBRQYPMATPFt31qP1Yr0uWzPWauYYfsB6+wQ5VI09</latexit>r

Rotation curve flattens at large radii, which 
cannot be explained by mass of observed gas 
and stars (expect Keplerian  at 
large radii).

vrot(r) ∝ 1/ r

Extent of diskRubin, Ford & Thonnard (1980)

https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
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Dark Matter properties
Dark Matter Shopping List

[0711.4996]

✴ Non-baryonic

✴ ‘Neutral’

✴ ‘Cold’ (i.e. slow 

moving)

✴ Produced in sufficient 

amounts

Non-baryonic: Dark Matter cannot consist of baryonic matter 
(protons, neutrons, etc). In particular, it cannot participate in 
Big Bang Nucleosynthesis (BBN) at T > 1 MeV, t < 3 mins

Observed primordial 
abundances

Neutral: Dark Matter cannot be charged*, 
otherwise it would couple to photons, affecting 
CMB anisotropies. It would also be able to 
dissipate energy (form visible stars/galaxies?)

*Strictly speaking, the Dark Matter cannot have a large 
charge-to-mass ratio (it could for example have a 
millicharge, much smaller than the electron charge). 

Cold relic: It has to be produced in the correct abundance, with the correct ‘temperature’ in order to 
explain the observed distribution of structure in the Universe…

https://arxiv.org/abs/0711.4996
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≲ 10−22 eV
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Weakly Interacting Massive Particles

Weakly Interacting Massive Particles (WIMPs) are a class of particles with couplings comparable to 
the Standard Model Weak Interactions. Typically in the mass range .1 GeV ≲ mχ ≲ 100 TeV

WIMPs generically arise in models of Supersymmetry (SUSY), proposed to solve the Hierarchy Problem 
in the Standard Model (“why is the Higgs boson so light, when its mass should received receive 
corrections from loops of heavy particles?”)

Now, the term WIMP is used to mean a generic MeV-TeV mass particle with weak couplings to the 
standard model.

[hep-ph/9506380]

In some SUSY models (r-parity 
conserving), the lightest 
supersymmetric particle is 
stable, making it a natural Dark 
Matter candidate. DM

https://arxiv.org/abs/hep-ph/9506380
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Producing WIMP Dark Matter

Time

Size (of the Universe)

Temperature (of the Universe)

SM

SM DM
?

DMSM

SM

SM

SM

<latexit sha1_base64="bs2YhHSfxJ5kvEOucSCUXXa8gxw=">AAACb3icfVHLSgMxFM2Mr1pftS5cKBIsgiKUGfG1LLpxIyhaFTqlZNI7bWjmQXJHLcNs/UB3/oMb/8C0dqGt9ELgcM65z/iJFBod58OyZ2bn5hcKi8Wl5ZXVtdJ6+UHHqeJQ57GM1ZPPNEgRQR0FSnhKFLDQl/Do9y4H+uMzKC3i6B77CTRD1olEIDhDQ7VKbx7CKw7rZAraeeaFDLsqzO6u85we0qmyJyFAJTpdZErFL1PN00u1ShWn6gyDTgJ3BCpkFDet0rvXjnkaQoRcMq0brpNgM2MKBZeQF71UQ8J4j3WgYWDEQtDNbNg9p3uGadMgVuZFSIfs74yMhVr3Q984BzPqcW1A/qc1UgzOm5mIkhQh4j+NglRSjOng+LQtFHCUfQMYV8LMSnmXKcbRfFHRHMEdX3kSPBxV3dPqye1xpXYxOkeBbJFdsk9cckZq5IrckDrh5NMqW1vWtvVlb9o7Nv2x2tYoZ4P8CfvgG7Iywd4=</latexit>

SM+ SM $ SM+ SM
<latexit sha1_base64="Fg2Sj0Pi8Mp3A/BDlX6HHwS7ovY="></latexit>

X + X̄ $ SM+ SM

“Freeze-out” Dark Matter

Standard Model
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<latexit sha1_base64="bs2YhHSfxJ5kvEOucSCUXXa8gxw=">AAACb3icfVHLSgMxFM2Mr1pftS5cKBIsgiKUGfG1LLpxIyhaFTqlZNI7bWjmQXJHLcNs/UB3/oMb/8C0dqGt9ELgcM65z/iJFBod58OyZ2bn5hcKi8Wl5ZXVtdJ6+UHHqeJQ57GM1ZPPNEgRQR0FSnhKFLDQl/Do9y4H+uMzKC3i6B77CTRD1olEIDhDQ7VKbx7CKw7rZAraeeaFDLsqzO6u85we0qmyJyFAJTpdZErFL1PN00u1ShWn6gyDTgJ3BCpkFDet0rvXjnkaQoRcMq0brpNgM2MKBZeQF71UQ8J4j3WgYWDEQtDNbNg9p3uGadMgVuZFSIfs74yMhVr3Q984BzPqcW1A/qc1UgzOm5mIkhQh4j+NglRSjOng+LQtFHCUfQMYV8LMSnmXKcbRfFHRHMEdX3kSPBxV3dPqye1xpXYxOkeBbJFdsk9cckZq5IrckDrh5NMqW1vWtvVlb9o7Nv2x2tYoZ4P8CfvgG7Iywd4=</latexit>

SM+ SM $ SM+ SM
<latexit sha1_base64="Fg2Sj0Pi8Mp3A/BDlX6HHwS7ovY="></latexit>

X + X̄ $ SM+ SM

“Freeze-in” Dark Matter

Standard Model



16

Cold vs Hot Dark Matter
Very light relics  decouple and freeze out when they are still relativistic! We call such particles Hot 
Dark Matter. Standard Model Neutrinos are Hot Dark Matter!

m ≲ eV

In order to explain the observed structure in the Universe, Dark Matter must freeze-out when non-relativistic 
i.e. it must be Cold Dark Matter. 

Dark Matter which is produced semi-relativistically may also be viable + testable: Warm Dark Matter.

[1308.1399]

Cold DM Warm DM ( )mχ = 1.5 keV

https://arxiv.org/abs/1308.1399
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Detection of WIMPs

SM*DM

SMDM

Di
re

ct
 D

et
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tio
n

Indirect Detection

*Standard Model 

(quarks, electrons, photons etc)

Collider  Searches
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Collider Searches for WIMPs

Mass scale [TeV]
0.1 1.0 10

[CMS, ICHEP 2022]

DMSM

Summary of CMS constraints on the mass scale of new mediator particles coupling to DM:

[C
re

di
t: 

C
M

S/
C

ER
N

]

LHC Run-3 (2022 - 2025) and High Luminosity LHC (2029+) will bring more data, 
but extending to a wider range of masses is challenging… 

[2012.01581][2107.13021]

A trend towards more 
complicated signatures:

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://arxiv.org/abs/2012.01581
https://arxiv.org/abs/2107.13021
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Indirect Detection of WIMPs

[Abazajian et al., 2003.10416]

Cross section required to produce the 
correct abundance of DM in the early 

Universe

D
M
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[Aquarius - Springel et al., 0809.0898]

DM SM

Fermi -ray

Telescope

γ

Look for signals of Dark Matter annihilation in

 regions of large DM density!

https://arxiv.org/abs/2003.10416
https://arxiv.org/abs/0809.0898
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Direct detection of WIMPs on Earth

For WIMPs with GeV-scale masses, 

expect detectable nuclear recoils of 

energy O(keV)

Detector

Charge (ionisation)Heat (phonons)

Light (scintillation)

N
χ

For sensible models, expect signal 
rates on the order of <1 event per 

kg per keV per day

No convincing signal yet!

mproton

DM SM

[APPEC, 2104.07634]

https://arxiv.org/abs/2104.07634


Maxwell-Boltzmann distribution

(boosted into the lab frame)

Cut-off at Galactic 

escape velocity
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Low-mass WIMP Challenge

<latexit sha1_base64="069JcUM8eg+z6R5BHMwzs4ddWes="></latexit>

hv�i ⇠ 300 km/s

⇠ 10�3 c

Low-mass WIMPs do not typically have enough kinetic energy to excite 
detectable nuclear recoils! 

