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So what is the future of Al in science? Will it just take our jobs?




Will Al replace astronomers
completely?
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Adam Moss

An Agentic System for Automated Data Analysis

designed to automate cosmalogical/astron omical data analysis and machine

lete pipeline from idea generation 1o experime ntal evaluation and research
dissemination, mimicking the scientific process wpically performed by human researchers. The system employs specialized ageats for
planning, coding, execution, analysis, and synthesis that work together to develop ovel approaches. Unlike traditional auto machine-
Jearning systems, the Al Cosmologist generates diverse implementation strategies, writes corm plete code, handles execution ecrars,
analyzes results, and synthesizes new approaches based on experimental ouicomes. We demonstiate the Al Cosmologist capabilities
cross several machine learning tasks, showing how 1t can successfully explore solution spaces, iterate based an experimental results,
and combine successful elements from different approaches. Our results indicate that agentic systems can automate portions of the
cesearch process, potentially accelesating sciert {fic discovery. The code and experimental daia used in this paper are available on
Cithub at this hitps URL. Example papers included in the appendix demanstate the system’s capability to autonomously produce
complete scientific publications, starting from only the dataser and task description
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Rules changed recently
at arXiv because of Al slop.

WWPN

AITRENDS WebProNews

arXiv Mandates Peer Review for CS
Papers Amid Al-Generated Flood

Xiv has introduced new rules requiring computer science papers to have prior peer review from journals or
conferences, amid a flood of low-quality Al-generated submissions. This aims to maintain credibility but
sparks debate over stifling innovation. The change highlights challenges in open science as Al tools
proliferate.

arXiv Changes
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Al-Generated
‘Besearch’ Papers
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Why do we need Al to speed up calculations?

Simulations in astrophysics - e.g., star formation, cosmology are
very computationally expensive

e.g., cosmological hydrodynamic simulation Astrid: 500 million core-hours!

but want to use them as a tool — e.g., mocks (huge surveys) or for Simulation
Based Inference, which requires running large numbers of simulations.



cosmological simulations have a resolution problem:

need large

mass resolution
volume

(small particles)

this is computationally expensive, but
Al offers a way to do things differently:



We have developed Al super-resolution (SR) for astrophysics simulations:

hybrid Physics/Neural Network calculations:

(galaxy)

Large scales Small scales
(factor 512 smaller in mass)

N-body + computational Neural network
hydrodynamics (GAN + U-Net)
CPU GPU

2

aim to spend roughly equal time on each



Super-resolution training:

LR=low
resolution
simulation

SR=super-
resolution
simulation

HR=high-
resolution
simulation

(From Ni et al. ,
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Emulator adds an additional neural network that takes as input an SR simulation (with
random small-scale structures) learns how to change it into the target S|mulat|on
- using the HR initial conditions
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What is the difference between super-resolution generator and super-resolution emulator?

SR generator can produce a field statistically the same as the true field
but the SR emulator can produce one that is identical to the true field:

Power Correlation coefficient
spectrum of individual Fourier
modes

noise r
+
o 1
one SR example true HR field
0.1 1 10
low res k (/Mpc) k (/Mpc)

simulation




What is the difference between super-resolution generator and super-resolution emulator?

SR generator can produce a field statistically the same as the true field
but the SR emulator can produce one that is identical to the true field:

Power Correlation coefficient
spectrum of individual Fourier
modes

R

random

noise r
+
. 1
one SR example true HR field
0.1 1 10
low res k (/Mpc) k (/Mpc)
simulation
P Correlation coefficient
ower o .
of individual Fourier
spectrum modes
hi res 1
initial emulator
conditions r
: T
emulated field true HR field
0.1 1 10
k (h/Mpc)

low res
simulation



Emulator « emulator is 10,000x faster than HR)
(Zhang+ 2025)

« dark matter only in this work

« emulator output has same format
(particles) as full simulation (HR) so
can run halo, subhalo finders etc

emulator

“generator” 4m 10Mpch mmp



Coherence of individual Fourier modes in SR and HR has 5% error at k=10 h/Mpc:

1.0

0.8 1

generated SR
0.6 -

=~ 0.4 -

0.4
emulated SR

0.0

gt s | T T Pt

|
T T T T T T T T 'l
101 10° 10!
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The difference between the emulator and full simulation power spectrum is
as good as the difference between simulation codes:

3

P(kK)[(Mpc/h) ']

power spectrum error in
N body code comparison
project (Heitmann+ 2008):
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Can run different cosmologies with one trained model:

V P/Psiqg

. \ (preliminary work,
- atio = g
14] — — kb o\ trained on Quijote simulations == £
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Our published work so far is for dark matter (N-body) SR emulation

— what about hydrodynamics?

