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Landscape of GW Experiments

10�9 10�7 10�5 10�3 10�1 101 103

Frequency [Hz]

10�18

10�16

10�14

10�12

10�10

10�8

10�6

10�4

h
2
⌦

G
W

LI
G

O
/V

IR
G

O
 

O
2

NA
NO

G
ra

v

(d
es

ig
n)

EP
TA

SK
A 

(1
0 

yr
)

SK
A 

(2
0 

yr
)

LISA

Co
sm

ic 
Ex

pl
or

er

Ei
ns

te
in

 T
ele

sc
op

e

BB
O

DEC
IG

O
B-

DEC
IG

O

A
IO

N
/M

A
G

IS
 S

pa
ce

AI
O

N/
M

AG
IS

 k
m

Ground-based 
interferometers

Space-based 
interferometers

Pulsar timing 
arrays

Atom 
interferometers



Gravitational Waves and Dark Matter — Toby Opferkuch (CERN) 4

Overview: GWs and Dark Matter

[Bertone, Croon, Amin, Boddy, Kavanagh, Mack, Natarajan, Opferkuch, Schutz, Takhistov, Weniger, and Yu 1907.10610]
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Overview: GWs and Dark Matter

Astro-/cosmological 
abundance

Production/other 
dynamics

Phase transitions
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Compact 
Object

 Intermediate Mass
Black Hole

Dark Matter 'spike'

Extreme-mass-ratio inspirals 
& environmental effects

Modification of NS binaries

PBH/sub-halo transits

Additional forces on 
interferometer test masses

• axions 
• dark photons 
• macroscopic DM

PBH mergers & exotic  
compact objects

Early universe particle production

GW production mechanism
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Cold Dark Matter
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Modification of NS Binaries

Gravitational Waves

NSNS
Gravitym1

<latexit sha1_base64="YDcl1daKXujyh0e8QH2rJUrne68=">AAAB4XicbVC7TkJBFDyLL8QXamlzIzGxIvciiZYYG0uM8kiAkL3LAht2773ZPWsghMTWwsRYaOEX+Qn+jcujAZxqcmaSOTNhIoVB3/8lqY3Nre2d9G5mb//g8Ch7fFI1sdWMV1gsY10PqeFSRLyCAiWvJ5pTFUpeCwd3U732zLURcfSEo4S3FO1FoisYRXd6VO2gnc35eX8Gb50EC5KDBcrt7E+zEzOreIRMUmMagZ9ga0w1Cib5JNO0hieUDWiPj6kyZqTCiXehKPbNqjY9/qc1LHZvWmMRJRZ5xJzFaV0rPYy9aQuvIzRnKEeOUKaFS/ZYn2rK0HVdShnONlr+yggbCRxOMq57sNp0nVQL+eAqX3go5kq3L/MV0nAG53AJAVxDCe6hDBVg0IM3+IQvwsgreScfc2uKLJY7hSWQ7z+ORYtZ</latexit> m2
<latexit sha1_base64="77u3kA4Y/d64IAp//k1m7lIHlDg=">AAAB4XicbVC7TkJBFDyLL8QXamlzIzGxIvciiZYYG0uM8kiAkL3LAht2773ZPWsghMTWwsRYaOEX+Qn+jcujAZxqcmaSOTNhIoVB3/8lqY3Nre2d9G5mb//g8Ch7fFI1sdWMV1gsY10PqeFSRLyCAiWvJ5pTFUpeCwd3U732zLURcfSEo4S3FO1FoisYRXd6VO1CO5vz8/4M3joJFiQHC5Tb2Z9mJ2ZW8QiZpMY0Aj/B1phqFEzySaZpDU8oG9AeH1NlzEiFE+9CUeybVW16/E9rWOzetMYiSizyiDmL07pWehh70xZeR2jOUI4coUwLl+yxPtWUoeu6lDKcbbT8lRE2EjicZFz3YLXpOqkW8sFVvvBQzJVuX+YrpOEMzuESAriGEtxDGSrAoAdv8AlfhJFX8k4+5tYUWSx3Cksg33+PwIta</latexit>

