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→ Valid for arbitrary velocities

→ Details of internal structure irrelevant

→ Flat, large memory
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→ Independent of ω

→ Introduce a cutoff frequency
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Point-particle falling into a black hole Collision of two equal mass black holes

ZFL
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ZFL: Non Head-on Collision 

Center of momentum frame

Rotation frequency:

=ξ2

Energy momentum tensor is not conserved!



ZFL: Non Head-on Collision 

Constraining forces:                (Price and Sandberg ’73)

R. H. Price and V. D. Sandberg, Phys. Rev. D 8, 1640 (1973)
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Radiated energy:

Fourier transform:

Jacobi-Anger expansion
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Numerical Results: Non Head-on Collision 

→ Different behaviour near resonance 
for numerical data and toy model

→ Head-on limit –
 

spectrum is flat for small frequencies

→
 

limit very weakly dependent on
 consistent with the toy model
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→ limit very weakly dependent on

→ Head-on case –
 

ZFL yields

→ Good agreement with numerical results

l=2



→ have positive/negative slope for 

→

→ Toy model:

Numerical Results: Non Head-on Collision 

l=2



Zero-frequency limit is independent of the impact parameter

Numerical results weakly dependent on the impact parameter

Different small frequency behaviour

Not the same behaviour near resonances

Summary

Thank  you

Future Work 

→ Dependence on the constraining forces

→ Particles with structure

→ Higher-dimensions

→ Radiated Momentum

→ Different ways to model the collision







ZFL: Non Head-on Collision –
 

equal mass collision 

Small Mω:
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ZFL: Non Head-on Collision

Zero frequency limit:

→ Smarr’s
 

head-on collision is recovered

• Same structure



→ have positive/negative slope for 

→

→ Toy model:

Numerical Results: Non Head-on Collision 

l=2



→ Head-on case –
 

ZFL yields

→ Good agreement with numerical results

Numerical Results: Non Head-on Collision 
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