Repurposmg Large Language Models '
for Cosmology

%Danie.l Schiller _
8.7.25 MLiGalore, Heidelberg

Based on arXiv:2506.14757

Wlth o T—le
_ A Ve and T Ple =

.



https://arxiv.org/abs/2506.14757

Foundation Models for Physics Data

* Foundation Model: long pretraining + short finetuning
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* Pretraining:
* Pretraining task on a large dataset
* Learn self-supervised a good data representations, e.g. symmetry-
aware
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Foundation Models for Physics Data

* Foundation Model: long pretraining + short finetuning

* Pretraining:
* Pretraining task on a large dataset

* Learn self-supervised a good data representations, e.g. symmetry-
aware

* Finetuning:
* Train on downstream task
* Especially useful for small datasets
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LLMs are Foundation Models
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LLMs are Foundation Models

* Pretraining: complete sentences
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LLMs are Foundation Models

* Pretraining: complete sentences
* Sentences are split into tokens by a predefined algorithm

sentence < (ty,...,t;)
 Example: “Hello Word” « ([Hello],[World])
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LLMs are Foundation Models

* Pretraining: complete sentences
* Sentences are split into tokens by a predefined algorithm

sentence < (ty,...,t;)
 Example: “Hello Word” « ([Hello],[World])

* Pretraining = Next token prediction
* Example: pg ([World]|[Hello]) =~ p([World]|[Hello])
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How do LLMs come into play?
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How do LLMs come into play?

* Network sizes: vs LLMs:
* Physics Foundation Models: ~1B parameters
 LLMs: ~100B parameters

* Language modeling is a hard task
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How do LLMs come into play?

* Network sizes: vs LLMs:
* Physics Foundation Models: ~1B parameters
 LLMs: ~100B parameters

* Language modeling is a hard task
* LLM = highly structured function
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How do LLMs come into play?

* Network sizes: vs LLMs:
* Physics Foundation Models: ~1B parameters
 LLMs: ~100B parameters

* Language modeling is a hard task
* LLM = highly structured function
* Idea: Repurpose this structure
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LLM architecture

8.07.25 Repurposing Large Language Models for Cosmology - Daniel Schiller



LLM architecture

ty ty

[Hello] [World]
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LLM architecture
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ty

[Hello]
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J { = J Embedding:
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ty

[World]

T Maps discrete tokens to a latent representation
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LLM architecture

LLM Backbone
Transformer with causal attention mask LLM backbone:
il )El(xl) Learns causal correlations between
nxd nxd 2 Y2 Xl’XZ) .
fo :RTECSR™E, | : representations
X, Vo(xq,...,x,)
J
A A A
[ e } [ 5 J { = J Embedding:
T T T Maps discrete tokens to a latent representation
tq ty
[Hello] [World]
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LLM architecture

po(tlty) po(tlty, ty) T
{ Softmax Softmax Softmax } Unembedding & Softmax:
{ ;T } { ;T } { ;T } Maps representations to a categorical distribution
A A A
N
LLM Backbone
Transformer with causal attention mask LLM backbone:
2 yfx(flx)z) Learns causal correlations between
for RO SR 7 e : representations
X, Vo(xq,...,x,)
)
A A A
{ E } { = } { = } Embedding:
T T T Maps discrete tokens to a latent representation
ty ty
[Hello] [World]

8.07.25 Repurposing Large Language Models for Cosmology - Daniel Schiller



Ansatz

pg(t““m|t§‘“m, toy.n.)

LLM Backbone

¢ | L& |
f f
e ty

Physics data
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Ansatz

pg(t““m|t§‘“m, toy.n.)

‘ cT ’ cT output connector network

LLM Backbone

‘ C ’ ‘ E ’ C: input connector network
f f
e ty

Physics data
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Ansatz

pg(t““m|t§‘“m, toy.n.)

‘ P ’ P: Softmax, Gaussian, ...

‘ cT ’ cT output connector network

LLM Backbone

‘ C ’ ‘ E ’ C: input connector network
f f
e ty

Physics data
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Ansatz

po(t™™ [t t,...)
Take pretraining to the extrem: T
completely out-of-domain ‘

on a complex task

P ’ P:Softmax, Gaussian, ...

‘ cT ’ cT output connector network

LLM Backbone

‘ C ’ ‘ E ’ C: input connector network
f f
e ty

Physics data
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Ansatz

po(t™™ [t ty,...)
Take pretraining to the extrem: T

completely out-of-domain ‘

P ’ P:Softmax, Gaussian, ...
on a complex task i
‘ cT ’ cT output connector network
A
LLM Backbone Here:TQwen2.5 (360M parameters)
C & C": affine layers
A A T
‘ C ’ ‘ E ’ C: input connector network
e ty

Physics data
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Lightcone Large Language Model (L3M)

* Data: simulated lightcones
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Lightcone Large Language Model (L3M)

* Data: simulated lightcones

. Sky

[ Intensity of Hydrogen Spin Flip
T\/

Emission/Absorption relative to CMB
Brightness Temperature 8T,
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Lightcone Large Language Model (L3M)

