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The stellar evolution black box
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Gravitational wave sources
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The first computer calculations
Extract from an interview to Martin 
Schwarzschild

https://repository.aip.org/node/128579
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The first computer calculations
Oke & Schwarzschild (1952)

Why do stars evolve into 
red giants?
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Modern tools are VERY similar Paxton et al. (2011)

Paxton et al. (2015, incl PM)
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So, problem solved?

Hydrodynamics Binarity Populations
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Evolutionary models
Current modelling efforts go into 
three “tiers”:

▸ Rapid pop-synth: Semi-analytical, 
e.g. the BSE code, Hurley et al (2002) 
[<second].

▸ 1D stellar structure and evolution 
e.g. MESA, Paxton, Marchant et al. 
(2015) [~core hours].

▸ 3D hydro, e.g. AREPO, Springel 
(2010) [can exceed 1M core hours]

Kippenhahn & Weigert (1967)

10 / 
35



11th  May 2026 NAC

The MESA project

▸ Modules for Experiments in Stellar 
Astrophisics (Paxton et al. 2011)

▸ OPEN SOURCE!
▸ OPEN SCIENCE!

https://zenodo.org/communities/mesa/records

▸ Support for binary evolution, Paxton, 
Marchant et al. (2015).

Paxton et al. (2011)
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The MESA project

23

“This is next generation 
cutting edge technology” Leonardo di Caprio
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The next generation of stellar evolution models
▸ Brand new stellar evolution code 

developed in julia (core contributions 
from PhD student Ritavash Debnath).

▸ Development of efficient population 
synthesis methods (led by PhD 
student Polina Smirnova).

▸ Full adoption of automatic 
differentiation.

▸ Complete flexibility to adjust 
equations/physics/discretization.

https://jems-jl.github.io/Jems.jl

13 / 
35



11th  May 2026 NAC

Easy inclusion of new equations
Debnath, Marchant et al. (in prep)

What if we want a better model of 
convection to succeed mixing length 
theory, including its time 
dependence?

A flexible code with automatic 
differentiation makes this 
straightforward to implement!

Kuhfuss et al. (1986), Braun et al. (2024)
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Differentiable stellar evolution
Fabry et al. (in prep)
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What about 3D?
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Aiming to model long-lived 3D processes

Dickson (2024)

Davey 
Dickson

See more about this on Wednesday at 10:30!
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Parting thoughts
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Software as an instrument
Most cited astro papers of 2015
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Open science (good for you, good for everyone)
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But beware, software is NOT reality
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Want to learn more about binaries?

15

Marchant & Bodensteiner (2024)

Marchant (2025)
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Thanks for your 
attention!
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Extra slides

Klement et al (2025)
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Automatic differentiation
Basics of dual number arithmetic

This enables the calculation of derivatives 
through operator overloading
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A solution must then satisfy

We start with a guess

And refine it!
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Linearization:

And we simply need

to solve a linear system!
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The Henyey method (Henyey 1959)

Linearization:

And we simply need

to solve a linear system!

Solver complexity:
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Differentiable stellar evolution
Rahman et al. (2024, MsC thesis)

Fabry, Marchant et al. (in prep)

Example of interpolation
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One use case of population synthesis

Say we want to compare this to theory, what 
do we do? We do not know how much binary 
evolution contributes!
See Mandel & Farmer (2023) for a recent review

Abac et al. (2025)
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One use case of population synthesis

Say we want to compare this to theory, what 
do we do? We do not know how much binary 
evolution contributes!
See Mandel & Farmer (2023) for a recent review

Predictions combine multiple 
uncertain ingredients!

All uncertainties of 
binary evolution

All uncertainties of 
single star evolution

Initial binary properties 
through cosmic time

Abac et al. (2025)
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Surveying the initial conditions of binary evolution

26
Marchant et al. (2021)

▸ Challenging the standard formation 
scenario of merging binary black 
holes (Picco et al. 2024).

▸ Predicting population properties of 
observed merging compact objects 
(Marchant et al. 2024).

▸ Unveiling new evolutionary channels 
(Picco, Marchant & Sana, in prep)
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Artist illustration of VFTS 243
Image credit: ESO/L. Calçada

Giesers et al. (2018)

>4 M☉ BH in orbit with a
~0.8 M☉ star (P=167 days)

e = 0.595 ± 0.022

Shenar et al. (2022, incl. PM)

>8 M☉ BH in orbit with a
~25 M☉ star (P=10.4 days)

e = 0.017 ± 0.012

Mahy et al. (2022, incl. PM)

>7 M☉ BH in orbit with a
~24 M☉ star (P=14.6 days)

e = 0.457 ± 0.007
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Giesers et al. (2018)
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~25 M☉ star (P=10.4 days)

e = 0.017 ± 0.012

Mahy et al. (2022, incl. PM)

>7 M☉ BH in orbit with a
~24 M☉ star (P=14.6 days)

e = 0.457 ± 0.007

SMC large program
~900 massive stars, 25 epochs

(Shenar et al. 2024,
incl. PM)

Best constraints to date on the possible 
absence of supernovae at BH formation!

Willcox, Marchant et al. 2025
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BLOeM (Binarity at LOw Metallicity survey)

▸ Shenar, Bodensteiner et al. (2024) 
 VLT-FLAMES observations of 
nearly 1000 massive stars in the 
SMC.

▸ 25 epochs per object, designed 
for characterisation of binary 
systems.
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What do inert black hole binaries tell us
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SIDEKICKS: Statistical Inference to DEtermine KICKS

Led by PD
Reinhold Willcox
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Application to VFTS 243
Willcox, Marchant et al. (in prep.)

Shenar et al. (2022, incl. PM)

>8 M☉ BH in orbit with a
~25 M☉ star (P=10.4 days)

e = 0.017 ± 0.012

Kick constrained to be below 
~40 km/s, and mass loss 
below 5 M☉ within a 90% 
credible interval.
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