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Introduction 
 
It is my pleasure to present the Research Project Booklet for the academic year 2022-2023, 
made possible thanks to generous and enthusiastic contributions of the Cambridge 
Astronomers.  
 
Each of the projects on offer this year is only described briefly, but combined together these 
will add up to a lot of information-rich and often rather technical text to digest. I encourage you 
to take your time and use the month of September before the start of term to read carefully 
through the project descriptions, taking advantage of the references provided. Many of the 
published projects are accompanied by short videos where the supervisors get a chance to 
introduce and showcase the problem at hand.  
 
If you are interested in a project, please email the supervisors with your questions. It will also 
give the supervisors a chance to identify the most interested students. Many supervisors will 
also organise meetings with the students who have expressed interest, be it in person or by 
Zoom. 
 
As usual, there are more projects on offer than there are students in the cohort, and the entire 
spectrum of the Cambridge Astronomy research is represented, so everyone should be able 
to find a project that interests and suits them the best. However, because the student-project 
ratio is not too far off unity and because typically the cohort's preferences tend to cluster 
around particular projects, please do not expect to be necessarily allocated your top choice.  
 
To make it work, I will ask you to submit a ranked list with your top ten projects in October, at 
the beginning of the Michaelmas term. Supervisors will also be invited to express their 
preference of student if they wish to do so. Student and supervisor preferences will then be 
fed into a complex computer code which is designed to maximise overall satisfaction (with 
high weight assigned to student satisfaction). The project allocations will be announced a week 
after the preferences are collected. 
 
Based on experience, my inkling is that there is more than just one project that would work 
great for you, but how to find them? Most importantly: be open-minded. This is your chance to 
learn first hand what cutting-edge astrophysics is like. Pay less attention to the flavour/topic of 
research and more to the type of work involved. Projects involving the early Universe, 
exoplanets, black holes, stars, galaxies, dust  and high energy particles will all have something 
in common: you will be asked to run simulations, analyse data and apply statistics to interpret 
your results. The absolute majority of our projects require familiarity with at least one 
programming language - most likely it will be Python, sometimes C/C++.   
 
Singling out one particular project based on a set of fine-grain selection criteria is not a wise 
strategy, and such considerations will be impossible to satisfy given that the student-project 
ratio is close to unity. Instead use coarse-grain selection criteria to identify multiple projects 
you would be excited about, projects that will give you a chance to learn something new. 
 
Please feel free to email me if you have any questions. 
 
Vasily Belokurov, Part III/MASt Astrophysics Course Coordinator, Michaelmas term 2022 
Email: vasily@ast.cam.ac.uk 
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Project 1: The Vertical Shear Instability in Protoplanetary Disks 
Supervisor I: Can Cui (cc795@cam.ac.uk) 
Supervisor II: N/A 
UTO: Henrik Latter (hl278@cam.ac.uk) 
 
Project summary: 

Protoplanetary disks are extremely poorly ionized, and hence magnetic turbulence is unlikely to 
be operating. Instead, hydrodynamic instabilities are needed to confront observations. Among 
them, the vertical shear instability (VSI) is one of the most promising. Analytical theory predicts 
that the saturation of the vertical shear instability is dominated by travelling inertial waves. This 
project investigates the wavelike properties of the VSI by performing hydrodynamical numerical 
simulations. The student will compare linear theory with simulations to understand the saturation 
of the VSI in waves.   
 
Background: 

Hydrodynamic instabilities are central to understanding the turbulent motions in protoplanetary 
disks, as the traditional magneto-rotational instability is damped due to the extremely low disk 
ionization fraction. Among them, the vertical shear instability (VSI) is one of the most promising, 
as it likely spans a large disk extent. The VSI is excited when two conditions are met: the vertical 
gradient in angular velocity and rapid cooling (Goldreich and Schubert 1967; Nelson et. al. 2013, 
Lin and Youdin 2015).  
 
Existing numerical simulations of the VSI have focused on its turbulent properties. However, its 
wavelike nature, which is fundamental to understanding not only the linear behaviour but also 
the non-linear saturation, is often overlooked. Non-linear numerical simulations demonstrate 
that the VSI saturation is dominated by large-scale coherent vertical oscillations (Figure 1), 
which are essentially corrugation modes, a special kind of inertial wave (which we call simply 
“VSI waves”). On large-scales, VSI waves respond to variations in the background disk structure 
(Svanberg et. al. 2022). Their radial wavenumbers evolve over radius, reaching zero at special 
resonant radii (turning points); meanwhile, the conditions for maximum growth also vary with 
radius, thus an unstable VSI wave might move to a region where it does not grow. Thereby, the 
disk may divide itself into several radial wave zones. On small scales, on the other hand, the 
energy from the large-scale VSI waves needs to transfer to small scales, where it is dissipated. 
This can be mediated by a parametric instability, whereby VSI waves fall into resonance with 
pairs of inertial waves (Cui and Latter 2022).  

 
Figure 1.: Large-scale coherent vertical oscillations of the VSI that dominates the non-linear evolution in numerical simulations (Nelson et. 
al. 2013).  

 

mailto:cc795@cam.ac.uk
mailto:hl278@cam.ac.uk
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Project details:  
 
This project focuses on the saturation of the VSI as waves. The student will use the grid-based 
massively-parallel code Athena++ to carry out 2D hydrodynamic numerical simulations in the 
context of protoplanetary disks. The project will proceed as follows: 

● The student will review the literature on the vertical shear instability, focusing on its linear 
and non-linear behaviour. 

● By working out the equilibrium disk solution, the student will implement it as an initial 
condition in the code and perform a simulation with moderate resolution. 

● The student will develop scripts to analyse the simulation data, observing the vertical 
coherent motions of the VSI and measuring the turbulent alpha parameter.  

● The student will plot the space-time diagram to distinguish wave zones for VSI waves, 
measure the wave frequency using temporal Fourier transform and the radial wavelength 
from the simulation, afterwards comparing with the linear theory.  

● To resolve the parametric instability, the student will perform high-resolution simulations 
with narrower radial domains.  

● If the parametric instability emerges, the student will compare with low resolution 
simulations and assess the saturation properties of the parametric instability. 
 

  
Skills required: 
 
This is a computational fluid dynamics project. The project requires: 

● a background in fluid dynamics, for example, Part IB Fluid Dynamics and Part II 
Astrophysical Fluid Dynamics 

● a basic knowledge of C++/C and python 
● comfort with coding 

To understand instability, a basic knowledge in linear analysis is desirable. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Nelson, R. P., Gressel, O., & Umurhan, O. M. 2015, MNRAS, 435, 2610 
https://ui.adsabs.harvard.edu/abs/2013MNRAS.435.2610N/abstract 

2. Svanberg E., Cui C., Latter H. N., 2022, MNRAS, 514, 4581 
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.4581S/abstract 

3. Cui C., Latter H. N., 2022, MNRAS, 512, 1639 
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.4581S/abstract 
 

General references: (List of papers referred to in the project description) 
1. Goldreich P., Schubert G., 1967, ApJ, 150, 571  

https://ui.adsabs.harvard.edu/abs/1967ApJ...150..571G/abstract 
2. Lin, M.-K., & Youdin, A. N. 2015, ApJ, 811, 17 

https://ui.adsabs.harvard.edu/abs/2015ApJ...811...17L/abstract 
 

 
 
 
 
 
 
 
 
 
 

https://ui.adsabs.harvard.edu/abs/2013MNRAS.435.2610N/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.4581S/abstract
https://ui.adsabs.harvard.edu/abs/2015ApJ...811...17L/abstract
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Project 2: Cosmology with unresolved lensed transients 
Supervisor I: Suhail Dhawan (sd919@cam.ac.uk)  
Supervisor II: N. Wyn Evans (nwe@ast.cam.ac.uk) 
UTO: Vasily Belokurov (vasily@ast.cam.ac.uk)  

 
Project summary: 
 
The Hubble tension, i.e., the discrepancy between early and late universe inferences of the 
Hubble constant, is one of the most important open questions in modern cosmology. Lensed 
transients, e.g., quasars and supernovae are excellent probes of cosmology as they measure 
the Hubble constant through completely independent methods compared to the conventional 
local distance ladder. Lensed quasars and supernovae measure distances from difference in 
the arrival time between the multiple images of the lensed source. Modern transient surveys 
like the Zwicky Transient Facility and the imminently online Rubin Observatory have found / 
will find hundreds to thousands of such events. The wealth of data can be exploited to obtain 
robust time-delays for a large sample of objects to infer cosmology with high precision. While 
the data from these surveys is densely sampled, the resolution is not optimised to resolve the 
multiple images of the lensed transient. This is the key gap to be filled by the Part III project. 
The aim is to develop a software for estimating the time-delays of known lensed quasars and 
supernovae. Depending on the timeline of completion, the student can also directly apply this 
to archival ZTF data.  

 
Project description: 
 
The student will write code to simulate lightcurves for a wide array of lensed transients, e.g., 
SNe and QSOs. The project will involve analysing the simulated lightcurves to test whether 
the algorithms in the literature can recover input parameters, e.g., the time-delay.  
Ideally, this will be done in python, with simulations either taken from a combination of the 
time-delay data challenge and generated from software like SNTD (Pierel et al. 2019). If time 
allows, the student will apply these techniques to the real data stream from surveys like ZTF.  
 
Background: 
 
The Hubble constant (H0) predicted from the cosmic microwave background (Planck 
Collaboration 2020), assuming standard cosmology, disagrees with the Cepheid-
calibrated Type Ia supernova (SNe~Ia) distance ladder (e.g., Riess et al, 2022), at the 5-sigma 
level, making it extremely timely to answer the question: is this a sign of novel physics or 
unknown systematics? This Hubble tension is arguably the most pressing question in modern 
cosmology. Answering it requires new, precise routes to measure H0, which are, crucially, 
independent of each other. Strongly lensed quasars and supernovae are a powerful probe of 
time-delay distances. Being a ratio of three angular diameter distances, this measurement is 
not impacted by the same systematic uncertainties as the luminosity distance - redshift relation 
traced by the local distance ladder, and is almost insensitive to the cosmological model. 
Additionally, strongly lensed QSOs and SNe have been shown to be a powerful tool for a 
broad range of important topics in astronomy and astrophysics. They can be used to measure 
the initial mass function (IMF) and dark matter substructures in the lensing galaxies. Lensed 
QSOs also serve as a unique probe of the size and temperature profile of black hole accretion 
discs and black hole/host galaxy scaling relations at cosmological distances. The statistics of 
a well-defined sample of strongly lensed SNe and QSOs can provide a simple and robust 
constraint on the structure growth and hence dark energy.  Time-domain astronomy surveys 
like the Zwicky Transient Facility, Pan-Starrs, and future facilities like LSST, LS4 will provide 
remarkably dense lightcurves for known lensed transients and discover an order of magnitude 

mailto:sd919@cam.ac.uk
mailto:nwe@ast.cam.ac.uk
mailto:vasily@ast.cam.ac.uk
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greater samples of lensed QSOs and SNe.  Hence, a methodology to robustly determine time-
delays from unresolved lightcurves is critical and timely.  
 
The aim of this project is two-fold: firstly, to compare the different methodologies for inferring 
time-delays from simulated unresolved lightcurves, e.g., autocorrelation functions (Shu et al. 
2021), “crossing functions” (Bag et al. 2022) along with improvements from combining multi-
band data. Secondly, applying these methods onto data from surveys like ZTF, which have 
been observing the Northern sky with high cadence to recover time-delays for known systems. 
The project can also involve applications of the method to detailed survey simulations with 
ZTF, hence, robustly characterising the survey noise profile to obtain. This will be a key 
development when combining more targeted data, e.g., via the COSMOGRAIL program 
(Millon et al. 2020) and long baseline time-series coverage from all sky surveys. 
 

 
Figure 1.: A summary of the lensed transient resolved observations both for SNe (left) and QSOs (middle, right), along with forecasts 
for the cosmological constraints. 

 
Figure 2.: Example simulated lightcurves in ZTF-like filters for a short time delay (left, ~ 15 days) and a long time-delay (right, ~ 42 
days). The project will include using both template and non-parametric methods to simulate the lightcurves. Figure from Bag et al. 
2021. 
 
Project details:  
 
The project will require knowledge of time-series data. There are several “curve shifting” 
techniques, e.g., PyCS (Tewes et al. 2013) that have been applied to resolved data of lensed 
QSOs, and Bayesian methods applied to lensed SNe (e.g., Dhawan et al. 2020, Birrer et al. 
2022).  
 

● Perform a literature review of lensed transients and the methods for time-delay 
inference.  

● Write software to combine resolved lightcurves for lensed QSOs to unresolved fluxes, 
recreating the survey data to resemble ZTF, LSST etc.  

● Use existing lightcurve templates of SNe (e.g., SNe Ia, SNe II-P, Ibc) to create a library 
of unresolved SN lightcurves.  

● Apply autocorrelation fitting code to unresolved lensed QSO.  
● Set up “crossing functions” inference with Chebyshev functions (e.g., Bag et al. 2019). 
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● Simulate lensed SN lightcurves with predicted time-delay and magnification 
parameters using software like SNTD https://sntd.readthedocs.io/en/latest/ (Pierel et 
al.).  

● Infer time delays for simulated lensed SN lightcurves. 
● If time allows, apply the method to lensed QSOs observed by ZTF in the first four years 

of its operations. 
 

 
Skills required:     
 
Familiarity with or motivation to learn time series data analysis would be beneficial, some prior 
experience with statistics in astronomy.  
Desired (though not essential): experience coding with Python and manipulating datasets. 
 
Support will be provided in the case of limited programming experience. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Shu et al. 2021, MNRAS, 502, 2912 
2. Bag et al., 2022, ApJ, 927, 191 
3. Wong et al. 2020, MNRAS, 498, 1420 
4. Denissenya & Linder, 2022, arxiv: 2202.11903 
5. Bag et al. 2021, ApJ, 910, 35 

 
General references: (List of papers referred to in the project description) 

1. Riess et al. 2022, ApJ 
2. Planck Collaboration, 2020, A&A,  
3. Millon et al. 2020, A&A, 640, A105 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://sntd.readthedocs.io/en/latest/
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Project 3: Tracing Magnetars Populations and Determining the 
Abundance of Fast Radio Bursts 
Supervisor I: Anastasia Fialkov (afialkov@ast.cam.ac.uk) 
Supervisor II: Nina Sartorio (sartorio.nina@ast.cam.ac.uk)  
UTO: Anastasia Fialkov (afialkov@ast.cam.ac.uk) 

 
Project summary: 
 
Fast radio bursts (FRBs) are very bright and very short splashes of radio signals travelling to 
us from the distant Universe. FRBs are a new source of cosmological information and can be 
used to constrain the baryon content of the Universe. If they are produced during the first 
billion years of cosmic history, FRBs could be used to probe the epoch of reionization. 
However, at the moment no FRBs beyond redshift z = 3 have been discovered, partially owing 
to observational limitations which will be relaxed in the future. 
 
In order to take full advantage of what hypothetical high-redshift FRBs could offer, we would 
need to detect a number of them at high redshifts [2]. However, because their sources are still 
largely unconstrained the population of progenitors at high-z, and thus the expected number 
of FRBs, is unknown.  
 
Recently a galactic magnetar SGR 1935+2154 has been detected to produce an FRB-like 
signal [1] albeit a little less energetic. This is the first and only direct clue we have about FRB 
progenitors. While it is not certain that magnetars are the only astrophysical sources able to 
produce such signals, it is not unreasonable to assume that a proportion of them will lead to 
FRBs. 
 
In this project you will build a model to trace magnetar population at high redshift in order to 
estimate the expected number of high-redshift FRBs. 
 

 
Project description: 
 
The project entails in implementing a tracer of magnetars in the population code Binary C [3]. 
The student will run population synthesis simulations of neutron stars [4] and analyse the 
results in order to establish how the magnetar population evolves over redshift. These results 
will be then used to predict the number of FRBs that could be detected at high redshift 
assuming a fraction of the magnetars are indeed FRB progenitors. 
 
Background: 
 
Fast Radio Bursts (FRBs) are short (∼ 1 ms long) bursts at radio wavelengths which originate 
from outside of our galaxy. FRBs are excellent cosmological probes as their signal gets 
dispersed by the free electrons lying between the source and the observer. Because the 
sources are extragalactic, the most significant contributor to this dispersion is the ionised gas 
in the intergalactic medium (IGM). The dispersion measure (DM) of the FRB signal allows us 
to probe the integrated electron column density and thus probe ionisation state of the IGM. 
Thus, measurements of DMs from localised high redshift FRBs can help us constrain 
reionization. 
 
Hundreds of FRBs have already been detected and although no FRBs have been observed 
from the Epoch of Reionization, forecasts [2] expect ∼ 100 FRBs per day from z > 6 to be 
observed with SKA if the number of FRBs is expected to scale with the star formation rate.  
 

mailto:afialkov@ast.cam.ac.uk
mailto:sartorio.nina@ast.cam.ac.uk
mailto:afialkov@ast.cam.ac.uk


Page 11 of 121 
 

With the detection of a bright radio burst from SGR J1935+2154 with energies and profile 
comparable to other known FRBs, a magnetar origin for FRBs is tantalising. The formation of 
magnetars themselves is elusive and it is not clear what can lead the neutron stars to have 
such high magnetic fields [5]. Assuming certain distributions for a stellar population (such as 
masses, stellar magnetic fields, etc) stellar synthesis codes can aid us in reproducing the 
population of magnetars. If we can trace the magnetars numbers over time and compare to 
other parameters like the star formation rate history, we will be able to make more robust 
predictions of detectable FRBs at high redshifts. 
 

 
Figure 1.: Artist impression of a magnetar and its magnetic field [1] 

 
Skills required: 
 
Coding experience. Previous knowledge of C/C++ would be useful but not essential. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. CHIME collaboration, A bright millisecond-duration radio burst from a Galactic 
magnetar. Nature 587, 54–58 (2020)  

2. S. Heimersheim et al., What It Takes to Measure Reionization with Fast Radio Bursts, 
Astrophysical Journal,  993, 57 (2022) 

3. Izzard et al. https://tinyurl.com/yc482vn9 
4. M. Gullón et al.,, Population synthesis of isolated neutron stars with magneto-rotational 

evolution – II. From radio-pulsars to magnetars, Monthly Notices of the Royal 
Astronomical Society,  454, 1 (2015) 

5. Victoria M. Kaspi and Andrei M. Beloborodov, Magnetars, Annual Review of 
Astronomy and Astrophysics, 261-301 (2017) 
 

 
  

https://ui.adsabs.harvard.edu/#abs/2022ApJ...933...57H/abstract
https://www.annualreviews.org/doi/abs/10.1146/annurev-astro-081915-023329
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Project 4: Few and Far Between - Impacts of the Incomplete 
Sampling of the Mass Distribution of the First Stars on the 21-cm 
Signal 
Supervisor I: Anastasia Fialkov (afialkov@ast.cam.ac.uk) 
Supervisor II: N/A 
UTO: Anastasia Fialkov (afialkov@ast.cam.ac.uk) 

 
Project summary: 
 
The first stars in the Universe are thought to be much more massive than our sun, with the 
distribution of masses (referred to as the initial mass function, IMF) covering a broad range 
between one solar mass and up to a thousand. These massive stars are expected to form in 
tiny dark matter halos (minihalos) which could only host a very small number of such stars. 
The exact stellar content of each halo is, thus, variable and depends on the stellar IMF. 
 
Radiation emitted by these first stars has a strong impact on the surrounding gas and is a 
function of stellar mass. Therefore, signals such as the 21-cm signal of neutral hydrogen would 
be sensitive to the detailed modelling of the stellar content of each halo. The traditional 
approach is to model the emission coming out of each minihaloe by averaging the stellar 
emissivity over the IMF. In reality, stellar content of each minihalo and with it the halo’s 
emissivity will vary from halo to halo creating fluctuations in the 21-cm signal. In reality, we 
expect strong variation in the radiative properties as well as supernovae rates of different 
minihaloes even if they contain the same total mass in stars. In this project, the student will 
investigate this hereunto unconsidered effect using Monte Carlo simulations, and determine 
the impact of the variation in stellar halo’s content on the 21-cm signal. 
 

