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Framework
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Stellar Collisions

- Assume all stars are born at the same time

Age [Gyr]

Input = M., :M@:
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Stellar Collisions

Age [Gyr] 1073 — 10 Gyr
M;[Mg 0.2 — 64Mg
Input="3" M, [Mg 0.2 — 64Mg
Voo [KM /] 10 — 16,000km/s
| Rol 0 — 100% enclosed radii

Cosmic Horizons Conference | July 2026 elena.prieto(@northwestern.edu



Stellar Collisions

Classification
- Number of surviving stars

0 : Mutual Disruption

2 : Fly-by

- Masses of surviving stars

Ml, final

MZ, final

We compared performance for k-Nearest Neighbors, Support Vector Machines, and Neural Networks
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Predicting the final number of stars

- Training set 1s imbalanced, with

only and 8.1 % 97.9% 0.3% 0.0% 1.8%
(323/330) (1/330) (0/330) (6/330)

mutually destructive collisions

- 0.1% 99.4% 0.4% 0.1%
Models are scored based on (1/1743) NOUERYANCENN (7/1743)  (2/1743)
balanced accuracy

0.2% 0.7% 97.9% 1.2%
(4/1891)  (13/1891) [NEEEPYALLINE (22/1891)

1.0% 0.0% 0.5% 98.5%
(2/194) (0/194) (1/194) [RCCINALH

Predicted
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Decision boundaries
Mutual Disruption (0)

t = 0.001 Gyr, M; =32.0 My, My =32.0 My t=0.001 Gyr
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Fly-by (2)

- Recovers the symmetries expected for equal-mass collisions

- Learns the dependence on the evolution of the stellar structure
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Predicting the final masses

- The NN 1s trained to predict

\
Mg Mys Mg

>

) )
Mtot,i Mtot,i Mt()t,i}

which ensures mass conservation.

- The NN outperforms all methods, with
in the final masses
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Mixture of Experts Model

Shared Layers Classification Task Regression Task

S

(256 x 128)
Class 0 Expert
T Linear (128 x 4) <

| Linear + LayerNorm + ReLU

128x 3
mLinear(128x3) (128 3)

(5 x 512) (512 x 256) (256 x 128)
Softmax pr— r Class 1 Expert

- >

IHpUt Classification Gate

Class 2 Expert
>»

Class 3 Expert
>
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Classification NN vs MoE

97.9% 0.3% 0.0%
(323/330) (1/330) (0/330)

0.1% 99.4% 0.4%
(1/1743) NERERYARERIN (7/1743)

0.2% 0.7% 97.9%
(4/1891)  (13/1891) NEEERIAEIN

1.0% 0.0% 0.5%
(2/194) (0/194) (1/194)
1 2
Predicted
Balanced
979 + 0.2
Accuracy:
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98.5% 0.3% 0.3% 0.9%
RO  (1/330) (1/330) (3/330)

1.8%
(6/330)

0.1% 99.6% 0.3% 0.0%
(1/1743) NOkelAREEY) (6/1743)  (0/1743)

0.1%
(2/1743)

0.4% 0.6% 97.6% 1.4%
(7/1891)  (11/1891) QNEEXGJALIINY (27/1891)

1.2%
(22/1891)

0.5% 0.5% 0.5% 98.5%
(1/194) (1/194) (1/194) [NCTIVALEY

98.5%
(191/194)

Predicted

98.2 + 0.2
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Comparison of Errors
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Across all labels, the NN has conSistently lower median error
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Ongoing and Future Work

- Uncertainty quantification
- Adding kinematic information
- Expanding to other metallicities

- Collisions beyond the main sequence

N-body Simulations

- Modeling stellar collisions imn N-body simulations of
globular and nuclear star clusters with collAlder

- Integrating collAlder into N-body gravitational scattering
experiments
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Extra Slides
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Input Feature Distributions