DM SM

[APPEC, 2104.07634]

mproton

https://arxiv.org/abs/2104.07634
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New Directions for Dark Matter

Black Holes and  
Gravitational Waves

Low-threshold  
phonon detectors
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Direct Detection of Dark Matter
�

�

System carries away an energy  

and a momentum 

ω
q

DM with mass  and initial velocity  

scatters with a system 

mχ vχ

From conservation of energy and momentum, the maximum amount of energy that can be 
transferred is <latexit sha1_base64="NLQFoh3BX0S8bEJQsS0HcQNMivc=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwY0lKqW6EohuXFewDmhgm00k7dCZJZybFEvIjbvwVNy4UceFG/BsnbRfaemDgcM693DnHixiVyjS/jdzK6tr6Rn6zsLW9s7tX3D9oyTAWmDRxyELR8ZAkjAakqahipBMJgrjHSNsbXmd+e0yEpGFwpyYRcTjqB9SnGCktucWqHXLSR67NkRoInnD0kMJLOIJj18YDCs+g7QuEk9F9JU0qfCqmbrFkls0p4DKx5qQE5mi4xU+7F+KYk0BhhqTsWmaknAQJRTEjacGOJYkQHqI+6WoaIE6kk0zTpfBEKz3oh0K/QMGp+nsjQVzKCff0ZBZCLnqZ+J/XjZV/4SQ0iGJFAjw75McMqhBmVcEeFQQrNtEEYUH1XyEeIN2G0oUWdAnWYuRl0qqUrVq5dlst1a/mdeTBETgGp8AC56AObkADNAEGj+AZvII348l4Md6Nj9lozpjvHII/ML5+AC7vofw=</latexit>

!max = qv� � q2

2m�

Up to a maximum momentum transfer of 
<latexit sha1_base64="gMxBs8CCL9mRDcsx606LkqDVJqk=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpIKFRakChbGItGH1ESR4zqtVTsJtlNRRV1Z+BUWBhBi5Q/Y+BucNAO0HMny0Tn36t57/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BR0aJwKSNIxaJno8kYTQkbUUVI71YEMR9Rrr++DrzuxMiJI3COzWNicvRMKQBxUhpyTPhvedwpEaCpxw9zOAlrEPuOXhE4ST/PLNq1awccJnYBamCAi3P/HIGEU44CRVmSMq+bcXKTZFQFDMyqziJJDHCYzQkfU1DxIl00/ySGTzRygAGkdAvVDBXf3ekiEs55b6uzLaWi14m/uf1ExVcuCkN40SREM8HBQmDKoJZLHBABcGKTTVBWFC9K8QjJBBWOryKDsFePHmZdOo1u1Fr3J5Vm1dFHGVwBI7BKbDBOWiCG9ACbYDBI3gGr+DNeDJejHfjY15aMoqeQ/AHxucPh0WZmQ==</latexit>

qmax = 2m�v�
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Scattering Kinematics

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

ω > Δ ∼ eV → mχ ≳ MeV

q ωph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Allowed range of  set by kinematics (green 
regions):

(ω, q)

Consider:

<latexit sha1_base64="Nqxdehnn8RDGjUGcu4IKBJWIZtI=">AAACF3icbVDLSgMxFM3UV62vUZdugkVwUeuMLepGKLpxWcE+oDOWTJq2oclMSDLFMsxfuPFX3LhQxK3u/BvTx0KrBy4czrmXe+8JBKNKO86XlVlYXFpeya7m1tY3Nrfs7Z26imKJSQ1HLJLNACnCaEhqmmpGmkISxANGGsHgauw3hkQqGoW3eiSIz1EvpF2KkTZS2y4O2x7uU3gBXecuOSqlXgFDDwkho3tYchyv4HGk+5InA36s0radd4rOBPAvcWckD2aotu1PrxPhmJNQY4aUarmO0H6CpKaYkTTnxYoIhAeoR1qGhogT5SeTv1J4YJQO7EbSVKjhRP05kSCu1IgHpnN8pJr3xuJ/XivW3XM/oaGINQnxdFE3ZlBHcBwS7FBJsGYjQxCW1NwKcR9JhLWJMmdCcOdf/kvqJ0X3tFi+Kecrl7M4smAP7IND4IIzUAHXoApqAIMH8ARewKv1aD1bb9b7tDVjzWZ2wS9YH98Rh54M</latexit>

v� = 10�3 c ⇡ 300 km/s [Adapted from

 1910.08092]

<latexit sha1_base64="PGhLqsc4me1/ZPWPuEb2d+rq/70=">AAACEnicbVA9SwNBEN2LXzF+nVraLAZBC+NdCGoZsNEugvmAXAx7m0myZPfusrsXCEd+g41/xcZCEVsrO/+Nm3iFJj4YeLw3w8w8P+JMacf5sjJLyyura9n13Mbm1vaOvbtXU2EsKVRpyEPZ8IkCzgKoaqY5NCIJRPgc6v7gaurXRyAVC4M7PY6gJUgvYF1GiTZS2z7xQgE9gj0OQzzEo3bi0T6bnA7vk+IEn+EiFqnUtvNOwZkBLxI3JXmUotK2P71OSGMBgaacKNV0nUi3EiI1oxwmOS9WEBE6ID1oGhoQAaqVzF6a4COjdHA3lKYCjWfq74mECKXGwjedgui+mvem4n9eM9bdy1bCgijWENCfRd2YYx3iaT64wyRQzceGECqZuRXTPpGEapNizoTgzr+8SGrFgnteKN2W8uWbNI4sOkCH6Bi56AKV0TWqoCqi6AE9oRf0aj1az9ab9f7TmrHSmX30B9bHN3r2nME=</latexit>

!  qv� � q2/2m�

https://arxiv.org/abs/1910.08092
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Scattering Kinematics

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

ω > Δ ∼ eV → mχ ≳ MeV

q ωph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Allowed range of  set by kinematics (green 
regions):

(ω, q)

Consider:

Detectable nuclear recoil energies

<latexit sha1_base64="Nqxdehnn8RDGjUGcu4IKBJWIZtI=">AAACF3icbVDLSgMxFM3UV62vUZdugkVwUeuMLepGKLpxWcE+oDOWTJq2oclMSDLFMsxfuPFX3LhQxK3u/BvTx0KrBy4czrmXe+8JBKNKO86XlVlYXFpeya7m1tY3Nrfs7Z26imKJSQ1HLJLNACnCaEhqmmpGmkISxANGGsHgauw3hkQqGoW3eiSIz1EvpF2KkTZS2y4O2x7uU3gBXecuOSqlXgFDDwkho3tYchyv4HGk+5InA36s0radd4rOBPAvcWckD2aotu1PrxPhmJNQY4aUarmO0H6CpKaYkTTnxYoIhAeoR1qGhogT5SeTv1J4YJQO7EbSVKjhRP05kSCu1IgHpnN8pJr3xuJ/XivW3XM/oaGINQnxdFE3ZlBHcBwS7FBJsGYjQxCW1NwKcR9JhLWJMmdCcOdf/kvqJ0X3tFi+Kecrl7M4smAP7IND4IIzUAHXoApqAIMH8ARewKv1aD1bb9b7tDVjzWZ2wS9YH98Rh54M</latexit>

v� = 10�3 c ⇡ 300 km/s [Adapted from

 1910.08092]
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Scattering Kinematics

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

ω > Δ ∼ eV → mχ ≳ MeV

q ωph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Allowed range of  set by kinematics (green 
regions):

(ω, q)

Consider:

Detectable nuclear recoil energies

Typical ionisation energies
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Scattering Kinematics

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

ω > Δ ∼ eV → mχ ≳ MeV

q ωph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Allowed range of  set by kinematics (green 
regions):

(ω, q)

Consider:

Detectable nuclear recoil energies

Typical ionisation energies

Typical phonon energies
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Scattering Kinematics

• Nuclear recoils - can probe energies down 
to eV, but realistically can only measure 
recoil energies down to ~keV  


• Electron ionisation - possible for 
  


• Phonon interactions - possible for 
sufficiently small , with   

→ mχ ≳ GeV

ω > Δ ∼ eV → mχ ≳ MeV

q ωph ∼ 𝒪(10s) meV →
mχ ∼ keV − 50 MeV

Allowed range of  set by kinematics (green 
regions):