 
Project description: 
 
This will be a predominantly computational project. The student will begin with an investigation 
of the variability in the number and mass of stars assuming a fixed stellar mass in a halo, with 
the individual stars being sampled from a given IMF. Next, using existing predictions for stellar 
spectra, supernovae types and cosmic ray yields, the student will build a Monte Carlo 
simulation to model the variation of the emission properties of dark matter minihaloes. The 
ultimate aim of the project is to incorporate these variations into a new version of our existing 
state-of-the-art simulation code (Visbal et al. 2012, Fialkov et al. 2013, Reis et al. 2022) for 
the 21-cm signal, and to use this to investigate the impact of the variations on the observable 
signal.  
 
One potential extension to this project is for the student to derive cosmic variance errors on 
our theory models from this and other stochastic processes in the early universe. 
 
Background: 
 
The 21-cm signal is probably the most promising observable probe for investigating cosmic 
dawn (Furlanetto et al. 2006), the epoch where the first stars and galaxies begin to form. 
Recently a huge amount of progress has been made toward detecting the sky averaged signal 
and its power spectrum. With several large improvements in observed upper bounds on the 
power spectrum (Mertens et al. 2020, Trott et al. 2020, HERA Collaboration et al. 2022) over 
a wide range of redshift being made. As well as a disputed first detection of the global signal 
(Bowmann et al. 2018, Hills et al. 2018, Singh et al. 2022). 

mailto:afialkov@ast.cam.ac.uk
mailto:afialkov@ast.cam.ac.uk
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Hence it seems that a definitive detection of the 21-cm signal in some form may come in the 
near future. The aim then is to infer from this signal the properties of the first stars, galaxies, 
black holes, and potentially even the nature of dark matter. To do this however we need 
accurate predictions of the 21-cm signal given an astrophysical model. Plenty of literature has 
been dedicated to building such models including many effects and impacts of the first 
generation of luminous sources.  
 
In a recent work, the possibility that star formation efficiency may vary between minihaloes 
was considered (Reis et al. 2022). The resulting variations in minihalo emissivity (see Figure 
1) were found to have a significant impact on the 21-cm power spectrum.  
 

 
Figure 1: 21-cm power spectrum at fixed redshift with different degrees of variation in star formation efficiency between minihaloes. The 
21-cm signal with no variation in star formation efficiency is shown in black, with increasing variations in the star formation efficiency 
shown in blue, green and orange. As star formation efficiency variation increases the high wavevector (small scale) power spectrum 
becomes suppressed and the low wavevector (large scale) power spectrum is enhanced. Similar effects might be anticipated due to the 
incomplete IMF sampling this project aims to investigate. From (Reis et al. 2022). 

Our simulations, however, still make the assumption that all minihaloes with the same total 
stellar mass would have the same luminosity. If, as simulations predict, only a few stars form 
per minihalo this assumption is almost certain to break down in the early universe, with 
variations in the emissivity between mini-halos with the same total stellar mass are 
anticipated due to the different masses and number of stars that form within them.  
 
Therefore, one might envisage similar signals to those shown in Figure could be produced 
due to the incomplete sampling of the IMF in low mass mini-halos.  
 
Project details: 
 
By studying and quantifying the impact of incomplete IMF sampling on the 21-cm signal we 
will know whether it needs to be included in future simulations that are used to extract 
information from any 21-cm signal detections. Furthermore, if the power spectrum features 
this effect introduces are IMF dependent it may provide a further way that the 21-cm signal 
can probe the mass distribution of the first stars.  
 
The initial plan for the project is as follows: 

1. Literature review to familiarise yourself with the current knowledge about when and in 
what quantity the first stars form, and how the first stars impact the 21-cm signal. 

2. Development of a sampling technique to get a sample of stars from a given 
cosmological IMF with a fixed total mass of stars while maintaining that IMF as the 
mass distribution of stars. 
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3. Combination of the above with existing data sets for first star spectra and supernovae 
yields in a Monte Carlo simulation to model the distribution of the luminosity of these 
halos in different bands and their cosmic ray emissivities. This will include seeing how 
these variations change with different total masses of first stars and redshift. 

4. Adding these luminosity and emissivity variations to our existing 21-cm semi-numerical 
simulation code as an optional feature. 

5. Investigation of the impact of incomplete IMF sampling on the global 21-cm signal and 
power spectrum, with consideration of how this result varies for different possible first-
star IMFs. 

 
 
Skills required: 
 
Skills: Programming in Python and/or MATLAB. 
Relevant Courses: Cosmology. Knowledge of Astrostatistics would be useful.  

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Reis et al. 2022, MNRAS, Volume 511, Issue 4, p.5265-5273 
2. Furlanetto et al. 2006, Physics Reports, Volume 433, Issue 4-6, p. 181-301 

 
General references: (List of papers referred to in the project description) 

1. Visbal et al. 2012, Nature, Volume 487, Issue 7405, p. 70-73 
2. Fialkov et al. 2013, MNRAS, Volume 432, Issue 4, p.2909-2916 
3. Mertens et al. 2020, MNRAS, Volume 493, Issue 2, p.1662-1685 
4. Trott et al. 2020, MNRAS, Volume 493, Issue 4, p.4711-4727 
5. HERA collaboration et al. 2022, APJ, Volume 924, Issue 2 
6. Bowman et al. 2018, Nature, Volume 555, Issue 7694, p.67-70 
7. Hills et al. 2018, Nature, Volume 564, Issue 7736, p.E32-E34 

Singh et al. 2022, Nature Astronomy, Volume 6, p.607–617 
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Project 5: Constraining Cosmic Dawn with 21-cm Cosmology 
Supervisor I: Anastasia Fialkov (afialkov@ast.cam.ac.uk) 
Supervisor II:N/A  
UTO: Anastasia Fialkov (afialkov@ast.cam.ac.uk) 

 
Project summary: 
 
21-cm cosmology (Furlanetto et al. 2006, Mesinger 2019, Barkana 2016) is anticipated to 
provide us with a window into the enigmatic cosmic dawn era, the period when the first 
luminous sources formed in the universe. In this project, the student will produce forecasts for 
the sensitivity of upcoming 21-cm global signal and power spectrum experiments to the 
astrophysical properties of these first stars and galaxies. With an extension goal to produce 
joint forecasts between complementary global signal and power spectrum experiments. 
Thereby providing insight into what these experiments might teach us about the early 
universe.  
 

 
Project description: 
 
Our group and collaborators have developed a semi-numerical simulation code for predicting 
the 21-cm signal given a set of astrophysical parameters that describe the properties of the 
first stars and galaxies. This project aims to produce theoretical predictions for the inverse 
problem, given a hypothetical detection of the 21-cm signal from upcoming experiments what 
constraints on the properties of these first luminous sources will we achieve.   
 
Projected parameter constraints will be made for a variety of existing and upcoming 21-cm 
signal experiments, including both global signal experiments (e.g. EDGES, REACH and 
SARAS, Bowman et al. 2018, de Lera Acedo 2019, Singh et al. 2022), and power spectrum 
experiments (e.g. HERA, LOFAR and the SKA, HERA collaboration et al. 2022, Mertens et al. 
2020, Koopmans et al. 2015). These can then be combined to produce joint forecasts, which 
are of particular interest given early indications that global 21-cm signal measurements may 
be able to break parameter degeneracies that exist in power spectrum signal measurements 
(Gessey-Jones et al. 2022). There exist many methodologies for producing such parameter 
constraint forecasts, and so the exact approach taken in the project will be decided jointly with 
the student. An ambitious student may wish to use some or all of neural network emulators, 
full Bayesian forward modelling, or marginal statistics in producing their parameter forecasts. 
 
Background: 
 
Currently there exists an observational gap in our knowledge of the universe’s history. The 
CMB provides us with a tool to see the very early universe just a few hundred thousand years 
after the big bang. While deep galaxy surveys can now push back to redshift 8 and above, 
allowing us to see early galaxies only hundreds of millions of years after the big bang. Between 
these points in the universe's history, there are two currently unseen epochs, the dark ages 
and cosmic dawn (Furlanetto et al. 2006). This project concentrates on the latter, the period 
in the universe when the very first stars and galaxies form. As these stars and galaxies were 
so distant and so faint, they are outside the realm of direct observation even by JWST. The 
21-cm line from neutral hydrogen however provides a promising probe for investigating this 
epoch via the absorption of CMB photons by the intergalactic medium (IGM) at this spectral 
line.  
 
The emission and absorption at this line is predicted to be sensitive to the details of the 
formation of the very first stars (Figure 1, Magg et al. 2021, Gessey-Jones et al. 2022) and 

mailto:afialkov@ast.cam.ac.uk
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galaxies as well as the properties of the first black holes and the nature of dark matter. 
Detection of the 21-cm signal would thus potentially provide us with a wealth of knowledge 
about the first structures to form in the universe. The first tentative detection of the sky-
averaged (global) 21-cm signal was reported in 2018 by the EDGES collaboration (Bowman 
et al. 2018), though this has since been disputed by the null detection of SARAS3 (Singh et 
al. 2022). In recent years several interferometers have also published improved upper limits 
on the 21-cm signal power spectrum including LOFAR (Mertens et al. 2019), MWA (Trott et 
al. 2020) and HERA (HERA Collaboration et al. 2022). Hence a conclusive detection of the 
21-cm global signal and/or power spectrum is hoped for in the near future.  
 

 
 
Figure 1.: Variation of the 21-cm signal for different first-star mass distributions (IMF). Panel a) shows the global signal, b) the 21-cm 
power spectrum at a fixed wavevector of 0.1 inverse comoving Megaparsecs, and c) the relative difference between the Salpeter and Top-
Heavy IMF power spectra. On the middle panel also shown is a grey dashed line, the predicted noise sensitivity of the SKA1-Low with 
1000 hours of observation, showing that the SKA1 can begin to probe the mass distribution of the first stars via the small differences in 
the power-spectrum that it induces. From (Gessey-Jones et al. 2022). 

Consequently, it is increasingly important to consider the question of “if we do detect the 21-
cm signal how do we interpret it”. To this end, theoretical predictions for the 21-cm signal with 
parameterized models of early universe astrophysics have been developed, and upcoming 
and existing experiments publish the noise on the signal they hope to achieve. In this project, 
we aim to take these theoretical predictions and noise limits and forecast the astrophysical 
parameter constraints various experiments may achieve. In addition, in one of our recent 
works (Gessey-Jones et al. 2022), we found a degeneracy in the 21-cm power spectrum 
between the efficiency of the formation of the first stars and their mass distribution, but that a 
sufficiently accurate global signal measurement could break this parameter degeneracy. 
Hence joint 21-cm global signal and power spectrum measurement may give us significantly 
better parameter constraints by breaking degeneracies, something we hope to investigate 
through this project. 
 
Project details: 
 
There are various existing methods for parameter constraint forecasts and many different 
possibilities for the combination of data sets. Hence the exact plan for this project is flexible 
and can be tailored somewhat to the student's interests/strengths. One potential project outline 
would be as follows: 

1. Literature review into the astrophysics that impacts the 21-cm signal and methods for 
producing parameter constraint forecasts. 

2. Generation of a data-set of 21-cm signals via using the high-performance computing 
facility to run O(10000) simulations. 

3. Retrain existing neutral network emulators for the global 21-cm signal and power 
spectrum on the simulated signal dataset. 

4. Using existing noise models from the literature perform MCMC forecasts for parameter 
constraints from global signal experiments (REACH, EDGES and SARAS). 
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5. Similarly use MCMC forecasts to produce parameter constraints forecasts for power-
spectrum experiments (HERA, LOFAR, SKA). 

6. Choosing a suitable global signal experiment and power-spectrum experiment perform 
a joint MCMC to investigate the improvement on constraints this grants and whether it 
breaks parameter degeneracies. 

 
 
Skills required: 
 
Skills: Programming in Python and/or MATLAB 
Relevant Courses: Cosmology. Knowledge of Astrostatistics would be useful. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Furlanetto et al. 2006, Physics Reports, Volume 433, Issue 4-6, p. 181-301 
2. Gessey-Jones et al. 2022, Submitted to MNRAS, arXiv:2202.02099 
3. Magg et al. 2021, Submitted to MNRAS, arXiv:2110.15948 

 
General references: (List of papers referred to in the project description) 

1. Bowman et al. 2018, Nature, Volume 555, Issue 7694, p.67-70 
2. de Lera Acedo 2019, 2019 International Conference on Electromagnetics in Advanced 

Applications, p.0626–0629 
3. Singh et al. 2022, Nature Astronomy, Volume 6, p.607–617 
4. HERA collaboration et al. 2022, APJ, Volume 924, Issue 2 
5. Mertens et al. 2020, MNRAS, Volume 493, Issue 2, p.1662-1685 
6. Koopmans et al. 2015, Proceedings of Advancing Astrophysics with the Square 

Kilometre Array, 9 -13 June 2014 
Trott et al. 2020, MNRAS, Volume 493, Issue 4, p.4711-4727 
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Project 6: A Multi-wavelength Study of the Galactic Ultra-luminous 
X-ray Pulsar Swift J0243.6+6124 
Supervisor I: Jiachen Jiang (jj447@cam.ac.uk) 
Supervisor II: N/A 
UTO: Christopher Reynolds (csr12@cam.ac.uk) 

 
Project summary: 
 
Ultra-luminous X-ray pulsars are a class of unique binary systems where a neutron star 
actively accreting from a donor star significantly above the Eddington limit. Due to its extreme 
properties, their radiation processes, especially the correlation between different wavelengths 
are still uncertain. The project will focus on the first and only Galactic ULX pulsar ever 
discovered, Swift J0243.6+6124, using data from Swift. The student will study the origin of the 
optical and UV emission in this object and their correlation with the soft and hard X-ray 
emissions. Furthermore, the student will compare this unique ultra-luminous X-ray pulsar with 
other Galactic low-mass and high-mass X-ray binaries in outburst. 
 

 
Project description: 
 
Aims: 
This project aims to find 1) the origin of the optical and UV emission from Swift J0243.6+6124, 
e.g., blackbody emission from the outer accretion disk, the jet, or the donor star, during the 
outburst; 2) how the optical and UV emission correlate with the soft and hard X-ray emission 
from the innermost accretion region. 
 
Methods: 
The project will use multi-wavelength data from Swift (UVOT, XRT and BAT). The student will 
use optical/UV photometric observations to determine the optical/UV luminosities and colours. 
The student will also perform spectral analysis based on XRT data to achieve X-ray 
luminosities. Long-term spectroscopic and photometric light curves will be used to answer the 
scientific questions above. 
 
Background: 
 
X-ray pulsars, ultra-luminous X-ray sources and Swift J0243.6+6124 
 
Ultraluminous X-ray sources (ULXs) are non-nuclear objects that appear to be very luminous 
under the assumption of isotropic emission. The majority of ULXs are X-ray binaries powered 
by the accretion processes onto a compact object, and their luminosities are around or above 
the Eddington luminosity of typical stellar-mass black holes of 5-20 solar masses.  
 
ULXs were believed to host intermediate-mass black holes due to their high luminosities. 
Surprisingly, coherent X-ray pulsations from a ULX in M82 (Bachetti et al. 2014) were found 
in the NuSTAR data with a peak luminosity above 10^40 erg s/1. Since then, a few more ULX 
pulsars were found. Such coherent pulsation signals provide evidence of a rotating neutron 
star accreting at a rate significantly above the Eddington limit. 
 
Most ULXs are discovered in external galaxies. Swift J0243.6+6124 (Swift J0243) is a unique 
system being the first and only known ULX in our Galaxy (see Sugizaki et al. 2022 for an X-
ray overview of the outburst of Swift J0243). Moreover, Swift J0243 is found to be a high-mass 
Be X-ray pulsar with strong radio jet emission (Reig et al. 2020; van den Eijnden et al. 2019).  
 

mailto:jj447@cam.ac.uk
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Optical and UV luminosities are often found to be strongly correlated with X-rays during the 
outburst of X-ray binaries. The origin of their optical and UV emission is, however, more 
complicated, whether an optically thin synchrotron spectrum from the jet may exist (Gandhi et 
al. 2011); optically thick, self-absorbed synchrotron jet emission may be an alternative (Russell 
et al. 2013); the contribution from the companion star or blackbody emission from the outer 
accretion disk may dominate (Hynes 2005).  Several methods have been applied to study the 
origin of the optical and UV emission in X-ray binaries and their correlation with X-rays, e.g., 
SED modelling, fast variability studies and multi-wavelength correlation studies (e.g., Saikia 
et al. 2022). 
 
The X-ray to optical flux ratio in ULXs is often found to be like low-mass X-ray binaries (LMXBs) 
instead of high-mass X-ray binaries (HMXBs, van Paradijs & McClintock 1995). The significant 
correlated optical and X-ray luminosity changes suggest a common origin in Swift J0243 (Reig 
et al. 2020). But how much contribution may be from the jet? How about the emission of the 
donor star at these wavelengths considering its high mass nature? Whether the optical and 
UV emission of Swift J0243 originates in the outer region of the accretion disk? How does the 
only Galactic high-mass Be ULX pulsar Swift J0243 compare to other Galactic LMXBs and 
HMXBs (see an example in Fig.2)? 
 

 
 
Figure 1.: Swift observations of the ULX pulsar Swift J0243. Left: Swift UVOT (UVW1) image of this object taken during the outburst 
marked by the circle. Right: Swift-BAT hard X-ray light curve of the outburst of this object. During the outburst, Swift J0243 shows a rapid 
increase of X-ray luminosity and a slower decay afterwards.  
 

  
Figure 2.: (Left) optical/X-ray correlation for all types of binary systems. (Right) instruments onboard Swift. 

 

Neil Gehrels Swift Observatory 
 
Neil Gehrels Swift Observatory (Swift) is a NASA-led multiwavelength space mission 
consisting of three main instruments, UVOT, XRT and BAT. They provide simultaneous 
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observations in the optical/UV, soft and hard X-ray bands (see Fig.2).  Swift will be the perfect 
mission for us to study the multi-wavelength correlation of Swift J0243. A UVOT image in the 
UVW1 band is shown in the left panel of Fig.1 and a BAT light curve of the outburst of Swift 
J0243 is shown in the right panel. 
 
Project details: 
 

1. Reduce Swift data using an already prepared pipeline and calibration data. 
2. Extract optical and UV light curves based on UVOT data. 
3. Extract soft X-ray spectra from XRT data and conduct a simple spectral analysis. 
4. Optical/UV SED fitting based on a simple model. 
5. Study the correlation between luminosities and colours of multiple wavelengths. 

At the end of the project, the student will learn the following transferrable astronomical data 
analysing skills. 
 

1. Optical and UV photometry for point-like sources. 
2. X-ray CCD data reduction and spectral analysis for point-like sources. 
3. Spectral analysis based on the commonly used analysing software XSPEC. 
4. Writing his/her/their script to process big data. 

 
 
Skills required: 
 
The student needs to be familiar with UNIX systems, e.g., macOS or Linux, and their 
command-line interfaces. Basic scripting skills in Bash or C-shell, e.g., writing loops and 
simple commands, are required. 
 
Knowledge of X-ray CCD data reduction and simple spectral analyses in XSPEC is preferred 
but not required. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Russel, D., et al., “Global optical/infrared–X-ray correlations in X-ray binaries: 
quantifying disc and jet contributions”, MNRAS, 371, 1334-1350. 

2. Kaaret, P., et al., “Ultraluminous X-Ray Sources”, Annual Review of Astronomy and 
Astrophysics, 55, 303-341. 
 

General references: (List of papers referred to in the project description) 
1. Bachetti, M., et al., 2014, Nature, 514, 202 
2. Reig, P., et al., 2020, A&A 640, A35 
3. van den Eijnden, J., et al., 2019, MNRAS, 483, 4628 
4. Sugizaki, M., et al., 2020, ApJ, 896, 124 
5. Gandhi, P., et al., 2011, ApJ, 740, L13 
6. Russell, D., et al., 2013, MNRAS, 429, 815 
7. Saikia, P., et al., 2022, ApJ, 932, 38 
8. van Paradijs J, McClintock JE. 1995. In X-Ray Binaries, ed. WHG Lewin, J van 

Paradijs, EPJ van den Heuvel, pp. 58–125. Cambridge, UK: Cambridge U Press 
9. Hynes, R. I., 2005, ApJ, 623, 1026 

 
Project 7: Unravelling the Nature of Dark Matter with Black Hole 
Superradiance 
Supervisor I: Vid Irsic (K06, vi223@cam.ac.uk)  
Supervisor II: Ricarda Beckmann (K22, rb964@cam.ac.uk) 

mailto:vi223@cam.ac.uk
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UTO: Anastasia Fialkov (H57, afialkov@ast.cam.ac.uk) 
 
Project summary: 
 
It is well established that a large fraction of matter today is in the form of dark matter. While 
the standard model of cosmology does not provide answers as to what the nature of this dark 
matter is, the gravitational effects it causes can be observed. In the absence of any direct 
detections, many different models for dark matter have been proposed. Predicting observable 
signatures to differentiate between these different types of dark matter is one of the key 
challenges in cosmology today. 
 