•Observable:
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Radiation

sensitivity to 
m ≲ 𝒪(10−10 eV)

•New physics scenarios?
- Modifications of gravity 

- Fifth forces (e.g. axionic forces) 

- Forces coupled only to DM 

- Muonic Forces

[Alsing et. al. 1112.4903; Sagunski et. al. 1709.06634]

[Hook, Huang 1708.08464]

[Croon et. al. 1711.02096; Kopp, Laha, Opferkuch, Shepherd 1807.02527]  
[Alexander et. al. 1808.05286; Fabbrichesi & Urbano 1902.07914]

[Dror, Laha, Opferkuch 1909.12845]
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Parameters:
[Dror, Laha, Opferkuch 1909.12845]

Modification of NS Binaries
Constraints on ultra-light 
gauged  bosonsLμ − Lτ

Large NS muon abundance  ⟹
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(i) Spontaneous 
Symmetry Breaking

(ii) ConfinementParticle 
physics:

E�ective Potential and Phase Transitions
e�ective Potential:
Ve�(ĥ, „̂, T ) = Vtree(ĥ, „̂) + Vloop(ĥ, „̂) + Vthermal(ĥ, „̂, T )
finite-T corrections restore symmetry at high T

=∆ symmetry breaking phase transition in the early universe
cross-over:

�

Ve�

1st-order:

�

Ve�

Eric Madge (JGU Mainz) Leptophilic DM from Gauged Lepton Number Planck 2018 5 / 11

Cross-over 1st-order
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Figure from E. Madge 

EW symmetry breaking in SM 
QCD confinement (3 massless flavours)

QCD confinement (6 massless flavours)
Example: 

Type:

Stochastic GW 
background!

Phase Transitions
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Phase Transitions
•Sensitivity to hidden sector transitions:

Standard
Model

Hidden 
Sector

Gravity

???
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[Breitbach, Kopp, Madge, Opferkuch, Schwaller 1811.11175]

Stringent 
cosmological 
constraints 

Reach far beyond 
foreseeable 
collider program
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Extreme-Mass-Ratio Inspirals

Massive 
BH

Compact  
Object

•LISA will observe at least 
 EMRIs per year𝒪(10)

•Sensitivity arises from long 
duration of waveform obs. DM Halo

ρDM(r) = ρsp ( rsp

r )
γsp

•Gravitational interactions of 
DM impart dynamical friction

[see Lancaster et. al. 1909.06381 and references therein]

�5 �4 �3 �2 �1 0
t [yr]

10�2

10�1

100

f G
W

[H
z]

m1 = 104 M�
m2 = 1 M�

Vacuum
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•Sensitivity to DM spikes via:
- de-phasing of GW waveform

- increased eccentricity
[Eda et. al. 1301.5971, 1408.3534]

[Yue et. al. 1908.10241] 

[Kavanagh et. al. 2002.12811]

MIMBH ∼ 103 − 105M⊙

MEMBH ≳ 105M⊙
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Extreme-Mass-Ratio Inspirals

Massive 
BH

DM Halo

Compact  
Object

Accretion 
disk

•Challenging systems:
- Waveform difficult to calculate

- Accretion disk and other 
astrophysical nuisances 

- DM stripping from mergers

•Current on-going work:
- Simulating accretion disks and merging 

accurate GW calculations

- Beyond DM spikes

[Croon, Kopp, Laha, Opferkuch]

[Kavanagh et. al. 2002.12811]
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Take Home Message

•GWs provide a complementary probe of 
DM scenarios neigh impossible to see with 
traditional collider probes 

•This talk was just a small taste — many more 
exciting phenomena not discussed here!  

PBH/sub-halo transits

PBH mergers & exotic  
compact objects

Early universe particle production
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Cold Dark Matter
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Additional forces on 
interferometer test masses

• axions 
• dark photons 
• macroscopic DM

DM