(ω, q)

Consider:

Detectable nuclear recoil energies

Typical ionisation energies

Typical phonon energies
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!  qv� � q2/2m�

GeVMeVkeVeV
Nuclear ScatteringElectron ScatteringPhonon Scattering

meV
Absorption into Phonons

DM mass ranges:

https://arxiv.org/abs/1910.08092


If DM couples differently to positively and negatively 
charged ions, then scattering is more likely to excite 
optical phonons in polar materials.

e.g. ‘millicharged’ DM
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DM-Phonon Scattering

For sufficiently light DM,                                            
<latexit sha1_base64="UJyHSi4m7fQEtGZ7dny47hfJfvI=">AAACHnicbZDLSsNAFIYnXmu9RV26GSyCCymJ1MvCRUEXboQq9gJNCJPppB06k8SZiVJCn8SNr+LGhSKCK30bJ20EbT0w8PN/5zDn/H7MqFSW9WXMzM7NLywWlorLK6tr6+bGZkNGicCkjiMWiZaPJGE0JHVFFSOtWBDEfUaafv8s4807IiSNwhs1iInLUTekAcVIacszD7nn4B6Fp9B29h2OVE/w9JI0htC5pt2eQkJE9/BW8x/Y19AzS1bZGhWcFnYuSiCvmmd+OJ0IJ5yECjMkZdu2YuWmSCiKGRkWnUSSGOE+6pK2liHiRLrp6Lwh3NVOBwaR0C9UcOT+nkgRl3LAfd2Z7SgnWWb+x9qJCk7clIZxokiIxx8FCYMqgllWsEMFwYoNtEBYUL0rxD0kEFY60aIOwZ48eVo0Dsr2UblyVSlVz/M4CmAb7IA9YINjUAUXoAbqAIMH8ARewKvxaDwbb8b7uHXGyGe2wJ8yPr8BKeyh8w==</latexit>

m� < 1MeV ) q < keV

DM interaction may not be ‘point-like’. Can scattering collectively with the whole crystal 
lattice (i.e. it can excite phonons)

[DM phonon scattering theory - 1712.06598,1905.05575]
[DM-phonon scattering in superfluid Helium - 2005.08824]

<latexit sha1_base64="8SCnUVc4V3kT5CHCh9qt/UkU+1Y=">AAACF3icbZDLSsNAFIYn9VbrLerSzWARXNVEirosunFZwV6gKWUyPWmHziRxZiKUkLdw46u4caGIW935Nk7aCtr6w8DPd85hzvn9mDOlHefLKiwtr6yuFddLG5tb2zv27l5TRYmk0KARj2TbJwo4C6GhmebQjiUQ4XNo+aOrvN66B6lYFN7qcQxdQQYhCxgl2qCeXbnDHgelFBPYE0QPpUhH0MywlxP3hPR+KAXOs55ddirORHjRuDNTRjPVe/an149oIiDUlBOlOq4T625KpGaUQ1byEgUxoSMygI6xIRGguunkrgwfGdLHQSTNCzWe0N8TKRFKjYVvOvMl1Xwth//VOokOLropC+NEQ0inHwUJxzrCeUi4zyRQzcfGECqZ2RXTIZGEahNlyYTgzp+8aJqnFfesUr2plmuXsziK6AAdomPkonNUQ9eojhqIogf0hF7Qq/VoPVtv1vu0tWDNZvbRH1kf31t8oBI=</latexit>

q . keV ⇠ 1/acell<latexit sha1_base64="g5GA4evTVfZ+h5C3UmMPthK7DT4=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqMiLosunFZwT6gHYZMmrahSWZIMkId+iVuXCji1k9x59+YaWehrQcCh3Pu5Z6cKOFMG8/7dkpr6xubW+Xtys7u3n7VPThs6zhVhLZIzGPVjbCmnEnaMsxw2k0UxSLitBNNbnO/80iVZrF8MNOEBgKPJBsygo2VQreKw77AZqxERijns9CteXVvDrRK/ILUoEAzdL/6g5ikgkpDONa653uJCTKsDCOczir9VNMEkwke0Z6lEguqg2wefIZOrTJAw1jZJw2aq783Miy0norITuYh9bKXi/95vdQMr4OMySQ1VJLFoWHKkYlR3gIaMEWJ4VNLMFHMZkVkjBUmxnZVsSX4y19eJe3zun9Zv7i/qDVuijrKcAwncAY+XEED7qAJLSCQwjO8wpvz5Lw4787HYrTkFDtH8AfO5w9PopOH</latexit>acell

DM

PhononLight mediator

If DM couples similarly to all ions/nuclei, then scattering 
is more likely to excite acoustic phonons.

e.g. hadrophilic scalar mediator

https://arxiv.org/abs/1712.06598
https://arxiv.org/abs/1905.05575
https://arxiv.org/abs/2005.08824
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v� = 10�3 c ⇡ 300 km/s [Adapted from

 1910.08092]

<latexit sha1_base64="GZR+Vkhnp1QVPTou7N4LsqYraZA=">AAACA3icdVDLSgMxFM34rPU16k43wSK4kJLpuwuh4EZ3FewDOqVk0rQNTWaGJCOUoeDGX3HjQhG3/oQ7/8ZMW0FFD1w4nHMv997jhZwpjdCHtbS8srq2ntpIb25t7+zae/tNFUSS0AYJeCDbHlaUM582NNOctkNJsfA4bXnji8Rv3VKpWODf6ElIuwIPfTZgBGsj9exD0XPJiMFz6CDknrkC65EU8Zg2pz07g7KoVKzmEUTZInLK1aohCJUq+Rx0DEmQAQvUe/a72w9IJKivCcdKdRwU6m6MpWaE02najRQNMRnjIe0Y6mNBVTee/TCFJ0bpw0EgTfkaztTvEzEWSk2EZzqTG9VvLxH/8jqRHlS6MfPDSFOfzBcNIg51AJNAYJ9JSjSfGIKJZOZWSEZYYqJNbGkTwten8H/SzGWdUrZwXcjUrhZxpMAROAanwAFlUAOXoA4agIA78ACewLN1bz1aL9brvHXJWswcgB+w3j4BsViW/Q==</latexit>

m� = 100 keV
<latexit sha1_base64="Gw5lyyh38AAAruVidj+NDCJdZDA=">AAAB+3icdVBNSwMxEM3Wr1q/1nr0EiyCpyWrXW0PQsWL3irYWmjLkk3TNjS7WZOsWJb+FS8eFPHqH/HmvzHbVlDRBwOP92aYmRfEnCmN0IeVW1hcWl7JrxbW1jc2t+ztYlOJRBLaIIIL2QqwopxFtKGZ5rQVS4rDgNObYHSe+Td3VComoms9jmk3xIOI9RnB2ki+XeyIkA6wn55N4CkkvoK3vl1CDvKqnosgcjzkVo8yUq1Wyp4HXQdNUQJz1H37vdMTJAlppAnHSrVdFOtuiqVmhNNJoZMoGmMywgPaNjTCIVXddHr7BO4bpQf7QpqKNJyq3ydSHCo1DgPTGWI9VL+9TPzLaye6X+mmLIoTTSMyW9RPONQCZkHAHpOUaD42BBPJzK2QDLHERJu4CiaEr0/h/6R56LjHTvmqXKpdzuPIg12wBw6AC05ADVyAOmgAAu7BA3gCz9bEerRerNdZa86az+yAH7DePgFEJZP9</latexit> !A

=
c s
q

<latexit sha1_base64="W+3c2DmZ7SnsCijPRCLOc7vj0dU=">AAACCHicdVC7SgNBFJ2NrxhfUUsLB4NgtcxqVpNOsNFKBaNCNoTZySQZMo9lZlYIS0obf8XGQhFbP8HOv3E2RlDRAxcO59zLvffECWfGIvTuFaamZ2bnivOlhcWl5ZXy6tqlUakmtEEUV/o6xoZyJmnDMsvpdaIpFjGnV/HgKPevbqg2TMkLO0xoS+CeZF1GsHVSu7wZKUF7uJ2djmBkmICRwLavRUaUNNYftcsV5KOwHgYIIj9EQX0vJ/V6rRqGMPDRGBUwwVm7/BZ1FEkFlZZwbEwzQIltZVhbRjgdlaLU0ASTAe7RpqMSC2pa2fiREdx2Sgd2lXYlLRyr3ycyLIwZith15mea314u/uU1U9uttTImk9RSST4XdVMOrYJ5KrDDNCWWDx3BRDN3KyR9rDGxLruSC+HrU/g/udz1g32/el6tHJ5M4iiCDbAFdkAADsAhOAZnoAEIuAX34BE8eXfeg/fsvXy2FrzJzDr4Ae/1A43mmmE=</latexit>

!O ⇠ const.

