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Why IMRIs?
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Formation Methods

#1: Stellar-mass CO + IMBH = IMRI with Advanced LIGO

Explore the dynamics of globular clusters

#2: IMBH + SMBH = IMRI with LISA

Explore the dynamics of galactic nuclei



BBH Mergers
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NR runtime with M/m
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Number of orbits (physics)

Time steps per orbit (numerics)

If 1:10 ~ 100 days ~ 3 months
Then 1:100 ~ 10,000 days ~ 27 years!

IMRIs: 1:100-1,000
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Existing Work
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Lousto and Healy

1:128 binary, 13 orbits before merger

arXiv:2006.04818v1 

Fernando, Neilsen, Lim, 
Hirschmann and Sundar

1:100 binary

arXiv:1807.06128v2

Mesh Refinement Techniques



Proposed Method (3+1)
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Mm

Numerical Relativity

Excised Region

Boundary

Matching approximate analytical solution 
to NR elsewhere in the spacetime
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Spherical Harmonic Mode Decomposition 

M

Toy Model (1+1)
Scalar Field on Schwarzschild

gαβ ∇α ∇βΦ(x) = − 4πρ(x)



Characteristic Grid
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Transformation to Double-Null Coordinates

Lousto and Price arXiv:gr-qc/9705071
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∂u ∂vΨ + V(r)Ψ = S(r(t))δ(r − rp)



Toy Model
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Region

Worldtube Excision on Schwarzschild

△



Approximate Analytical Solution inside 
Worldtube
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Matching the retarded field across the worldtube boundary

Φ!"#(𝑥) ≈ Φ$ +Φ%

Φ!,#
$ (𝑡, 𝑟) = [𝑎% + 𝑎&Δ𝑟 + 𝑏%|Δ𝑟| + 𝒪(Δ𝑟')]𝑒(#)*

Φ!,#
+ = Φ!,#

+% +Φ!,#
+& Δ𝑟 + 𝒪(Δ𝑟')

Φ!,#
+ = Φ!,#

% +Φ!,#
, Δ𝑢 + Φ!,#

- Δ𝑣 + 𝒪(Δ𝑢') + 𝒪(Δ𝑣')

𝑎%, 𝑎&, 𝑏% = known coefficients

Numeric

Fitted



Sample Results
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(l=2, m=0, h=0.1)



Model Order Comparison: △
(l=2, m=0, h=0.1)

Leading Quadratic Cubic
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Non-Static Modes
(l=2, m=2, h=0.1)

Quadratic Cubic

PP=Numeric Data for a Point 
Particle on a Circular Orbit
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Convergence in △

Linear Order

Quadratic Order Cubic Order
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𝑟 =
Φ(4Δ) − Φ(2Δ)
Φ(2Δ) − Φ(Δ)



Spectral Implementation of 1+1 Scalar Model
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Next Steps

Spectral Implementation of 3+1 Scalar Model

Inclusion of Orbital Evolution

3+1 Gravity Model in SpEC

SpEC simulation of inspiral and merger of two black holes