Standardized input feature distributions
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4 Mg 8 M 16 Mo 32 Mg
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K-NN/SVC Classification Hyperparameters

kNN
Number of neighbors : 3 - 25 (5)

Distance Metric : Euclidean or Manhattan

Weighting Scheme : uniform or inverse distance

Kernel : polynomial (2 - 3)
C (regularization) : 0.1 -
Gamma : 0.001 - 1 (0.1)
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NN Classification Hyperparameters

Table 2
Classification Hyperparameters

Parameter Optimized Value Search Range
Batch size 64 64-256
Epochs 500 500-2000
Optimizer AdamW AdamW, sgd
Scheduler CA-LR CA-LR, RLRP
Learning rate 0.0002 107°-0.1
patience 10-60
factor 0.3-0.5
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ML Methods Comparison: Classification

Table 1
Classification Performance
Method Accuracy Balanced Accuracy
(%) (%)
k-NN 96.0 91.7
SVC 98.3 97.7
NN 98.5 £+ 0.4 (Best: 98.6) 97.9 £+ 0.2 (Best: 98.4)
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Method Comparison: Classification

87.3% 1.5% 4.5%
CELYEEOM  (5/330) (15/330)

0.1% 98.0% 1.8%
(2/1743) REROSIANEENY (32/1743)

0.3% 2.1% 96.8%
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Method Comparison: Classification

t = 0.001 Gyr, M; = 32.0 My, Ms=32.0 M, t=0.001 Gyr, My = 32.0 My, My =4.0 My,  t =0.006 Gyr, M; = 32.0 My, My = 4.0 M,

o 0O A ODocoe@maAa © 000 o (9] O B © 66 ® 0 0 00 O [} 0O e me A& O o © © 00 © (o)

Stripped.star (o] H O A OO A O OO A A

o 1) o 0000 0 00O
Two stars
° o © maA @

(o] O A A OO0 O O©0 @O AO O o B B 00 O o o A o 00 O

© 0 0 0 0 00 A o o o o o 00 A
oA
oo © ©0 mo o
AA (oo}

AQ om

LI L s s B By Ly B
LU s s e B By

LZNNL e s e e s By s

T
T

T

LI B s e e s
LB s e e s s e e

LA s e s sy

LA e e ey

T

[¢]

LU L B ey e B e B
LI s s e ey

0.1
log1o(rp/(R1 + Re)) log1o(rp/(R1 + Ra)) log1o(rp/(R1 + Ra))

=
—

Cosmic Horizons Conference | July 2026 elena.prieto(@northwestern.edu




K-NN Regression

- Evaluated on Mean Absolute Error for the predicted mass fractions

Number of neighbors : 3 - 25
Distance Metric : Euclidean or Manhattan

Weighting Scheme : uniform or inverse distance
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Support Vector Machine:

SVR Hyperparameter Grid Search Ranges

Regression

Quantity Kernel C gamma € Degree

Initial Coarse Grid Search
qi5 rbf 0.1-100 0.01-10 0.001-0.1
q1f Polynomial 0.1-10 0.01-1 0.01-0.1 2-3
q1f Sigmoid 0.1-1000 0.01-10 0.0001-0.1
925 rbf 0.1-100 0.01-10 0.001-0.1
Q2. f Polynomial 0.1-10 0.01-1 0.001-0.1 2-3
92 f Sigmoid 0.1-1000 0.01-10 0.0001-0.1
Quf rbf 0.1-100 0.01-10 0.001-0.1
Quf Polynomial 0.1-10 0.01-1 0.001-0.1 2-3
Quf Sigmoid 0.1-1000 0.01-10 0.0001-0.1

Refined Fine Grid Search
All rbf 1 10, 50 0.00001-0.001

Optimized Values

All rbf 1 10 0.00001
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NN Regression Hyperparameters