For a given DM mass and velocity, gapped optical 
phonons typically allow for a larger energy deposit 
(just by looking at kinematics).

Allowed range of  set by kinematics (green 
regions):

(ω, q)
<latexit sha1_base64="PGhLqsc4me1/ZPWPuEb2d+rq/70=">AAACEnicbVA9SwNBEN2LXzF+nVraLAZBC+NdCGoZsNEugvmAXAx7m0myZPfusrsXCEd+g41/xcZCEVsrO/+Nm3iFJj4YeLw3w8w8P+JMacf5sjJLyyura9n13Mbm1vaOvbtXU2EsKVRpyEPZ8IkCzgKoaqY5NCIJRPgc6v7gaurXRyAVC4M7PY6gJUgvYF1GiTZS2z7xQgE9gj0OQzzEo3bi0T6bnA7vk+IEn+EiFqnUtvNOwZkBLxI3JXmUotK2P71OSGMBgaacKNV0nUi3EiI1oxwmOS9WEBE6ID1oGhoQAaqVzF6a4COjdHA3lKYCjWfq74mECKXGwjedgui+mvem4n9eM9bdy1bCgijWENCfRd2YYx3iaT64wyRQzceGECqZuRXTPpGEapNizoTgzr+8SGrFgnteKN2W8uWbNI4sOkCH6Bi56AKV0TWqoCqi6AE9oRf0aj1az9ab9f7TmrHSmX30B9bHN3r2nME=</latexit>

!  qv� � q2/2m�

[1807.10291]
Sapphire

https://arxiv.org/abs/1910.08092
https://arxiv.org/abs/1807.10291
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Time-dependent DM Signal

Consider Sapphire as an example. The phonon response is anisotropic, depending on 
orientation with respect to the optical axis (“c-axis”):

: 

Ordinary response


: 

Extraordinary response

k ∥ c-axis

k ⊥ c-axis

DM flux comes from a preferred direction, meaning that if the phonon response is anisotropic, 
a characteristic time-dependent signal can arise. 

Mean DM

Flux ⟨vχ⟩

t = 0 t = 12 hr
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DM-Phonon Scattering Rates
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Cooling

Al2O3 (1 kg year)

Al2O3 (1 g day)

But a full survey of Dark Matter models and target materials has not yet been completed.

Look for anisotropic, polar materials as good targets. 

Some estimates of the DM-phonon scattering rate have been calculated for Sapphire.

Millicharged DM 
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Quantum Sensors for Dark Matter

[2311.11930] 

Estimate of DM interaction rates in 
different targets

Determine best target, required 
target mass and possible sensor 

configuration

Conceptual design stage:

 Working with researchers at ICMAB, as 
well as in INMA (Zaragoza), IMB-CNM 

(Zaragoza) and IFCA (Santander) 
towards a ‘real’ detector!

Quasi-particle Trap Assisted
Transition Edge Sensor (QET)

https://arxiv.org/abs/2311.11930
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Phonon Propagation
<latexit sha1_base64="aGSRzY3kngpQfC8RzSPT9vMQL6g="></latexit>

@nd
i

@t
+ vi ·rrn

d
i +

@n0
i

@T
vi ·rrTref =

@ni

@t

����
collision

[2311.11930] 
With Martí Raya-Moreno, 

Lourdes Fàbrega & Riccardo Rurali

Detectability limits of current transition 
edge sensors (TES) is ∼ 10−16 W

https://arxiv.org/abs/2311.11930
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New Directions for Dark Matter

Black Holes and  
Gravitational Waves

Low-threshold  
phonon detectors
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Gravitational Waves (GW)

[LIGO/Virgo, arXiv:1602.03837]

An ~equal mass inspiral: GW150914
www.ligo.caltech.edu/page/ligos-ifo

https://arxiv.org/abs/1602.03837
https://www.ligo.caltech.edu/page/ligos-ifo


33

Gravitational Waves (GW)

[LIGO/Virgo, arXiv:1602.03837]

An ~equal mass inspiral: GW150914 Intermediate and extreme mass ratio inspirals:

Binary may be observed during millions of orbits

Evolution of the GW signal can be used to trace the 
dynamical influence of the environment around 

the larger black hole

Can be used to probe of Dark Matter overdensities 
almost independently of Dark Matter mass and 

particle physics properties 

<latexit sha1_base64="5VwnjFHh6Olo0x7inlKQQkWthk0=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7Lv98sVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwD9zY2e</latexit>m1

<latexit sha1_base64="dbD0R8vOR85ULvP4a/BRYCg4TCQ=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyWoh6LXjxWtLXQLiWbZtvQJLskWaEs/QlePCji1V/kzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqmzjVlLVoLGLdCYlhgivWstwK1kk0IzIU7DEc38z8xyemDY/Vg50kLJBkqHjEKbFOupf9Wr9c8areHHiV+DmpQI5mv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdVUQyE2TzU6f4zCkDHMXalbJ4rv6eyIg0ZiJD1ymJHZllbyb+53VTG10FGVdJapmii0VRKrCN8exvPOCaUSsmjhCqubsV0xHRhFqXTsmF4C+/vEratap/Ua3f1SuN6zyOIpzAKZyDD5fQgFtoQgsoDOEZXuENCfSC3tHHorWA8plj+AP0+QP/UY2f</latexit>m2

<latexit sha1_base64="tgLCcSNPHBZn3XdtfMYiBOazYIw=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4qrulqMeiF48V7Ae0y5JNs21okl2TbKEs/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZemHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4peNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4upv57TFVmsXy0UwS6gs8kCxiBBsr+SKoXorAQz3OkReUym7FnQOtEi8nZcjRCEpfvX5MUkGlIRxr3fXcxPgZVoYRTqfFXqppgskID2jXUokF1X42P3qKzq3SR1GsbEmD5urviQwLrScitJ0Cm6Fe9mbif143NdGNnzGZpIZKslgUpRyZGM0SQH2mKDF8YgkmitlbERlihYmxORVtCN7yy6ukVa14V5XaQ61cv83jKMApnMEFeHANdbiHBjSBwBM8wyu8OWPnxXl3Phata04+cwJ/4Hz+AMzfkNQ=</latexit>

m2/m1 ⌧ 1

https://arxiv.org/abs/1602.03837
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Dark Matter Spikes

‘Spikes’ or ‘dresses’ of cold, particle-like DM may 
form around BHs, e.g. From the slow (‘adiabatic’) 

growth of a BH at the centre of a DM halo 

[astro-ph/9906391, astro-ph/0509565, 
1305.2619, Bertschinger  (1985), astro-

ph/0608642, 1901.08528, …]
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<latexit sha1_base64="ndw/pLhFUC+xTF9bLaFWop6ULrQ="></latexit>

⇢DM = ⇢6

✓
10�6 pc

r

◆�sp

<latexit sha1_base64="b1hcuAveNYXB3vPQUSlIj5K/R1I="></latexit>

⇢DM, local ⇠ 10�2 M�/pc
3

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/1305.2619
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/1901.08528
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Gravitational Wave Dephasing
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Gravitational Wave Dephasing
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Gravitational Wave Dephasing

“Dephasing”
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Dynamical Friction

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870]

<latexit sha1_base64="EA8OtJxEth7fy/tVnUZWMaTZO2g="></latexit>

ĖDF ⇠ 4⇡G2m2
2⇢DM(r)⇠(v)

v
ln⇤

r

v

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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Co-evolution of the Binary and Spike [BJK, Nichols, Gaggero, Bertone, 2002.12811]

[Movies: tinyurl.com/GW4DM]
[Code: github.com/bradkav/HaloFeedback]

Newtonian motion of the 
binary, taking into account:


• GW emission

• Dynamical Friction

• DM Halo Feedback

�Ėorb = ĖGW + ĖDF
<latexit sha1_base64="1ArV/ebZDYGt7kzAhcA9JFoidcY=">AAACKnicbVBJSwMxGM241rqNevQSLAVBLFMtLgel4nqsYBdohyGTZtrQzEKSEcowv8eLf8VLD0rx6g8xMx1EWx8EHu/lS7737IBRIQ1jrM3NLywuLedW8qtr6xub+tZ2Q/ghx6SOfebzlo0EYdQjdUklI62AE+TajDTtwXXiN58JF9T3nuQwIKaLeh51KEZSSZZ+ddjp+jK6ja2Oi2Sfu5HP7RhewGn5vhnDgxn15i629IJRMlLAWVLOSAFkqFn6SL2CQ5d4EjMkRLtsBNKMEJcUMxLnO6EgAcID1CNtRT3kEmFGadQYFpXShY7P1fEkTNXfExFyhRi6KkIxWVFMe4n4n9cOpXNmRtQLQkk8PPnICRmUPkx6g13KCZZsqAjCnKpdIe4jjrBU7ebTEs4TnPxEniWNo1L5uFR5rBSql1kdObAL9sA+KINTUAUPoAbqAIMX8AbewYf2qo20sfY5uTqnZTM74A+0r2/Nr6g9</latexit>

Formalism recently 
extended to eccentric 
orbits, including accretion
[2402.13053, 2402.13762]

<latexit sha1_base64="8okXs/Y3YwTeE++RGDsY0ZECxFY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6qUkItVj0YvHCvYD2lA2202zdLMJuxOlhIJ/xYsHRbz6O7z5b9y2OWjrg4HHezPMzPMTwTU4zrdVWFldW98obpa2tnd29+z9g5aOU0VZk8YiVh2faCa4ZE3gIFgnUYxEvmBtf3Qz9dsPTGkey3sYJ8yLyFDygFMCRurbR6oCZ7in+DAEolT8iEMj9O2yU3VmwMvEzUkZ5Wj07a/eIKZpxCRQQbTuuk4CXkYUcCrYpNRLNUsIHZEh6xoqScS0l83On+BTowxwECtTEvBM/T2RkUjrceSbzohAqBe9qfif100huPIyLpMUmKTzRUEqMMR4mgUecMUoiLEhhCpubsU0JIpQMImVTAju4svLpHVedWvV2t1FuX6dx1FEx+gEVZCLLlEd3aIGaiKKMvSMXtGb9WS9WO/Wx7y1YOUzh+gPrM8f5CaU0Q==</latexit>

r(t) ! h(t)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback
https://arxiv.org/abs/2402.13053
https://arxiv.org/abs/2402.13762
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Co-evolution of the Binary and Spike [BJK, Nichols, Gaggero, Bertone, 2002.12811]

[Movies: tinyurl.com/GW4DM]
[Code: github.com/bradkav/HaloFeedback]

Newtonian motion of the 
binary, taking into account:


• GW emission

• Dynamical Friction

• DM Halo Feedback

�Ėorb = ĖGW + ĖDF
<latexit sha1_base64="1ArV/ebZDYGt7kzAhcA9JFoidcY=">AAACKnicbVBJSwMxGM241rqNevQSLAVBLFMtLgel4nqsYBdohyGTZtrQzEKSEcowv8eLf8VLD0rx6g8xMx1EWx8EHu/lS7737IBRIQ1jrM3NLywuLedW8qtr6xub+tZ2Q/ghx6SOfebzlo0EYdQjdUklI62AE+TajDTtwXXiN58JF9T3nuQwIKaLeh51KEZSSZZ+ddjp+jK6ja2Oi2Sfu5HP7RhewGn5vhnDgxn15i629IJRMlLAWVLOSAFkqFn6SL2CQ5d4EjMkRLtsBNKMEJcUMxLnO6EgAcID1CNtRT3kEmFGadQYFpXShY7P1fEkTNXfExFyhRi6KkIxWVFMe4n4n9cOpXNmRtQLQkk8PPnICRmUPkx6g13KCZZsqAjCnKpdIe4jjrBU7ebTEs4TnPxEniWNo1L5uFR5rBSql1kdObAL9sA+KINTUAUPoAbqAIMX8AbewYf2qo20sfY5uTqnZTM74A+0r2/Nr6g9</latexit>

Formalism recently 
extended to eccentric 
orbits, including accretion
[2402.13053, 2402.13762]

<latexit sha1_base64="8okXs/Y3YwTeE++RGDsY0ZECxFY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6qUkItVj0YvHCvYD2lA2202zdLMJuxOlhIJ/xYsHRbz6O7z5b9y2OWjrg4HHezPMzPMTwTU4zrdVWFldW98obpa2tnd29+z9g5aOU0VZk8YiVh2faCa4ZE3gIFgnUYxEvmBtf3Qz9dsPTGkey3sYJ8yLyFDygFMCRurbR6oCZ7in+DAEolT8iEMj9O2yU3VmwMvEzUkZ5Wj07a/eIKZpxCRQQbTuuk4CXkYUcCrYpNRLNUsIHZEh6xoqScS0l83On+BTowxwECtTEvBM/T2RkUjrceSbzohAqBe9qfif100huPIyLpMUmKTzRUEqMMR4mgUecMUoiLEhhCpubsU0JIpQMImVTAju4svLpHVedWvV2t1FuX6dx1FEx+gEVZCLLlEd3aIGaiKKMvSMXtGb9WS9WO/Wx7y1YOUzh+gPrM8f5CaU0Q==</latexit>

r(t) ! h(t)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback
https://arxiv.org/abs/2402.13053
https://arxiv.org/abs/2402.13762
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Co-evolution of the Binary and Spike [BJK, Nichols, Gaggero, Bertone, 2002.12811]

[Movies: tinyurl.com/GW4DM]
[Code: github.com/bradkav/HaloFeedback]

Newtonian motion of the 
binary, taking into account:


• GW emission

• Dynamical Friction

• DM Halo Feedback

�Ėorb = ĖGW + ĖDF
<latexit sha1_base64="1ArV/ebZDYGt7kzAhcA9JFoidcY=">AAACKnicbVBJSwMxGM241rqNevQSLAVBLFMtLgel4nqsYBdohyGTZtrQzEKSEcowv8eLf8VLD0rx6g8xMx1EWx8EHu/lS7737IBRIQ1jrM3NLywuLedW8qtr6xub+tZ2Q/ghx6SOfebzlo0EYdQjdUklI62AE+TajDTtwXXiN58JF9T3nuQwIKaLeh51KEZSSZZ+ddjp+jK6ja2Oi2Sfu5HP7RhewGn5vhnDgxn15i629IJRMlLAWVLOSAFkqFn6SL2CQ5d4EjMkRLtsBNKMEJcUMxLnO6EgAcID1CNtRT3kEmFGadQYFpXShY7P1fEkTNXfExFyhRi6KkIxWVFMe4n4n9cOpXNmRtQLQkk8PPnICRmUPkx6g13KCZZsqAjCnKpdIe4jjrBU7ebTEs4TnPxEniWNo1L5uFR5rBSql1kdObAL9sA+KINTUAUPoAbqAIMX8AbewYf2qo20sfY5uTqnZTM74A+0r2/Nr6g9</latexit>

Formalism recently 
extended to eccentric 
orbits, including accretion
[2402.13053, 2402.13762]

<latexit sha1_base64="8okXs/Y3YwTeE++RGDsY0ZECxFY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6qUkItVj0YvHCvYD2lA2202zdLMJuxOlhIJ/xYsHRbz6O7z5b9y2OWjrg4HHezPMzPMTwTU4zrdVWFldW98obpa2tnd29+z9g5aOU0VZk8YiVh2faCa4ZE3gIFgnUYxEvmBtf3Qz9dsPTGkey3sYJ8yLyFDygFMCRurbR6oCZ7in+DAEolT8iEMj9O2yU3VmwMvEzUkZ5Wj07a/eIKZpxCRQQbTuuk4CXkYUcCrYpNRLNUsIHZEh6xoqScS0l83On+BTowxwECtTEvBM/T2RkUjrceSbzohAqBe9qfif100huPIyLpMUmKTzRUEqMMR4mgUecMUoiLEhhCpubsU0JIpQMImVTAju4svLpHVedWvV2t1FuX6dx1FEx+gEVZCLLlEd3aIGaiKKMvSMXtGb9WS9WO/Wx7y1YOUzh+gPrM8f5CaU0Q==</latexit>

r(t) ! h(t)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback
https://arxiv.org/abs/2402.13053
https://arxiv.org/abs/2402.13762
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Co-evolution of the Binary and Spike [BJK, Nichols, Gaggero, Bertone, 2002.12811]