One potential such effect is the spin-down of supermassive black holes, called the black hole 
superradiance, which would occur if dark matter is made up of a particular set of particles 
called axions. Black hole superradiance occurs when dark matter particles form bound states 
around the black hole and drain it of its spin. While the idealised case has been studied for 
over a decade, in a realistic Universe the process is highly sensitive to the accretion of matter 
onto the black hole and subsequently the black hole growth. For this project we will model the 
coupled system of a spinning black hole and dark matter cloud of bound states in the presence 
of black hole accretion, to understand if the distributions of observed black hole spin can be 
used to constrain axion dark matter. If accretion proceeds faster than the time it takes for the 
black hole to spin down due to dark matter, the spin down might be delayed or completely 
stopped. Characterising different possibilities and comparing to observed spins of 
supermassive black holes can rule out large sets of dark matter theories. 

 
Background: 
 
The standard model of cosmology very successfully describes a large number of observations 
in our Universe, from Cosmic Microwave Background, through the cosmic web of intergalactic 
medium to galaxy and matter distributions. The model postulates that the matter component 
of the Universe is dominated by dark matter. The traditional searches for this elusive matter 
component with direct detection experiments in laboratories are being increasingly 
supplemented by astrophysical observations.  
These are primarily leading the frontier of our knowledge on the nature of light dark matter 
species. One such family of dark matter particle models are axions (motivated by QCD, as 
well as string theories). 
 
If the Compton wavelength of the axion particle is of the order of the size of the black hole, the 
black hole can gravitationally capture axions into bound states. Much like with hydrogen-like 
atoms, these bound states have discrete energy levels that are continuously populated by 
large numbers of axion particles. By extracting the rotational energy of the black hole, this 
mechanism creates gaps in the mass spectrum of spinning black holes. This, in turn, can be 
used as a diagnostic tool to confirm or rule out the presence of axions.  
 
With the current models for black hole superradiance, observations of supermassive black 
hole spins rule out three orders of magnitude in axion mass. However, this analysis relies 
heavily on the assumptions of the black hole mass growth through accretion, which so far 
have been assumed to be much slower than the black hole spin-down induced by a cloud of 
bound axions. Recently, this ‘slow-accretion’ picture has been thrown into question by realistic 
galaxy formation simulations, which show that black hole accretion can vary by orders of 
magnitude on relatively short time scales. In this project, we will investigate how rapidly 
changing accretion changes the constraints on axion dark matter. 
 
Figure 1.: Axions whose Compton wavelength corresponds to the size of the black hole form a cloud of bound states around it. Such an 
axion cloud will drain the black hole spin to populate higher excitation states, and given enough time reduce the black hole spin to zero. 
Observations of spinning black holes can thus be used to put stringent constraints on the existence of axions in specific mass range. 
The full picture is, however, a bit more complicated. The black hole spin is also decreased due to the gravitational-wave emission, and 
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more importantly influenced by the black hole accretion 
(the main mechanism through which black holes grow) 
that can severely disrupt the growth of an axion cloud. 

 
 
 
 
 
 

Project details: 
 
We will start with a simple model of constant black hole mass accretion coupled to a spinning 
black hole with a super-radiative axion cloud. From this, we will study how black hole spin can 
vary given the free parameters of the model. Once we have validated the code, we will 
implement a variable black hole accretion model to assess the importance of accretion for the 
system. Using this updated model, we will move on to using the blackhole trajectories in the 
black hole spin-mass plane (the Regge plane) to provide probability regions for black hole 
mass gaps that depend on the axion particle mass, which we will compare to observations of 
rotating black holes.  
 
The project will involve:  
 

● Writing your own code to solve coupled differential equations of black hole and axion 
cloud energy states 

● Implement simple black hole accretion model and predict black hole trajectories in the 
spin-mass plane 

● Estimate the validity of accretion model assumptions by using realistic black hole 
accretion from simulations 

 
Skills required: 
 
Programming in Python, C or C++. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Scott & Marsh, “Black Hole Spin Constraints on the Mass Spectrum and Number of 
Axion-like Fields”, Physical Review D, 98, 8 (2018) 

2. Brito, Cardoso & Pani, “Black holes as particle detectors: evolution of superradiant 
instability”, Classical and Quantum Gravity, 32, 13 (2015) 

3. Cenci et al, “Black hole spin evolution in warped accretion discs”, Monthly Notices of 
Royal Astronomical Society, 500, 3 (2021) 

4. Beckmann, Devriendt & Slyz, “Zooming in on supermassive black holes: how resolving 
their gas cloud host renders their accretion episodic”, Monthly Notices of Royal 
Astronomical Society, 483, 3 (2018) 

5. Penrose & Floyd, “Extraction of Rotational Energy from a Black Hole”, Nature Physical 
Science, 229, 177 (1971) 

6. Zeldovich, “Generation of Waves by Rotating Body”, Journal of Experimental and 
Theoretical Physics Letters, 14, 180 (1971) 
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Project 8: Non-linear matter evolution in Large-Scale Structure 
Supervisor I: Vid Irsic (K06, vi223@cam.ac.uk) 
Supervisor II: Zvonimir Vlah (K21, zv217@cam.ac.uk) 
UTO: Anthony Challinor (K13, a.d.challinor@ast.cam.ac.uk) 
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Project summary: 
 
Large surveys aimed at studying cosmology are starting to probe the non-linear regime in the 
evolution of structure in the Universe. In order to extract robustly cosmological information, 
the theoretical models have to keep pace with the advances in observations. The simplest 
extension to the linear-theory description is understanding the effects of the matter distribution 
within halos. In this project we will use outputs of a large numerical simulation to investigate 
the matter clustering inside and outside of the halos. In order to understand the sensitivity to 
galaxy formation processes that expel matter from halos we will further divide the halo matter 
contributions (inner/outer region) as well as understand the importance of symmetry in matter 
outflows (e.g., spherical or conical symmetry). 
 

 
Background: 
The empirical evidence that supports and advances the standard model of cosmology can be 
typically categorised by two types: mapping the expansion history – how fast the Universe is 
expanding; and measuring the growth of structure – how structures form in the cosmic web. 
Many of the current and upcoming large cosmological programmes focus on the second. This 
is often achieved by measuring the number of galaxy pairs at different separations (galaxy 
correlation function), or by estimating correlated distortions in the shapes of pairs of galaxies 
due to weak gravitational lensing by intervening large-scale structure. 

Because all such programmes observe a fixed volume of the Universe, one finds many more 
galaxy pairs at smaller separations than at larger separations. Naively, this leads one to expect 
that measurements of small separations yield more information. This picture, however, is 
complicated by the nature of non-linear growth of structure that highly increases the complexity 
of our theoretical models. It is therefore imperative to understand the modelling aspects on 
scales where not only dark matter, but also galaxy formation evolution plays a role. 

 
Figure 1.: The distribution of dark matter is well understood using 
semi-analytical models as well as numerical simulations. What is 
less tangible is the total matter distribution (baryon + dark matter), 
primarily due to the processes of galaxy formation, such as cooling 
of interstellar material, and its effective pressure, as well as galaxy 
feedback that redistributes matter from the galaxies back into the 
surrounding space. In this project we will focus on galaxies 
changing the distribution of matter in and around their dark matter 
halos, and how this can affect the cosmological measurements of 
weak gravitational lensing and galaxy clustering. 

 
 
 
 
 
 
 
 
 

Project details: 
 
Using outputs from a large numerical simulation, we will first write a code to calculate the two-
point matter distribution correlation (matter power spectrum), the tool to characterise non-
linear growth throughout the project. Then we will use halo-finder tools (publicly available) to 
identify simulation particles that sit outside and inside halos of specific masses, to understand 
what contributes most to the total signal (halos of which mass). This initial work can be 
compared with related results in the literature. We will then move on to investigate the 
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sensitivity of the matter power spectrum to expulsion of mass from halos, first focusing on 
where in the halo the matter is expelled from, and then whether it is expelled from the halo in 
a symmetric or asymmetric way. Time permitting, we might also want to address one or more 
of the following: time evolution of the expulsion process and effects on weak gravitational 
lensing; effects on the non-linear velocity field; empirically determining what sort of smooth 
changes to halo density profiles are allowed by observations. 
 
The project will involve:  
 

● Understanding and manipulating the outputs of large numerical simulations (Illustris 
TNG Dark) 

● Writing the code to measure the 3D matter power spectrum 
● Using existing halo-finder tools to identify halos in the simulation 
● Comparison with literature: which halos contribute most to the total matter power 

spectrum? 
● Exploration study 1: Expelling matter from the inner/outer region of the halos and its 

effects on the matter power spectrum 
● Exploration study 2: Expelling matter in a symmetric or asymmetric way 

 
 
Skills required: 
 
Programming in Python, C or C++. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. van Daalen, M. P., McCarthy, I. G., & Schaye, J., "Exploring the effects of galaxy 
formation on matter clustering through a library of simulation power spectra", Monthly 
Notices of the Royal Astronomical Society,491,2424 (2020) 

2. Chisari, N. E., et al., "Modelling baryonic feedback for survey cosmology", The Open 
Journal of Astrophysics,2,4 (2019) 

3. van Daalen, M. P., & Schaye, J., "The contributions of matter inside and outside of 
haloes to the matter power spectrum", Monthly Notices of the Royal Astronomical 
Society,452,2247 (2015) 

4. Velliscig, M., et al., “The impact of galaxy formation on the total mass, mass profile and 
abundance of haloes”, Monthly Notices of the Royal Astronomical Society,442,2641 
(2014) 

5. Springel, V., et al., "First results from the IllustrisTNG simulations: matter and galaxy 
clustering", Monthly Notices of the Royal Astronomical Society,475,676 (2018) 

6. Illustris TNG Dark simulations: https://www.tng-project.org/ 
 

 
 
 
 
 
 
 
Project 9: Numerical simulations of asteroid formation via 
gravitational collapse 
Supervisor I: Amy Bonsor (H31, abonsor@ast.cam.ac.uk) 
Supervisor II: Marc Brouwers (mgb52@cam.ac.uk) 
UTO: Cathie Clarke (cclarke@ast.cam.ac.uk) 

https://www.tng-project.org/
mailto:abonsor@ast.cam.ac.uk
mailto:mgb52@cam.ac.uk
mailto:cclarke@ast.cam.ac.uk
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Project summary: 
 
Asteroids, the building blocks of planets, likely formed via the gravitational collapse of dense 
clouds of dust in the proto-planetary disc. Meteorites are fragments from these asteroids, and 
contain several clues about asteroid formation, encoded in the abundances of matrix 
(compacted dust) and chondrules (once-molten spherules). Analysis of meteorites has 
revealed two intriguing trends with depth in an asteroid. Firstly, the mean diameter of 
chondrules increases with depth. Secondly, the fraction of matrix to chondrules increases with 
depth. The aim of this project is to ascertain whether these observations are a direct result of 
processes at play during planetesimal formation. For this purpose, we will develop and run 
detailed numerical simulations, and compare these to data obtained in this study. 
 

 
Project description: 
 
In this numerically intense research project, we will develop simulations for the formation of 
asteroids via gravitational collapse, and use these to study trends in their interior composition. 
 
Background: 
 
Planets form within so-called proto-planetary discs: gaseous environments around young 
stars, rich with dust grains of different sizes. In order to form planets out of this material, the 
dust must somehow grow to the size of ~100 km sized planetesimals (also called asteroids if 
they are dry, comets if they are wet), which can then accrete the larger dust particles or merge 
with other planetesimals. The initial step to planetesimal formation has been a theoretical 
mystery for decades, as dust grains do not collisionally grow beyond a certain size, and can 
quickly spiral inward via gas drag. 
  
In recent years, it has become increasingly clear that the mystery of planetesimal formation 
can be solved if they are created in gravitational collapses, rather than by slow coagulation. 
The hypothesis of gravitational collapse correctly explains the prograde bias in their spin 
directions, and is consistent with their size distribution. In this project, we will investigate an 
additional chain of evidence, and explore the implications that gravitational collapse has for 
asteroid interior structure. In particular, we will study how this accretion mechanism affects the 
distribution of chondrules (dense, once-molten particles) relative to matrix (compacted dust 
grains).  

 
 
 
 
Figure 1.: Three snapshots from a 3D 
simulation of the streaming instability where 
the nonlinear particle clumping triggers 
gravitational collapse into planetesimals. This 
figure was taken from Nesvorny (2019). 
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Figure 2.: Oxygen isotope systematics (a proxy for the amount of µm-sized material 
to chondrules mm-sized particles) as a function of the Raman spectroscopy property 
FHWMD (a proxy for degree of internal heating, which is itself a proxy for depth in an 
asteroid) for carbonaceous chondrites. Meteorites that originate from shallower 
depths have a higher proportion of mm-sized particles compared to meteorites from 
greater depths. (Bryson, private communication). 
 
 
 
 
 
 

Project details: 
 
The aim of the project is to investigate whether the size sorting that occurs during the 
gravitational collapse of a planetesimal explains the observed trends seen in meteorites 
between chondrules (mm-sized particles) and matrix dust (um-sized particles). The project will 
use simulations to trace the gravitational collapse of a spherical dust shell, tracing the final 
distribution of particles by size.  
 
The project will make use of the existing N-body code, REBOUND 
(https://rebound.readthedocs.io/en/latest/), using a mixture of inbuilt modules and minor 
modifications.  
 

1. Create a basic REBOUND simulation, initialising a random distribution of particles 
around a central mass.  

2. Repeat the same simulation, but now including two different particle sizes and track 
their final distribution in the planetesimal formed. 

3. Include gas drag and replicate the aerodynamic sorting seen in e.g. Visser et al, 2021. 
4. Repeat the simulation, now switching on the inbuilt collision routines in REBOUND, 

tracing all collisions and allowing particles to merge and grow.  
5. Investigate changes to the initial conditions and other parameters for the simulations, 

notably particle size distribution, on the final size distribution of particles in the formed 
planetesimal. 

6. Detailed comparison with the meteorite population and consideration of the best 
parameters for the numerical simulations to represent the real situation during asteroid 
formation. 

 
 
Skills required: 
 
Numerical programming skills essential, ideally experience with Python and/or C and an 
interest in numerical methods. Attendance of the Part IB Classical Dynamics course is 
desirable. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Nesvorny (2019) https://arxiv.org/pdf/1906.11344.pdf  
2. Visser (2021) https://arxiv.org/pdf/2101.09209.pdf 
3. Visser & Brouwers (2022) https://arxiv.org/pdf/2205.09748.pdf 
4. Johansen (2007) https://arxiv.org/pdf/0708.3890.pdf 
5. Pinto, G.~A. et al, 2021 https://arxiv.org/pdf/2107.12658.pdf  

 
 

https://rebound.readthedocs.io/en/latest/
https://arxiv.org/pdf/1906.11344.pdf
https://arxiv.org/pdf/2101.09209.pdf
https://arxiv.org/pdf/2205.09748.pdf
https://arxiv.org/pdf/0708.3890.pdf
https://arxiv.org/pdf/2107.12658.pdf
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Project 10: Chaos in the Heliosphere 
Supervisor I: Vanessa López-Barquero (v.lopezbarquero@ast.cam.ac.uk)  
Supervisor II: Chris Reynolds (csr12@ast.cam.ac.uk)  
UTO: Chris Reynolds (csr12@ast.cam.ac.uk)  

Project summary: 
 
After more than a century of discovering cosmic rays, a comprehensive description of their 
origin, propagation, and composition still eludes us. One of the difficulties that arise is that 
these particles interact with magnetic fields; therefore, their directional information is distorted 
as they travel. As cosmic rays (CRs) propagate in the Galaxy, they can be affected by 
magnetic structures that temporarily trap them; e.g., the heliosphere (the cavity in the 
interstellar medium created by the particles that the Sun emits), and cause their trajectories to 
display chaotic behaviour, therefore modifying the simple diffusion scenario. When CRs arrive 
at the Earth, they do so anisotropically. This anisotropy possesses a rich angular structure 
from which we can distil information about the CR propagation. Chaotic effects can be a 
fundamental contributor to this anisotropy. In this project, we will explore the possibility that 
cosmic rays could exhibit chaotic trajectories due to their interaction with the heliosphere. 
 

 
Background: 
 
Cosmic rays are particles that are accelerated to the highest energies found in the Universe. 
The study of cosmic rays is fundamental to understanding various environments at a wide 
range of scales. These scales could extend from the heliosphere’s size to the interstellar 
medium and even Mpc dimensions in clusters of galaxies. Cosmic rays are also involved in 
crucial processes, such as the death of stars, energy injection into the Galaxy, or turbulence.  
 
Galactic cosmic rays display anisotropy in their arrival direction. This anisotropy has a relative 
intensity on the order of 10−3. It also has a rich angular structure, with high multipole moments 
bearing power. The origin of the cosmic ray anisotropy observed over a wide range of energies 
is still largely unknown (see figure 3). Nonetheless, it is most likely the result of a confluence 
of factors. Among these components, we have the spatial distribution of cosmic ray sources 
in the Galaxy and the complicated morphology and features of the magnetic fields through 
which particles propagate.  
 
As CRs travel in the Galaxy, they can be trapped momentarily in coherent magnetic structures, 
such as the heliosphere, inducing chaotic behaviour in their trajectories. Chaotic trajectories 
are highly sensitive to their initial conditions, so that a minute change can cause monumental 
effects. This process intrinsically alters their motion, so the CR detection directions will be 
affected.  This effect is what we will be exploring in this project. The fundamental question to 
answer will be: can chaos arise from the interaction of cosmic rays with the heliosphere? 
Furthermore, if so, can it affect the CR anisotropy? 
 
Project details: 
 
In this project, you will work with simulations of cosmic-ray trajectories in a 
magnetohydrodynamic-kinetic model of the heliosphere. The heliosphere is the cavity in the 
interstellar medium created by the particles that the Sun emits (see Figure 2). These 
trajectories are used to study how the cosmic rays' arrival direction distribution is perturbed 
when they stream along the magnetic fields and features of the heliosphere. You will learn to 
use Python, specifically healpy, to create anisotropy arrival maps. Since these trajectories are 
chaotic, you will gain an understanding of ways to describe chaos and its basic properties. 
The main idea behind this project is to assess if the heliosphere can create chaotic CR 

mailto:v.lopezbarquero@ast.cam.ac.uk
mailto:csr12@ast.cam.ac.uk
mailto:csr12@ast.cam.ac.uk
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trajectories and, if so, if it will affect the observed cosmic-ray anisotropy. As part of the analysis 
of the anisotropy maps, you will learn how to use different statistical tests to compare the 
arrival distributions. A final stage will link our results to the cosmic ray observations from 
HAWC and the IceCube observatories. If these goals are met, we can advance to a second 
stage of the project, where we will look for temporal variations in the arrival maps due to the 
presence of the heliospheric effects. 
 

 

 

 

Figure 1.: Non-chaotic and chaotic systems. If two cosmic rays start with a separation S1, in a non-chaotic system, these particles, after 
some time t, will have a separation S2 that is approximately the same as S2. On the other hand, in a chaotic system, these CRs will start 
with a separation of S1, and at some point, the distance between will increase exponentially so that S2 will be much greater than S1. 

 

 

 
Figure 2.: Left Panel: Artist's concept of our Heliosphere as it travels through our galaxy with the major features labelled. Right Panel: 
Heliospheric system (MHD-kinetic model) and in red a drawing of CR trajectory impinging from the interstellar medium. An excellent 
example of a coherent structure that can trap particles and affect their incoming directions as they approach the Earth. 
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Figure 3.: All-Sky anisotropy of cosmic rays at 10 TeV. (Abeysekara et al. 2019). Left Panel: Large-scale map. Right Panel: Small-scale 
map after subtracting the dipole, quadrupole, and octupole components from the large-scale map. Data by the High-Altitude Water 
Cherenkov and IceCube observatories. In this figure, the relative intensity of cosmic rays is plotted as a function of the arrival direction 
on Earth. The red colour indicates that the relative intensity is higher than the all-sky mean intensity. On the other hand, the blue colour 
denotes a lower relative intensity; therefore, fewer cosmic rays coming from those directions. The residual map on the right shows the 
complex structure that is obscured in the overall map. 