Table 4
Regression Hyperparameters

Parameter Optimized Value Hyperparameter Search Range
Epochs 2000 500-2000

Batch size 64 64-512

Optimizer AdamW AdamW, sgd
Scheduler CA-LR CA-LR, RLRP
Learning rate 0.0002 10°-0.1
patience 10-120

factor 0.2-0.8
auxweight 0.31 0.05-1.0
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ML Methods Comparison: Regression

Table 3
Regression Performance Metrics
Method Median Absolute Error (M) Median Relative Error
M,y M; s M,y M,
k-NN 0.021 1 x 107 0.0037 0.011
N 0.028 0.021 0.0045 0.015
NN (x1077) 4.67 £ 0.23 (Best: 4.41) 0.00047 £ 0.00038 (Best: 0.00037) 1.09 £ 0.05 (Best: 1.05) 1.76 £+ 0.15 (Best: 1.51)
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Method Comparison: Regression
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Method Comparison: Regression
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MoE Hyperparameters

Table S
MoE Hyperparameters

Parameter Optimized Value Hyperparameter Search Range
Epoch 500 500-2000

Batch size 128 64-512

Learning rate 0.0004 10~°-0.1

Optimizer AdamW AdamW, sgd
Scheduler CA-LR CA-LR, RLRP
patience 5-80

factor 0.2-0.8
auxweight 0.77 0.05-1.0
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MoK Training
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MoE vs NN

Table 6
MOoE and Separate NN Performance Metrics

Median Absolute Error (M)

Median Relative Error

Model Accuracy Balanced Accuracy
(%) (%) le [XIO_S] M2,f [X10_3] le [X10—3] sz [X10—3]
MoE 98.5 £ 0.1 98.2 1+ 0.2 125+ 1.5 0.01 = 0.01 (Best: 0.004) 31+£03 84+ 1.7
(Best: 98.6) (Best: 98.5) (Best: 10.4) (Best: 2.7) (Best: 7.5)
Separate NN 98.5 £ 0.4 979 £ 0.2 4.67 +0.23 0.00047 £ 0.00038 (Best: 1.09 £ 0.05 1.76 £ 0.15
(Best: 98.6) (Best: 98.4) (Best: 4.41) 0.00037) (Best: 1.05) (Best: 1.51)
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CollAlder Flowchart

User Inputs
Age [Myr], M, ; [Mg], M, [Mp], 1, [R,], v, [km/s]

l

Estimate Stellar Radii

CollAlder 1

Flowchart 1 oL

Yesl Direct physical collision

E =E 4 — Eigu < 0

Tidal capture l

l Preprocess data

(rescale and standardize)
Number of stars : 2 Number of stars : 1 l

M, [M.]=M,. M, ¢ [Mo]l =M;; + M,
Lf e Li Lo Li 2 Predict final number

= . M, . [M.1=0 of stars and their
Mz’f [MO] M2,1 2’f[ O] masses using a neural

network

1 l

Class 0 Class 1 or 3

l 1 l

Number of stars : 0 Number of stars : 1 Number of stars : 2

M, [Mc]=0 M, ¢ [Mg] = M} [M,] M, ¢ [Mg] = MY} [M,)]

M, ;[M] =0 M, [Mg] =0 M, [Mg] = MY [M,)]
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CollAlder Performance Metrics

Table 7
collAIder Performance Metrics

Median Absolute Error

Dataset Accuracy Balanced Accuracy M) Median Relative Error
(%) (%) M, ¢ M, ¢ M, ¢ M, ¢
Testing 98.2 98.2 0.0043 0.0 0.0011 0.0014
Interpolation 100 100 0.091 0.0 0.0022 0.0036
TAMS 94.9 89.4 0.0086 0.0 0.0041 0.0044
Extrapolation 90.6 83.8 1.25 0.0 0.011 0.012

- InterRUgReE RS BASEY WA P g 82 1 assification
- TAMS® aleanchel TAMBraty @ib@@lSﬁtB%tMgkiﬂlediap rdative
- Extrapolfition b istributidh g (RRLMass PEEIEHORA Ms)
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