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Modelling feedback is complex due to combination of mechanisms

✦ Stellar winds 
 

✦ Supernovae 
 

✦ Photoionisation 
 

✦ Radiation pressure 
 

✦ Protostellar outflows

Bally Feedback Ladder
(BFL)

Idea: observations of timescales for molecular cloud destruction
constrain effective feedback momentum/energy input
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Observations help constrain feedback by measuring underlying timescales 
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Spatially-resolved SF relation in NGC300: vigorous evolutionary cycling
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“Uncertainty principle for star formation”; described in Kruijssen & Longmore 2014; Kruijssen+ 2018 

K
ruijssen, S

chruba, C
hevance, Longm

ore+ 2019, N
ature, 569, 519

Spatially-resolved SF relation quantifies GMC lifecycle
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“Uncertainty principle for star formation”; described in Kruijssen & Longmore 2014; Kruijssen+ 2018 
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Spatially-resolved SF relation fundamentally rules out “long” GMC lifetimes
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Universal de-correlation: ubiquitous GMC destruction by pre-SN feedback

Kim+ 2022
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These measurements can motivate a subgrid model for pre-SN feedback
 

✦ Specific terminal momentum from feedback timescale, cloud radius, and SFE

Keller, Kruijssen & Chevance 2022
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Empirically-motivated FB reproduces observed de-correlation in simulations
 

✦ Reproduces the 
    observed GMC lifecycle 
    by construction 
 

✦ Changes galaxy-scale 
    baryon cycle

Keller, Kruijssen & Chevance 2022
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lines: average
of 10 simulations

Applied in cosmological context: significant change in gas mass histories

✦ Empirical feedback does not regulate SF by blowing gas out of galaxy globally, 
    but locally by disrupting GMCs and putting the gas in a non-star-forming state 

todayBig Bang
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lines: average
of 10 simulations

Phase of the excess gas depend on moment in cosmic history

✦ Excess gas mass in local Universe should be mostly HI => SKA 

✦ Excess gas mass at z ~ 2 should be mostly CO-bright => ALMA 

todayBig Bang

Kruijssen+ in prep. 
Keller+ in prep.
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How does this generalise to the environments where cosmic SFR peaked?
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~3 kpc

~2 pc

Globular clusters:
old (~10 Gyr)

massive (105 M!)
compact (~5 pc)

How did globular clusters form?
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How did globular clusters form?
 Kruijssen 2025 in press, arXiv:2501.16438
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Current paradigm: GCs are natural outcome of high-pressure SF at high z
Kruijssen 2025 in press, arXiv:2501.16438
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Pfeffer+ 2018; Kruijssen+ 2019d

✦ Couple Kruijssen+11,12 
    “MOSAICS” cluster 
    formation/evolution 
    models to the EAGLE 
    simulations 

✦ First time that the 
    formation and evolution 
    of the entire cluster 
    population is modelled 
    self-consistently across 
    cosmic history

Schaye+ 2015
Crain+ 2015

The co-formation of galaxies & GC populations: the E-MOSAICS project
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Pfeffer+ 2018; Kruijssen+ 2019d
The co-formation of galaxies & GC populations: the E-MOSAICS project

✦ 25 cosmological zoom-in simulations of Milky Way-mass galaxies + satellites 
 

✦ >200 of simulations run with different physical ingredients 
 

✦ 343 Mpc3 periodic volume: 80 MWs, 1 Fornax Cluster 
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E-MOSAICS: two main results

✦ GC properties today follow naturally from regular cluster formation at high z 
 

✦ GCs can be used to reconstruct galaxy formation and assembly 

Pfeffer+ 2018; Kruijssen+ 2019d
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E-MOSAICS: GCs formed as products of regular cluster formation at high z

✦ Simulations can be used to predict where and how globular clusters formed

Pfeffer+2018; Kruijssen+2019d

Keller+ 2020
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With gravitational lensing proto-GCs can be observed at high resolution
 

Adamo+ 2024; also see e.g. Vanzella+ 2017a,b; 2022a,b; 2023; Mowla+ 2022; 2024; Claeyssens+ 2023; Fujimoto+ 2024
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Predicted masses of brightest (proto-)GCs in a galaxy versus redshift
Pfeffer+ 2025
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Do these proto-GCs survive until the present day?

✦ Cluster mass loss dominated by the graininess of the gravitational potential  
    on scales of GMCs  requires on-the-fly modelling + realistic ISM →

Pfeffer+ 2018
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✦ The EAGLE galaxy formation model does not include a cold ISM 
 

✦ E-MOSAICS underpredicts cluster disruption  must get baryonic physics right→
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The EMP (Empirically-Motivated Physics) cosmological zoom-in simulations
of galaxy formation and evolution 

✦ Multi-phase ISM and abundance tracking of 36 elements + their isotopes  
    
✦ SFE model: constant or depending on cloud dynamics 

✦ Empirically-motivated (early) feedback model based on 
    observed cloud lifecycle (+ individual supernovae) 

✦ Sub-grid model for star cluster formation and disruption 

✦ On a moving mesh (Arepo)

Kruijssen+ in prep. 
Keller+ in prep.

Keller, Kruijssen & Chevance 2022

Gensior+ 2020, 2021

Reina-Campos, Keller, Kruijssen+ 2022

Kruijssen+ 2011; Pfeffer, Kruijssen+ 2018; Reina-Campos, Keller, Kruijssen+ 2022

Springel 2010
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Resolving the cold ISM with EMP is essential for modelling GC population
 

✦ Thanks to cold ISM, tidal shocks disrupt GCs sufficiently quickly 
 

✦ EMP reproduces the shape of the GC mass function 
    for the first time in a cosmological simulation
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Resolving the cold ISM with EMP is essential for modelling GC population
 

✦ Thanks to cold ISM, tidal shocks disrupt GCs sufficiently quickly 
 

✦ EMP reproduces the shape of the GC mass function 
    for the first time in a cosmological simulation 
 

✦ Globular cluster demographics 
    at z = 0 are set by ISM structure, 
    and thus by stellar feedback 
 

✦ GCs are the natural byproduct 
    of “normal” star formation at 
    z = 2-4; no need for exotic 
    formation mechanisms
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Major open questions: quite some
Kruijssen 2025 in press, arXiv:2501.16438
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Empirically-motivated feedback controls the formation of GCs and galaxies
 

✦ Resolved sub-mm observations of galaxies yield the 
    timescales that govern the molecular cloud lifecycle, 
    solving one of the biggest problems in resolved SF 

✦ The SF-FB cycle in galaxies is fast and inefficient: 
    cold, star-forming gas is dispersed gently by pre-SN FB, 
    changing how simulated galaxies grow over a Hubble time 

✦ Globular clusters != archaeology; GCs are natural 
    outcomes of high-z star/cluster formation in normal 
    disc galaxies, the physics of which can now be resolved 

✦ Globular cluster demographics at z = 0 are set by the 
    structure of the interstellar medium, which itself is shaped 
    by stellar feedback, which can be expressed empirically 

Big step: abstracting away the BFL into a single empirical model
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