We start with the intergalactic medium — the easiest to simulate.

( see also work at LBNL by Jacobus et al. 2023, 2025

ML-Enhanced Simulation Size




The Lyman-alpha forest maps the density field along the line of sight to a quasar :
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The Lyman-alpha forest maps the density field along the line of sight to a quasar :
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observed flux, F in a spectrum is F=e * , where t ng (Gunn and Peterson 1965)
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ABSTRACT

We measure the filling factor, correlation function, and power spectrum of transmitted flux in a large
sample of Ly« forest spectra, comprised of 30 Keck HIRES spectra and 23 Keck LRIS spectra. We infer the
linear matter power spectrum P(k) from the flux power spectrum Px(k), using an improved version of the
method of Croft et al. that accounts for the influence of redshift-space distortions, nonlinearity, and thermal
broadening on the shape of Pi(k). The evolution of the shape and amplitude of P(k) over the redshift range
of the sample (z ~ 2—4) is consistent with the predictions of gravitational instability, implying that non-
gravitational fluctuations do not make a large contribution to structure in the Ly« forest. Our fiducial
measurement of P(k) comes from a subset of the data with 2.3 <z < 2.9, mean absorption redshift
(z) = 2.72, and total path length Az ~ 25. It has a dimensionless amplitude A*(k,) = 0.74792 at wave-
number k, = 0.03 (km s~!)~! and is well described by a power law of 1ndex v=-243+0.06 or by a
CDM- hke power spectrum with shape parameter IV = 1.3*07 x 10-3 (km s~!)~! at z = 2.72 (all error bars 1
o). The correspondence to present- day P(k) parameters depends on the adopted cosmology. For ), = 0.4,

Q) = 0.6, the best-fit shape parameter is T = 0.16 4 Mpc~!, i gement with measurements from the — +
(§'/0.15)" 044, Matching the observed 08 — . LN .

2dF Galaxy Redshift Survey, and the best-fit normalization i
cluster mass function and our measured Az(k ) in peem #t cosmological models requires
Q= 0387008 +2.2(T" — 0.15). Matching A%(k,) in COBE-normahzed flat CDM models with no tensor
fluctuations requires €, = (0.29 & 0.04)n2 85" hsl?, and models that satisfy this constraint are also
consistent with our measured logarithmic slope. The Lya forest complements other observational probes of
the linear matter power spectrum by constraining a regime of redshift and length scale not accessible by other
means, and the consistency of these inferred parameters with independent estimates provides further support
for a cosmological model based on inflation, cold dark matter, and vacuum energy.

Subject headings: cosmology: observations — large-scale structure of universe — quasars: absorption lines
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ABSTRACT

We measure the filling factor, correlation function, and power spectrum of transmitted flux in a large
sample of Ly« forest spectra, comprised of 30 Keck HIRES spectra and 23 Keck LRIS spectra. We infer the
linear matter power spectrum P(k) from the flux power spectrum Px(k), using an improved version of the
method of Croft et al. that accounts for the influence of redshift-space distortions, nonlinearity, and thermal
broadening on the shape of Pi(k). The evolution of the shape and amplitude of P(k) over the redshift range
of the sample (z ~ 2—4) is consistent with the predictions of gravitational instability, implying that non-
gravitational fluctuations do not make a large contribution to structure in the Ly« forest. Our fiducial
measurement of P(k) comes from a subset of the data with 2.3 <z < 2.9, mean absorption redshift
(z) = 2.72, and total path length Az = 25. It has a dimensionless amplitude A’(k,) = 0.7473% at wave-
number k, = 0.03 (km s~!)~! and is well described by a power law of 1ndex v=-243+0.06 or by a
CDM- hke power spectrum with shape parameter IV = 1.3*07 x 10-3 (km s~!)~! at z = 2.72 (all error bars 1
o). The correspondence to present- day P(k) parameters depends on the adopted cosmology. For ), = 0.4,

Q) = 0.6, the best-fit shape parameter is T = 0.16 4 Mpc~!, i gement with measurements from the — +
(§'/0.15)" 044, Matching the observed 08 — . LN .