 
Skills required: 
 
The project will be computationally oriented; knowledge in Python is highly desirable. Support 
will be provided in this area. Familiarity with the UNIX environment will also be helpful but not 
essential. In addition, you will have the opportunity to participate in the activities of the High 
Energy Astrophysics group at IoA.  

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Lopez-Barquero, V. & Desiati, P. 2019, 36th International Cosmic Ray Conference 
(ICRC2019), 36, 1109 

2. López-Barquero, V., Xu, S., Desiati, P., et al. 2017, ApJ, 842, 54. 
3. López-Barquero, V. and Desiati, P., 2021. Anisotropy of Cosmic Rays and Chaotic 

Trajectories in the Heliosphere. 
 

General references: (List of papers referred to in the project description) 
1. Aartsen, M. et al. 2013b, Astrophys. J. 765, 55 
2. Abeysekara, A. U., Alfaro, R., Alvarez, C., et al. 2019, ApJ, 871,96. 
3. B. V. Chirikov, Proceedings of the Royal Society of London.Series A, Mathematical 

and Physical Sciences, Vol. 413, No.1844, Dynamical Chaos (Sep. 8, 1987), pp. 
145-156 
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Project 11: Tracing the chemical and dynamical structure of the 
Milky Way disk with open clusters 
Supervisor I: GyuChul Myeong (gyuchul.myeong@cfa.harvard.edu)   
Supervisor II: Vasily Belokurov (vasily@ast.cam.ac.uk), N. W. Evans (nwe@ast.cam.ac.uk)  
UTO: Vasily Belokurov (vasily@ast.cam.ac.uk) 

 
Project summary: 
 
Open clusters have been providing a useful arena for studying the stellar formation and 
evolution. An open cluster typically consists of a single stellar population, with its stars born at 
the similar time and location. It is also sparse in density, making it easier to study the individual 
member stars. As there are an order of thousand open clusters known in our Galaxy so far, 
open clusters can help us to trace the chemistry and the stellar age distribution of the Galactic 
disk in detail. In addition, open clusters’ orbit can be traced to seek their original birthplace. 
 
Based on this multi-dimensional information, we can study potential associations between the 
clusters and study the chrono-chemo-dynamical structure of the Galactic disk. 
 

 
Project description: 
 
Large-scale spectroscopic and astrometric surveys such as APOGEE, GALAH, and Gaia are 
providing rich data for studying the chemistry and dynamics of our Galaxy, on a scale that only 
has become available recently. While this provides us a valuable opportunity to study our 
Galaxy to a new extent, a suitable multi-dimensional data analysis is essential. With clustering 
algorithms and other useful tools in Galactic dynamics, we will study the chrono*-chemo-
dynamical structure of the Galactic disk. 
 
*age estimates for open clusters from Cantat-Gaudin et al. (2020) 
 
Background: 
 
A typical open cluster consists of a single stellar population as its stars are formed at the 
similar time and location, from the same materials. Because of its relative spareness in spatial 
distribution, its member stars can be resolved more easily and studied individually. This leads 
to a better constraint on its properties such as age, chemical abundances, and distance than 
for the case of some isolated stars. 
 
With such advantages, open clusters have been useful tracers for studying the chemical and 
dynamical structure of the Galactic disk. For example, the Galaxy’s chemical abundance 
gradients (e.g., negative [Fe/H] gradient along Galactic radius) and the effects of radial 
migration in the disk are important for understanding the chemical evolution history of our 
Galaxy (see e.g., Doner et al. 2018, Netopil et al. 2021, Myers et al. 2022), but until recently 
there have been limitations on such study mostly due to the limit on the sample size and 
inhomogeneity in data. 
 
The recent progress in large-scale spectroscopic and astrometric surveys, such as APOGEE 
(Blanton et al. 2017), GALAH (Martell et al. 2017), and Gaia (Gaia Collaboration et al. 2016), 
has revolutionised the field with large and comprehensive new datasets. In addition, the Open 
Cluster Chemical Abundances and Mapping (OCCAM; Myers et al. 2022) survey provides a 
list of stars in 150 open clusters, with 16 chemical elemental abundances based on APOGEE 
DR17. Cantat-Gaudin et al. 2020 also provides useful parameters for open clusters including 
the cluster radius and age estimates. With various tools for Galactic Dynamics such as 

mailto:gyuchul.myeong@cfa.harvard.edu
mailto:vasily@ast.cam.ac.uk
mailto:nwe@ast.cam.ac.uk
mailto:vasily@ast.cam.ac.uk
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AGAMA (Vasiliev 2018), and suitable multi-dimensional clustering algorithms, the chemistry 
and orbital dynamics of individual stars and clusters will be studied in great detail which will 
expand our understanding on the chemo-dynamical evolution of the Galactic disk. 

 
Figure 1.: From Myers et al. (2022). Left: The Galactic X–Y distribution of a sub-sample of open clusters in OCCAM catalogue, colour-
coded with their mean metallicity. The “high quality” clusters are marked with squares, lower quality clusters with triangles and crosses. 
Right: Metallicity gradients mapped as a function of guiding radius (upper panel), and current radius (bottom panel), along with a bilinear 
fit. Clusters flagged as potentially unreliable are shown as light blue circles. Colour-coding indicates the number of OCCAM member 
stars per cluster. 
 
Project details: 
 
We will use a combination of spectroscopic and astrometric data from APOGEE, GALAH, and 
Gaia. A combination of APOGEE’s OCCAM and Gaia provides a list of stars in ~100 “high 
quality” open clusters with chemical and astrometric information which will serve as a useful 
starting point for the project. The age of open clusters (Cantat-Gaudin et al. 2020) will also be 
considered in our analysis. The project will start from acquiring necessary information from 
the available survey datasets, and from deriving useful parameters (e.g., stellar orbits) from 
the observables (e.g., astrometric information). 
 
With this rich dataset in hand, we will perform multi-dimensional analysis based on clustering 
algorithms to study the chrono-chemo-dynamical trends among the open clusters which will 
help us to understand the chemical and dynamical structure of the Galactic disk, such as 
chemical abundance gradients and radial migration. 
 

 
Skills required: 
 
Familiarity with Python is desired. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. The Open Cluster Chemical Abundances and Mapping Survey: VI. Galactic Chemical 
Gradient Analysis from APOGEE DR 17. Myers et al. (2022), arXiv:2206.13650  

2. The Galactic metallicity gradient shown by open clusters in the light of radial migration. 
Netopil et al. (2021), MNRAS, 509, 421N 

3. Painting a portrait of the Galactic disc with its stellar clusters. Cantat-Gaudin et al. 
(2020), A&A, 640A, 1C 

4. The Open Cluster Chemical Abundances and Mapping Survey: VII. APOGEE DR17 
[C/N]-Age Calibration. Spoo et al. (2022), AJ, 163, 229S 

5. Discovery of new retrograde substructures: the shards of ωCentauri? Myeong et al. 
(2018), MNRAS, 478, 5449M 

6. AGAMA: action-based galaxy modelling architecture. Vasiliev (2019), MNRAS, 482, 
1525V 

General references: (List of papers referred to in the project description) 
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1. Cantat-Gaudin et al. (2020), A&A, 640A, 1C 
2. Netopil et al. (2021), MNRAS, 509, 421N 
3. Donor et al. (2018), AJ, 156, 142 
4. OCCAM: Myers et al. (2022), arXiv:2206.13650  
5. APOGEE: Blanton et al. (2017), AJ, 154, 28 
6. GALAH: Martell et al. (2017), MNRAS, 465, 3203 
7. Gaia: Gaia Collaboration et al. (2016), A&A, 595, A1 
8. Vasiliev (2019), MNRAS, 482, 1525V 
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Project 12: Chemical Signatures in Exoplanetary Atmospheres 
Supervisor I: Nikku Madhusudhan (nmadhu@ast.cam.ac.uk) 
Supervisor II: N/A 
UTO: Nikku Madhusudhan (nmadhu@ast.cam.ac.uk) 

 
Project summary: 
 
The project will investigate chemical compositions of exoplanetary atmospheres that are 
possible under varied conditions, and which are observable with current and upcoming 
observational facilities. The particular focus of this project will be high-temperature metal-rich 
gases that are not observable in atmospheres of giant planets in the solar system but may be 
observable in exoplanetary atmospheres. 

 
Project description: 
 
This is a computational project and will be conducted in two steps as follows.  
 

1. We will use thermochemical calculations over a range of exoplanetary atmospheric 
parameters (e.g., temperature, metallicities, elemental ratios, etc) to investigate 
prominent metal-rich species that are feasible in gas phase under such conditions in 
chemical equilibrium.  

2. We will investigate which of these species from step 1 above can exist in the 
observable regions of an exoplanetary atmosphere and have strong enough 
spectroscopic signatures to be detectable with prominent observational facilities.  

Background: 
 
Characterising the atmospheres of exoplanets is a major frontier in exoplanetary science. 
There has been tremendous progress in detecting chemical signatures in exoplanetary 
atmospheres through their spectra. In particular, the majority of such detections have been 
made for hot (> 1000 K) giant planet atmospheres. Several commonly known gases, such as 
water vapour, are in gas phase at those temperatures and are hence readily detectable in 
spectra given the right instruments (e.g. Madhusudhan et al. 2016). While such relatively 
volatile gases (e.g. H2O, CO, CH4, etc) are readily detectable it is unclear how abundant are 
more metal-rich refractory species in such atmospheres. It has been argued that, given the 
high-temperatures, metal-rich species such as silicates, TiO, VO, Fe-based species, etc., 
could be present and observable in such atmospheres (e.g. Spiegel et al. 2009, Visscher et 
al. 2010, Wakeford & Sing 2015, Pinhas & Madhusudhan 2017). The goal of the present 
project is to conduct a systematic study of chemical species that are feasible and observable 
in exoplanetary atmospheres.  

 
Project details: 
 
The two parts of the project will be pursued as follows:  

1. The calculations of chemical compositions in different conditions will be carried out 
using computational codes that are available in the group. In the current project, we 
will be particularly interested in refractory species, i.e. metal-rich chemicals with high 
condensation temperatures, in addition to the more common volatile molecules seen 
in atmospheres of solar system planets. 

2. For step 2, we will consider (a) model temperature profiles of exoplanetary 
atmospheres under different conditions, (b) condensation curves of the various 
chemical species, and (c) the possibility of vertical mixing of the species, to investigate 

mailto:nmadhu@ast.cam.ac.uk
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the survivability of the species in the atmospheres and their observability with 
spectroscopic observations.   

 
Skills required: 
 
Part-I level physics and chemistry will be sufficient for the project. The project will require 
adequate computing skills in Python and some numerical modelling experience.  
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Visscher, C. Lodders, K., & Fegley, B. 2010, ApJ, 716, 1060  
2. Madhusudhan et al. 2016, Space Science Reviews, 205, 285  
3. Wakeford, H. & Sing, D. 2015, A&A, 573A, 122  
4. Spiegel, D., Silverio, K., & Burrows, A. 2009, ApJ, 699, 1487  
5. Pinhas, A. & Madhusudhan, N. 2017, MNRAS, 471, 4355 

 
General references: (List of papers referred to in the project description) 

1. Visscher, C. Lodders, K., & Fegley, B. 2010, ApJ, 716, 1060  
2. Madhusudhan et al. 2016, Space Science Reviews, 205, 285  
3. Wakeford, H. & Sing, D. 2015, A&A, 573A, 122  
4. Pinhas, A. & Madhusudhan, N. 2017, MNRAS, 471, 4355 

Spiegel, D., Silverio, K., & Burrows, A. 2009, ApJ, 699, 1487  
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Project 13: In search of the optimal bispectrum decomposition 
Supervisor I: Zvonimir Vlah (K06, zv217@cam.ac.uk) 
Supervisor II: N/A 
UTO: Anthony Challinor (K02, a.d.challinor@ast.cam.ac.uk) 

 
Project summary: 
 
This project aims to study the galaxy clustering three-point function, i.e., the bispectrum, in the 
cosmological perturbation theory framework. Using tree-level perturbation theory results, initial 
tasks consist of critically reviewing the existing coordinate frames to represent and analyse 
bispectrum results. The project then aims to explore alternative coordinate frames motivated 
by the Steiner ellipse parametrisation. The advantage of using these new coordinates lies in 
the unique decomposition of the bispectrum in the set of eigenfunctions similar to the power 
spectrum (two-point function). 
 

 
Project description: 
 
On cosmological scales, gravitational forces determine the evolution of dark matter 
fluctuations, forming the structures we observe today in the form of the cosmic web. To 
describe this evolution, we often resort to challenging computational methods like 
cosmological N-body simulations. However, on large cosmological scales, the evolution is 
close to the linear regime, and we can use cosmological perturbation theory [1].  
 
In this project, we focus on analysing the three-point function (bispectrum) using the 
cosmological perturbation theory [2]. The initial task is to get familiar with the leading-order 
(tree-level) perturbative results for the bispectrum, the description that is valid on large 
cosmological scales. In contrast to the two-point function, the power spectrum, which depends 
on the amplitude of a single wave mode, the bispectrum is characterised by a more complex 
variable dependence. The bispectrum typically depends on three variables (after statistical 
homogeneity and isotropy are employed) and this presents a noticeable increase in function 
complexity. Figure 1 (on the left) shows the Feynman-diagram representation of the leading-
order perturbative results for the power spectrum and bispectrum. 

 
Figure 1.: Left:  Feynman diagram representation of the leading-order perturbative results for the galaxy power spectrum Pgg and 
bispectrum Bggg. These diagrams can provide us with the leading-order perturbative solutions of the power spectrum and bispectrum. 
Right: one possible parametrisation of the bispectrum variables motivated by two Steiner ellipses. In addition to the specification of the 
ellipses, one additional variable needs to be specified, i.e., the angle or phase shown by different triangles. Different triangle colours 
represent the degenerate classes of triangles.   

The bispectrum is often specified either by two angles and one wave mode or, alternatively, 
by two wave modes and one angle. Most of these parametrisations suffer from the 
disadvantage that the domain of the chosen variables depends on the specific configuration 
of the bispectrum (i.e., the configuration of the triangle). This makes it inconvenient to specify 
a set of orthogonal basis functions to use for the decomposition of the bispectrum. One of the 

mailto:zv217@cam.ac.uk
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tasks in the project is to review and compare these different coordinate choices in the literature 
[1,2] and highlight their advantages and disadvantages. 
 
The novel part of this project involves the introduction of a new bispectrum coordinate 
representation based on the Steiner ellipse parametrisation. The underlying idea relies on the 
realisation that any triangle (representing the bispectrum configuration) is defined by the two 
Steiner ellipses (circumellipse and inellipse); each of the two is specified by two parameters. 
These two parameters can be interpreted as the overall size (scale) R and the degree of the 
ellipticity, e. In addition to these two parameters, we need to specify the level of the eccentricity 
of the configuration, specified by one angle or a phase of rotation of the two ellipses. This 
parametrisation is depicted in the right-hand panel of Figure 2. The advantage of this 
parametrisation is that all three variables have a fixed domain range independent of the 
triangle configuration. This allows us to define an orthogonal basis to decompose the 
bispectrum in sets of the orthogonal basis. After the decomposition, we end up with the set of 
a scalar function, like the power spectrum, depending only on the overall scale R. 
 
The last part of the project consists of the numerical implementation of the obtained 
decomposition and application to the tree-level bispectrum results. For this part, familiarity with 
the Python programming language is required. 
 
Background: 
 
The last two decades have seen a dramatic improvement in the precision of cosmological 
measurements. The primary source of these measurements at late times in the Universe’s 
history is the evolution and growth of the large-scale structure – the cosmic web. These 
measurements are sensitive to the energy content of the Universe, such as dark matter, dark 
energy, and massive neutrinos, but they are also a powerful tool for understanding the validity 
of the standard model of cosmology. As the precision of the measurements improves, so does 
the need to provide accurate theoretical predictions.  
 
Until recently, analysis of galaxy clustering surveys has predominantly relied on the analysis 
of the two-point statistics, i.e., the galaxy power spectrum. However, due to nonlinear 
gravitational evolution, a certain amount of cosmological information is transferred to the 
higher-point correlators, from which the leading one is the three-point correlation function, i.e., 
the bispectrum. 
 
With upcoming and future cosmological surveys, it is essential to maximise the amount of 
cosmological information we can extract from the obtained observations. Thus, it is crucial to 
extend the data analysis beyond the power spectrum to include higher-point correlation 
functions. Besides strengthening the constraints on the canonical LCDM universe parameters, 
the higher-point correlators are also a window to explore the origin of structure in the early 
universe, beyond the standard Gaussian initial conditions predicted in the simplest models of 
cosmic inflation. 
 
Project details: 
 
Project steps: 

1. Review the perturbative approach to the modelling of the tree-level bispectrum for 
galaxy clustering [1,2]. 

2. Review and compare different approaches of representing the bispectrum results in 
the literature [1,2]. 

3. Explore the options to parametrise the bispectrum coordinates using the Steiner ellipse 
parametrisation and one additional phase/orientation parameter. 

4. Write code for the efficient numerical implementation of the results in Step 3. This 
requires some basic familiarity with Python.  
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Skills required: 
 
Programming in Python. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Bernardeau, Colombi, Gaztanaga, Scoccimarro, “Large scale structure of the universe 
and cosmological perturbation theory”, Phys.Rept. 367 (2002) 1-248, arXiv:astro-
ph/0112551 

2. Desjacques, Jeong, Schmidt, “Large-Scale Galaxy Bias”, Physics Reports Volume 
733, 1-193, 2018, arXiv:1611.09787,  

3. Angulo, Fasiello, Senatore, Vlah, “On the Statistics of Biased Tracers in the Effective 
Field Theory of Large-Scale Structures”, JCAP 09 (2015) 029, arXiv:1503.08826 

 
General references: (List of papers referred to in the project description) 
Dodelson, Schmidt (2020), “Modern Cosmology”, 2nd Edition, 2020 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Project 14: Investigating the impact of baryons on CMB lensing 
galaxy cluster mass estimation 
Supervisor I: Inigo Zubeldia (zubeldiainigo@gmail.com) 
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Supervisor II: Anthony Challinor (a.d.challinor@ast.cam.ac.uk) 
UTO: Anthony Challinor (a.d.challinor@ast.cam.ac.uk) 

 
Project summary: 
 
The abundance of galaxy clusters as a function of mass and redshift is a powerful 
cosmological probe from which fundamental information about the Universe can be inferred. 
Measuring cluster masses is, however, difficult, and uncertainties in mass calibration currently 
limit the power of galaxy clusters as sources of cosmological information. The gravitational 
lensing of the cosmic microwave background (CMB) anisotropies offers a potentially very 
accurate way of measuring cluster masses. When making CMB lensing mass measurements, 
it is typically assumed that clusters consist only of dark matter, neglecting the impact of 
standard matter (‘baryons’) on the cluster mass distribution. This project aims to assess the 
validity of this assumption using state-of-the-art simulations and to develop methods to 
account for baryons if their impact is found to be significant. 
 

 
Project description: 
 
In this project you will use state-of-the-art simulations of galaxy clusters in order to investigate 
the impact of baryons on CMB lensing cluster mass estimation. If found to be significant, you 
will investigate several approaches to account for them. 

Background: 
 
The abundance of galaxy clusters, the largest gravitationally bound objects in the Universe, 
as a function of mass and redshift is a powerful cosmological probe, sensitive to a number of 
cosmological parameters and models (see Allen et al. 2011 and Kravtsov & Borgani 2012). 
This cosmological information can be extracted by comparing the observed cluster 
abundance, as obtained through X-ray, optical, or mm observations, to its theoretical 
prediction, in what are known as a cluster number count analyses. Key for the success of such 
analyses is the accurate determination of cluster masses, a difficult task that currently limits 
their cosmological constraining power. 
  
As massive objects, galaxy clusters deflect the light from background sources, an effect known 
as gravitational lensing. This includes the CMB anisotropies, which are remapped by small (a 
few arcmin) angles determined by the integrated matter density along the line of sight. Lensing 
leaves a very specific signature in the statistical properties of the CMB, which can be used in 
order to estimate, or ‘reconstruct’, the mass distribution along the line of sight, and hence to 
determine cluster masses (see Lewis and Challinor 2006 and Zubeldia & Challinor 2019). 
CMB lensing mass estimation has the potential to be very accurate, as it is insensitive to the 
cluster composition and dynamical state. However, work is still required in order to guarantee 
the level of accuracy that number count analyses of upcoming cluster samples will require. 
  