[Movies: tinyurl.com/GW4DM]
[Code: github.com/bradkav/HaloFeedback]

Newtonian motion of the 
binary, taking into account:


• GW emission

• Dynamical Friction

• DM Halo Feedback

�Ėorb = ĖGW + ĖDF
<latexit sha1_base64="1ArV/ebZDYGt7kzAhcA9JFoidcY=">AAACKnicbVBJSwMxGM241rqNevQSLAVBLFMtLgel4nqsYBdohyGTZtrQzEKSEcowv8eLf8VLD0rx6g8xMx1EWx8EHu/lS7737IBRIQ1jrM3NLywuLedW8qtr6xub+tZ2Q/ghx6SOfebzlo0EYdQjdUklI62AE+TajDTtwXXiN58JF9T3nuQwIKaLeh51KEZSSZZ+ddjp+jK6ja2Oi2Sfu5HP7RhewGn5vhnDgxn15i629IJRMlLAWVLOSAFkqFn6SL2CQ5d4EjMkRLtsBNKMEJcUMxLnO6EgAcID1CNtRT3kEmFGadQYFpXShY7P1fEkTNXfExFyhRi6KkIxWVFMe4n4n9cOpXNmRtQLQkk8PPnICRmUPkx6g13KCZZsqAjCnKpdIe4jjrBU7ebTEs4TnPxEniWNo1L5uFR5rBSql1kdObAL9sA+KINTUAUPoAbqAIMX8AbewYf2qo20sfY5uTqnZTM74A+0r2/Nr6g9</latexit>

Formalism recently 
extended to eccentric 
orbits, including accretion
[2402.13053, 2402.13762]

<latexit sha1_base64="8okXs/Y3YwTeE++RGDsY0ZECxFY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6qUkItVj0YvHCvYD2lA2202zdLMJuxOlhIJ/xYsHRbz6O7z5b9y2OWjrg4HHezPMzPMTwTU4zrdVWFldW98obpa2tnd29+z9g5aOU0VZk8YiVh2faCa4ZE3gIFgnUYxEvmBtf3Qz9dsPTGkey3sYJ8yLyFDygFMCRurbR6oCZ7in+DAEolT8iEMj9O2yU3VmwMvEzUkZ5Wj07a/eIKZpxCRQQbTuuk4CXkYUcCrYpNRLNUsIHZEh6xoqScS0l83On+BTowxwECtTEvBM/T2RkUjrceSbzohAqBe9qfif100huPIyLpMUmKTzRUEqMMR4mgUecMUoiLEhhCpubsU0JIpQMImVTAju4svLpHVedWvV2t1FuX6dx1FEx+gEVZCLLlEd3aIGaiKKMvSMXtGb9WS9WO/Wx7y1YOUzh+gPrM8f5CaU0Q==</latexit>

r(t) ! h(t)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback
https://arxiv.org/abs/2402.13053
https://arxiv.org/abs/2402.13762
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Co-evolution of the Binary and Spike [BJK, Nichols, Gaggero, Bertone, 2002.12811]

[Movies: tinyurl.com/GW4DM]
[Code: github.com/bradkav/HaloFeedback]

Newtonian motion of the 
binary, taking into account:


• GW emission

• Dynamical Friction

• DM Halo Feedback

�Ėorb = ĖGW + ĖDF
<latexit sha1_base64="1ArV/ebZDYGt7kzAhcA9JFoidcY=">AAACKnicbVBJSwMxGM241rqNevQSLAVBLFMtLgel4nqsYBdohyGTZtrQzEKSEcowv8eLf8VLD0rx6g8xMx1EWx8EHu/lS7737IBRIQ1jrM3NLywuLedW8qtr6xub+tZ2Q/ghx6SOfebzlo0EYdQjdUklI62AE+TajDTtwXXiN58JF9T3nuQwIKaLeh51KEZSSZZ+ddjp+jK6ja2Oi2Sfu5HP7RhewGn5vhnDgxn15i629IJRMlLAWVLOSAFkqFn6SL2CQ5d4EjMkRLtsBNKMEJcUMxLnO6EgAcID1CNtRT3kEmFGadQYFpXShY7P1fEkTNXfExFyhRi6KkIxWVFMe4n4n9cOpXNmRtQLQkk8PPnICRmUPkx6g13KCZZsqAjCnKpdIe4jjrBU7ebTEs4TnPxEniWNo1L5uFR5rBSql1kdObAL9sA+KINTUAUPoAbqAIMX8AbewYf2qo20sfY5uTqnZTM74A+0r2/Nr6g9</latexit>

Formalism recently 
extended to eccentric 
orbits, including accretion
[2402.13053, 2402.13762]

<latexit sha1_base64="8okXs/Y3YwTeE++RGDsY0ZECxFY=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6qUkItVj0YvHCvYD2lA2202zdLMJuxOlhIJ/xYsHRbz6O7z5b9y2OWjrg4HHezPMzPMTwTU4zrdVWFldW98obpa2tnd29+z9g5aOU0VZk8YiVh2faCa4ZE3gIFgnUYxEvmBtf3Qz9dsPTGkey3sYJ8yLyFDygFMCRurbR6oCZ7in+DAEolT8iEMj9O2yU3VmwMvEzUkZ5Wj07a/eIKZpxCRQQbTuuk4CXkYUcCrYpNRLNUsIHZEh6xoqScS0l83On+BTowxwECtTEvBM/T2RkUjrceSbzohAqBe9qfif100huPIyLpMUmKTzRUEqMMR4mgUecMUoiLEhhCpubsU0JIpQMImVTAju4svLpHVedWvV2t1FuX6dx1FEx+gEVZCLLlEd3aIGaiKKMvSMXtGb9WS9WO/Wx7y1YOUzh+gPrM8f5CaU0Q==</latexit>

r(t) ! h(t)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback
https://arxiv.org/abs/2402.13053
https://arxiv.org/abs/2402.13762
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Can we measure this effect? [Code available online: https://github.com/adam-coogan/pydd]

?

[Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]
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Laser Interferometer Space Antenna 

(planned for the 2030s)

[1907.06482]
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m1 = 103 M�

m2 = 1M�

fGW ∼ mHz − Hz

LISA

https://github.com/adam-coogan/pydd
https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/1907.06482
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Environmental Confusion

Generate waveform  
assuming:

Fit signal assuming:
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m1 = 103 M�

m2 = 1M�

[Cole, Bertone, Coogan, Gaggero, Karydas, BJK, 
Spieksma, Tomaselli, 2211.01362, Nature Astronomy]

Signals very hard to confuse in 1 year of 
LISA data (huge Bayes factors!)

https://arxiv.org/abs/2211.01362
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Nature of Dark Matter
[1906.11845]

[See also Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238] 

Red regions would be ruled out by observation of a DM spike!
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Dark Matter Mass Range
D
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Very heavy DM ( ) 
is ‘discrete’ on astrophysical 
scales, spoiling galactic 
structure

≳ 103 M⊙Very light DM ( ) 
has wave-like properties on 
astrophysical scales, 
spoiling galactic structure

≲ 10−22 eV
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New Directions in the search for DM

[Bertone & Tait, Nature, 562, 51–56 (2018), 1810.01668]

“…the new guiding principle should be ‘no stone left unturned’…”

Black Holes and  
Gravitational Waves

Low-threshold  
phonon detectors

Cosmological and 
astrophysical evidence for 

Dark Matter is overwhelming

No convincing detection of 
DM particles, or DM on small 

scales, has been made

The search for DM is 
diversifying!

https://arxiv.org/abs/1810.01668
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Backup Slides
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Dark Matter in Galaxy Clusters

Lensing - Mass in the cluster lenses background 
galaxies. Projected surface mass density  can 
be inferred from the deflection field .