2dF Galaxy Redshift Survey, and the best-fit normalization i
cluster mass function and our measured Az(k ) in peem #t cosmological models requires
Q= 0387008 +2.2(T" — 0.15). Matching A%(k,) in COBE-normahzed flat CDM models with no tensor
fluctuations requires Q,, = (0.29 4-0.04)n—2> 85" hsl?, and models that satisfy this constraint are also
consistent with our measured logarithmic slope. The Lya forest complements other observational probes of
the linear matter power spectrum by constraining a regime of redshift and length scale not accessible by other
means, and the consistency of these inferred parameters with independent estimates provides further support
for a cosmological model based on inflation, cold dark matter, and vacuum energy.

Subject headings: cosmology: observations — large-scale structure of universe — quasars: absorption lines

DESI 2024 VII: Cosmological Constraints from the
o Full-Shape Modeling of Clustering Measurements
compare fo. (Adame et. al 2024)

0-8=08 12 1i00053 (includes CMB)



We train our hydrodynamics emulator (HydroEmu) using MP-Gadget SPH simulations :

new input channels:

gas properties
(displacement,
density, velocity,
temperature)
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The gas distribution in the true SPH simulation and emulator (HydroEmu) is similar :

HR-HydroSim
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HydroEmu

We pick sightlines
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The emulator shows the same power-law temperature-density relation as the true simulation:
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Lyman-alpha spectra from the low-res simulation are no good, but the emulator works well:
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The density, temperature and velocity fields of the emulator and true simulation match
closely on the 100 kpc gas pressure smoothing scale of the intergalactic medium
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Lyman-alpha spectra from the true SPH simulation and the emulator are very close:
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Table 1. Runtime and speed-up comparison between simu-

lation and deep learning models.

LR-HydroSim component) is

Runtime (s)

Hardware

Method

267,000

CPU

HR-HydroSim

450 times faster
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46

CPU

LR-HydroSim
HydroSR

GPU
GPU
GPU & CPU
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Total

L
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The statistics of the flux power spectrum of the emulator and true simulation
agree to a few percent on relevant scales:
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next step: hydro emulation of
whole DESI lightcone
with 104 particles




What will the role of Al be in astronomy?

Now this:

Will Al replace astronomers
completely?
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Cosmological simulations are a useful tool, but what does it take to run them?
Imagine that you are a beginning researcher. You want to use simulations to
study an astrophysics/cosmology problem but you need to
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for simulation for initial condition. for initial conditions




Cosmological simulations are a useful tool, but what does it take to run them?
Imagine that you are a beginning researcher. You want to use simulations to
study an astrophysics/cosmology problem but you need to

1) pick right cod
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for initial condition.

3) ) install libraries
for initial conditions
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parameters




Cosmological simulations are a useful tool, but what does it take to run them?
Imagine that you are a beginning researcher. You want to use simulations to
study an astrophysics/cosmology problem but you need to

2) pick right code
for initial condition.

3) ) install libraries
for initial conditions

() @
o

6) write slurm script
for initial conditions

7) run ics generator
on supercomputer

8) figure out sim
parameters

9) write slurm script
for simulation

11) run sim on
supercomputer

11) figure out output
file formats

12) run analysis/ “
visualization code

none of this is astrophysics + how long would it take? days, weeks?




SimAgents

LLM multi-agent system

Zhang et al.
|[JCNLP 2025

code and demo vid
at 2507.08958



SimAgents reads code manuals, papers, computing facility documentation...
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Examples of Gadget parameter
files produced by SimAgents

"genic": {
"QutputDir”: "./ICs/",
"FileBase”: "LR_100Mpc_64",
"BoxSize": 100000.0,
"Ngrid": 64,
"WhichSpectrum": 2,
"FileWithInputSpectrum”: "./

WMAP9_CAMB_matterpower.dat"”,
"Omega0": 0.2814,
"OmegaBaryon": 0.0464,
"OmegalLambda": ©.7186,
"HubbleParam”: 0.697,
"ProduceGas": 0,
"Redshift": 99,

