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Cosmological simulation types



1) Empirical models

Cosmic Star Formation Rate
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Use empirical scaling relations to infer galaxy evolution.
Varied star-formation histories (SFHs) not considered.

(GHZ studies: e.g. Dayal+15,16; Li & Zhang 15; Behroozi & Peeples 15; Gobat & Hong 16; Lapi+24)
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Use empirical scaling relations to infer galaxy evolution.
Varied star-formation histories (SFHs) not considered.

| Highly efficient |

[ Average, galaxy-scale predictions ]

(GHZ studies: e.g. Dayal+15,16; Li & Zhang 15; Behroozi & Peeples 15; Gobat & Hong 16; Lapi+24)



2) Semi-analytic simulations
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Consider diverse cosmological context via the underlying DM halo merger history:.
Use analytic formulae to describe baryonic processes on galaxy scales.

(GHZ studies: e.g. Zackrisson+16; Stanway+18)
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T63

Consider diverse cosmological context via the underlying DM halo merger history:.
Use analytic formulae to describe baryonic processes on galaxy scales.

{ Efficient ] [ Individual, galaxy-scale predictions ]

100s of CPU hrs per run

(GHZ studies: e.g. Zackrisson+16; Stanway+18)



3) Hydrodynamical simulations

Particle based

Sub-grid models: « Star formation
* Chemical enrichment

« H2 formation Cell based
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* Chemical enrichment
* H2 formation
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Schaye+15

Consider diverse cosmological context and model small-scale baryonic processes™.
Directly calculate the morphological & hydrodynamical cvolution of galaxies.

(GHZ studies: e.g. Forgan+170; Boettner+24)
* Note: baryonic particles / softening lengths are 0(10%) M., . / O(10?) pc for relevant zoom-in simulations

sun



3) Hydrodynamical simulations

Particle based

Sub-grid models: « Star formation
* Chemical enrichment

» H2 formation Cell based

Sub-grid models: « Star formation
* Chemical enrichment
* H2 formation
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' Exchange energy,
' material, etc
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Schaye+15

Consider diverse cosmological context and model small-scale baryonic processes™.
Directly calculate the morphological & hydrodynamical cvolution of galaxies.

[ Inefficient ] [ Individual, sub-kpc-scale predictions ]

10s of millions of CPU hrs per run

(GHZ studies: e.g. Forgan+170; Boettner+24)
* Note: baryonic particles / softening lengths are 0(10%) M., . / O(10?) pc for relevant zoom-in simulations
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Previous habitability studies



Assumptions about planet formation

1) Empirical approach:
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Assumptions about planet formation

2) Semi-analytic & hydrodynamical approach:
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Assumptions about planet formation

2) Semi-analytic & hydrodynamical approach:
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Results from previous studies

1a) HPs are mostly likely found in massive elliptical galaxies at low redshift
(e.g. Dayal+15,16; Gobat & Hong 16; Zackrisson+16)
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Results from previous studies

1a) HPs are mostly likely found in massive elliptical galaxies at low redshift 10”

(e.g. Dayal+15,16; Gobat & Hong 16; Zackrisson+16)

But. ..

1) Dwarf galaxies, thick disc and halo could also be cradles of life
(e.g. Forgan+17b; Boettner+24)

2a) P.p is not significantly affected by the chosen metallicity thresholds
(e.g. Behroozi & Peeples; Stanway+18)
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Results from previous studies
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Results from previous studies

1a) HPs are mostly likely found in massive elliptical galaxies at low redshift
(e.g. Dayal+15,16; Gobat & Hong 16; Zackrisson+16)

But. ..

1) Dwarf galaxies, thick disc and halo could also be cradles of life
(e.g. Forgan+17b; Boettner+24)

2a) P.p is not significantly affected by the chosen metallicity thresholds
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Key limitations of previous studies

* Only consider total metallicity:
This ignores the potential importance of individual chemical elements, dust-to-gas (DTG) ratio, and molecule
formation

* Instantaneous Recycling Approximation (IRA):
This under-estimates the delay time between star formation and enrichment of certain elements, especially iron

« Scale vs. efficiency:
Empirical and semi-analytic simulations give galaxy-scale properties, whereas hydro sims are inefficient. This
prohibits the study of resolved GHZs for large galaxy samples



The simulation



L-Galaxies

A cosmological-scale semi-analytic simulation

Galaxy Chemical Evolution (GCE) model which
includes delayed enrichment of 118 elements
(487 isotopes) from various sources, including
binary stellar evolution
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A cosmological-scale semi-analytic simulation
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L-Galaxies: next gen GCE modelling
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L-Galaxies: next gen GCE modelling
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L-Galaxies:

Metallicity
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L-Galaxies: next gen GCE modelling
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L-Galaxies: next gen GCE modelling
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Summary

Previous empirical, semi-analytic, and hydrodynamical simulations have revealed the thick disc, stellar
halo, and dwarf galaxies as potential low-metallicity cradles of life, with further low-metallicity planet formation
perhaps under-estimated

However, these previous works assumed only (a) total metallicities, (0) instantaneous enrichment, and (c)
either low resolution or small sample sizes

IS an efficient semi-analytic simulation which includes (a) delayed enrichment from
individual elements (and isotopes), (0) radially resolved ISM, and (c) dust production & destruction

Next, we will add synthetic spectra and molecule & planet formation emulators, allowing us to predict
GHZs within a wide range of galaxies (i.e. varied SFHs and metallicities) across all time and space
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