An important yet-to-be-investigated aspect is the impact of standard matter (`baryonic matter’, 
in cosmologists’ jargon) on CMB-lensing-derived masses. Galaxy clusters consist mostly of 
dark matter (about 80% in mass), whose behaviour is relatively easy to model, as it only 
interacts via gravity. However, they also contain large amounts of baryons in the form of hot, 
diffuse gas (most of the remaining 20% of the mass) and of galaxies (about 1% of the mass). 
The behaviour of these baryons is much more difficult to understand, as they are sensitive to 
physics across a huge range of scales. So far, all CMB lensing cluster mass estimation 
analyses have neglected the impact of the baryons on the cluster mass distribution, assuming 
clusters to be entirely made of dark matter. In this project, you will quantify the validity of this 
assumption using state-of-the-art simulations and will develop approaches to account for 
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baryons if their effect is found to be significant. Our findings will prove very valuable for the 
production and interpretation of CMB lensing cluster mass measurements from real data, 
especially towards their use in cosmological analyses. 

 
 

Figure 1.: Stacked CMB lensing signal as measured from Planck data for a 
sample of 433 Planck-detected galaxy clusters (see Zubeldia & Challinor 
2019). 

 

 

 

Project details: 
 
After reading and absorbing the relevant background literature, you will produce a set of 
simulated CMB observations lensed by galaxy clusters taken from the state-of-the-art 300 
simulations (the300-project.org), assuming the specifications of a number of past, present, 
and future CMB experiments. For each cluster, you will generate several simulated CMB 
maps, spanning the different baryonic feedback models considered in the 300 project, as well 
as the dark-matter-only case. You will then develop and implement at least one CMB lensing 
cluster mass estimation pipeline and apply it to the simulated data, making a set of mass 
measurements. This will allow you to assess the impact of baryons on mass estimation by 
comparing the mass measurements for the different feedback models with the dark-matter-
only ones and the true cluster masses. If baryons are found to be significant, you will 
investigate possible approaches to account for them, so that unbiased masses can be 
obtained. Time permitting, you will apply your measurement pipeline(s) to real data from 
Planck or ACT.  
 

 
Skills required: 
 
Good programming skills, with knowledge of Python, and basic notions of statistics. 
Familiarity with the material covered in the Part II Introduction to Cosmology course and the 
Part III Cosmology course is advisable. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Allen, Evrard & Mantz, 2011. Cosmological parameters from observations of galaxy 
clusters. arXiv: 1103.4829. 

2. Kravtsov & Borgani, 2012. Formation of galaxy clusters. arxiv:1205.5556. 
3. Lewis & Challinor, 2006. Weak gravitational lensing of the CMB. arXiv: astro-

ph/0601594. 
4. Zubeldia & Challinor, 2019. Cosmological constraints from Planck galaxy clusters with 

CMB lensing mass bias calibration. arXiv: 1904.07887. 
 

General references: (List of papers referred to in the project description) 
Zubeldia & Challinor, 2020. Quantifying the statistics of CMB-lensing-derived galaxy cluster 
mass measurements with simulations. arXiv: 2005.14607. 

 
Project 15: How are optical and infrared variability linked for white 
dwarfs with planetary systems? 
Supervisor I: Laura Rogers (lr439@cam.ac.uk) 
Supervisor II: Simon Hodgkin (sth@ast.cam.ac.uk), Amy Bonsor (abonsor@ast.cam.ac.uk)  
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UTO: Vasily Belokurov (vasily@ast.cam.ac.uk) 

Project summary: 
 
White dwarfs are the end state of stellar evolution for stars similar to our Sun. Time series data 
has revealed a plethora of information on the structure of white dwarfs, and their surrounding 
planetary systems. We are at the start of an era of large surveys covering multiple wavelengths 
and, in this project, we will utilise the available data to uncover the details about white dwarfs 
which host planetary discs.  
 

 
Project description: 
 
This is a ‘big data’ project. We will begin by combining all-time series light curves for white 
dwarfs which have debris discs to investigate the link between the optical and infrared. Then 
expand to studying a larger set of white dwarfs. The student will be coding in python and will 
gain experience with SQL queries and databases.  

Once a star, similar to our Sun, ceases fusing hydrogen, it will undergo a violent stage of 
stellar evolution resulting in the production of a small, hot, and dense stellar core; this is a 
white dwarf. 97% of the Milky Way stars will end their life as white dwarfs. White dwarfs are 
used throughout astronomy, for example, as tracers of the history and dynamics of stellar 
populations in the Milky Way, laboratories to test theories of fundamental physics, and to study 
the bulk composition of exoplanetary material. Studying white dwarfs is difficult as they are 
faint, and have a low spatial density across the sky, however, we are entering the era of large 
telescope surveys (e.g., Gaia, ZTF, LSST, Roman etc …), allowing unique opportunities to 
study white dwarfs in detail across multiple wavelengths.  
 
It has been demonstrated that although the inner planetary system is engulfed during the red 
giant stage, the outer planetary system can survive to the white dwarf phase. Evidence of this 
comes from observations of dust and gas discs surrounding a fraction of white dwarf stars and 
planetary material 'polluting’ the atmospheres of white dwarfs (e.g., Farihi 2016). 
Spectroscopic observations of polluted white dwarfs reveal the bulk composition of the 
planetary material accreted; this is the only way to directly measure the bulk composition of 
exoplanetary material (e.g., Klein et al. 2021). These systems are dynamic and interesting, 
with variability predicted on human timescales (Wyatt et al. 2014).  
 
Time series data can reveal a plethora information about white dwarfs and their planetary 
systems: infrared time series has revealed dust disc variability which informs us about tidal 
disruption/collisions in these white dwarf discs (e.g. Swan et al. 2020), optical time series has 
revealed: transiting phenomena, e.g. WD1145+017 was found to be orbited by a dust cloud 
that is actively disintegrating (Vanderburg et al. 2015), and WD1856+534 was found to be 
transited by a giant planet (Vanderburg et al. 2020); and variable white dwarf classes, such 
as those with pulsations (e.g. Córsico et al. 2019). Although time series data has been of value 
to understanding white dwarfs, little work has been done on linking different wavebands of 
time series together. This is the focus of this project.  
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Figure 1.: Left: White dwarfs with dust discs are shown to vary significantly over a few years when looking at longer wavelength mid 
infrared observations. This plot shows the percentage flux change for ~50 white dwarfs with dust discs with darker points showing 
variability that is significant at the 3-sigma level. Right: An artist's impression of an asteroid approaching a white dwarf, this tidally 
disrupts into a disc and subsequently accretes onto the white dwarf where we take spectroscopy to measure its bulk composition.  

Project details: 
 
The first step of the project is to investigate white dwarfs with remnant planetary systems and 
observed dust discs (~100 objects). The aim is to combine data from the dusty infrared 
emission from: Swan (2019), Swan (2020), Rogers (2021), and Lai (2021) with optical surveys 
such as ZTF and Gaia to create light curves with all available data. By combining the optical 
and infrared data the student will investigate whether white dwarfs which show dust disc 
variability also show optical variability? If they do, could this be due to new tidal disruption or 
collision events?  
 
Gentile Fusillo et al. (2021) published a catalogue of white dwarf stars with 359,000 high 
probability white dwarfs discovered from Gaia eDR3. Depending on the interest of the student, 
we will then cross match this white dwarf catalogue with various others (Gaia, ZTF, VISTA 
VVV, WISE etc …) to do one or more of the following: 
1. Compare the white dwarfs with direct evidence of planetary systems - dust discs or metal 

pollution (~1000 known) with those without any signs of a planetary system to search for 
a variability metric we can use on survey data to identify new white dwarfs with planetary 
systems. White dwarfs with metal pollution are the only way to directly study the bulk 
composition of exo-planetary material, so discovering more systems is crucial.  

2. Discover new variable white dwarfs, and create variability metrics which can be used to 
identify variable white dwarfs in the future. White dwarfs are crucial in many fields of 
astronomy, so it is important to have an understanding of the statistical distribution of white 
dwarfs and their variability properties. 
 

 
Skills required: 
 
Basic programming in Python. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Farihi, J. "Circumstellar debris and pollution at white dwarf stars." New Astronomy 
Reviews 71 (2016): 9-34. 

2. Swan, A, et al. "The dust never settles: collisional production of gas and dust in evolved 
planetary systems." MNRAS 496.4 (2020): 5233-5242. 
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General references: (List of papers referred to in the project description) 

1. Gentile Fusillo, N. P., et al. "A catalogue of white dwarfs in Gaia EDR3." MNRAS 508.3 
(2021): 3877-3896. 

2. Swan, A, et al. "The dust never settles: collisional production of gas and dust in evolved 
planetary systems." MNRAS 496.4 (2020): 5233-5242. 

3. Swan, Andrew, Jay Farihi, and Thomas G. Wilson. "Most white dwarfs with detectable 
dust discs show infrared variability." MNRAS: Letters484.1 (2019): L109-L113. 

4. Farihi, J. "Circumstellar debris and pollution at white dwarf stars." New Astronomy 
Reviews 71 (2016): 9-34. 

5. Vanderburg, A, et al. "A disintegrating minor planet transiting a white dwarf." Nature 
526.7574 (2015): 546-549. 

6. Vanderburg, A, et al. "A giant planet candidate transiting a white dwarf." Nature 
585.7825 (2020): 363-367. 

7. Córsico, A. H., et al. "Pulsating white dwarfs: new insights." The Astronomy and 
Astrophysics Review 27.1 (2019): 1-92. 

8. Rogers, L. K., et al. "Near-infrared variability in dusty white dwarfs: tracing the accretion 
of planetary material." MNRAS 494.2 (2020): 2861-2874. 

9. Lai, Samuel, et al. "Infrared excesses around bright white dwarfs from Gaia and 
unWISE. II." ApJ 920.2 (2021): 156. 

10. Klein, Beth L., et al. "Discovery of beryllium in white dwarfs polluted by planetesimal 
accretion." ApJ 914.1 (2021): 61. 
Wyatt, M. C., et al. "Stochastic accretion of planetesimals on to white dwarfs: 
constraints on the mass distribution of accreted material from atmospheric pollution." 
MNRAS 439.4 (2014): 3371-3391. 
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Project 16: Understanding Neutron Stars with Future Gravitational-
Wave Detector Networks 
Supervisor I: Isobel Romero-Shaw (ir346@cam.ac.uk) 
Supervisor II: Michalis Agathos (magathos@damtp.cam.ac.uk)  
UTO: Ulrich Sperhake (us248@damtp.cam.ac.uk)  

 
Project summary: 
 
Gravitational waves are unique tools for intimately studying neutron stars. Two binary neutron 
star mergers have been detected to date via their gravitational radiation with the Advanced 
LIGO and Virgo gravitational-wave detector network, and it is expected that future detections 
of such mergers will enable the neutron star equation of state to be measured to good 
accuracy. Additionally, pulsars—rapidly rotating neutron stars emitting beams of 
electromagnetic radiation, first identified by Jocelyn Bell-Burnell at the University of Cambridge 
in 1967—can be sources of continuous gravitational waves for future detectors.  The student 
will scour the existing literature and perform synthetic data analysis studies to generate 
predictions for how well our knowledge of neutron stars can be increased with future 
gravitational-wave detector networks.  
 

 
Project description: 

Gravitational waves can shed light on multiple open questions about the natures of neutron 
stars. For example, how massive can they get? How much do they deform when they orbit 
each other closely? How tall can mountains be on their surfaces? What can drive binary 
neutron stars to merge, and how do neutron star binaries form in the first place? The aims of 
this project are to create a forecast for our increasing knowledge of neutron stars in several of 
these areas over the next 10–50 years by: (a) thoroughly reviewing and critically assessing 
existing predictions and (b) simulating observing runs with future detector networks and 
subsequently performing data analysis, making use of cutting-edge waveform models, 
analysis tools and techniques and potentially utilising machine learning / artificial intelligence. 
The student will also determine the impact that future constraints on the nature of neutron 
stars can have on other areas of astrophysics, such as massive star evolution and cosmology. 

Background: 

Gravitational waves from neutron stars – Neutron stars are compact stellar remnants, each 
forming as a result of the death of a star tens of times more massive than the Sun. 
Observations of neutron stars are interwoven with the history of gravitational-wave 
astrophysics: from the Hulse-Taylor binary pulsar (R. A. Hulse and J. H. Taylor, 1975), which 
provided the first confirmation of Einstein’s predictions of gravitational-wave emission in 1974 
(see Fig.1), to the observation of a kilonova (an energetic neutron star collision) via both its 
gravitational and electromagnetic emission in 2017 (B. P. Abbott et al., 2017a). The multi-
messenger observation of this event, GW170817, has enabled independent measurement of 
the Hubble constant (B. P. Abbott et al., 2017b) and novel tests of general relativity (B. P. 
Abbott et al., 2018a). Its gravitational-wave signal encoded information on the properties of 
neutron star matter and thorough analysis on its data led to stringent constraints on the 
neutron star equation of state (B. P. Abbott et al., 2018b), mainly by measuring the strength 
of tidal effects on the emitted waveform (T. Hinderer et al. 2009; M. Agathos et al., 2015; 
Landry and Essick, 2018).  
 
Since GW170817, another binary neutron star merger – GW190425 – has been detected via 
its gravitational-wave emission only (B. P. Abbott et al., 2020). This system is higher in mass 
than those that are observed in radio surveys of our Galaxy, prompting multiple studies into 
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its potential formation channel and observational selection effects in the Galactic population 
of binary neutron stars (e.g., I. M. Romero-Shaw et al., 2020; M. Safarzadeh et al, 2020; S. 
Galaudage et al., 2020). Future gravitational-wave detectors, capable of observing longer and 
louder signals emitted by coalescing neutron star binariess, may shed some light on the 
formation of GW190425-like systems (e.g., Korol and Safarzadeh, 2021). 
 
As well as hunting for binary neutron star collisions, the LIGO-Virgo-KAGRA collaboration is 
currently searching for continuous wave signals from known pulsars. Pulsars (and other 
rotating compact objects) should produce gravitational waves if they are non-spherically 
symmetric; for example, if they have a small “mountain” on their surface. Gravitational waves 
can be used to constrain or measure the height of such mountains,  and their non-detection 
has already been used to constrain the maximum mass of any mountain on the Vela and Crab 
pulsars (R. Abbott et al., 2020). 
 
While pulsar rotation periods are exceptionally regular, occasionally pulsars may experience 
a “glitch”: a rapid and transient speed-up in their rotation frequency. These glitches may have 
detectable gravitational-wave signatures (L. Warszawski and A. Melatos, 2012), although 
future gravitational-wave detectors with increased sensitivity may be required (e.g., G. Yim 
and D. I. Jones, 2020; D. Lopez et al., 2022).  

 
 
Figure 1.: The Nobel Prize-winning observation of the orbital decay of the 
Hulse-Taylor binary pulsar via gravitational-wave emission (Hulse and 
Taylor, 1975). The red points show the observed orbital period shift, while 
the black line shows the decay predicted by general relativity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.: The multi-messenger observation of binary 
neutron star merger GW170817, observed in both 
electromagnetic emission (top) and gravitational 
radiation (bottom). The time of the merger is indicated 
by the vertical black line in the top plot. The small time 
offset between this line and the peak of the lightcurve is 
due to the physics behind the emission of the 
electromagnetic jet. (Image adapted from Abbott et al., 
2017a.) 
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Future detector networks – Gravitational wave detectors are based on Michelson 
interferometer designs, upscaled to kilometre-scale baselines and refined using cutting-edge 
technologies for noise isolation and signal amplification. The two Advanced Laser 
Interferometer Gravitational-Wave Observatory (LIGO; J. Aasi et al., 2015) detectors in the 
USA, each with two 4km-long arms in an L-shape, made their first detection in 2015 (B. P. 
Abbott et al., 2016), during the first gravitational-wave observing run (O1). In 2017, the 3km-
long L-shaped Advanced Virgo detector (F. A. Acernese et al., 2014) in Italy joined the detector 
network for the second observing run (O2), vastly improving the sky localisation of events 
including GW170817. The Kamioka Gravitational Wave Detector (KAGRA; T. Akutsu et al., 
2021) instrument in Japan, also with 3km-long perpendicular arms, came online towards the 
end of O3 in 2020; there are plans to improve its sensitivity towards the beginning of O4. 
Within the next decade, it is anticipated that a third LIGO-like (4km) detector in India (C. S. 
Unnikrishnan, 2015) will join the network of second generation ground-based detectors. 
 
Towards the end of this decade, we look forward to updates to the LIGO detectors to reach 
LIGO Voyager sensitivity (R. X. Adhikari et al., 2020). There are also proposals for a high-
frequency detector geared specifically towards probing neutron star matter: the Neutron Star 
Extreme Matter Observatory (NEMO; K. Ackley et al., 2020) instrument in Australia.  
 
After the Voyager–NEMO era, the third-generation detector era will come in the 2030s. 
Predicted third-generation detector networks currently include the 40km-long L-shaped 
Cosmic Explorer (M. Evans et al., 2021) in the USA, and the triangular 10km-long Einstein 
Telescope (M. Maggiore et al., 2020) in Europe. At the same time, we hope to see the first of 
the space-based gravitational wave detectors: most notably, the Laser Interferometer Space 
Antenna (LISA; J. Baker et al., 2019), a triangular detector with 2.5 million km-long arms in a 
heliocentric Earth-trailing orbit, with peak sensitivity in the milli-Hertz region, but also the 
similar Deci-Hertz Interferometer Gravitational-Wave Observatory (DECIGO; S. Kawamura et 
al., 2021) with 1000 km-long arms. 
 

Project details: 
 
The student will have the freedom to choose which aspects of neutron star science to focus 
on. This will be decided in the first stage of the project, which will involve a review of current 
open questions about neutron stars and the potential routes to their answers. They will then 
use Bayesian inference analysis software bilby and bilby_pipe (G. Ashton et al., 2019, I. M. 
Romero-Shaw et al., 2020), most likely in tandem with parallel inference pipeline parallel_bilby 
(R. J. Smith et al., 2020), to simulate neutron star detection and parameter recovery with future 
gravitational-wave detector networks. The results of these injection campaigns will inform the 
student’s forecast for our future understanding of neutron stars and the impact of future 
neutron star detections on astrophysics in a broader sense. 
 
Key project stages: 

1. Literature review: Familiarisation with observational signatures of neutron stars (both 
in the gravitational-wave and the electromagnetic spectrum), plans for future 
gravitational-wave detector networks, and existing predictions for studying neutron 
stars with future gravitational-wave and multi-messenger detections. 