"Seed": 12345

}
"gadget": {
"InitCondFile”: "./ICs/
LR_100Mpc_64",
"QutputDir”: "./output/",
"QutputList”: "0.333,1.0",

"TimeLimitCPU": 86400,
"MetalReturnOn": @,
"CoolingOn": @,
"SnapshotWithFOF": @,
"BlackHoleOn": @,
"StarformationOn": @,
"WindOn": 0,
"MassiveNuLinRespOn": @,
"DensityIndependentSphOn”: 0,
"Omega®": 0.2814

Tests of SimAgents against Exchange of Thought
and Chain of Thought show many fewer errors:

Table 3: Performance comparison of SIMAGENTS
with baseline methods on the cosmological simulation
dataset. We report Micro-F1 score, Precision, and Re-
call as percentages. Higher values indicate better perfor-
mance. The best-performing methods are bolded, and
the second-best are underlined.

Method Value Error Type Error
CoT (1-Agent) 1.76 1.00
EoT (2-Agent) 1.97 0.95

Ours (2-Agent) 0.40 0.05




both the literature and the manual.

* Chain-of-thought (CoT) (Kojima et al., 2022)
We implement zero-shot CoT prompting with a
single LLLM agent. The agent is provided with

Exchange-of-thought (EoT) (Yin et al., 2023)
We implement EoT using two agents with the
same initialization, and provide them both with
the literature and the manual. The agents engage

in a discussion with one another.

SIMAGENTS Our approach employs two task-
specific agents: Physics Agent and Software
Agent, each with role-specialized profiling. We
provide Physics Agent with only the literature
and Software Agent with only the manual. The
agents engage in a discussion with one another.

—
\ITERATURE

URNAL  SOFTWARE
JOURES Manyay




An example of a value error, the effect of getting box size wrong (1 kpc vc 1 Mpc):

Initial Conditions Simulation Outputs
using .genic file ‘ _ us_ing .gadget file

Correct Box Size

Wrong Box Size



How long does SimAgents take to run and analyze a full 5123 (134 million particle)
dark matter emulated simulation)?

l
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How long does SimAgent take to run and analyze a full 5123 (134 million particle)
dark matter emulated simulation)?

~2 minutes




Some Lyman-alpha forest science that can be done with large
cosmological hydrodynamic simulations and emulators:

« Lyman-alpha forest lensing

« Quasar proximity effect



Galaxy weak lensing difficulties

Real galaxy Model
’ ’ , Real galaxy
Real galaxy Model = !‘. .

*

' !“
4" ? .

(Mandelbaum et al (2013)

shape measurement

normalised frequency

35 : —————————
low-z
3 | L "
¥ low+high -~

(CFHTLens)

redshift determination

(see e.g. Noah Weaverdyck’s
DESI lunch seminar yesterday)



CMB lensing Lya forest lensing

source
Lya forest at z=2-3
lens map foreground

mass at z~1

map foreground
mass at z~2.5



quasars are deflected, but so are forest pixels

Quasars
at z=z
Q

Lya forest pixels

Lens at z=z L

(ﬁ Observer



apparent position
of backlight and
Ly ot absorption
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apparent position
of backlight and
Ly ot absorption

o]

/!

backlight

Lyo ’
absorption

another quasar
and spectrum

lens

clustering of the forest:

observer

The lensing shift of Lyman-alpha
forest pixels distorts the two-point

a quadratic estimator (like for CMB
lensing) can recover the lensing

potential.



Use quadratic estimator as in CMB lensing, but
for discrete irregularly spaced sightlines instead
of a continuous field.

CMB pixels Lya forest quasar positions



We make mock DESI surveys: mock DESI galaxy surveys — to compare to
reconstructed potential from lensing from mock DESI Lya surveys

exact convergence

o mock galaxy survey convergence
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From 20 mock DESI surveys we find that a S/N~4 detection is likely from DESI:

0.95+/-0.23 (S/N=4.1) B noise 0.3 forest

count

o N W B U1 O

(Shaw+ 2025)

02 04 06 08 10 12 14 16
reconstructed Legendre mode linear fit

Why is it so difficult to measure Lya. weak lensing?

