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From normal stars to extreme stars...

THE PHYSICS THAT IS SUCCESSFUL FOR REPRODUCING OBSERVED FEATURES OF STARS
IN THE PRESENT-DAY UNIVERSE SHOULD BE OUR FIRST CHOICE FOR MODELING
THE EVOLUTION OF THE FIRST GENERATIONS OF STARS
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Stars have angular momentum

‘ importance of being able to trace its evolution
=

First three-dimensional simulations of a convective
dynamo based on a protoneutron star interior model
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Howarth et al. 97,Dufton et al. 2006, Protomagnetar models of gamma-ray burst and
Hunter et al. 2009, Zorec and Royer 2012 superluminous supernova central engines




THE CH n LLENGES Many interacting processes

The missing angular momentum transport

- MECHANICAL MASS LOSSES

Close binary stars

- TIDAL INTERACTIONS
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Shellular models:

> Masses : 1.15-1.4 _

DV . (ZAMS) 4-8 km s’!
Observations: Deheuvels et al 2014




. WHAT HAS BEEN DONE SO FAR

impact of different prescriptions

[ we 1 e Properties of the missing transport
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WHAT WE PLAN TO DO Core Team

Analytical expressions for new processes to be tested with asteroseismic constraints onWP1
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Ewvolution during the MS-

In non stratified regions In stratified regions
Magneto-Rotational-instabilities Tayler-instability

Beta Cephei stars
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hitps.//mn.pppl.gov/physics._htmil

Also with solar-type oscillators



¢ THE CONTEXT

Origin of supermassive black holes at high redshift

Formation and physics of supermassive stars

Time, t (Gyr)
0.07 01 0.15 025 04 0710
. 10 a
Most distant quasar 10 1 J13424+0928 (this work) ]
{1 — ULAS J1120+0641 (ref.1)
10°{ — SDSS J0100+2802 (ref.16) o
1 © Other quasars at z - 6 (ref. 24) )
J1342-0928 10 | | | &
- BH growth of 3 of the highest-redshift and
@ 107 most massive quasars in the early Universe
Z=7.54 (Age Uni. 690My) € 1 (normalized to the observed BH mass mass
L=4 1013 L o ; and redshift of these quasars)
50l 8 10‘.1
M=0.8 GM,, x
g 10 ' Origin of the seed blach holes
] (e.g. ~10 000 Msol at 2~20)
1044 0.55 dex
103“— — 17;'_-'1-'_"' T ves'Y M v T —yT-——
45 40 35 30 25 20 15 10 5

Redshift, z

Banados et al. 2018




THE CHALLENGES

DIFFERENT SCENARIOS
AFENNOVA
SLLos

Different scenarios with a complex physics

Which are those preferred by Nature?

FORMATION OF SUPERMASSIVE STARS
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A ) WHAT HAS BEEN DONE Models for rotating supermassive stars

Models with very high accretion rates

Structure of an accreting SMS
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Other Models for supermassive stars
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~“WHAT WE PLAN TO DO SMS formation in merging galaxies

impact of rotation at the collapse to the BH

Accretion timescale
Core Team

shorter than the sound on WP 2
wave crossing time

Face-on/edge-on
projected gas
density map
of the nuclear

region of a merger

of central cores

5000 years after
the merging

A compact disk-
mnner core is
formed

Mayer & Bonoli 2019 et Haemmerié et al. 2020




THE CONTEXT
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Dimensionless number
can be constructed from
fundamental physical
constants

All large numbers of the
order of 10 ... 1078
are apart from simple
numerncal coefficients,

justequalto f, f<,..
where [ is the present
epoch expressed

in atomic units e4(mc?)

Dirac 1937

Do physical constants have varied during the cosmic history?

Does dark matter exist?

hitps://physics.aps.org/articles/v11/48




THE CHALLENGES Bt

Undirect probes
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impact of fine structure constant variation on

WHAT HAS BEEN DONE the 3 alpha reaction rate and pop |l star

nucleosynthesis
i WIMPS annihilation in Pop Nl stars
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WHAT WE PLAN TO DO gt
Central tempratures in New DM particles in supermassive stars

coreH He-buming Core Team
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Ekstrom et al. 2010




Even if lensed, lensing factor too high needed

- No individual Pop Il massive star detectable
. m=== THE CONTEXT

60 M_
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For each redshift, the filter resulting in the lowest necessary
magnification is selected in the calculation of p ..



n TH E CHALLEN G ES Direct detection only possible for a population of stars

Indirect hints on the nature of first stars

'he CEMP stars
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[-- I ———3 WHAT HAS BEEN DONE Spectral evolution

Population synthesis of rotating stars

imoact of rotation on nucleosynthesis
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atmopshere models, spectroscopac diagnostic of Pop 111 stars=> Schaerer



B === WHAT WE PLAN TO DO Connection to AMUSE
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TH E CO NTEXT Translent objects, nature and properties of remnants

Detectability of transients
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Woods, Heger & Haemmerié 2020 Hartwig et al. 2018 Detection with S/N >10 in both filters

Purple shaded purple area ilustrates the observational
uncertainty of < 0,14 mag (only for the 250M_; PISN at z = 6).

Exposure times of < 1 ks are sufficient to detect the brightest PISNe at z = 6,
For t,. > 10 ks, PISNe at z > 12 are detectable.




THE CHALLENGES Jiaasian

impact of multiplicity
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WHAT HAS BEEN DONE Biabtniiis

Progenitor,s ejecta, remnants
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WHAT WE PLAN TO DO SNAPSHOT models

Catalogue of pre-SN structures, SN light curv
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SNAPSHOT MODELS, application red SG as CC progenitors
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CONCLUSIONS

Stupidity consists in wanting to conclude Flaubert

STARS = Age and distance in the Universe, STARS = Physics laboratories
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The understanding of stellar evolution IS
required to understand structures as
small as dust grains and large scale
structure as the galaxies .
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