Σ
⃗α̂

X-ray observations - Assuming hydrostatic 
equilibrium of hot X-ray gas in the clusters allows 
us to trace out the mass distribution.

Dynamics - Velocity dispersion of member 
galaxies can be used to infer the enclosed mass 
through the Virial Theorem.

[0
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4.
02

20
]
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Galaxy Clusters are the largest gravitationally bound 
structures in the Universe. They are highly Dark Matter 
dominated, with mass-to-light ratios of .∼ 100 M⊙/L⊙E.g. Coma Cluster
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https://arxiv.org/abs/0904.0220
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Universal Density Profiles
Density profiles of cold* Dark Matter halos can be well fit over many orders of magnitude by the cuspy 
“Navarro-Frenk-White” (NFW) profile (1996):


[1911.09720]

[astro-ph/9611107]

Alternative fitting formulae include the Einasto 
profile (with ):
α ≈ 0.16

<latexit sha1_base64="B3Y4YJFnJpZunAa8igxQ5D0wwGY="></latexit>

⇢NFW(r) =
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(r/rs)(1 + r/rs)2
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⇢Ein(r) = ⇢�2 exp
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�2↵�1 ((r/r�2)
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⇤

Mass and concentration of halo ( ) 
depends on redshift of formation, but density 
profiles are almost universal.

c = rs/rmax
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r�3

Caveat: inner density profile can be hard to 
probe due to resolution limitation.

*More on this shortly.

https://arxiv.org/abs/1911.09720
https://arxiv.org/abs/astro-ph/9611107
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Small-scale problems

See also “Too big to fail”, “Plane of Satellites”, and others…

Core-vs-cusp problem

[Sales, Wetzel & Fattahi, 2206.05295]

(Now sometimes called the “diversity of rotation curves’ problem)

Measured 

rotation

 curve

Rotation curve 
from comparable  
simulated dwarf 
galaxies with a 

‘cuspy’ DM 
density profile

[1504.01437]

Suggests some Dwarf Galaxies host ‘cored’ 
density profiles, rather than ‘cuspy’ NFW profiles!

[1011.2777]

https://arxiv.org/abs/2206.05295
https://arxiv.org/abs/1504.01437%5D
https://arxiv.org/abs/1011.2777
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Small-scale problems

See also “Too big to fail”, “Plane of Satellites”, and others…

Missing Satellites Problem

[Sales, Wetzel & Fattahi, 2206.05295]

Proxy for dwarf galaxy mass

[astro-ph/9901240]

CDM predicts many more low-mass satellite galaxies of the Milky Way (and Andromeda). 

Where is this small-scale structure?
Λ

https://arxiv.org/abs/2206.05295
https://arxiv.org/abs/astro-ph/9901240


52

Warm Dark Matter

One proposal for resolving these ‘small-scale tensions’ is Warm Dark Matter, which freezes-out semi-
relativistically, washing out structure down to some small scale (but preserving structures on Galaxy 
scales)

[astro-ph/0010389]

A detailed calculation of the free-streaming 
damping finds that the comoving 
lengthscale at which the linear perturbation 
amplitude drops by a factor of 2 is:
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https://arxiv.org/abs/astro-ph/0010389
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Warm Dark Matter

[2011.08865]

Studying the properties and distribution of Milky Way Satellite galaxies allows us to constrain the Warm DM

Mass to .mWDM ≳ 4 keV

[1308.1399]

Cold Dark Matter Warm Dark Matter ( )mχ = 1.5 keV

https://arxiv.org/abs/2011.08865
https://arxiv.org/abs/1308.1399
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Other Dark Matter Models

The small-scale structure of the Universe may also hint towards other models for DM. E.g. 

DM

DM

DM

DM

Wave-like Dark Matter Self-interacting Dark Matter
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�J / (1 + z)1/4m�1/2
 

DM is wave-like, and follows the 
Schrodinger-Poisson Eq.

[1406.6586]

DM-self interactions allow 
energy to be distributed in 
the halo, flattening the 
central density.

[1208.3025]

https://arxiv.org/abs/1406.6586
https://arxiv.org/abs/1208.3025
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The Boltzmann Equation

For a species  initially in thermal equilibrium, their number density  is 
governed by the Boltzmann Equation:

χ nχ

Dilution due to 

expansion

Annihilation 
of DM

Production 
of DM

Equilibrium number density for fermions is given by:

Similar to neutrino decoupling…

This Freeze-out occurs roughly when the annihilation 
rate per particle equals the Hubble expansion rate:

If the interaction rate is large compared to Hubble expansion rate, then particles stay in equilibrium 
with the SM bath. Once interaction rate drops (for example, due to decreasing number density), the 
number density departs from equilibrium.

<latexit sha1_base64="KA4OzAzEwvyh/7iuhiy48wqzwxE="></latexit>

neq(T ) =

8
<

:

3
4
⇣(3)
⇡2 gT 3 for T � m� (relativistic)

g
⇣

m�T
2⇡

⌘3/2
e�m�/T for T ⌧ m� (non-relativistic) .

<latexit sha1_base64="qQs5Trqe0gVzvrp4H425265NMUI="></latexit>
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(Thermally averaged) 
DM annihilation cross 

section
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Freeze-out
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Convenient to transform Boltzmann Equation in terms of , and the entropy density 
. The equation for the Yield  is then:

x = mX /T
s = (2π2/45)g⋆s(T)T3 Y(x) ≡ n/s

Relativistic Non-relativistic

<latexit sha1_base64="M5fPs7kTvilyeKCTeCi0W244QC4="></latexit>
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H(T = m�)
Ricatti Equation:

At the freeze-out temperature , deviate from equilibrium. Solving numerically, typically find .xf xf ∼ 5 − 10
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s0 = 2890 cm�3

<latexit sha1_base64="C0gEiMcEulowuNEtYqlVKP6Rg/8="></latexit>

⇢DM = m�Y (x0)s0 / xf

h�vi

Increasing   
(at fixed )

⟨σv⟩
mχ

At late times, , solve to find the present-day yield 
 and the present day DM abundance given by:
Y ≫ Yeq

Y(x0) ≈ xf /λ

(where we’ve used that during radiation 
domination )a ∝ t1/2 ⇒ H(T ) ∝ T2
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Cold vs Hot Dark Matter <latexit sha1_base64="kn3X8OBIZbiN723RGcrnMLC41J0="></latexit>
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Fix  (to fix the correct relic abundance). 


Decreasing  decreases , pushing  smaller…

⟨σv⟩

mχ λ xf 10°2 10°1 100 101 102

x = m¬/T
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Y
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Decreasing  

(at fixed )

mχ
⟨σv⟩

Very light relics  decouple and freeze out when they are still relativistic! We call such particles Hot 
Dark Matter. Standard Model Neutrinos are Hot Dark Matter!

m ≲ eV

In order to explain the observed structure in the Universe, Dark Matter must freeze-out when non-relativistic 
i.e. it must be Cold Dark Matter. 

<latexit sha1_base64="C0gEiMcEulowuNEtYqlVKP6Rg/8="></latexit>

⇢DM = m�Y (x0)s0 / xf

h�vi

As we will see, Dark Matter which is produced semi-relativistically may also be viable + testable: Warm 
Dark Matter.