«  Unlike CMB, no oscillatory features so lensing doesn’t dramatically
shift correlation function

«  DESI forest is very noisy



Beyond DESI surveys such as DESI 2 could measure
Lya lensing with a S/N > 10:

density [srcdeg=>] S/N DESI footprint Nspec S/N=10

noiseless
50 5 9% 10°
150 15 7% 10°
200 37 8 x 104
800 90 2 % 10*
noise 0.3
50 2 8 x 10°
150 14 3 x 10°
200 16 5% 10°
800+ (pDESI 2 ~ 12001 27 1 x10°

*QSO+ELG+LBG1.6<z<4.0



Now we turn to the interaction between quasar radiation and
the Lyman-alpha forest: the quasar proximity effect.
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Published measurements from largest samples are
for ~30 quasars (e.g., Scott et al. 2017)

No one has measured proximity effect
from large (e.g., SDSS or DESI) surveys

How could we do that and why?



A halo model of the quasar proximity effect

lognormal PDF inside each pixel

two-halo term
(linear CDM)

I

(+thermal broadening + redshift distortions + quasar radiation field)



The halo model predicts the average profile of Lya-forest flux near quasars:

--------- Real space, no one halo, no quasar rad.
————— Real space, no quasar rad
Real space, quasar rad.

1.0
—— Redshift space, no quasar rad
Redshift space, quasar rad.
0.8
w 0.61

0.4

0.2

0057 : : : : : :
0 200 400 600 800 1000 1200 1400

r (kms™1)



We parametrize quasar luminosity by r,,
(radius where quasar radiation=intergalactic background)

quasar luminosity
(number of ionizing photons)

N our
Togq =
1B 4’

intergalactic

(photoionization radiation intensity
rate)

I

€q

If we know the quasar luminosity (observed), we get the value of r

(This is the intergalactic radiation intensity at the position of the quasar.)



Let’s try this out on simulated
quasars...



We use the Astrid simulation:

250 Mpc/h volume  2x5500°3 part. 2x10% M,,/h gas part. mass  MP-Gadget SPH

It reached z=0.0 a few months ago after 4 years of running!
(but we focus on z-3 for this project)

some
dual-AGN
at z=0.5
in Astrid:

Data is public : https://astrid.psc.edu/
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There are “Little Red Dots”
in Astrid as well as quasars.

F115W F150W F200W F277W F356W ‘: Fa4aw

Intrin. Atten.
—— Total SED
——— Stellar SED

z: 7 | FA444W: 24.62
F277W-F444W: 1.54
F150W-F200W: 0.27

(Lachance et al.
2026)



The black hole seeding prescription matters: we have
also run a new simulation (AMBRA) to z=5 with a different
prescription

ASTRID ¥ 5 >y AMBRA

MBH
O  MBH merger

AMBRA modifies the ASTRID simulation, eliminating the halo-mass
threshold for seeding and allowing seeds in all resolvable halos
where active star formation and low-metallicity gas occur.



Many galaxies in AMBRA and (to a lesser extent Astrid)
have LRD phases

An LRD color-magnitude criterion

JL

3.0 N

Red1l &:riterion'O o |

56W

F200W-F3

5523 24 25 26 27 28 20
F444\\N

simulated JWST image



LRD phases happen when star formation is quenched,
black hole is gas enshrouded, and galaxy is isolated

Cosmic Age [Myr]
600 700 800 1000

Cosmic Age [Myr]
F00 a00 1000

600

Red Colol
|
I|
|

95 90 85 80 75 70 65 60 55 50



back to quasars and the proximity effect:

testing halo model vs simulation data



The halo model mean Lya forest profiles match the Astrid simulation quasar results:

1.0
0.9
0.8
w 0.7
0.6
':' — Astrid
‘.’ req=20h~*Mpc
',' ~ - req=10h"'Mpc
0.51 - req=5h"Mpc
------- Feq=2.5h"'Mpc
—— reg=1.25h"1Mpc
---- no proximity effect
0.41 | | | | 'p Yy ‘
2000 4000 6000 8000 10000
r(kms™1)




That was the mean profiles — the profiles for individual quasars are much noisier:

