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Feedback In Realistic Environments

SE/ty = 0.286 " Esy = 0.638
Esy = 0.018 Eos = ‘i-‘34
tey = 0.377 . Pdens = 36.0
nSN = 0.423
=0.932

Zreion = 8.1
asy = 1.726

reion




DREAMS WEBSITE: https://www.dreams-project.org/

. Feedback In Realistic Environments
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Emulating satellite populations
with variational diffusion models

Work done by Tri Nguyen

Diffusion Model
Forward Diffusion (Likelihood Evaluation)
Gaussian Noise . [ )t

Gaussian NoOISE . D) ata
Reverse Diffusion (Emulation)
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Observational Data: Wang et al. 2024
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*preliminary results*

Realistic Parameter
Space Weighting
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Parameter Constraints:

e  Using the entire parameter space is
overestimating the uncertainties.

e Large portions of parameter space are
degenerate and produce reasonable
galaxies

e This is a conservative estimate, additional
constraints can be placed
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*preliminary results*

Realistic Parameter Space Weighting

Parameter Constraints: : 9. T
e  Uniform priors produce
unrealistic galaxies
Weighting by our likelihood
brings the simulated galaxies
much closer to observations
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*preliminary results*

Realistic Parameter
Space Weighting

Parameter Constraints:

Using the entire parameter space is
overestimating the uncertainties.

Large portions of parameter space are
degenerate and produce reasonable
galaxies

This is a conservative estimate, additional
constraints can be placed

Similar to Ramses, SN energy is the most
constrained parameter
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*preliminary results*

Realistic Parameter Space Weighting

Parameter Constraints:

e  Uniform priors produce
unrealistic galaxies
Weighting by our likelihood
brings the simulated galaxies
much closer to observations
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*preliminary results*

Dwarf Galaxy Predictions

Predictions from fiducial model + uncertainties
from galaxy formation model.

® Quenched Fractions
o  Star formation defined as no star

particles form in last 500 Myr.
o  Agree that 20-60% of halos should
be quenched within 10%.
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*preliminary results*

Dwarf Galaxy Predictions

Predictions from fiducial model + uncertainties
from galaxy formation model.
® Quenched Fractions
o  Star formation defined as no star
particles form in last 500 Myr.
o  Agree that 20-60% of halos should
be quenched within 10%.
e Size-Mass Relation
o  FIRE predicts much more
concentrated satellites at all masses
e ‘Dark Halos’
o  Defined as a stellar mass below 10°
o  Ramses predicts a significant
population whereas FIRE does not
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DREAMS ABOUT PUBLICATIONS DOCUMENTATION SUITES RECISTER

About the DREAMS Project

PROJECT MOTIVATION

Understanding the nature of Dark Matter is one of the most
compelling challenges in modern astrophysics and
cosmology.

While the existence of Dark Matter is well-supported by an abundance of
observational evidence, a clear description of its particle nature remains elusive.
The standard cosmological paradigm identifies two key features in the
description of Dark Matter. First, that it interacts gravitationally — but otherwise
minimally with other pxnulvu (1.e. it is collisionless). Second, that it had
minimal thermal velodities in the early Universe (ie. it is cold). Taken together,
these assumptions characterize the very successful Cold Dark Matter (CDM)

model

Despite its success in explaining large-scale structures in the universe, CDM faces
potential challenges on smaller scales. Some of the most significant discrepancies

between CDM and galaxy formation models concern the properties of the inner




REGISTER

DR EAMS ABOUT PFUBLICATIONS DOCUMENTATION

BEFORE YOU BEGIN

t Registration creates the account, but 2(cess
a cc o u n t remains inactive until a site admin® strator
"

approves it. Pleae be patient wi’it us, we
All public DREAMS data is downloadable with an approved account. Register should be able to review your account

here. quickly.

CREATE ACCOUNTY

Registration form

USERNAME

Required. 150 characters or fewer. Letters, digits and &/./+/-/_only

EMAIL




DREAMS i “ CATIONS DOCUMENTATION

REGISTER

USER ACCESS

L]
Log I n fo r e a sy Newly registered accounts cannot log in
a cc e Ss until an administrator approves access in the
o

DREAMS admin portal

APPROVAL REQUIRED

Approved users can sign in here to view their account status and generate or

rotate an AP key.

SIGN IN

Approved user login

USERNAME

PASSWORD
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About the DREAMS Project

PROJECT MOTIVATION

Understanding the nature of Dark Matter is one of the most
compelling challenges in modern astrophysics and
cosmology.

While the existence of Dark Matter is well-supported by an abundance of
observational evidence, a clear desc ri]‘h(m of its partic ie nature remains elusive.
The standard cosmological paradigm identifies two key features in the
description of Dark Matter. First, that it interacts gravitationally but otherwise
minimally - with other particles (ie. it is collisionless). Second, that it had
minimal thermal velocities in the early Universe (ie. it is cold). Taken together,
these assumptions characterize the very successful Cold Dark Matter (CDM)

model

l).--pih' its success in "Ipl.lininy, large-scale structures in the universe, CDM faces
potential challenges on smaller scales. Some of the most significant discrepandies

between CDM and galaxy formation models concern the properties of the inner
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DREAMS Suite Parameter Emulator

Select cosmological and astrophysical configurations to run the trained emulator

models

Dark Matter Model Family Simulation Engine

Cold Dark Matter (C NustrisTNG (Arepo)

Simulation Target Target Redshift (z)