<latexit sha1_base64="7djh3io2YMoYadFlxcvpnaP44JM="></latexit>

) ⌦DMh2 ⇡ 3⇥ 10�27 cm3 s�1

h�vi
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Free-streaming

<latexit sha1_base64="Agurn/7hW5IpF7EU4+JkgdHGbYY="></latexit>
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� = 0

Pressure GravityExpansion

Jeans equation for the growth of overdensities  in a collisional fluid:δ ≡ δρ/ρ̄

For a collisionless fluid, such as DM, the role of pressure is played by the 
velocity dispersion of the fluid, and we can replace .c2

s = σ2

Physically, we can think of the Jeans length as the scale at which the DM crossing time  is 
comparable to the gravitational collapse timescale . Free-streaming length can be 
evaluated roughly as , after which point the Jeans length drops rapidly.

tcross ∼ λ/σ
tcoll ∼ 1/ Gρ̄

λfs ∼ λJ(teq)

Hot Dark Matter freezes out when relativistic, then has a velocity dispersion which is too large at late times. 
This means that  is large: Structure is washed out on small scales! λfs

 : Gravitational Collapse

 : Free streaming damping

λ > λJ
λ < λJ

As in the collisional case, 

we can write the Jeans length as 

<latexit sha1_base64="3LsuhBO1rtL1wv3PJGLVknYnfrg="></latexit>

�J(t) =

s
⇡�(t)2

G⇢̄(t)
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Alternative Production Mechanisms

Freeze-out [Kolb & Turner (1990)]

Freeze-in [arXiv:0911.1120]

Asymmetric Dark Matter [arXiv:1305.4939]

Forbidden Dark Matter [arXiv:1505.07107]

Secluded Dark Matter [arXiv:0711.4866]

SIMP Dark Matter [arXiv:1402.5143]

Self-interacting Dark Matter [arXiv:1510.08063]

Misalignment Mechanism [arXiv:1105.2812]

Gravitational production (WIMPzillas!) [hep-ph/9810361]

Hidden sector freeze-out [arXiv:1712.03974]

Early kinematic decoupling [arXiv:1706.07433]

Elastically decoupling relics [arXiv:1706.05381]

Semi-annihilating Dark Matter [arXiv:1611.09360]


A wide range of alternative production mechanisms, depending on the DM candidate: 

But all of them should satisfy constraints from early Universe, structure formation and astrophysics!

http://arxiv.org/abs/1706.05381
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Example: Xenon Experiment

Credit: XENON Collaboration

XenonNT experiment operated at the Gran Sasso National Laboratory (Italy)

[2402.10446] 

https://arxiv.org/abs/2402.10446
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PBH Parameter Space
[Code online: github.com/bradkav/PBHbounds]

[Green & BJK, 2007.10722]

[Other reviews: 1801.05235, 

2002.12778, 2006.02838]

http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/1801.05235
https://arxiv.org/abs/2002.12778
https://arxiv.org/abs/2006.02838


62

Multi-phonon Scattering

[1911.03482]

DM

Phonons
Each additional phonon comes with an extra

factor of  in the matrix elementq/ mNω

[2008.08560]

Single-Phonon
Multi-


phonon
Nuclear 

recoil

Heavier DM leads to larger , so multi-
phonon scattering may become relevant 
masses 

q

≳ few MeV
[1608.01994, 1910.08092, 1911.03482]

https://arxiv.org/abs/1911.03482
https://arxiv.org/abs/2008.08560
https://arxiv.org/abs/1608.01994
https://arxiv.org/abs/1910.08092
https://arxiv.org/abs/1911.03482


<latexit sha1_base64="SqR/Z0On7TbjoR6JvqwjaXsydvs=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GjK2tnVXcKHuKtgHtEPJpJk2NMmMSaZQhn6HGxeKuPVj3Pk3pg9BRQ8EDufcyz05QcyZNgh9OJmV1bX1jexmbmt7Z3cvv3/Q1FGiCG2QiEeqHWBNOZO0YZjhtB0rikXAaSsYXc781pgqzSJ5ZyYx9QUeSBYygo2V/LDXFdgMlUivWtNevoBcVEJlVIHILaKyVyxZUkHowqtCz0VzFM AS9V7+vduPSCKoNIRjrTseio2fYmUY4XSa6yaaxpiM8IB2LJVYUO2n89BTeGKVPgwjZZ80cK5+30ix0HoiAjs5i6h/ezPxL6+TmLDqp0zGiaGSLA6FCYcmgrMGYJ8pSgyfWIKJYjYrJEOsMDG2p5wt4eun8H/SPHO9snt+WyrUbpZ1ZMEROAanwAMVUAPXoA4agIB78ACewLMzdh6dF+d1MZpxljuH4Aect09asJKI</latexit>

fGW

<latexit sha1_base64="WYI8PLSkIDe0oZzw2bTks8SK74I=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgqiTp013BhbqrYB/QhjCZTtqhM0mYmQgl1F9x40IRt36IO//GSVtBRQ8MHM49l3vm+DGjUlnWh5FbW9/Y3MpvF3Z29/YPzMOjrowSgUkHRywSfR9JwmhIOooqRvqxIIj7jPT86UU2790RIWkU3qpZTFyOxiENKEZKS55ZHDJtHiFvyJGaCJ5e9uaeWbLKlWbdsSvQKtt1p2rbmtQqDe fcgnbZWqAEVmh75vtwFOGEk1BhhqQc2Fas3BQJRTEj88IwkSRGeIrGZKBpiDiRbroIP4enWhnBIBL6hQou1O8bKeJSzrivnVlE+XuWiX/NBokKmm5KwzhRJMTLQ0HCoIpg1gQcUUGwYjNNEBZUZ4V4ggTCSvdV0CV8/RT+T7qO7qdcu6mWWterOvLgGJyAM2CDBmiBK9AGHYDBDDyAJ/Bs3BuPxovxurTmjNVOEfyA8fYJaPeVUQ==</latexit>

�GW

<latexit sha1_base64="vX+TQwhQjErGwvHLsNd7/NhNJPc=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4Gmb6su4KLtRdhb6gHUomzbShSWZMMoUy9DvcuFDErR/jzr8x01ZQ0QOBwzn3ck+OHzGqtON8WJm19Y3Nrex2bmd3b/8gf3jUVmEsMWnhkIWy6yNFGBWkpalmpBtJgrjPSMefXKV+Z0qkoqFo6llEPI5GggYUI20krznoc6THkifXnfkgX3DsWql0WSlDxy4ZFEuGOJVatepC13YWKI AVGoP8e38Y4pgToTFDSvVcJ9JegqSmmJF5rh8rEiE8QSPSM1QgTpSXLELP4ZlRhjAIpXlCw4X6fSNBXKkZ981kGlH99lLxL68X66DmJVREsSYCLw8FMYM6hGkDcEglwZrNDEFYUpMV4jGSCGvTU86U8PVT+D9pF223alfuyoX67aqOLDgBp+AcuOAC1MENaIAWwOAePIAn8GxNrUfrxXpdjmas1c4x+AHr7RNWVJKG</latexit>

TGW
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The Gravitational Wave Spectrum

kHzHzmHzμHznHz

 km100 km105 km108 km1011 km ~ pc1013

1 ms1 second15 minutes10 days30 years
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b

Laser Interferometer Space Antenna 

(planned for the 2030s)

[1907.06482]

https://arxiv.org/abs/1907.06482
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BH and Spike Formation

Use semi-analytic galaxy formation models to study the properties of Direct 
Collapse Black Holes and the halos they form in.

[Volonteri et al., 2110.10175]

[Dunn et al., 1803.01007]

[Work in progress with Abram Perez, Pratika Dayal, and others]

Preliminary results suggest that large densities are possible 
but do these systems survive, and are they common? 
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⇢6 & 1016 M� pc�3

https://arxiv.org/abs/2110.10175
https://arxiv.org/abs/1803.01007
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Astro 

Scenario

PBH

Scenario

[Code available online: https://github.com/adam-coogan/pydd]

?

Number of GW cycles of dephasing

[Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]

Compare Bayes factor (BF) for the 
vacuum case (V) and the DM dressed 

case (D)

<latexit sha1_base64="TcIBiI84oPx+85igONDu3mgm4uE="></latexit>

✓D = {�sp, ⇢6,M, log10 q}
vs.
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✓V = {M}

Detection with LISA

https://github.com/adam-coogan/pydd
https://arxiv.org/abs/2108.04154
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Astrophysical scenario
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m1 = 103 M�

m2 = 1M�

[Code: github.com/adam-coogan/pydd]

[Coogan, Bertone, Gaggero, 

BJK & Nichols, 2108.04154]
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m1 = 1M�

m2 = 10�3 M�

[Cole, Coogan, BJK, Bertone, 2207.07576]

PBH scenario

Detection with LISA

Detection with Einstein Telescope

“True” value

https://github.com/adam-coogan/pydd
https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/2207.07576
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GW Probes of Dark Matter
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[Bertone, Croon, et al (including BJK), 1907.10610]

https://arxiv.org/abs/1907.10610

