Fast Emulation of Neutron
Star Properties
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Overview

* What are emulators?
* Why do we want to emulate?

* Application to Neutron Stars
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What are emulators?

* Ansatz: Video game emulation
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Alternative

* Use emulators to play the game instead
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What Happened

* Took the true thing (SNES)
* Created a program (or model) which needs input (game file)
* Provided input then outputs (emulates) playing the real game

* Provides much easier method of playing than using the real thing
* With less input, can still get desired result
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Back to Physics
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Back to Physics
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Back to Physics

Model Order Reduction:
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Back to Physics

_ _ ) Model Order Reduction:
“High Fidelity” “Emulated”

Reduced basis methods
. (~eigenvector continuation)
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Why do we approaches

want to

emulate
things?
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Dimensionality Reduction
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One Application: Neutron Stars @ Loz Alomes
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Math

Mass-Radius
Relationship

* Structure is governed by GR
* Tolman-Oppenheimer-Volkoff equations

M (solar
mass)

* Provide an equation of state - solve on a grid

dP Gm ( P ) ( 47rr3P) ( 2Gm)1
b PR L. QS0 Y 1
dr r2 pc? mc? rc?

R (km)
dM _4 5 1
dr pr

* Define some step size and central pressure
(density)
* Integrate outward until P=0
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More Math B O G R B

ko = 5s€5(1 — £)? [(2 — yr) + (yr — 1)€]

 Often also want to solve for Tidal i[(ﬁ ~ 3ym) + 5 (5yn — 9]¢
Deformability +5[(13 = 11y) + 5 (Byr — D€ + S (1 +yr)E ]
* Constrained from GWs +3((2 — yr) + (yr — DE|(1 — £)?In(1 — é)}
* Describes quadrupole gravitational
radiation dy

+y°+ F(r)y +r°Q(r) =0
* Important for nuclear structure due t "dr (r)y Q)

large R dependence
r — 4rGré(p(r) — p(r))
2 Rc2 5 r—2GM(r)

A=3k (G_M> Q) = ez (6 (50) + 9p(r) + 2T 2E)
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How it works

Reducing your model in two easy steps:

1) Find good reduced coordinates

2) Find equations for them
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How it works

Reducing your model in two easy steps:

1) Find good reduced coordinates
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3 translations =+ 3 rotations

2) Find equations for them
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Reducing your model in two easy steps:

1) Find good reduced coordinates
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How it works

Reducing your model in two easy steps:

¢1()

1) Find good reduced coordinates

Principal Component
Analysis

b =00+ Y axin(e) )| [\ 2@

2) Find equations for them

* Neural Network mapping

 Gaussian Processes

e Galerkin Projection

* Black Box Techniques (ask me
about this)
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How it works

RY

Reducing your model in two easy steps: 6
= = True

1) Find good reduced coordinates

Principal
Component
Analysis
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2) Find equations for them
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* Consideryourdata
* What are the inputs?
* |sthere any preprocessing that can be done?

Finding Alphas

* How complexis the system?
 Are the models stochastic or smooth?

Parameters
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Our Parameters

2.5

* Nuclear EOS

E 2.0
* Po 4’ Ksat,J, L, Ksym» CS2 (ZPO)» Csz (3,00)
* Use a large sample (~100,000)
* Keep some for validation (~10%)

1.5

Mass [Mg ]

1.0

101
0.5 1

8 1

8 10 12 14 16 18 20
Radius [km]

ﬁ_

0.30 .35 0.40 0.45 0.50
3/12/2024 .,__;1 (200) 27



OOOOOOOOOOOOOOOOOO

Building the Emulator

R() =R+ ) af (ggRic(x)

* Functions
determined
from SVD

e Stay fixed
regardless of

model
* Functions of model parameters parameters

e Must be determined from data
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How To Determine Coefficients
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Does this Improve Things?
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Thank-yous
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Bayesian Analysis of Nuclear Dynamics

DATA-DRIVEN
SCIENCE AND

https://www.youtube.com/watch?v=n9Kgh720zgk
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Watch on YouTube
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Emulator Development in Nuclear
Physics
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| And thank you, |

'L for listening 1
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https://www.youtube.com/watch?v=qiqjAcfijOk
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