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Eric Emsellem

Observations & Simulations
What can we learn ?

With big thanks to: 

Jeremy Fensch, Jeremy Blaizot, Florent Renaud

Partly inspired by Christophe Michel



Agertz / Renaud / Segovia Otero [2021, 2022, 2025]



 This presentation

Is a way (for me) to emphasise
● The challenges we face with simulations
● The difficulty to compare simulations and observations
● A few biases that emerge from the literature 

 → my personal, present, perspective

Is NOT 
● A criticism of simulations (or simulators)

▻ they are achievements!

 → and in no way, an objective perspective



 Numerical simulations = what are they?
Theory?
● Numerical Recipes involves formal knowledge of physics
● Complexity
● Emergence, Predictions
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 Numerical simulations = what are they?
Theory?
● Numerical Recipes involves formal knowledge of physics
● Complexity 
● Emergence, Predictions
● BUT: are not a set of fundamental principles

 ⇒ Simulations ≠ Theory 

Observations?
● Products include derived quantities, simulations can be “observed”

BUTBUT 
● Some quantities are directly available, some are not
● These are not observed data from “our Universe”

▻ But from “a” (descriptive) model.
 ⇒ Simulations ≠ Observations



 Numerical simulations = what are they?
Experiments ?
● Involves a setup and rules
● Outcome is not easy to predict
● Several runs may lead to different measurements (noise)
● Appears to produce knowledge (?)

BUT
● Given a bit of time and patience, ...

Observed Theory or Model ?
● Setup constrained by theory (and the user)
● Products are measurements within that setup

▻ Not pure theory, but also 
 → implementation-dependent (numerics, recipes, …)

 ⇒ Observed descriptive Model



How to proceed ?



What does it mean (to run simulations) ?
A Series of operations…

(with some patience and a lot of time: you could do it on paper)

Model 
● Representation of the Universe
● Expression of that model with (restricted) recipes and rules

Initial Conditions 
● Realisation and setup

Integration time 
● Hardware, how long

Numerics 
● Framework (and coding approach)

 → See Simon Glover’s talk!



© Florent Renaud



Simulations vs Observations



 Level 1 = direct comparisons

Model X, Y, Z

Primary

Initial conditions
Input Physics
Rules & Recipes
Implementation

Densities
Temperatures

Yes/No

Questions
● Do you really understand the physics behind / the rules ? 

▻ [black box effect]
● How is that quantity derived from Observations ?

▻ Is that the same tracer as in the simulation ?

1



 Level 2 = Computed quantities

Model X, Y, Z A, B, C

Primary Secondary

Initial conditions
Input Physics
Rules & Recipes
Implementation

More physics
More recipes
Implementation

Densities
Temperatures

Yes/No

Ages
Line Fluxes

Number of satellites
Abundances

Questions
● Apples with Apples?
● Selection functions

1 2

Verwilghen et al. 2025



 Level 3 = Mocks

Model X, Y, Z A, B, C

Primary Secondary

Initial conditions
Input Physics
Rules & Recipes
Implementation

More physics
More recipes
Implementation

Densities
Temperatures

Yes/No

Ages
Line Fluxes

Number of satellites
Abundances

More physics
Input libraries
Instrument setup
Systematics

A, B, C

Mocks

Maps
Spectra

Tracer kinematics
Abundances

Questions
● Adding the “instrument” layer: is that relevant?
● What are the metrics?

1 2 3



 Example 1
● ΛCDM Cosmological box – 203 Mpc3

● z=10 to 4.64
▻ Stars: age, mass, metallicity 

 → SED (BPASS), IMF slope, cutoff
▻ Emission lines, nebular continuum
▻ (Effective) Dust, resonant line RT

 → Many mocks and data 
have been publicly released

The SPHINX simulations – Katz et al. 2023



 Example 1 The SPHINX simulations – Katz et al. 2023
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Not Observable ?

~ Observable



 Example 1 The SPHINX simulations – Katz et al. 2023

Observable ?

Observable

Not Observable

Observable



By the way…

What is “resolution” ?



 Resolution in Observations

©Teledyne

Resolution is about power of separation
● Minimum distance to distinguish 2 objects

Sampling is about pixel size: signal discretisation



 Resolution in Simulations

Resolution in the simulation is about 
Where (physical) quantities are computed

Sampling may occur in simulations (AMR) 
but not always in the same way (i.e., cells, particle+kernel)



 Resolution in Observations + Simulations

What “resolution” means in a paper ?
Beware of such a difference when comparing obs / sim
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 Resolution in Observations + Simulations

What “resolution” means in a paper ?
Beware of such a difference when comparing obs / sim

Strawn et al. 2023 (AGORA – VI)



Do we learn anything
from

running numerical simulations?



