.,',).'._ -

Simulations of early structure formation:

Properties of halos that host primordial star
formation

Romain Lenoble
Centre de Recherche Astrophysique de Lyon

Collaborators : Benoit Commercon, Joakim Rosdahl

ENS DE LYON UNIVERSITE DE LYON



POP III STAR FORMATION
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~ 100 millions years after Big Bang

? Formed in the first bounded objects of the universe — link cosmology to star formation
” No dust - metal-free gas — only coolants H, and HD

+ Big Bang nucleosynthesis species (76% H, 24% He, ~ 107> D) — Only coolants : H, 9
and HD



MOTIVATION

Big question: What is the initial mass function of pop III stars?

? No observation yet — rely on numerical simulation and theory
7 Were they massive, as suggested by early first 3D simulations ?

2 Or low-mass stars were also formed ?

2 Do initial conditions of the host halo play a role?

+ Yes —» Hirano+2014, Hirano+2015

+ To run isolated collapse — need to know precisely the initial conditions



I[. NUMERICAL SET-UP : INITIAL CONDITION

What are the physical and chemical properties of halos leading to pop III
formation ?

? Running a cosmological simulation with primordial non-equilibrium
chemistry

Lbux (CMpC/ h) Axmnxat z = 18.1 6 Axminat z = 18.1 6 mpwm (M C) Zini Zend M, halo, lim
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I[. NUMERICAL SET-UP : INITIAL CONDITION

What are the physical and chemical properties of halos leading to pop III
formation ?

? Running a cosmological simulation with primordial non-equilibrium
chemistry

Lbux (CMpC/ h) Axm;;mat = 18.16 Axminat = 18.16 mpwm (M C) Zini Zend Mhalo. lim
1 150 pc 0.14 pc 813 100 18.16 8.1 x 10°M,

Parameters of the simulation

INITIAL CONDITION AT 7z = 10?

2z Matter and DM field : z Chemical initial abundances :

+ MUSIC, Hahn+2011 + Computed from a one-zone

model from the Universe from

+ No relative velocity between
y z=10%toz = 10?

DM and baryons




[. NUMERICAL SET-UP : ANALYSIS TOOLS

What are the physical and chemical properties of halos leading to pop III
formation ?

ANALYSIS TOOLS :

? Identify DM halo — Adapthop algorithm, Aubert+2004

? Identify cold and dense gas clouds — HOP algorithm,

+ Over-densities in the baryonic field Eisenstein+1998

+ Once cloud gas starts to cool — molecular gas
grow rapidly — rapidly exceed characteristic Jeans
mass — active sites of star formation

+ Check : gravitationally unstable, ;. < 1

Evolution of density in our
simulation

2 Properties of the hosting halo : mass, chemical abundance, ...

2 Properties of the dense gas : cooling species, accretion rate, ...



II. PRIMORDIAL HALO POPULATION : GROWTH OF
PERTURBATIONS IN MATTER FIELD

Collapse of the baryonic field
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II. HALO POPULATION : PROPERTIES OF STAR FORMING HALOS

Can we link the presence of a cold gas clump to the halo properties ?
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The minimum mass of halos hosting gas
clumps detected with our algorithm.

The mass weighted H, fraction versus virial
temperature from every detected halos.

Lenoble+2024

? Presence of a cold gas clump — xy ., = 3 X 1074

? Minimum halo mass hosting a cold gas clump ~ 4 X IOSMQ and weakly depend on z 8



II. HALO POPULATION : PROPERTIES OF STAR FORMING HALOS

What are the baryonic and DM properties of theses halos ?

mmm All Ealcs
- B [lalos hosting clumps ]
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Halo counl
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Halo baryonic fréclion

Histogram of the probability density of the baryonic
fraction for the all population of halos (blue bars) and
those hosting clumps (red bars).

? The baryonic fraction follow 2 different distributions, f . = 107!

? DM and baryons velocity fields are not aligned

Lenoble+2024 Q



III. THE COOLING SPECIES

z HD abundance is not the same in

_ all halos
pa |
= X0 + ~10% of halos with
a
ok
10 | 3 & HD cooling can cool the gas to
= the CMB floor, (Ripamonti+2007)
o
E
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< .
e 4% 10 4 + Temperature in the range
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on the HD abundance.
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III. THE COOLING SPECIES
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Spin parameter vs H2 fraction in our gas clump atz=19.8

? Trend between fy,/fy and the spin parameter :

+ Higher spin parameter — longer collapse — Higher fy,/fy fraction
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CONCLUSION

? Properties of halos that host primordial star formation
+ The minimal halo mass for halo hosting pop IlII star formation : ~ 7 X 105M®
+ The minimum H, abundance for a halo of xy; =2 X 10~
+ The HD abundance is not uniform among the halo population.

3

» Higher HD abundance — gas colder in the density range 10> — 10° cm™

» The higher fraction of HD < higher spin parameter of the dense gas.

2 Current work : sample the IMF with sinks particles

+ Zoom-in simulation — much higher resolution until sink formation

+ Isolated collapse — distribution of initial condition to sample pop III IMF

romain.lenoble@ens-lyon.fr
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[. POPIII FORMATION : EVOLUTIONARY SEQUENCE
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