2. Software setup: Familiarisation with gravitational-wave data analysis software, bilby. 
3. Focus refinement: Decision on neutron star science focus, future detector network of 

interest, and injection campaign details. [Additional foci can be added as extensions.] 
4. Injection study: Simulate neutron-star parameter recovery with mock data from future 

detector network. 
5. Review: Comparison of results to existing predictions and assessment of implied 

impacts for wider astrophysics.  
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Skills required: 
 
Required: Python programming, use of UNIX, familiarity with Bayes’ Theorem;  
Recommended: C programming, use of computer clusters 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Lasky, P. (2015). Gravitational Waves from Neutron Stars: A Review. Publications of 
the Astronomical Society of Australia, 32, E034. doi:10.1017/pasa.2015.35 

2. Glampedakis, K., and Gualtieri, L. (2018). Gravitational waves from single neutron 
stars: an advanced detector era survey. The Physics and Astrophysics of Neutron 
Stars, 673-736 

3. Bailes, M. et al. (2021). Gravitational-wave physics and astronomy in the 2020s and 
2030s. Nat. Rev. Phys. 3, 344–366 

4. Thrane, E., and Talbot, C. (2019). An introduction to Bayesian inference in 
gravitational-wave astronomy: Parameter estimation, model selection, and hierarchical 
models. Publications of the Astronomical Society of Australia, 36, E010 

5. Smith, R. et al. (2021). Bayesian inference for gravitational waves from binary neutron 
star mergers in third generation observatories. Physical review letters, 127(8), 081102 

 
General references: (List of papers referred to in the project description) 

1. Hulse, R. A. and Taylor, J. H. (1975). Discovery of a pulsar in a binary system. ApJ 
195 L51-53 

2. Abbott, B. P. et al. (2017a). Gravitational Waves and Gamma-Rays from a Binary 
Neutron Star Merger: GW170817 and GRB 170817A. ApJL 848 L13 

3. Abbott, B. P. et al. (2017b). A gravitational-wave standard siren measurement of the 
Hubble constant. Nature, Volume 551, Issue 7678, pp. 85-88 

4. Abbott, B. P. et al. (2018a). Tests of General Relativity with GW170817. PRL, Volume 
123, Issue 1, id.011102 

5. Abbott, B. P. et al. (2018b). GW170817: Measurements of Neutron Star Radii and 
Equation of State. PRL, Volume 121, Issue 16, id.161101 

6. Hinderer, T. et al. (2009). Tidal deformability of neutron stars with realistic equations 
of state and their gravitational wave signatures in binary inspiral. PRD Vol. 81 123016 

7. Agathos, M. et al. (2015). Constraining the neutron star equation of state with 
gravitational wave signals from coalescing binary neutron stars. PRD Vol. 92 2, 023012 

8. Landry, P and Essick. R (2019). Nonparametric inference of the neutron star equation 
of state from gravitational wave observations. PRD Vol. 99 8, 084049 

9. Abbott, B. P. et al. (2020). GW190425: Observation of a Compact Binary Coalescence 
with Total Mass ~3.4 Msun. ApJL, Volume 892, Issue 1, id.L3, 24 pp 

10. Romero-Shaw, I. M. et al. (2020). On the origin of GW190425. MNRAS Letters, 
Volume 496, Issue 1, pp.L64-L69 

11. Safarzadeh, M. et al. (2020). Does GW190425 require an alternative formation 
pathway than a fast-merging channel? ApJ, Volume 900, Issue 1, id.13 

12. Galaudage, S. et al. (2020). Heavy double neutron stars: birth, mid-life and death. 
ApJL, Volume 909, Issue 2, id.L19, 12 pp. 

13. Korol, K. and Safarzadeh, M (2021). How can LISA probe a population of GW190425-
like binary neutron stars in the Milky Way? MNRAS, Volume 502, Issue 4, Pages 
5576–5583 

14. Abbott, R. et al. (2020). Gravitational-wave Constraints on the Equatorial Ellipticity of 
Millisecond Pulsars. ApJL, Volume 902, Issue 1, id.L21, 17 pp 
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15. Warszawski, L. and  Melatos, A. (2012). Gravitational-wave bursts and stochastic 
background from superfluid vortex avalanches during pulsar glitches, MNRAS, Volume 
423, Issue 3, July 2012, Pages 2058–2074 

16. Yim, G., & Jones, D. I. (2020). Transient gravitational waves from pulsar post-glitch 
recoveries. MNRAS, 498(3), 3138-3152 

17. Lopez, D. et al. (2022). Prospects for detecting and localizing short-duration transient 
gravitational waves from glitching neutron stars without electromagnetic counterparts. 
arXiv e-prints, arXiv:2206.14515 

18. Aasi, J. et al. (2015). Advanced ligo. Classical and quantum gravity, 32(7), 074001. 
19. Abbott, B. P. et al. (2016). Observation of gravitational waves from a binary black hole 

merger. PRL, 116(6), 061102 
20. Acernese, F. A. et al. (2014). Advanced Virgo: a second-generation interferometric 

gravitational wave detector. Classical and Quantum Gravity, 32(2), 024001 
21. Akutsu, T. et al. (2021). Overview of KAGRA: Detector design and construction history, 

Progress of Theoretical and Experimental Physics, Volume 2021, Issue 5, May 2021, 
05A101 

22. Unnikrishnan, C.S. (2015). IndIGO and LIGO-India: Scope and Plans for Gravitational 
Wave Research and Precision Metrology in India. arXiv: Instrumentation and 
Detectors. 

23. Adhikari, R. X. et al. (2020). A cryogenic silicon interferometer for gravitational-wave 
detection. Classical and Quantum Gravity, 37(16), 165003. 

24. Ackley, K. et al. (2020). Neutron Star Extreme Matter Observatory: A kilohertz-band 
gravitational-wave detector in the global network. Publications of the Astronomical 
Society of Australia, 37, E047 

25. Evans, M. et al. (2021). A horizon study for cosmic explorer: science, observatories, 
and community. arXiv preprint arXiv:2109.09882 

26. Maggiore, M. et al. (2020). Science case for the Einstein telescope. Journal of 
Cosmology and Astroparticle Physics, 2020(03), 050 

27. Baker, J. et al. (2019). The Laser Interferometer Space Antenna: unveiling the 
millihertz gravitational wave sky. arXiv preprint arXiv:1907.06482 

28. Kawamura, S. et al. (2021). Current status of space gravitational wave antenna 
DECIGO and B-DECIGO. Progress of Theoretical and Experimental Physics, 2021(5), 
05A105 

29. Ashton, G. et al. (2019). BILBY: A user-friendly Bayesian inference library for 
gravitational-wave astronomy. The Astrophysical Journal Supplement Series, 241(2), 
27 

30. Romero-Shaw, I. M. et al. (2020). Bayesian inference for compact binary coalescences 
with BILBY: Validation and application to the first LIGO–Virgo gravitational-wave 
transient catalogue. MNRAS, 499(3), 3295-3319 

31. Smith, R. J. et al. (2020). Massively parallel Bayesian inference for transient 
gravitational-wave astronomy. MNRAS, 498(3), 4492-4502. 

 
 
 
 
 
 
 
 
 
 
Project 17: Surface atmosphere interactions on warm exoplanets 
Supervisor I: Oliver Shorttle (shorttle@ast.cam.ac.uk)  
Supervisor II: Sean Jordan (saj49@cam.ac.uk)   
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Supervisor III: Paul Rimmer (pbr27@cam.ac.uk)  
UTO: Oliver Shorttle (shorttle@ast.cam.ac.uk)  

 
Project summary: 
 
On a warm exoplanet the composition of a planet’s atmosphere may be set by interaction 
between the atmosphere and the surface, providing a window into the composition and 
geophysics of the planet.  In this project we will perform calculations to investigate how the 
composition of planetary atmospheres may be set by the composition of their surfaces.  
 

 
Project description: 

The aim of this project is to understand how the composition of a planet’s surface may manifest 
in the composition of its atmosphere.  As atmospheres are the primary observable of 
exoplanets that relate to their composition and geophysics, this link between atmosphere and 
surface is a key one to establish.  The project will investigate the specific case of warm rocky 
exoplanets, those where the temperature of the atmosphere is high enough to enable gas-
phase to solid-phase thermochemical equilibria to be established.  In this case, the mineralogy 
of the surface provides an important buffer on the composition of the 
atmosphere.  Calculations will be performed for planets of varying surface composition and 
temperature to predict their stable in-equilibrium atmospheres.  The transmission spectra of 
these atmospheres will be predicted and compared to what is measurable with present and 
future instrumentation. 
 
Background: 

In our solar system, Venus is the type example of a warm rocky planet whose atmosphere 
may be in chemical equilibrium with its surface (Fegley, 2004).  Extensive work has been 
undertaken to establish whether species such as CO2 and SO2 in the planet’s atmosphere are 
being regulated by reactions with minerals at its surface, i.e., are ‘buffered’.  Key insights from 
this work have been the difficulty of achieving atmosphere-surface equilibrium in the face of 
temperature perturbations: for radiatively active gases such as CO2, thermochemical 
equilibrium between surface and atmosphere can be unstable to small changes in 
temperature, as a runaway growth or collapse of the atmosphere is triggered (Treiman & 
Bullock, 2012).  However, for non-radiatively active gases, mineral buffering of the 
atmosphere may operate effectively, and in the context of exoplanets offers a potential 
opportunity to link minor atmospheric species to surface mineralogy. 

 
 
 
 
 
 
Figure 1.: A schematic of how the atmospheres of 
planets interact with their interiors on a variety of rocky 
planets, from Earth-like (left), Venus-like (bottom-right), 
to waterworlds (top-right), with a focus on how this 
affects the distribution of the life-essential “CHNOPS” 
elements: carbon, hydrogen, nitrogen, oxygen, and 
phosphorus.  In this project we will specifically 
investigate the atmosphere-surface connections on 
Venus-like exoplanets.  From Krijt…Shorttle et al., 
(2022) ‘’Chemical habitability”. 

Project details: 
 

mailto:pbr27@cam.ac.uk
mailto:shorttle@ast.cam.ac.uk


Page 50 of 121 
 

We will use two thermochemical equilibrium codes to investigate the atmospheres of planets 
in equilibrium with their surfaces, Perple_X (e.g., Sempriche et al. 2020) and GGChem (e.g., 
Herbort et al. 2022).  These codes have different strengths, and a key part of the work will be 
sensitivity testing how the underlying assumptions of these codes map through to predicted 
atmospheric chemistry.  The codes will be run with a range of planet surface compositions, 
informed by likely interior compositions, and a range of atmospheric carbon and sulfur 
contents, exploring the range of Venus-analogue planets that may exist. Predicted 
atmospheric compositions will have their spectra predicted using petitRADTRANS (Molliere et 
al. 2019) and the detectability of surface-buffered atmospheres evaluated. 
 

 
Skills required: 
 
Programming in Python.  

 
Useful references: (List of important papers/review articles relevant to the project) 

32. Sebastiaan Krijt, Oliver Shorttle et al., Chemical Habitability: Supply and Retention of 
Life’s Essential Elements During Planet Formation. Submitted to PPVII (2022). 
https://arxiv.org/abs/2203.10056 

33. Gilmore et al., Venus Surface Composition Constrained by Observation and 
Experiment. Space Science Reviews (2017). 

 
General references: (List of papers referred to in the project description) 

1. Fegley, Chapter 2.7 Venus, Treatise on geochemistry (2004, 2014).  
2. Treiman & Bullock, Mineral reaction buffering of Venus’ atmosphere: A 

thermochemical constraint and implications for Venus-like planets. Icarus (2012). 
3. Semprich et al., Venus: A phase equilibria approach to model surface alteration as a 

function of rock composition, oxygen- and sulfur fugacities. Icarus (2020). 
4. Herbort et al., The atmospheres of rocky exoplanets II. Influence of surface 

composition on the diversity of cloud condensates. A&A (2022). 
5. Molliere et al., petitRADTRANS A Python radiative transfer package for exoplanet 

characterization and retrieval. A&A (2019). 
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Project 18: Investigating photoevaporation in the HD98800B 
protoplanetary disk 
Supervisor I: Alvaro Ribas (airbase.astro@gmail.com) 
Supervisor II: Cathie Clarke (cclarke@ast.cam.ac.uk)  
UTO: Cathie Clarke (cclarke@ast.cam.ac.uk) 

 
Project summary: 
 
Protoplanetary disks are disks of gas and dust around young stars in which planet formation 
takes place, and their evolution plays a major role in the resulting population of exoplanets. 
One of their main evolutionary mechanisms is photoevaporation by the high energy radiation 
from the star, which can drive disk winds that remove mass from the disk and, together with 
accretion onto the central star, lead to its dispersal. 
 
In this project, we will study photoevaporation in the circumbinary disk in a hierarchical 
quadruple system HD98800. Surprisingly, despite being older than most disks and in a 
multiple system (which usually results in fast disk dissipation), HD98800B still retains a 
massive disk. Using millimetre and centimetre observations of the system with the Very Large 
Array (VLA), we will investigate the level of free-free emission from photoevaporative winds 
and quantify the impact of its evolution.  
 
 

 
Project description: 
 
You will work with VLA interferometric observations of the HD98800B circumbinary disk 
millimetre and centimetre wavelengths. In combination with ancillary observations and 
radiative transfer models of the system, this will quantify the amount of free-free emission in 
the disk, which will be later compared to theoretical predictions to determine the level of 
photoevaporation and mass loss through winds. The project will provide a better 
understanding of the evolution of HD98800B and help to explain its surprisingly long lifetime. 
 
Background: 
 
The evolution of protoplanetary disks is driven by two main mechanisms: viscous evolution, 
which results in the accretion of material onto the star, and mass loss due to disk winds 
(Alexander et al. 2014). These processes lead to the dissipation of most disks within 3-5 Myr 
(Ribas et al. 2015), setting an upper limit to the time available to form giant planets. In multiple 
systems, the gravitational influence of a companion can truncate the disk or even lead to its 
total dispersal in much shorter timescales. 
 
A major mechanism driving disk winds is photoevaporation caused by the high energy 
radiation (UV and X-rays) from the central star (Clarke et al. 2001, Alexander et al. 2014). This 
radiation can heat the upper layers of the disk enough for the material to escape the system, 
resulting in mass-loss rates of up to 10-8 Msun/yr. However, despite its relevance for disk 
evolution and the planet formation process, the actual impact of photoevaporation in the 
dispersal of disks is still uncertain. 
 
In this project, we will study photoevaporation in the circumbinary disk in the hierarchical 
cuadruple system HD98800. This fascinating system is ~10 Myr old and contains two binary 
pairs (Aa+Ab and Ba+Bb) orbiting each other at ~45 au. Ba+Bb are surrounded by a compact 
but massive and gas rich disk extending only from 3 to 5 au (Ribas et al. 2018), which is also 
in a polar configuration with respect to the orbital plane of Ba+Bb (Kennedy et al. 2019). How 

mailto:airbase.astro@gmail.com
mailto:cclarke@ast.cam.ac.uk
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did a massive disk survive for so long in such a dynamical environment? Ribas et al. 2018 
proposed that its viscous evolution has been severely slowed down by the effect of both the 
inner (Ba+Bb) and outer (Aa+Ab) components, and the disk is evolving mostly through 
photoevaporative winds. The detection of free-free emission at 5 cm also suggests the 
presence of on-going photoevaporation in the disk, making the system an ideal laboratory to 
study this process. 

 
 
 

 
Figure 1 Top: ALMA 1.3 mm continuum observations of the HD98800 system, showing the overall system architecture and revealing a 
narrow disk from 3 to 5 au (Kennedy et al. 2019). Bottom: VLA observations of the system at 8.8mm (left) and 5 cm (right) from Ribas et 
al. 2018. The emission from the B component at 8.8mm is likely a combination of dust thermal continuum and free-free contribution from 
photoevaporation, while the 5cm emission is dominated by the free-free component. The emission from A is compatible with 
gyrosynchrotron emission from stellar chromospheric activity. Note that the images have different fields of view. 

Project details:  
 
The student leading this project will process and analyse new VLA observations of HD98800 
to study the impact of photoevaporation in the system. For this purpose, the student will: 

- Learn the basics of interferometric data and work with the CASA software (the default 
standard for radio astronomy studies) to process and analyse new VLA observations 
at 7 mm and 3 cm. 

- Once disk fluxes at these wavelengths are obtained, these will be combined with the 
ancillary VLA and ALMA data of this system to populate the spectral energy distribution 
of the disk at mm/cm wavelengths. 

- The student will then use the radiative transfer code MCFOST to produce a model of 
the disk following Ribas et al. 2018. Comparing this model with the observations will 
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disentangle the contributions from dust thermal emission and free-free emission due 
to photoevaporation. 

- Armed with this information, the student will compare the level of free-free emission 
with theoretical predictions of photoevaporation and mass loss (Pascucci et al. 2012, 
Alexander et al. 2014), testing if the derived values are consistent with the long lifetime 
of the disk. 
 

Skills required: 

The project will require programming in Python. 

 
Useful references: (List of important papers/review articles relevant to the project) 
 

1. Alexander et al. 2014, The dispersal of protoplanetary disks, Protostars and Planets 
VI, University of Arizona Press, Tucson, p.475-496 

2. Clarke et al. 2001, The dispersal of circumstellar discs: the role of the ultraviolet 
switch,  MNRAS, 382, 485 

1. Pascucci et al. 2012, Free-Free Emission and Radio Recombination Lines from 
Photoevaporating Disks, ApJ, 751, 42P 

2. Ribas et al. 2018, Long-lived protoplanetary disks in multiple systems: the VLA view 
of HD 98800, ApJ, 885, 77R 

3. Kennedy et al. 2019, A circumbinary protoplanetary disk in a polar configuration, 
Nature Astronomy, Volume 3, 230-235 

General references: (List of papers referred to in the project description) 
 

1. Ribas et al. 2015, Protoplanetary disk lifetimes vs. stellar mass and possible 
implications for giant planet populations, A&A, 576, A52 
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Project 19: Can we detect Moon-forming impacts in other planetary 
systems?  
Supervisor I: Amy Bonsor (abonsor@ast.cam.ac.ukk) 
Supervisor II: Simon Hodgkin (sth@ast.cam.ac.uk)  
UTO: Cathie Clarke (cclarke@ast.cam.ac.uk) 

 
Project summary: 
 
The presence of the Moon is clearly important for Earth. Not only does it, for example, regulate 
tides on present-day Earth, but the dramatic event that led to the formation of the Moon was 
potentially crucial in the evolution of early Earth. The Moon forming impact was sufficiently 
dramatic to lead to large-scale melting and heating. Thermal emission from the subsequent 
molten proto-Earth-Moon system was potentially comparable to the Sun, for a very short 
period. The aim of this project is to investigate the emission from similar impacts in 
exoplanetary systems and consider their potential detectability, for example with Gaia. 
Observations of exoplanetary systems hint at Earth-sized or mass planets commonly 
occurring throughout the Universe, but detecting Moons to terrestrial exoplanets would push 
our current detection abilities to the limit. The emission from giant impacts, or Moon-forming 
events, provide a potential window onto the occurrence of Earth-Moon-like systems in the 
nearby Universe.    
 

 
Project description: 
 
This project will focus on making predictions for the emission from Moon-forming events in 
exoplanetary systems, based on simulations from Lock et al, 2018.  
 
Background: 
 
The Earth is the habitable planet that we know and understand best. Clearly the formation of 
the Moon was a significant influence in our history, but whether the Moon-forming event, or 
indeed the presence of a Moon, is important for the origin of life on Earth is open for debate. 
Venus, the terrestrial planet closest to our own, did not have a Moon-forming event. Again, 
the impact of this on Venus’s history is not clear, but current Venus does not have a habitable 
surface in the same way as Earth. 
 
The best theory to explain the origin of the Moon is a giant impact, late in Earth’s formation. 
This giant impactor, often named Theia, was most likely a substantial fraction of Earth’s mass, 
and caused significant disruption to proto-Earth, potentially forming a disc-like structure, out 
of which both the current Earth and Moon formed. Lock et al, 2018 postulate the formation of 
a very hot, doughnut like structure, or ‘Synestia’. The potential energy imparted during an 
Earth-Moon forming impact is large and leads to the formation of a hot, silicate vapour. Such 
a large, hot disc has the potential to radiate significant luminosity, potentially at levels, which 
for a short while, come close to being as bright as the host star it orbits.  
 
Thermal emission from the hot Moon-forming disc should be readily detectable in the optical 
or near-infrared. The difficulty will be identifying the emission. This project will make 
predictions for the light curve from such events. This project will determine whether the initial 
sharp increase in emission might be seen, for example by Gaia. The Gaia space mission is 
currently revolutionising our understanding of the nearby Universe. Gaia monitors around 1.46 
billion sources, almost 40 million sources per day, with a cadence of about 30 days between 
pairs of observations. Gaia alerts are triggered whenever a source has a change in luminosity 
of more than 0.2 mag. Gaia alerts publish tens of variable sources every day. Many of these 

mailto:ahcb2@cam.ac.uk
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are well understood transient sources such as supernovae, quasars, cataclysmic variables, 
stellar flares etc, but potentially hidden amongst these sources are stars whose luminosity 
increases briefly due to the bright thermal emission following a giant impact with a terrestrial 
planet in the system. 

 
Figure 1.: High energy, high angular momentum giant impacts early in the evolution of terrestrial planets have a dramatic influence on 
the evolution of the planet, potentially leading to large-scale melting and heating, and can lead to the formation of synestias (shown 
above). Lock et al, 2018.   

Project details:  
 

1. Make predictions for the thermal emission from a hot disc and compare to the stellar 
emission 

2. Analyse simulations of Earth-Moon forming impacts to determine the variation in 
temperature during the simulation 

3. Assess the visible emission escaping from the surface of the post-impact disc (taking 
into account absorption in the disc) 

4. Create a predicted light curve. 
5. Assess the likelihood of detecting such emission using Gaia  
6. (optional) Use simple scalings to investigate how this simple model would change for 

different systems, for example, stars of differing luminosity and planets from Mars-
mass to super-Earth masses. 

