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XG GW Observatories

￼3Images courtesy Einstein Telescope, LISA, Cosmic Explorer

Einstein Telescope (ET)

• 10 km underground triangle

LISA

• 2.5 million km triangular 
interferometer in space

• 20 km and 40 km L-shaped surface 
observatories

• scaled up A+ technology & 
enhancements

Cosmic Explorer (CE)



2023

Next-gen 
(~2035)

￼4Kuns; Corsi et al. arXiv:2402.13445v1



Think about end-to-end pipeline
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Recap

• Need longer waveforms


• NR: 


• Early orbits longer

ℳt ∼ | t2 − t1 |2
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Algorithms

• It’s all that matters.

• Hardware = linear

• Algorithms = exponential

• Algorithms are difficult

• Fast=more science



Algorithms
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Algorithms
SpEC: 4800 M/day @ 48 cores (1/4 node)

From arXiv 2503.09629, Ji+CPU: Frontera (7 yo), 56/node
GPU: 1 H200/node

~$6k

~$200k ~$800k



Algorithms

• It’s all that matters.


• Hardware = linear AT BEST


• Algorithms = exponential


• Algorithms are difficult



Black holes Black holes











Exponential convergence!!!
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Credit: Dongze Sun+Mike Boyle arxiv: 2403.10278
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PN+NR Algorithms

• github.com/moble/PostNewtonian.jl


• github.com/moble/Scri.jl


• ~>20x speedup, less RAM


• Differentiable


• PINNs for PN: 2511.10522

http://github.com/moble/PostNewtonian.jl
http://github.com/moble/Scri.jl


(Numerical relativity) surrogates



Credit: Vijay Varma, https://vijayvarma392.github.io/SurrogateMovie/
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Numerical relativity surrogates
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Numerical relativity surrogates

• NR slow…

• PN inaccurate

• Goal: go fast & accurate
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Surrogates

• “Boring” data

• Waveform + dynamics

• Waveform: Inertial NR Coprecessing  Coorbital→ →

• Dynamics: Spins + frames
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Orbital dynamics:

•

 

 

dφ
dt

= ω(Λ(t)),

d ⃗χ1,2
copr

dt
∼

· ⃗̄χ1,2(Λ(t)),

dq
dt

∼
1
2

qΩ̄cp(Λ(t)) .

• Universal DEs (arxiv:2001.04385)

• Neural DEs (res net: 1512.03385, neural DE: 1806.07366)
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How fast can you go?
• Waveform eval: 0.05ms (fixed)

• Waveform rotation: 0.05ms (skip??)

• Waveform interpolation: 0.16ms (skip!??!)

• Dynamics: 0.37ms (~10x reduction)

• Potential frequency-domain: ~0.2ms
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Bonus: forward sensitivity analysis
• Differentiable surrogate ∂χx

1
h

• ~10x overhead?

• Hamiltonian MC

• NPEs
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Yet Another Algorithms Example (YAAE?)
• NR catalog: ~10TB

• “Uncompressed”: ~50TB
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Binary neutron stars?
• Length?

• Mismatch?

• IM?

• Microphysics?





Hydro-dominated!!
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• Length: ~10 orbits
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• Length: ~10 orbits

• Mismatch: ~10−3
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• Length: ~10 orbits

• Mismatch: ~10−3

• PN hybrid?
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• Length: ~10 orbits

• Mismatch: ~10−3

• PN hybrid?

• GW post-merger?
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• Length: ~10 orbits

• Mismatch: ~10−3

• PN hybrid?

• GW post-merger?

• Inspiral microphysics?
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Thank you!
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L = λwLw + λvLv + λv→0Lv→0 + λq→1Lq→1 + λL2LL2

•  waveform differenceLW

•  orbital-velocity differenceLv

•  vanishing limitLv→0

•  equal-mass limitLq→1

•  weight regularizationLL2
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PINNs

￼h′￼ℓ,m = hℓ,m (1 + NN2) e−imNN3

￼
dv
dt

= −
ℱGW
dℰbinding

dv

+ NN1





Tiny network!


101 parameters!


120 CPU hours


8 waveforms







Future of PINNs

• z-spins


• Precession


• Eccentricity


• Merger/ringdown


• “Extreme” q