* Data: simulated lightcones

. Sky

[ Intensity of Hydrogen Spin Flip
T\/

Emission/Absorption relative to CMB
* Depend on 6 parameters and initial conditions

Brightness Temperature 8T,
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Regression with frozen backbone
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Regression with frozen backbone

* Regress 6 simulation parameters from global §T,; signal

Global brightness temperature signal

0 500 1000 1500 2000
time step
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Regression with frozen backbone

Minimal BT tBT<|param|>
prompting: .\ \
Global signal at Added token
time step 1 to output
prediction
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Regression with frozen backbone

Minimal BT tBT<|param|>
prompting: .\ \
Global signal at Added token
time step 1 to output
prediction
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Regression with frozen backbone

<|start|>system

o ] . <|lend|>
M|n|ma.l tPT t,]?T<|param|> Chat |n§p|red <|start|>user
prompting: \ \ prompting: tBT . eBT<jend|>

<|start|>assistant

Global signal at Added token
<|param|><|end|>

time step 1 to output
prediction
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Regression with frozen backbone

<|start|>system

o ] . <|lend|>
M|n|ma.l tPT t,]?T<|param|> Chat |n§p|red <|start|>user
prompting: \ \ prompting: tBT . eBT<jend|>

<|start|>assistant

Global signal at Added token
<|param|><|end|>

time step 1 to output
prediction
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Generation with finetuned backbone
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Generation with finetuned backbone

* Represent lightcone as a sequence of tokens

6To1(X;t1) 6To1(X; ta)
BT | BT BT | BT
" | & ts” | tg
BT | BT BT | BT
ts t, t; tg
BT | BT BT | (BT BT | BT BT | BT
ts ty | \ny | t5° |t | \np [ \ny | tc te' | \ny | 5 | tg- | \np | \ny
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Generation with finetuned backbone

* Represent lightcone as a sequence of tokens

6Ty (X5 t1) 6Ty (X5 t5)
patch:
(| 14x14 — | 5" | tg' | | slice:
pixels 10x10
thT tET t?T tET patches
1 )
5T BT P \ny T 2T \nmp | \np | 27 | 8T [ \ny | T 8T \ny | \ny
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Generation with finetuned backbone

* Represent lightcone as a sequence of tokens

6Ty (X5 t1) 6Ty (X5 t5)
patch:
|ty 14x14 — | 5" | tg' | | slice:
pixels 10x10
thT tET t?T tET patches
1 )
5T BT P \ny T 2T \nmp | \np | 27 | 8T [ \ny | T 8T \ny | \ny

* Next token/patch prediction
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Generation with finetuned backbone

Complete backbone training:
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Generation with finetuned backbone

Complete backbone training:
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Partial backbone training with LoRA:
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Generation with finetuned backbone

Complete backbone training:
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Generation with finetuned backbone
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Generation with finetuned backbone

pretrained LoRA r=2 random LoRA r=2
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Summary

* Repurposed (open-source) Large Language Models
* Added connector networks and finetuned backbone
* Showed benefit from pretrained structure

* Novel approach to get large networks for physics
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LLM Architecture

po(tilty, ..., ti—1) = p(tilty, ..., tiz1)

8.07.25

po(tlty)

Softmax

T

i

po(tlty, t3)

Softmax

i
i

Softmax

T

~

LLM Backbone

RMS Layernorm

Il
i

RMS Layernorm

L
1

RMS Layernorm

L
1

D

Gated MLP

A

RMS Layernorm

|
|

@

-

Transformer (xXN)

@

Gated MLP

A

RMS Layernorm

@

Gated MLP

RMS Layernorm

ﬂ ;

*
G

Y

Y
g

rouped Query Attention + Rotary Position Embeddin;

A

.
|

RMS Layernorm

[

RMS Layernorm

it

L1

RMS Layernorm

it

m
ST

Repurposing Large Language Models for Cosmology - Daniel Schiller

:

14



1

I = ————eX LT G-y
Regression Results "~ eom p(-30-9" 6 -)

fi: mean values, X: covariance matrix

—— pretrained random reference [32k] — reference [990K |
minimal chat chat with tokens
=
.8
=
9
S
>
—2.5 +—— —— — —— — —— ——
0 500 1000 0 500 1000 0 500 1000

epochs epochs epochs

8.07.25 Repurposing Large Language Models for Cosmology - Daniel Schiller 15



validation loss

Regression Results

pretrained random

—— minimal

chat

chat with tokens
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Conditional Flow Matching

* Distribution Mapping via velocity field (ODE)

p
i Nwu=0,0c=1) =0

ax _ ith ~
dt v(x,7,2) it *(7) <\p (tl-BT tl-B_I, ) T=1

* Network learns velocity field

L= <(v —vg(x,, T, Z))2> with
V= tl-BT — X, x; = (1 —1)xg + TtiBT, Xo~Nu=0,0=1)

* Trained a network with 500k parameters
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