 
Skills required: 
 
Experience with programming, ideally in Python or C.  
This project is largely theoretical in nature, but is unique in that the theoretical models will be 
strongly linked to observational data.  

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Lock, S.~J. et al, 2018.\ The Origin of the Moon Within a Terrestrial Synestia.\ 
Journal of Geophysical Research (Planets) 123, 910–951. 
doi:10.1002/2017JE005333 

2. Gaia Alerts http://gsaweb.ast.cam.ac.uk/alerts/home 
3. Hodgkin et al. 2021, Gaia Early Data Release 3. Gaia photometric science alerts 

https://ui.adsabs.harvard.edu/abs/2021A%26A...652A..76H/abstract 
 

http://gsaweb.ast.cam.ac.uk/alerts/home
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Project 20: Powerful AGN outflows at cosmic noon can solve the S8 
tension? 
Supervisor I: Debora Sijacki (deboras@ast.cam.ac.uk)  
Supervisor II: Martin Bourne (mabourne@ast.cam.ac.uk), Vid Irsic (vi223@cam.ac.uk)  
UTO: Debora Sijacki (deboras@ast.cam.ac.uk)  

 
Project summary: 
 
The main objective of this Part III project is to explore a range of alternative baryonic feedback 
models, starting from the FABLE zoom-in simulation suite (Henden et al. 2018, 2019, 2020), 
to understand if more energetic AGN feedback at cosmic noon can help reconcile the apparent 
tension between the Planck ΛCDM cosmological model and cosmic shear survey 
measurements of S8. 
 

 
Project description: 

Large scale cosmological structure formation simulations, such as Illustris (Vogelsberger et 
al., 2014), Illustris TNG (Springel et al., 2018), and BAHAMAS (McCarthy et al., 2018), predict 
that the matter power spectrum is reduced due to the baryonic feedback compared to the 
estimates coming from dark matter-only calculations. This stems predominantly from the 
powerful outflows launched by accreting supermassive black holes, SMBH, which can push 
the gas out of the host haloes and affect the overall matter distribution in the intergalactic 
medium (IGM). While all state-of-the-art cosmological simulations of structure formation agree 
that there should be a reduction in the matter power spectrum, currently there is no consensus 
which range of spatial scales is most affected, what is the maximum amplitude of this effect, 
and what is its redshift evolution. This stems from the complexity of simulating SMBH accretion 
and feedback, where there are significant uncertainties in our theoretical understanding. 
Moreover, even the most extreme models, such as Illustris, that predict reduction of up to 40% 
in the matter power spectrum at z = 0, seem insufficient to reconcile the measurements of S8 
from the Planck data and from the galaxy cosmic shear surveys (see Figure 1).  
 
However, scrutinising in detail implementations of AGN-driven outflows in these simulations, 
it becomes apparent that the parameter space explored by these models is rather limited. In 
fact, all of these models rely on a rather simplistic Bondi-like accretion prescription for the 
growth of SMBH and equally simplistic `thermal dumps’ of energy to mimic AGN outflows. 
Furthermore, given that the cosmic shear survey data is prevalently sensitive to galaxies at 
redshifts 0.5 - 1.0, it is not clear that current cosmological simulations capture the correct 
redshift evolution of AGN outflows, that may be stronger than envisaged by these models at 
cosmic noon (i.e. redshift z=2-3). 
 
The main aim of this project is to significantly improve upon the current state-of-the-art by 
exploring AGN outflows of different strength and that have different redshift evolution. This 
would allow us to answer if indeed the S8 tension is due to baryonic physics or if it is a smoking 
gun of cosmology beyond CDM. 
 
Background: 

The standard ΛCDM cosmological model assumes the Universe is made of three major 
components: the cosmological constant Λ which characterises dark energy and drives 
accelerated expansion of the present-day Universe, cold dark matter (CDM) that likely 
interacts only gravitationally (hence dark), and the ordinary matter in form of baryons that only 
makes about 4% of the total mass-energy density of the Universe. The ΛCDM model is 
extremely successful and provides a remarkably good fit to a range of observations, including 

mailto:deboras@ast.cam.ac.uk
mailto:mabourne@ast.cam.ac.uk
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the anisotropies of the Cosmic Microwave Background (CMB) as, for example, measured by 
the Planck satellite. However, a number of apparent discrepancies or tensions have recently 
been highlighted when comparing the Planck data with low redshift cosmological probes, such 
as the type Ia supernovae data or the weak lensing measurements from galaxy surveys. For 
the latter, weak lensing data can constrain a combination of present day matter density, Ωm, 
and the matter fluctuation spectrum amplitude measured within spheres of 8 Mpc/h radius, 
σ8, in the following form: S8 = σ8 (Ωm/0.3)^0.5. Discrepancy between the Planck 
measurement of S8 and cosmic shear surveys, such as KiDS and DES, is of the order of 2.3-
2.7σ (see left-hand panel of Figure 1, and Amon & Efstathiou, 2022 for further details). While 
(part) of this S8 tension may come from data systematics, large effort has been made to 
physically interpret this discrepancy either in terms of modifications to CDM or of unaccounted 
baryonic feedback processes which may affect the matter power spectrum on the relevant 
range of spatial scales probed by cosmic shear surveys (see right-hand panel of Figure 1). 
However, so far, no cosmological simulation of structure formation including state-of-the-art 
baryonic feedback processes can reproduce the needed suppression in the matter power 
spectrum.       
 
 
 

 

Figure 1.: (Left) S8 versus Ωm measurement for a number of observational datasets, as labelled. (Right) The suppression of the matter 
power spectrum required to match the cosmic shear survey data (KiDS) assuming the Planck ΛCDM model (black curves) and a range of 
predictions from hydrodynamical simulations of structure formation (coloured curves, as labelled). This figure is taken from Amon & 
Efstathiou, MNRAS, 2022. 

 
Project details: 
 
After familiarising themselves with the relevant literature and the FABLE simulation suite, the 
student will first extract a subset of galaxy groups and clusters with the appropriate range of 
masses residing in different environments. The student will then study the matter distribution 
around these haloes as a function of cosmic time which will form the baseline of the project. 
The student will then resimulate some of these halos from z ~ 4 onwards by switching off the 
standard AGN feedback implementation in FABLE and instead considering a range of likely 
AGN outflows as a function of cosmic time. These will be modelled in an agnostic fashion to 
break the dependency on the simplistic accretion and feedback implementation used in 
FABLE (and other cosmological simulations of structure formation). This will allow the 
construction of a new ‘catalogue’ of galaxy groups and clusters around which large scale 
matter distribution can be measured. In addition, several independent observables will be 
calculated as well, such as the X-ray surface brightness, thermal SZ effect, gas fractions, AGN 
luminosities and Eddington fractions, that can be compared to observations to constrain the 
most likely models. For such models, reductions in the matter power spectrum can be 
estimated, which ultimately will inform us if baryonic feedback can help alleviate the S8 tension 
or not. 
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Skills required: 
 
The student should be keen on programming and have a good knowledge of C and Python. 
The Part II courses “Astrophysical Fluid Dynamics” and “Cosmology” are required. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Stafford et al., 2021, MNRAS, 508, 25 
2. Nunes et al., 2021, MNRAS, 505, 54 
3. Mead et al., 2021, MNRAS, 502, 14 
4. Debackere et al., 2020, MNRAS, 492, 22 
5. van Daalen et al., 2020, MNRAS, 491, 24 
6. Chisari et al., 2019, OJAp, 2E, 4C 
7. Schneider et al., 2019, JCAP, 03, 020S 
8. Chisari et al., 2018, MNRAS, 480, 39 

 
General references: (List of papers referred to in the project description) 

1. Amon & Efstathiou, MNRAS, 2022, arXiv: 2206.11794 
2. Henden et al., 2018, MNRAS, 479, 53 
3. Henden et al., 2019, MNRAS, 489, 24 
4. Henden et al., 2020, MNRAS, 498, 21 
5. Vogelsberger et al., 2014, MNRAS, 444, 15 
6. Springel et al., 2018, MNRAS, 475, 6 
7. McCarthy et al., 2018, MNRAS, 476, 29 
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Project 21: Galactic Archaeology with very metal-poor stars in the 
Milky Way’s disc 
Supervisor I: Anke Arentsen (anke.arentsen@astro.unistra.fr - use this email until the 1st of 
October)  
Supervisor II: Vasily Belokurov (vasily@ast.cam.ac.uk)  
UTO: Vasily Belokurov (vasily@ast.cam.ac.uk)  

 
Project summary: 
 
The oldest, most metal-poor stars in the Milky Way are unique probes of the early formation 
and evolution of our Galaxy. These stars are mostly found in the Galactic halo and bulge, but 
recent works are finding that there are also very metal-poor (VMP) stars with apparently “discy” 
orbital properties. In this project, the student will search for VMP stars at low Galactic latitudes, 
inside the disc, where there has previously been a lack of dedicated VMP star searches. The 
goal is to build a large sample of VMP stars and study their dynamical properties to place 
constraints on the origin of the VMP population in the disc.  

 
Project description: 

This is a project focused on observational data. The student will use metallicity-sensitive 
photometry from the Pristine Inner Galaxy Survey (Arentsen et al. 2020, proprietary data) and 
the public Gaia DR3 to derive photometric metallicities for stars in the disc in between us and 
the centre of the Milky Way, and use it to build a confident sample of VMP stars. Combining 
this new VMP sample with proper motions and radial velocities from Gaia DR3, the student 
will derive their orbital properties and interpret them.  
 
Background: 

In the picture of hierarchical structure formation in the Universe, small structures form first and 
merge over time to form bigger structures like the Milky Way. A large fraction of the Galactic 
halo is made up of stars that were born in such small structures, and many of these stars are 
very metal-poor. However, there is likely also a population of VMP stars that was born inside 
the Milky Way at very early times. It is still under debate what the exact nature is of these in-
situ VMP stars. 
 
The majority of stars in the Milky Way were born inside the Galactic disc, which is dominated 
by younger, more metal-rich stars. Several authors have suggested that it extends to low 
metallicities (e.g., Beers et al. 2002, Ruchti et al. 2011), and even some of the most metal-
poor stars known have disc-like orbits (Sestito et al. 2020). Others have suggested that 
although some metal-poor stars appear to have disc-like orbits, they may instead be part of a 
slowly rotating, quasi-isotropic in-situ component (Belokurov & Kravtsov 2022).  
 
Most previous work used data from halo surveys, which happen to contain part of the disc 
because it is in the foreground. Dedicated searches for very metal-poor stars inside the disc 
are hampered by the overwhelming majority of metal-rich stars and severe dust extinction. 
Larger samples of VMP stars in the disc region are necessary to investigate the properties of 
this population, and that is the goal of this project.  
 
Recent advances in available data can overcome some of the previous challenges in 
searching for VMP stars in the disc. This project will focus on using metallicity-sensitive 
narrow-band photometry to efficiently identify VMP stars, using data from the Pristine survey 
(Starkenburg et al. 2017) and the third data release of Gaia (DR3). 
 

mailto:anke.arentsen@astro.unistra.fr
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The Pristine survey is incredibly efficient at finding the most metal-poor stars, using narrow-
band Ca H&K photometry. Figure 1 shows how well the metal-poor stars can be separated 
from the more metal-rich stars using Pristine (VMP stars have [Fe/H] < −2.0). The main Pristine 
survey is targeting the Galactic halo and stays away from the disc, but the Pristine Inner 
Galaxy Survey (PIGS, Arentsen et al. 2020) covers low Galactic latitudes, see Figure 2. Stars 
in the foreground in PIGS have previously been removed because the main goal was to study 
the Galactic bulge, but a large number of VMP stars is expected to be hiding in the foreground. 
Reddening corrections will be possible thanks to three-dimensional dust maps based on Gaia 
DR3, which was released in June this year. It will also be possible to extend the disc coverage 
using synthetic CaHK photometry derived from Gaia DR3 low-resolution spectra.  

 
Figure 1.: (left): colour-colour diagram combining the Pristine narrow-band CaHK photometry with broadband photometry into a space 
that is sensitive to the metallicity. The most metal-poor stars (in blue) separate well from the more metal-rich stars (in red). The colour-
coding is based on spectroscopic metalliities. Figure 2.: (right) coverage of the PIGS extension of the Pristine survey towards the inner 
Galaxy, with a map of the reddening caused by dust in the background. The stars in PIGS in the foreground have not yet been looked at.  
 
Project details: 
 
The student will start with the PIGS catalogue, which includes Pristine CaHK magnitudes and 
Gaia photometry & astrometry. Extinction corrections will have to be applied using three-
dimensional extinction maps and distances, which will require some exploration as to how to 
do this optimally. A selection of foreground stars will have to be made, removing the 
background Galactic bulge. For this sample, photometric metallicities will be derived using a 
Python code that is available in the Pristine collaboration. The next step is to derive quality 
cuts for the derived metallicities, in order to build a confident sample of VMP stars.  
 
After building the sample of VMP stars, this sample will be used to study the orbital properties 
of VMP stars in the Galactic disc. The student will start with the bright stars for which full 6D 
phase-space information is available from Gaia, and study their velocity distribution. The goal 
is to investigate whether there is a disc-component present among the VMP stars, or whether 
they could be consistent with a pressure-supported component only.  
 
Depending on how the project goes, a next step could be extending the dynamical analysis to 
fainter stars, which only have proper motions available in Gaia, marginalizing over the radial 
velocities. Similar work has been done in Pristine towards the Galactic anti-centre (Fernandez-
Alvar et al. 2021).  
 
Another possibility is to extend the work to a larger region of the disc, using synthetic CaHK 
photometry calculated from Gaia DR3 BP/RP spectra. An all-sky catalogue of synthetic CaHK 
magnitudes will be published in the Fall by the Pristine collaboration, but no photometric 
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metallicities will be published in the high-extinction disc region – this could be taken on by the 
student.  
 
Skills required: 
 
Basic programming skills, preferably in Python, as well as a general sense of astronomical 
observations (but this is not required). 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. The New Galaxy: Signatures of Its Formation – Freeman & Bland-Hawthorn 2002, 
ARA&A, 40, 487 

2. Near-Field Cosmology with Extremely Metal-Poor Stars – Frebel & Norris 2015, 
ARA&A, 53, 631 

3. Streams, Substructures, and the Early History of the Milky Way – Helmi 2020, 
ARA&A, 58, 205 

 
General references: (List of papers referred to in the project description) 

1. The Pristine survey - I. Mining the Galaxy for the most metal-poor stars – Starkenburg 
et al. 2017, MNRAS, 471, 2587 

2. The Pristine Inner Galaxy Survey (PIGS) II: Uncovering the most metal-poor 
populations in the inner Milky Way – Arentsen et al. 2020, MNRAS, 496, 4964 

3. The Pristine survey - X. A large population of low-metallicity stars permeates the 
Galactic disc – Sestito et al. 2020, MNRAS, 497L, 7 

4. The Pristine survey - XIII: uncovering the very metal-poor tail of the thin disc – 
Fernandez-Alvar et al. 2021, MNRAS, 508, 1509 

5. Metal abundances and kinematics of bright metal-poor giants selected from the LSE 
survey: implications for the metal-weak thick disk – Beers et al. 2002, AJ, 124, 931 

6. Observational Properties of the Metal-poor Thick Disk of the Milky Way and Insights 
into its Origins – Ruchti et al. 2011, ApJ, 737, 9 

7. From dawn till disc: Milky Way's turbulent youth revealed by the APOGEE+Gaia data 
– Belokurov & Kravtsov 2022, MNRAS, 514, 689 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Project 22: Can Globular Clusters be used as Chemical Probes of 
Past Milky Way Merger Events? 
Supervisor I: Stephanie Monty (stephmonty93@gmail.com)  
Supervisor II: Vasily Belokurov (vasily@ast.cam.ac.uk) 

mailto:stephmonty93@gmail.com
mailto:vasily@ast.cam.ac.uk
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Supervisor III: Wyn Evans (nwe@ast.cam.ac.uk) 
UTO: Vasily Belokurov (vasily@ast.cam.ac.uk) 

 
Project summary: 
 
As part of hierarchical galaxy formation, the Milky Way is proposed to have been built up over 
time through several major and minor mergers with other galaxies. Although these constituent 
galaxies are long gone, disrupted by the MW and distributed across the sky, the globular 
clusters that were brought in with them remain intact. Measuring the chemical abundances of 
stars shows that stars associated with different merger events maintain unique chemical tags 
to those events. Do their globular clusters also retain this chemical tag, and can it be used to 
either support or refute proposed merger events? To explore this question, you will measure 
chemical abundances in stars in the globular cluster M54 and member stars of the Sagittarius 
dwarf galaxy. M54 and Sag represent one of the best examples of globular cluster - galaxy 
association and will therefore serve as a benchmark for how chemically similar a cluster-
galaxy system truly is.   
 

 
Project description: 

The student will learn the fundamental concepts behind measuring chemical abundances in 
stars including, the basics of stellar atmospheres, equivalent width analysis, nucleosynthesis 
and radiative transfer. Practically, they will learn how to use the python-based software q2 
(Ramirez et al. 2014) to drive the 2019 version of the radiation transfer code, MOOG (Sneden, 
1973). They may also learn how to reduce and work with stellar spectra. Ultimately, they will 
measure chemical abundances in a set of stars selected from M54 and Sagittarius and 
perform and devise a method to assess how similar they are. The student will have access to 
an international team of collaborators including researchers in Australia at the ANU, INAF in 
Italy, the Flatiron Institute in New York and the University of Victoria in Canada. 
 
Background: 

of the star (see for e.g., Kobayashi et al. 2020). By measuring the abundances of ancient, 
accreted stars, we have a direct link to the chemical environment in which they formed, a link 
to the long-deceased dwarf galaxy. 
 
Measuring chemical abundances in stars is not trivial and most-often requires high resolution 
spectra and several important, but limiting, assumptions. In addition to this, chemical 
abundances must be made relative to something, a scale must be set. Most often, abundances 
are measured relative to the Sun, a star for which we have the highest quality spectra and 
estimates of composition. But the Sun is vastly different in age and composition from the 
majority of ancient, evolved stars that are used to measure the chemistry associated with 
merger events. This introduces a number of significant and systematic errors. The technique 
of “differential” abundance analysis minimizes these errors, as the reference star is selected 
to be very similar to the stars under study (for a review of this technique see Nissen & 
Gustafsson 2018).  
 
 
 

mailto:nwe@ast.cam.ac.uk
mailto:vasily@ast.cam.ac.uk
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Figure 1.: (Left) Figure 2 from Massari et al. 2019 showing the distribution of globular clusters in integral of motion space and tagged to 
their associated accretion events. The Sagitarrius globular clusters are shown near the top of the figure in green.   
(Right) Adaptation of APOD from February 16, 1998 provided by R. Ibata (inspired by Ibata et al. 1997) showing the Sagittarius dwarf 
galaxy being disrupted by the Milky Way and the location of M54 within the disrupted stream. 
 
Project details: 
 
Coupling the power of dynamics and chemistry allows us to, i) identify and ii) probe and 
perhaps reconstruct the star formation history of accreted systems. GCs serve as spatially 
coherent chemodynamical tracers of these past merger events, providing an ideal 
environment to measure and recover chemical abundances. Almost all of the MWs GCs have 
now been tagged dynamically to different accretion events (Massari et al. 2019) or to the MW 
itself (having formed in-situ). Of these GCs, only one can be associated directly with an 
accretion event that is ongoing, the GC M54. M54 is thought to be the nuclear star cluster of 
the Sagittarius dGal, a galaxy that is currently passing through the MW on route to being 
completely destroyed. If we are to use GCs to probe the chemistry of past merger events, 
comparing the chemistry of M54 with known Sagittarius member stars is a critical first 
step and essential to establish a benchmark.  
 
In the past M54 has been shown to share some chemical similarities with Sag, but the scale 
of the measurement errors and range of stars under study make an assessment of how 
chemically similar the two systems are difficult (Carretta et al. 2010). Using updated 
catalogues of Sagittarius stars, selected using the most recent estimates of dynamical 
membership and existing high resolution, high quality archival spectra from UVES (Carretta et 
al. 2010, Hansen et al. 2018), you will perform a comprehensive study using differential 
analysis to establish how similar M54 and Saggitarius really are. The UVES archive has already 
been queried to ensure a selection of at least six suitable stars in M54 and a suitable reference 
star has been found in Sagittarius (membership has been confirmed by cross-matching with 
Vasiliev 2021). This study will make a major contribution to a rapidly evolving field and 
establish definitively whether GCs can be used as links to their host galaxies.  
 