1.0 l_l'_l-‘.|-|"
Feq.fit = 74.71 h~1pMpc leq.it =26.07 h~1pMpc Teq.1it = 29.00 h~"1pMpc leq fit = 14.65 h~1pMpc Teq it = 15.82 h~1pMpc
0
l.O-PunFI HF”C] E [
LL W
Feq,fit = 27.83 h~1pMpc leq,fit =6.74 h~1pMpc Feq.fit = 8.20h~1pMpc leq fit = 13.18 h~1pMpc Feq it =11.72h"pMpc
0
1.0 A L
Feq.fit = 8.50 h~1pMpc leq.it =12.89h~1pMpc U req.it=4.69h"1pM leq it =11.13h"1pMpc Teq fit=9.96 h~pMpc
0
1.01
n__|
) ]1
Feq.fit = 8.20h~1pMpc Feq. it = 7.62 h~pMpc “| Feq.it =2.64h~pMpc leq it = 7.03h~1pMpc leq it = 8.20h~pMpc
[V
leq.fit =12.89h~1pMpc Teq. it =9.08 h~1pMpc leq fit = 3.52 h~1pMpc Teq fit =9.08 h~1pMpc
0 T T T T T
0 5000 0 5000 0 5000 0 5000 0 5000

r [km s™1] r [km s~1] r [km s™1] r (km s™1] r [kms=1]



With an individual quasar spectrum we can measure r, and hence the
radiation intensity at that point with 20-50% accuracy:

| — y=0.92x+1.40 .

Fitted req [h ™1 pMpc]

True req [h~! pMpc]



Three slices through the
intergalactic radiation field
in a simulation:

we can measure structure
in the radiation field
on 100-1000 Mpc scales.

Y [cMpc/h]

Y [cMpc/h]
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We could measure the power spectrum of the intergalactic radiation field
on 100-1000 Mpc scales : a new tool for cosmology.

(a) — true rad. field
----- prox. fitted rad. field
Lot ] —-.= LCDM density (z=3)
Fundamental Mode
<
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< 1034~
T
102
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Work in progress- first measurements from DESI DR1 observations vs halo model:

n
Transmission

1.0

0.9 -

0.8 A

0.7 A1

0.6 -

Halo Model vs DESI Observations for All Bins

=== Bin 1 halo model
=== Bin 1 DESI observations
Bin 2 halo model
Bin 2 DESI observations
=== Bin 3 halo model
=== Bin 3 DESI observations

DESI Quasar Bins:
Bin 1: z=2.712, M=-25.55, r_ eq=4.00
Bin 2: z=2.512, M=-24.10, r_eq=1.00
Bin 3: z=2.345, M=-22.35, r eq=1.13

1000 2000 3000

Shaw et al. (in prep)

Velocity (km/s)

4000

5000

3 luminosity
bins

15,000 quasars
in total

(like simulation
results:)




Back to Al for one last point...



Astrophysics simulations already use enormous amounts of energy: Al could make this worse.

Greenhouse gases associated with astronomy:

Average emissions per astronomer (tCO,e yr ' FTE™)

0 5 10 15 20 25
Supercomputing
— Flights

Source

F T T T T T T T T T T T T T T T

0 5 10 5 20
National emissions (ktCO, e yr')

Stevens et al. 2020 (for Australian astronomers) : 400 million core hours for 700 researchers



Astrophysics simulations already use enormous amounts of energy: DL could make this worse.

Greenhouse gases associated with astronomy:

Average emissions per astronomer (tCO,e yr~' FTE™)
0 5 10 15 20 25

L 4 1 I 1 1 1 1

T VY i L

tCO,e yr')

Supercomputing use per average astronomer equivalent to driving three Ford F150s



Or LBNL equivalent: each astronomer driving their own Berkeley Shuttle:




There is room to improve: AlphaGo uses 50,000x more energy than Lee Sedol, World Go Champion

power power
consumption: consumption:
108 watts 20 watts




Conclusions

* Next steps for Al super-resolution emulator: star formation, black holes

« Mock catalogs of full sky surveys with Lya resolution could be
made using Al super-resolution techniques (104 particle hydrodynamics)

« DESI should lead to a ~4c first detection of Lyo. weak lensing and
DESI 2 will do much better in the future

« DESI will map out the intergalactic radiation field with proximity effect

* We should try to develop Al that will help us do our jobs, not replace us!
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