 Theory/Models versus Experiments – Usage #1

A Simulation
● As a consistency check for a given hypothesis

 → compare with existing data
 → Hypothesis is not inconsistent with the laws of physics

“as implemented”
● Example 2 = DiPierro et al. (2015)
● Example 3 = Verwilghen et al. (2025)



 Theory/Models versus Experiments DiPierro et al. (2015)

3 Saturns within a disk ?
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Consistent with the hypothesis that those rings are carved by Saturns



 Theory/Models versus Experiments DiPierro et al. (2015)

Consistent, really ?



So: what did we learn ?



So: what did we learn ?

Planets may have carved those rings

but not a proof



So: what did we learn ?

Planets may have carved those rings

What is missing ?



 Theory/Models versus Experiments Verwilghen et al. (2025)
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Dependence of SF on stellar mass
 ⇒ lower-mass = bar
 ⇒ higher mass = rings / central



 Theory/Models versus Experiments Verwilghen et al. (2025)

Low M⁥ ⁥★ 

High M★



 Theory/Models versus Experiments

21μm-10.0μm-3μm
Credit: NASA/ESA,CSA;
PHANGS / Chown / Williams / Sutter /Emsellem
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So: what did we learn ?



So: what did we learn ?

Feedback in the ISM may be responsible 
for a (mass-dep.) differential evolution

Not a proof
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 Theory/Models versus Experiments – Usage #2

A simulation
● May provide a hint of the emergence of a complex process
● Reminder : biases in Simulations 

 → Observation of a model
● May provide new predictions

 → You learn something about your model

● Example 4 = Fensch et al. 2023



 Theory/Models versus Experiments Fensch et al. 2023

Growth of ISM structures

10% 65%
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Large contrast of structures

10% 65%



 Theory/Models versus Experiments Fensch et al. 2023



So: what did we learn ?



So: what did we learn ?

When gravity + Hydrodynamics act alone,
turbulence scaling seems to be invariant

Not a proof



So: what did we learn ?

When gravity + Hydrodynamics act alone,
turbulence scaling seems to be invariant

Not a proof

What is missing ?



 Theory/Models versus Experiments Fensch et al. 2023

Such a set up will never be realised in nature

10% 65%



 Theory/Models versus Experiments Fensch et al. 2023

Such a set up will never be realised in nature
But this is true for all simulations ...

10% 65%



 Simulations versus Simulations
www.AGORAsimulations.org



 Simulations versus Simulations
www.AGORAsimulations.org

Kim et al. 2016 – AGORA II

Isolated disks



 Simulations versus Simulations
www.AGORAsimulations.org

Jung et al. 2025 – AGORA VIII
Z=2.8

Cosmological zoom-in / Milky-Way mass progenitors

Guess why you see such a variety of morphologies, states ?



Theory

Observations
✓

Invalidate
Theory

x
Prove

Theory

© Christophe Michel



 Theory/Models versus Experiments

The confirmation bias
● Evolution may have favoured (wrong) deductive thinking
● We often try to “confirm” something
● We design experiments 

● Often to confirm our priors
● And as long as we haven’t found a flaw

● We are happy...

The Universe 
has disks

Calibrate on 
z=0 galaxy 

populations

Simulations 
have disks

Implement 
state-of-the-
art sub-grid 

recipes



A small 
experiment



Theory
If a card is a Queen,
The other side is blue

© Christophe Michel (from Wason 1966)
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© Christophe Michel (from Wason 1966)

If A  X→
And : A
  Then : X

If A  X→
And if : no-X
  Then : no-A

If A  X→
And if : no-A
  Then : no-X

If A  X→
And if : X
  Then : A

Theory
If a card is a Queen,
The other side is blue

A : 
 → X

x x



Fallacy #1 and #2

Fallacy of the inverse
● Star formation leads to turbulence in the ISM
● If I switch off SF in my simulation, ... 

If A  X→
And if : no-A
  Then : no-X

If A  X→
And if : X
  Then : A

Fallacy of the converse
● I form disks in my simulations
● My model is a good model of the Universe

If A  X→
And if : no-X
  Then : no-A

BUT
● If I do not form disks in my simulations
● My simulation is not a good model of the Universe



 Example 5: Bar formation in cosmological simulations

Ansar et al. 2025
● Cosmological simulations of MWs
● FIRE-2 simulations
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Ansar et al. 2025
● Cosmological simulations of MWs
● FIRE-2 simulations
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So: what did we learn ?

