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Project summary:  
Galaxy formation simulations struggle to explain how supermassive black holes 
(SMBHs) grew to their extreme observed masses in excess of billion solar masses 
less than a billion years of cosmic time (see e.g. Bañados et al. 2018; Yang et al. 
2020). As the majority of SMBH mass is assembled via a series of accretion events, it 
is of crucial importance to understand physical processes that may favour large 
quantities of gas to reach within the black hole horizon. 
Specifically, magnetic fields are a typically missing piece when studying the evolution 
of SMBH: on top of affecting the direct accretion onto the SMBH in the accretion disc 
by modulating the effective viscosity, recent work has shown that in their presence, 
galaxies shrink, concentrating their mass towards their centre. This additional mass 
could be key in accelerating the growth of SMBHs. Employing the 
magnetohydrodynamical code RAMSES, the student will perform their own 
cosmological zoom-in simulations of the formation of a galaxy hosting a supermassive 
black hole under different levels of magnetisation. They will then analyse their 
simulations to study for the first time in such a context whether galactic magnetic fields 
contribute to solve the question of how SMBHs reached their extreme masses. 

 
Project description: 
The aim of this project is to investigate how magnetic fields affect the growth of 
SMBHs in realistic cosmological simulations of the formation of a galaxy. The 
student will be provided with all the software and data required to run the 
simulations: initial conditions, example configuration files, and the cosmological MHD 
code RAMSES. Using this, the student will perform three simulations, each including 
a SMBH in the galaxy and with different ab-initio magnetic fields: a run with no 
magnetic fields, and two runs with initial magnetic fields of different strength – all 
within the current observational constraints for primordial magnetic fields. The 
student will investigate the dependence on the magnetic field of the SMBH mass 
evolution over time. This dependence will then be studied in the context of the local 
properties of the gas surrounding the black hole. Finally, the student will compare 
their simulations with observed galaxy – BH relations such as bulge mass vs BH 
mass (Kormendy & Ho 2013, Greene et al. 2020). 
 
Background: 
It is widely believed that BH (10! < 𝑀 𝑀⁄ ⨀ < 10#) and SMBH (𝑀 𝑀⁄ ⨀ > 10#) reside at 
the central spheroidal component of galaxies (Ferrarese & Merritt, 2000; Ferrarese & 
Ford, 2005). The accretion of gas onto these compact objects fuels active galactic 
nuclei (AGN; Lynden-Bell, 1969; Rees, 1984) that generate powerful outflows that can 
influence the entire galaxy, even extending to distances of several Mpc. The figure 
below depicts the radio emission from the radio jets generated by a SMBH at the 



centre of Cygnus A. The interaction between the galaxy providing mass for accretion 
and the AGN activity influencing the host galaxy allows a feedback loop between the 
SMBH and its host, establishing a physical relation between the mass of the black hole 
and the properties of the bulge of the host galaxy (see e.g. Kormendy & Ho, 2013, 
Sijacki et al. 2015). 
 

 
 
The early stages of SMBH formation are not yet completely understood, with various 
available possibilities when considering their formation mechanism. Each mechanism 
will have a different associated initial mass, all well below the SMBH mass range. 
SMBH are most likely born either as stellar or massive BHs and accrete mass from 
their surroundings until they reach SMBH masses (Volonteri, 2010). This leads to one 
of the main questions revolving around SMBH: how do they reach their observed 

masses in extremely short periods of time 
(Haiman & Loeb, 2001). The so-called Bondi 
accretion model (Bondi & Hoyle, 1944) 
approximates accretion onto compact objects 
as a spherical phenomenon. This model is 
generally used in simulations to represent the 
accretion of mass onto SMBHs. However, 
numerical simulations struggle to evolve MBH 
from their initial mass (or seed mass) into their 
final SMBH masses. The Bondi model is known 
to be incomplete: the flows around accreting BH 
are complex (Beckmann et al. 2018) and other 
physics such as magnetic fields are likely to 
play a role in the process as well (Lee et al. 
2014). However, the properties of the hosting 

galaxy are also important. In particular, those from the bulge of the galaxy, as SMBH 
accrete mass from the centre of galaxies. Recent work suggests that magnetic fields 
affect the distribution of mass in galaxies, concentrating it towards their centre (Martin-
Alvarez et al. 2020).  
 



The student leading this project will generate their own simulations of the same galaxy 
(the galaxy is presented in the left panel figure or in the animation here: 
https://youtu.be/Z1H0sEINvIo ), now including SMBHs. For this, they will use a modern 
version of the well-known astrophysical code RAMSES (Teyssier, 2002). With these 
brand-new simulations, they will explore for the first time how galactic magnetic fields 
affect the accretion onto SMBHs. As a result, they will answer the question of whether 
magnetic fields alleviate the tension between simulations and the observed growth of 
SMBH.  
  
Project details:  
The research project presented here is based on generating and analysing new 
numerical magnetohydrodynamical cosmological zoom-in simulations of galaxy 
formation. For this, the student will be provided with initial conditions and the 
appropriate executable of the RAMSES code that they will use to run the simulations. 
The project will proceed in the following stages:  

1 – The student will revise the relevant literature, focusing on understanding the 
important processes of galaxy formation, the picture around SMBHs and the 
paradigmatic Bondi model of accretion onto compact objects.  
2 – The student will get familiar with operating on HPC environments and 
submitting MPI jobs. The student will prepare to run the main simulations by 
exploring the importance of the SMBH seed mass, reviewing how this 
parameter influences the SMBH mass during its infancy, and generating the 
first projected maps and animations (videos) of the galaxy formation. Example 
codes will be provided for this.  
3 – The student will generate the three main simulations of this work, spanning 
different magnetic field strengths, and continue to evolve them until redshift z ~ 
6 - 4.  
4 – While the simulations evolve, the student will prepare their main analysis 
codes. Aspects to be studied are the effect of magnetic fields in the evolution 
and accretion of the SMBH, and the properties of the local environment as the 
black hole grows. They will also compare the properties of the galaxy with 
empirical relations between SMBH and their galaxy host.  
5 – Extra: for ambitious students with good computational skills and the desire 
to carry on doing additional work, various extensions are possible: 

A. Extending the accretion model to account for the local presence 
of magnetic fields (Lee et al. 2014). 

B. Including an AGN in the simulations to explore the evolution in the 
presence of SMBH feedback. 

C. Simulating the galaxy in the presence of astrophysical instead of 
ab-initio magnetic fields to compare the effect of different 
magnetisation channels. 

 
Skills required: 
This project has a substantial computational component. Consequently, the student 
is expected to be comfortable working using a UNIX shell and programming with a 
scripting language of choice (preferably python). Some familiarity with compiled 



languages (such as C or Fortran) is preferred to facilitate the analysis. Students are 
encouraged to discuss any other computational abilities they may have that could be 
of use for the project e.g. CUDA, MPI/OpenMP protocols, AI frameworks, etc. 
Students should have a very good knowledge of hydrodynamics as covered by the 
Part II ‘Astrophysical fluid dynamics’ course (Clarke & Carswell, 2014), while good 
knowledge of ‘Structure and evolution of stars’ and ‘Stellar dynamics and structure of 
galaxies’ is desirable. 
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