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Outline

◆ Why do we need a path

measure?

◆ Layered halo graphs and P(G)

◆ A path measure from training

◆ Example applications

◆ SIDM as controlled deformation 

on graph paths
A zoom-in of 20 
Mpc/h in an 
L=400 Mpc/h box
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Structure formation leads 
to macroscopic, self-

bound systems comprised 
by dark matter halo and 

galaxies



Why Think in Terms of Paths? 

Given halo 
merger history, 
existing models 
can predict 
galaxies in halos

A self-consistent model for SIDM should evolve SIDM & galaxy 
formation simultaneously, in a way more close to doing path integrals

Similar galaxies can have 
different histories
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Forward models 
≠ path measures



Full simulation data Snapshots
Merger trees & 

catalogs

Galaxy formation along halo assembly has intrinsic scatters
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Randomness is not put in by hand, it emerges after coarse-graining 

Coarse-graining transforms deterministic microscopic 
dynamics into an effective stochastic dynamics   



Graph: 
Hierarchical 

structure 
formation

Graph-trajectory measure

Graph-conditioned 
Path Measure

Evolution in 
environment

Evolution in 
isolation

Future extension:

5

Model factorization



Yang & Yu 2023 PR Research: 
➢Halo graphs can be constructed using preferential attachment
➢They are power-law graphs

Probabilistic halo graph construction for clustering 

Preferential attachment
● Rich becomes richer
● Early attachment 

advantage

Self-similarity: Hierarchical 
structure naturally arise 6



A natural object to encode hierarchical structure formation 
and environmental features

One halo at z=0 has one merger tree

New: all halos 
belonging to an 
z=0 host halo has 
one 
Layered Halo 
Graph

Rank-1
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Yang 2603.15128, 
Yang & Yu 2022 PRR

Time

Grouped histories for main and sub halos

Jespersen et al. 2022 Mangrove

Probability-based construction naturally defines a graph measure P(G)



Physical 
(comoving-
coordinate) 
view

Hierarchical 
structures 
merge into a 
self-bound halo
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Topological view
• Point has no 

size
• Edge has no 

length

Stack the layers
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➢ b: learned residual drift 
➢ D: learned diffusion 

A Graph Path Likelihood Model (GPLM) from machine learning

Graph encoding, 
conditioning

Graph Neural 
Network
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Training minimizes a discrete OM action build on 
data across histories：6-layer (13 total) window

Residual 
drift

Unregulated 
scatter

Regulated 
scatter

The Langevin equation



Model performance

Prediction vs Truth in Stellar Mass

Prediction vs Truth in Gas Mass
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A Graph Path Likelihood Model (GPLM) from machine learning

➢b: learned drift 
➢D: learned diffusion 

GPLM substantially reduces both the median bias 
and the spread of the residual distribution
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The learned diffusions demonstrate deviations 
from Gaussian, which could be meaningful and 
be modeled by incorporating higher order terms



Model 
performance

The trained 
GPLM reliably 
reproduces the 
dG-split 
population 
structure 
observed in 
the simulation

Dark Matter 
Deficient Galaxies

➢ Different sampled path batches represent distinct stochastic realizations of 
the same learned effective dynamics.

➢ The endpoint observables retain analogous stochastic structure across 
these different realizations. 13

Simulation Drift-only
prediction

Full-model
prediction



A Functional View under Effective Dynamical Scatter

The Langevin equation

The Martin-Siggia-Rose-Janssen-De Dominicis (MSRJD) formalism

Observables become 
functionals of paths 

where distortions can 
be introduced

O=F[x(t)]
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Path Space Tools

Operator average
Controlled likelihood 

deformation

Likelihood Ratio; 

forward-backward asymmetry



dG=1: satellites
dG>1: higher order satellites

Higher tidal stripping in dG>1 
satellites leads to more DMDGs but 
with greater scatter

Dark Matter Deficient Galaxy (DMDG) Probabilities

DMDG operator: Operator average
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➢ Most probable path for DMDG 
formation? 



Gas-Rich response as a controlled likelihood deformation

Gas-Rich operator:

Controlled 
deformation:

Ram-pressure 
stripping causes gas 
of satellites to feed 
into the host
dG=0: host
dG=1: satellites
dG>1: higher order 
satellites
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Larger 𝜆 drives a larger departure from 𝜆=0 
and broadens the  graph-to-graph scatter

Path-Space likelihood diagnostics

A path-level KL-like distance A local forward-reverse asymmetry
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Peaks around cosmic noon, indicating stronger 
history-dependent evolution there



Theoretical Perspectives

Most probable path=geodesic in g=𝑫−𝟏 under an effective potential

Galaxy evolution path=geodesic in environment-shaped metric+drift forcing

The action can be rewrite as an energy functional of a curve in Riemannian geometry

Optimal Transport
Geometric 

interpretation
Non-Gaussian 

scatter
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Path-conditioned predictions for 2-
comp SIDM | Deterministic

Yang, Fan, Hou, Tsai, Sci. Bull. 71 (2026) 

➢ Isolated dwarfs are mostly core forming (tau<0.2)

➢ Dwarfs in clusters are mostly core collapsing (tau>0.2)
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Growing cores

Shrinking，
more dense 
cores



➢ SIDM deforms (Vmax,Rmax) per time step
➢ Environmental Paths change endpoint 

observables
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SIDM as controlled deformation on graph paths

Analytic kernel Neural Network Agent

(Non-
linear) 

Transport

Residual 
Drift

Residual 
Scatter

Yang et al. 2305.16176



Thanks for your attention!



Back up



One cluster, 
one layered halo graph

Which graph is most consistent with 
observations?

The vast amount of data z-dependent could, in 
principle, be used to fine-tune GPLM 

Can We Learn 
from 

Observational 
Data?

• Full history
• Model 

dependent
• Fewer

• z-dependent snapshots
• Real data with 

uncertainty
• A lot more



The GPLM code layout
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Cosmological halo formation can be encoded by graphs

Yang & Yu, 2206.05578 [astro-ph.CO]
Phys. Rev. Research 5, 043187 (2023) 
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MSRJD in GPLM: Discrete Realization of Stochastic Evolution

non-Gaussianity could be handled by higher-order terms

Path Space Tools

Operator average
Controlled likelihood 

deformation

Likelihood Ratio; 

forward-backward asymmetry

Gaussian Onsager-Machlup (OM) action

enforces the stochastic dynamics 
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MSRJD FROM NOISE MEASURE (1)



MSRJD FROM NOISE MEASURE (2)
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