Simulation Parameters




Summary

Analysis Results

e Presented a light-weight and interpretable likelihood evaluation ) )
See Kassidy’s (previous)

e Found large degeneracies between astrophysical parameters and Ethan’s (tomorrow)

talks
Data Products /

1024 low-resolution simulations, each with ~100,000 galaxies

2048 high-resolution simulations, each with 1 Milky Way galaxy and ~10 satellites
1536 ultra-high-res simulations of low-mass galaxies and their satellites
(Upcoming) 1680 Mass-Varied Simulations \

This Talk
Tools Alex’s Talk

(tomorrow)
Python tutorials for loading data and doing basic analysis

°
e (Generative model: NeHOD

e (Convolutional Neural Network Architecture and Training Scripts (CNN5s)
°

Graph Neural Network Architecture and Training Scripts (GNNs)

Jonah Rose: 118952 (@princeton.edu
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Comparing simulated (black) and emulated (red)

datasets
To do: match input distributions better.

Generally match well out to 2 sigma.
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Are These Milky Way Analogs?

Milky Way Merger Tree from Santi et al.:
We know of ~10 significant mergers in the
Milky Way’s past | 418 ES
Most stars from these mergers reside in the I /43 "L &l 351t streoms:
Milky Way’s stellar halo Y | Heracles
. . £ iff

These have rough estimates for their mass & o
and merger times

Sequoia

The Gaia-Sausage-Enceladus Merger:
e The largest galaxy to merge with the Milky
Way (until the LMC)
e The last major merger with the Milk Way
e Occurred ~9 Gyr ago

o
Lookback Infall Time [Gyr]
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Selecting a Sub-Population (GSEs)

GAIA-Sausage-Enceladus (GSE) Merger selection
criteria:
1. The stellar mass ratio must be at least 1:5 .

MMW/Mgse <35

The merger must occur between z=1 and z=2.

fose € [0.33,0.5]

The time of the next major merger (ratio >
1:50) must be before z=1.

tom < 0.5

The merger debris must make up at least half
the z=0 stellar halo.

f>0.5

It must have been a radial merger.
2 2
. Ty +0h
f=1-———

207

Population that passes the selection criteria:

1. 304 of 803 simulations (20%)
a. 304 of 803 (38%)

121 of 304 simulations (40%)
a. 353 of803 (44%)

77 of 121 simulations (64%)
a. 233 0f803 (29%)

21 of 77 simulations (27%)
a. 322 0f803 (40%)

11 of 21 simulations (52%)
a. 495 0f803 (62%)

arXiv: 2512.00148



GSE Frequency
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Unnormalized GSE Results

Emulated Samples per Bin
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Unnormalized GSE Results

O Emulated MW-Mass Galaxies | o
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Smallest Resolved Satellite DM Mass (~1,000 particles)
107 Ms 108 MO 10° Mo 10 Mo 10" Mo

Simulation Landscape

=  TNG

*  CAMELS

* FIRE
State-of-the-Art

MW+M31 Count

T el )
10 1o 10° 10°

Baryon Mass Resolution [Mg)|

Dark Matter Simulation Baryon Cosmology  Mass Resolution  Spatial Resolution  Notes

Prescription Type Prescription [h10uMg] [h=" pe)

Cold Dark Matter Milky Way MN-body Varied 4.0 % 100 305 Rose et al. in prep.
Milky Way THNG Varied 4.0 x 108 305 Rose et al. in prep.
MI0 Ramses Varied 1.0x 10% 50 Forthcoming
MI10 FIRE Varied 1.0 % 10* 50 Forthcoming
M10 Changa Varied 1.0 % 10* 50 Forthcoming

Warm Dark Matter Uniform Box  N-body Fixed 33x 107 1000 Rose et al. (2024)
Uniform Box  N-body Varied 2.6 % 108 1000 Rose et al. (2024)
Uniform Box  TNG Waried 2.6 % 108 1000 Rose et al. (2025)
Milky Way  TNG Fixed 4.0 % 10° 305 Rose et al. (2025)




Validation Tests

Validation Tests:

e Converged to size of
training set
Converged to size of
emulated sample
The network is learning the _
1D trends between each — Bl MW M Gulres

parameter U 030 n:.:u: 034
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Emulator Architecture: arXiv: 2409.02980 arXiv: 2512.00148


https://ui.adsabs.harvard.edu/link_gateway/2024arXiv240902980N/arxiv:2409.02980

Validation Test
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Validation Tests:

e Converged to size
of training set

e Converged to size
of emulated sample
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Validation Tests

Validation Tests:
Converged to size of training set
Converged to size of emulated sample
The network is learning the 1D trends
between each parameter
The network is learning the 2D
covariances between parameters.
The network is mostly interpolating in
the region with GSE simulations

m—— MW-Mass (Simulation)

GSE-Analog (Simulation)

= GSE-Analog (Emulation) |
| | | |

2 3 4 5
Normalized Distance

Emulator Architecture: arXiv: 2409.02980 arXiv: 2512.00148
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Validation Tests

Validation Tests:
Converged to size of training set
Converged to size of emulated
sample
The network is learning the 1D
trends between each parameter
The network is learning the 2D
covariances between parameters.
The network is mostly
interpolating in the region with
GSE simulations
Our results do not change if we
only use interpolated
(distance <2.7) samples
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e Satellite numbers similar between fiducial and high-re . .
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e Stellar masses increase with increasing resolution (knc
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