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Overview
• Light/wave dark matter 
 
NR work has shown:  
 
- Dark matter can cluster around binaries.  
 
- We can infer its density through GW observations. 

• Heavy/particle dark matter 
 
NR work is needed (?): 
 
- Are there (similar BH mass) scenarios where particle 
DM can cluster? (e.g. Kozai Lidov) 
 
- What is the impact of third bodies / (P)BH clusters in 
the strong field regime?

AURREKOETXEA ET AL, PHYS.REV.D 110 (2024) 8, 083011



Some general observations



“local time”

“space”
initial data (∂tgμν, gμν, Tμν)

boundary 
conditions
(∂xxgμν, ∂xgμν, gμν, Tμν)

Fill using Einstein equation   ∂ttgμν = f(∂tgμν, gμν, Tμν)

∇μTμν = 0 ⟹ ∂tTμν = f(Tμν, gμν)

NR: the lazy way to solve the Einstein 
Equations 



Wave versus particle: the NR perspective 

Schive et al. 2014
Cosmic structure as the quantum interference of a 

coherent dark wave

See also Wave Dark Matter review by Lam Hui 
Ann.Rev.Astron.Astrophys. 59 (2021) 247-289

ParticleWave
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DYNAMICAL 
SPACETIME  

NO PERTURBATIVE 
EXPANSION 

M1, 𝝆1

r
R

GRAVITATIONAL BACKREACTION (STRONG GRAVITY) 

M2, 𝝆2

Similarity of scales is a feature and a bug



Dark matter density - the NR perspective 

Tiny effect at average galactic densities 

 or ρ ∼ 1 GeV/cm3 1 M⊙/pc3

(Particle physicist)                                         (Astrophysicist)



ρ
1/R2

s
∼ 10−30 ( MBH

106M⊙ )
2

(Numerical relativist)

Dark matter density - the NR perspective 

Tiny effect at average galactic densities 



Dark matter density - the NR perspective 
However, potential for significant enhancements around BHs 

Superradiance
Review by Brito et. al. (updated 2020) 
Superradiance: New Frontiers in Black Hole Physics

Accretion
Becker et.al. 2021 

Circularization vs. Eccentrification in Intermediate Mass 
Ratio Inspirals inside Dark Matter Spikes 

ρ ∼ ρ0 ( r
r0 )

−α



Dark matter density - the NR perspective 
Best constraint on BH scales from S2 star motion 
around Sag A* (1% of mass within ) 104Rs

ρ
1/R2

s
∼ 10−15 ( MBH

106M⊙ )
2

A. Foschi et al. (GRAVITY),  
Mon. Not. Roy. Astron. Soc. 524, 1075 (2023)



Conclusion: may be able to neglect back 
reaction beyond first order

D Traykova, T. Helfer, KC et. al.  
Phys.Rev.D 104 (2021) 10, 103014, Energy density of DM



OR: Include backreaction at potentially 
unrealistic densities

Particle mass

Dephasing

J. Aurrekoetxea, KC, J Bamber, P Ferreira 2023
Phys.Rev.Lett. 132 (2024) 21, 211401

Energy density of DM



Best used to highlight new effects, and 
validate and extend analytics

D Traykova, R Vicente, KC et. al.  
Phys.Rev.D 108 (2023) 12, L121502

Wave

Particle
Wave dynamical friction + particle accretion

NR



Light / wave dark matter



Accretion: wave like case seems to resist 
dispersal, and forms a central overdensity

energy 
density

Field

J. Bamber, J. Aurrekoetxea, KC, P. Ferreira 2023
Phys Rev D 107 2, 024035



Different initial profiles converge over time to the same one

Energy density of DM



Semi-analytic description for this scattering in the non relativistic regime

GM Tomaselli 
Phys.Rev.D 111 (2025) 6, 063075

L. Annulli, V Cardoso, R Vicente 2020
Phys.Rev.D 102 (2020) 6, 063022



Such an overdensity leads to a dephasing

J. Aurrekoetxea, KC, J Bamber, P Ferreira 2023
Phys.Rev.Lett. 132 (2024) 21, 211401

Energy density of DM



Can measure gravitational “forces” on the binary

J. Aurrekoetxea, KC, J Bamber, P Ferreira 2023
Phys.Rev.Lett. 132 (2024) 21, 211401

Energy density of DM



Can construct a model and use it to infer DM density from observations

More from Rodrigo next!
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Numerical Relativity

IMRPhenomXP

IMRPhenomXP_Scalar (this work)

J. Aurrekoetxea, , S Roy, R Vicente KC, P Ferreira 2025
In prep



Surprisingly large and persistent effect at higher masses

Particle mass

dephasing

J. Aurrekoetxea, KC, J Bamber, P Ferreira 2023
Phys.Rev.Lett. 132 (2024) 21, 211401

Recall that S2 star constraints are 
 so this is highρ ∼ 10−15M−2 Energy density of DM



What about self interactions?

J. Aurrekoetxea, J. Marsden, KC, P Ferreira 2024
Phys.Rev.D 110 (2024) 8, 083011

Attractive Repulsive



Energy density of a vector field during a superradiant phase.

What about superradiance?



Starting with a “pre-grown” cloud around one object, 
there is evidence from NR that this persists in a binary

GRChombo simulation T Ikeda, L. Bernard, V Cardoso, M Zilihao 2021
Phys.Rev.D 103 (2021) 2, 024020



Although not always…

Scalar field and density starting from initial superradiant state around single BH



What next?

• Better characterisation of the quasi stationary states


• Extend to cases with scalar angular or linear 
momentum (arising from superradiance or halo 
environment)


• Effect of unequal mass - potential for kicks and centre 
of mass drift


• Effect of spin - gravitational Magnus effects


• Can self interactions be measured?


• …  Z Wang, T Helfer, D Traykova, KC, E Berti 2024
Phys.Rev.D 110 (2024) 2, 024009



Heavy / particle dark matter
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What next?

• Are there (similar BH mass) scenarios where particle DM can 
cluster? (e.g. Kozai Lidov)


• What is the impact of third bodies / (P)BH clusters in the 
strong field regime?


• How can we take advantage of improvements in 
performance in NR (e.g. using GPUs)?


• … 



Some evidence that quasi stationary states may 
extend to higher masses

Higher masses

Higher masses

GM Tomaselli 
Phys.Rev.D 111 (2025) 6, 063075

J. Aurrekoetxea, KC, J Bamber, P Ferreira 2023
Phys.Rev.Lett. 132 (2024) 21, 211401



Will need 
Einstein-Vlasov

Using particles to study BH 
formation from the collision 

of wave-fronts


Particles move on geodesics


Particles backreact (locally) 
on the spacetime - 

interpolation of particles 
onto a stress-energy field

F Pretorius and W.E. East 2018
Phys.Rev.D 98 (2018) 8, 084053



GRTeclyn - a new NR code with particles (and GPUs)

Coming soon….


More than 3 particles!



Full NR simulations of clusters of BHs

25 BHs with initially small separation 
merge hierarchically

Jamie Bamber, Stuart L. Shapiro, Milton Ruiz, Antonios Tsokaros 2025
e-Print: 2505.01495 [gr-qc]



Questions?