Weak bars form in the FIRE-2 zoom-in setup
Evolution driven by various parameters

Not conclusive for our Universe



So: what did we learn ?

Weak bars form in the FIRE-2 zoom-in setup
Evolution driven by various parameters

Not conclusive for our Universe

What is missing ?



 Example 6: Supernova explosion

Olhlin, Renaud, Agertz 2019
● SN bubbles in a turbulent medium
● RAMSES code (AMR)
● 100 pc box with 0.4 pc cells
● uniform density of 100 cm-3/10K



 Example 6: Supernova explosion

Olhlin, Renaud, Agertz 2019
● SN bubbles in a turbulent medium
● RAMSES code (AMR)
● 100 pc box with 0.4 pc cells
● uniform density of 100 cm-3/10K

 → Variance
● Set by the turbulence seed



So: what did we learn ?

Large variations in the impact of SNe;
Spheres: not a good model

Scary for Sims; No easy extrapolations

What is missing ?



The need 
to define

(proper) Metrics



 Theory/Models versus Experiments DiPierro et al. (2015)

What is good / What is not good?



 Example 5: Bar formation in cosmological simulations

Ansar et al. 2025
● Bars defined as A2 > 0.1 !
● Are those relevant bars?
● Are those the right population?

Observations
● Bars defined as A2 > 0.2
● Are those relevant metrics?
● Do we know the population?



Fallacy #3

Ambiguity
● Fallacy of the Misplaced concreteness
● Connected with the Authority Bias
● Don’t use the measurement/goals as the new metric

 → see also Goodhart’s and Campbell’s laws
    → Citation impact in journals

I have “bars” (or disks)
● May be beautiful
● May be seeded by complexity
● May be an achievement

 → But not a validation



One more example

A brain switch



Amazing isn’t it ?



This is an AI-generated film  (thanks to Renaud)



No it’s not...



Of the Importance 
of 

Coherence



 Example 6: Supernova explosion

Olhlin, Renaud, Agertz 2019

At low-er resolution
● May be expressed by varying outcomes
● See also, e.g., work by Andersson

(resolved IMF, overshooting stars)

At higher resolution
● Other parameters may take over

Need to consider
● Sub-grid recipes = e.g., cooling, SF, feedback

● Are all cross-dependent
If 1 is changed  may need to adapt all others→

● This is also true for resolution



 Example 7 : Merging galaxies

Fensch et al. 2016

At low resolution
 → central starbursts

Weak SF enhancement
● In gas-rich mergers

▻ Tidal compression
▻ Pre-processing

 → Saturation

How to adapt ?
● Sub-grid recipes

▻ cooling, SF, feedback

Isolated
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Merging



Of the Importance 
of 

Predictions



© Christophe Michel

 Predictions ?

Way to refute a theory
 → requires predictive power

Particularly important
as a simulation : not a theory

 → difficulty of reproducing results



 Predictions ?

Massive neutrinos versus Dark matter

Hernández-Aguayo et al. 2024



Of the Importance 
of 

A “science question”



© Christophe Michel

 What is the science question ?

Simulations can serve as a seed
 → for further research

But

Without a science question
 → so what?



One last piece of
Warning



 One last piece of warning [© Jeremy Fensch]

Pearson et al. 2019

Identifying galaxy mergers in observations and simulations with 
deep learning – Pearson et al. 2019 

How do we quantify biases?



 One last piece of warning [© Jeremy Fensch]

Zawadski et al. 2023

How can we quantify our biases ?
● Regularisation using descent 

optimisation
● Used on 3 input images

▻ ALMA logo
▻ Blank
▻ Dog

How do we make sure
● We do not erase unknown signal?



Wrapping up



Agertz / Renaud / Segovia Otero [2021, 2022, 2025]



Simulations are ~ Observations of a (restricted) Model
They are not theory per se
Remember = theories can only be refuted

Many types of ISM-related simulations
Scales, recipes (physics and setup), generic, tuned

 ⇒ each «should» require a science question
OR at least a scientific context / motivation

Doing simulations is hard. Comparing them to Obs is tough
Requires many more assumptions
Requires we understand our observations too
Let’s not get fooled (remember the « bravo but so what ? »)

Of the importance of : coherence & predictions

Take home messages



What is your message ?



Take home messages

All Simulations are wrong

(Many are amazing)
but

Some are usefulSome are useful

DavidMCEddy @ en.wikipedia

George Box

https://en.wikipedia.org/wiki/User:DavidMCEddy
https://en.wikipedia.org/
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