Skills required: 
 
Programming in Python essential, familiarity with IRAF/PyRAF would be helpful, but not 
necessary. 
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Useful references: (List of important papers/review articles relevant to the project) 
1. Massari D., Koppelman H. H., Helmi A., 2019, A&A, 630, L4 
2. Horta D., et al., 2020, MNRAS, 493, 3363 
3. Nissen P. E., Gustafsson B., 2018, A&ARv, 26, 6 
4. Gratton R., Bragaglia A., Carretta E., D’Orazi V., Lucatello S., Sollima A., 2019, 

A&ARv, 27, 8 
 
General references: (List of papers referred to in the project description) 

1. Ramirez et al. 2014, A&A, 572, A48 
2. Sneden C., 1973, ApJ, 184, 839 
3. Belokurov V., Erkal D., Evans N. W., Koposov S. E., Deason A. J., 2018, MNRAS, 478, 

611 
4. Helmi A., Babusiaux C., Koppelman H. H., Massari D., Veljanoski J., Brown A. G. A., 

2018, Nature, 563, 85 
5. Leaman R., VandenBerg D. A., Mendel J. T., 2013, MNRAS, 436, 122 
6. Kobayashi C., Karakas A. I., Lugaro M., 2020, ApJ, 900, 179 
7. Ibata R. A., Wyse R. F. G., Gilmore G., Irwin M. J., Suntzeff N. B., 1997, AJ, 113, 634 
8. Carretta E., et al., 2010, A&A, 520, A95 
9. Hansen C. J., El-Souri M., Monaco L., Villanova S., Bonifacio P., Caffau E., Sbordone 

L., 2018, ApJ, 855, 83 
10. Vasiliev E., Belokurov V., Erkal D., 2021, MNRAS, 501, 2279 
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Project 23: The dawn of the Galaxy formation with chemistry and 
dynamics 
Supervisor I: Vasily Belokurov (vasily@ast.cam.ac.uk) 
Supervisor II: GyuChul Myeong (gyuchul.myeong@cfa.harvard.edu)  
UTO: Vasily Belokurov (vasily@ast.cam.ac.uk) 

 
Project summary: 
 
Typical star-forming galaxies like our own are not born with well-behaved, coherently rotating 
disks. How and when these disks form remains a puzzle. Numerical simulations rely on sub-
grid physics recipes to track galaxy evolution and, so far, have suffered from the lack of direct 
observational benchmarks of the disk emergence. This is because even the Hubble Space 
Telescope has struggled to resolve the progenitors of Milky Way-like galaxies at the relevant 
redshifts, i.e., beyond z=2. In the future, the recently launched JWST should provide the first 
direct observational constraints for faint MW-size progenitors around the epoch of the disk 
formation.  
 
Meanwhile, we can attempt to shed light on the emergence of the disk in our own Galaxy with 
the analysis of its ancient stellar populations. Low-mass stars burn hydrogen very slowly and 
can survive for approximately a Hubble time, preserving the information on the conditions in 
the young Galaxy. The oldest MW stars typically have eccentric orbits (but see Project 22) 
and peculiar, quite often primitive, chemical compositions and thus can be identified 
straightforwardly using the data from the Gaia space observatory and the wide-area high-
resolution spectroscopic surveys such as APOGEE and GALAH. This Project aims to 
disentangle the mix of the ancient MW stars to single out and constrain the properties of the 
oldest pre-disk population, known as Aurora. 
 

 
Project description: 

The aim of the project is to model the behaviour of the four principal stellar halo components, 
namely the Splash, the GS/E, Eos and Aurora (MW’s pre-disk stars) in the space of [Al/Fe] 
and [Fe/H] abundances (measured by the APOGEE and GALAH surveys) as a function of 
Galactocentric radius. This will give the first constraint on the spatial distributions of these 
structures and will help us to measure their total masses. The spatial and kinematic 
distributions of the Aurora stars can also be compared to the properties of the Galactic 
Globular clusters (the oldest known Milky Way denizens). 
 
Background: 
 
Until most recently, i.e., until the first Gaia data releases, our understanding of the oldest stars 
in the Milky Way was simple: this ancient population was assumed to be dominated by the 
stars accreted from disrupting dwarf galaxies (Helmi 2020). Gaia Data Release 1 and 2 have 
helped to bring the picture of the Galaxy’s (trans)formation into a sharp focus. First, it was 
demonstrated that the accretion history was dominated by a single, ancient, and massive 
event, the so-called Gaia Sausage/Enceladus (GS/E) merger (Belokurov et al 2018). Second, 
it became clear that the violent interaction between the Milky Way and the GS/E progenitor 
galaxy which is estimated to have taken place some 8-11 Gyr ago, heated the existing MW 
disc kicking some of the disc stars onto halo-like orbits (i.e., orbits with substantial eccentricity 
as opposed to nearly circular orbits in the disc). As a result, the in-situ Galactic stellar halo 
was born; the heated disc component of the stellar halo is now known as the Splash 
(Belokurov et al 2018). The GS/E and the Splash overwhelm the counts of the oldest stars 
observable around the Sun, thus fogging the view of the Galaxy’s state prior to the GS/E-MW 
interaction. 

mailto:vasily@ast.cam.ac.uk
mailto:gyuchul.meyong@cfa.harvard.edu
mailto:vasily@ast.cam.ac.uk
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Last year, it was demonstrated that precise chemical abundances supplied by the APOGEE 
and the GALAH surveys can be used to untangle the stars born in the Milky Way before the 
GS/E-MW interaction from the stars originating in the heated Galactic disc and the GS/E 
progenitor dwarf (Belokurov & Kravtsov 2022, Myeong et al 2022). This chemical separation 
relies on the [Al/Fe] (aluminium-to-iron abundance ratio) as a function of [Fe/H] (iron-to-
hydrogen ratio). Efficient production of Al is delayed by approximately 1 Gyr compared to the 
production of typical alpha-elements such as Mg and thus helps to probe the star-formation 
efficiency in the progenitor galaxy. Small dwarf galaxies self-enrich slowly and never reach 
high levels of [Al/Fe], while the more massive galaxies, like the MW progenitors, have higher 
star formation efficiency and can drive their [Al/Fe] to high values rapidly, i.e., across a very 
narrow range of [Fe/H] (B&K 2022). This dramatic difference in aluminium-to-iron ratio helps 
to separate the stars born in the MW from the (much more numerous) stars born in the GS/E 
progenitor. Moreover, it was shown that for the stars born in the young MW, the abundances 
and the abundance dispersion vary as a function of metallicity [Fe/H], indicating two distinct 
phases: before and after the disc formation (B&K 2022). The pre-disc Milky Way was dubbed 
Aurora. 
 
When comparing to the Cosmological hydrodynamical simulations of formation of galaxies 
similar to the Milky Way, B&K 2022 noticed that the Aurora stars were born in a kinematically 
hot and messy state (left and middle panels of Fig 1) but by redshift z=0 had enough time to 
phase-mix and relax into a quasi-isotropic spheroidal distribution (right panel of Fig 1). Note 
that the observational portion of the B&K 2022 study focused on a small range of 
Galactocentric distances r around the location of the Sun to aid the kinematic identification of 
Aurora. Yet according to Fig 1 the bulk of Aurora is hidden in the centre of the Galaxy, the 
area known as the Galactic Bulge, and therefore has to date avoided detection and 
characterisation. The objective of this Project is to extend the B&K 2022 study across a wider 
range of r, and in particular into the central Galaxy. This can be done by modelling the 
evolution of the GS/E, Eos, Splash and Aurora sequences in [Al/Fe] vs [Fe/H] space as a 
function of Galactocentric r (Fig 2).  
 

 
 

Figure 1.: Spatial properties of Aurora in the FIRE numerical simulations at the time of birth (left, middle) and at the present day (right). 
Adopted from Belokurov & Kravtsov 2022). 
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Figure 2. Evolution of the stellar population mixture in the plane of [Al/Fe] and [Fe/H] as a function of Galactocentric radius r in kpc. Four 
distinct sequences are visible (these are marked in the third panel): Aurora, Splash, Eos and GS/E. Note that the numbers of stars in 
Aurora and Splash increase toward low r, but the numbers of stars in Eos and GS/E increase towards high r. Note that only stars with 
azimuthal velocity < 50 km/s are plotted. 
 
 
Project details: 
 
Using APOGEE DR17 and Gaia DR3 data create a sample of stars with accurate chemistry 
and well-determined positions and kinematics. Model the evolution of the mixture of the four 
components seen in Fig 2 as a function of Galactocentric r. Estimate the APOGEE selection 
function. Using the measurement and the APOGEE selection function, infer the radial density 
profile of each of the four components and their total masses. Validate the measurements by 
carrying out a similar experiment with GALAH (possibly switching from [Al/Fe] to [Na/Fe]). The 
project can then be extended into i) a comparison with Galactic Globular Cluster population 
and/or ii) a comparison with Cosmological zoom-in simulations. 
 
Skills required: 
 
Some knowledge of Python, stellar evolution, galaxy formation and galactic dynamics would 
be beneficial. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 
 

1. Belokurov et al 2018, “Co-formation of the disc and the stellar halo”, 
2018MNRAS.478..611B 

2. Belokurov et al 2020, “The biggest splash”, 2020MNRAS.494.3880B 
3. Belokurov & Kravtsov 2022, “From dawn till disc: Milky Way's turbulent youth revealed 

by the APOGEE+Gaia data”, 2022MNRAS.514..689B 
4. Myeong et al 2022, “Milky Way's eccentric constituents with Gaia, APOGEE and 

GALAH”, 2022arXiv220607744M 
 
General references: (List of papers referred to in the project description) 

1. Helmi 2020, “Streams, Substructures, and the Early History of the Milky Way”, 
2020ARA&A..58..205H 

2. Bonaca et al 2017, “Gaia Reveals a Metal-rich, in situ Component of the Local Stellar 
Halo”, 2017ApJ...845..101B 

3. Conroy et al 2022, “Birth of the Galactic Disk Revealed by the H3 Survey”, 
2022arXiv220402989C 
 

 
 
 
 

https://ui.adsabs.harvard.edu/abs/2018MNRAS.478..611B/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.3880B/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514..689B/abstract
https://ui.adsabs.harvard.edu/abs/2022arXiv220607744M/abstract
https://ui.adsabs.harvard.edu/abs/2020ARA%26A..58..205H/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...845..101B/abstract
https://ui.adsabs.harvard.edu/abs/2022arXiv220402989C/abstract
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Project 24: Astrophysics out of triangles: quantum gravity with 
exotic geometry 
Supervisor I: William Barker (wb263@cam.ac.uk)  
Supervisor II: N/A 
UTO: Mike Hobson (mph@mrao.cam.ac.uk) 

 
Project summary: 
 
Astrophysics is mostly set in regimes where the gravitational force dominates and is the 
discipline in which our theory of gravity is most stringently tested. 
 
We will determine how gauge-theoretic formulations of gravity, based on non-Riemannian 
spacetime geometry, may "dress" standard lattice techniques (dynamical triangulations) in 
non-perturbative quantum gravity.  Working in low-dimensional (topological) gravity, we will 
consider conditions for criticality, then use a supercomputer to verify that the quantum 
geometry is sensitive to the corresponding central charge. We will then apply the method using 
"causal" triangulation codes to discover new phenomena, with applications to the asymptotic 
safety conjecture. 
 

 
Project description: 

Analytic/computational weighting to be determined by the student. 
 
Analytic part. The student will learn about (i) spacetime torsion and non-metricity, as gauge-
theoretic alternatives to curvature, (ii) 2D conformal field theories, and (iii) critical phenomena 
in non-perturbative lattice field theory. The student will put together some very simple 2D 
modified gravity theories using these techniques or proceed to the computational part using 
some pre-prepared models. 
 
Computational part. The student will use pre-existing C++, Python and Mathematica tools to 
study the quantum behaviour of their theories on the Peta-4 supercomputer. The student will 
verify their techniques against the behaviour expected out of Liouville theory. The student will 
discover any novel behaviour, of interest to the community, in the "causal" triangulation setup 
which defies analytical treatment. 
 
Background: 
 
There is something terribly wrong with Einstein's general theory of relativity (GR), when viewed 
as a perturbative quantum field theory. A famous viewpoint – the "asymptotic safety 
conjecture" (AS) -- holds that classical GR is a basis for a healthy but inherently non-
perturbative quantum theory. 
 
The non-perturbative approach can be tested using lattice quantum gravity, as with lattice 
quantum chromodynamics (QCD). Lattice gravity stems from Regge calculus, and takes the 
form of "dynamical triangulations", either "Euclidean" (EDT), or "causal" (CDT). 
 
In two Euclidean dimensions, classical GR becomes topological, but the rich quantum gravity 
environment persists. 2D gravity is thus a great environment for study, and is associated with 
the Liouville model. This is all easy to test in EDT, but there are few analytical expectations 
for CDT. 
Conversely, in 4D Minkowskian spacetime, it is the big, expensive CDT simulations which 
have made the most progress in recovering the semiclassical limit. 

mailto:wb263@cam.ac.uk
mailto:mph13@cam.ac.uk
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Research groups are now rushing to add matter field dressings to their triangulation models 
[1], in order to stabilise 4D CDT codes. These fields mostly come out of the standard model 
of particle physics. 
 
Separately from all this, there are some indications that GR is not quite right even classically. 
Some argue that the dark matter/dark energy phenomena are gravitational in origin. A popular 
branch of GR alternatives, known as non-Riemannian theories, stem from introducing torsion 
and non-metricity into the spacetime manifold [2]. 
 
So, dark matter aside, could these non-Riemannian formulations have something to say about 
non-perturbative quantum gravity? Could they stabilise CDT/EDT? 
 

 
Figure 1.: An embedding of a spacetime configuration of two-dimensional Euclidean quantum gravity (Tim Budd, Radboud University). 
We will aim to produce some very beautiful graphics to accompany the science! 
 
Project details: 
 
The intent of the project is to consider how simple and conservative non-Riemannian models 
may be studied using triangulations, and perhaps qualitatively improve the non-perturbative 
approach. 
 
The objective will be to separate out the nonstandard geometric gauge fields from the 
Einsteinian part of the theory, and make them "look like" matter fields.  This alone could have 
some interesting analytic results in low dimensions, and would represent a possible exit point. 
 
We would then think about the conditions for criticality in two dimensions. Do we want tuned 
criticality as with Ising magnet model, or an inherently scale-invariant theory? This question 
could be asked in any number of dimensions, representing another analytic exit point. 
 
Then, to what CFT does the critical theory respond? What is its central charge? We would like 
to test this charge by placing the model on some pre-existing EDT codes, and running on a 
laptop, or the cluster for nicer plots. 
The calculations can also be done using pre-existing CDT codes. We want to discover whether 
the presence of the extra fields alters the spacetime geometry in this case, with implications 
for the use of non-Riemannian geometries in higher dimensional triangulations. 
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The student would be associated with the Kavli Institute for Cosmology, Cambridge (KICC). 
We have a small, modified gravity nexus belonging to the Cavendish Astrophysics Group, 
comprising Professors Lasenby and Hobson and myself.  
 
The broader environment in the Kavli is dominated by theoretical, observational and statistical 
cosmologists. The student would be encouraged to take advantage of seminars and 
networking both at the Kavli and the CMS. There are also opportunities to liaise remotely with 
astroparticle theorists at CEICO in Prague and at the Instituut Lorentz in Leiden.  
 
Skills required: 
 
The student should refresh themselves (before the start of the project) on the Lagrangian 
formulation of GR, and the Einstein field equations. There are no other theoretical 
prerequisites.  
 
To whatever extent the student wishes to pursue the computational goals, familiarity with a 
linux OS, and any of Mathematica, python, and C++ and SLURM may be useful. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 
Not references per se, but some very useful online resources: 

1. https://hef.ru.nl/~tbudd/mct/lectures/quantum_gravity.html 
2. https://hef.ru.nl/~tbudd/randgeom/ 

 
General references: (List of papers referred to in the project description) 

1. https://arxiv.org/abs/2010.15714 
2. For an intro to spacetime torsion, skim the first three chapters: 

http://alpha.sinp.msu.ru/~panov/LibBooks/GRAV/Blagojevic_M.-
Gravitation_and_gauge_symmetries(2002).pdf 

 

 

 

 

 

 

 

 

 
Project 25: Cosmological perturbations in a novel theory of gravity 
Supervisor I: William Barker (wb263@cam.ac.uk)  
Supervisor II: N/A 
UTO: Mike Hobson (mph@mrao.cam.ac.uk) 

 
Project summary: 
 

https://hef.ru.nl/%7Etbudd/mct/lectures/quantum_gravity.html
https://hef.ru.nl/%7Etbudd/randgeom/
https://arxiv.org/abs/2010.15714
http://alpha.sinp.msu.ru/%7Epanov/LibBooks/GRAV/Blagojevic_M.-Gravitation_and_gauge_symmetries(2002).pdf
http://alpha.sinp.msu.ru/%7Epanov/LibBooks/GRAV/Blagojevic_M.-Gravitation_and_gauge_symmetries(2002).pdf
mailto:wb263@cam.ac.uk
mailto:mph13@cam.ac.uk
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We have a new modified gravity theory, in which the Universe evolves on the background of 
a spacetime torsion condensate. At the level of the background equations, the theory does 
quite well. 
 
In this project we will elucidate the theory of cosmological perturbations on the condensate. 
We will see if there are instabilities, and whether perturbations evolve similarly to those in GR. 
We want to find some Jeans instability, so as to drive structure formation, and show that the 
perturbations could possibly account for the statistics of inhomogeneities in the observed 
Universe. 
 

 
Project description: 

There is a very well-established theory dictating how cosmic density perturbations evolve 
under gravity, which supports GR to amazing precision based on tiny anisotropies in the 
cosmic microwave background (CMB) and the clustering of matter on the grandest scales. 
The student will extract and characterise the classical perturbation equations (and perhaps 
convenient gauges) around the torsion vacuum expectation value (VEV), matching against 
GR where possible. This also targets aspects of the infrared environment but uses classical 
methods so does not require prior knowledge of QFT. Apart from offering a neat standalone 
stability test the perturbation theory will facilitate, in the long run, sophisticated Monte Carlo 
tests against cosmological survey data: to this end a successful student would also have a 
stake in these future research way points. 
 
Background: 
 
Einstein's General Relativity (GR) remains the preferred effective theory of gravity as 
spacetime curvature, explaining the orbital precession of Mercury and solar bending of 
starlight while underpinning modern cosmology. However, GR does not explain dark matter 
or dark energy, while an alleged `Hubble tension' indicates that our Universe is expanding 
10% faster than it should be. And of course, GR continues to stubbornly resist attempts at 
(complete) quantum reformulation. 
 
We recently proposed an alternative theory of gravity [1,2] as a blend of spacetime torsion and 
curvature: this appears to provide a cosmological constant and alleviate the Hubble tension. 
Our Lagrangian is wildly different from that of GR, with a quantum structure suggestive of 
renormalisability. We believe the theory adopts a torsion vacuum expectation value (VEV) at 
a primordial epoch, on the back of which the good classical phenomena emerge. However, 
many quantum/classical aspects of this torsion VEV, and the violent early-Universe physics of 
its formation, remain shrouded in mystery… 
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Figure 1.: Temperature anisotropies in the cosmic microwave background, as seen by the Planck satellite (Planck collaboration). The 
statistics of these anisotropies are well described by spacetime reacting to overdensities on an expanding background, all according to 
general relativity. Could there be other theories of gravity which predict the same statistics? 
 
Project details: 
 
The findings of the project may debunk our theory or, if we are lucky, propel it further into the 
spotlight of community interest.  
 
The project will likely involve the use of computer algebra to decompose the spacetime, 
linearise tensor expressions, and impose gauge choices. Our group has developed a 
considerable body of tools to this end, written in the Wolfram language. 
 
There are exit points for discovery of serious pathologies in the theory, such as gradient 
instabilities, superluminal sound speeds or strongly coupled modes. Such features should be 
characterised and represented in the literature as a matter of urgency. 
 
There is also an exit point for concise formulation of a possibly stable perturbative system, 
and relevant gauges. 
 
In this case, any leftover time could be used to "package" our understanding in the Boltzmann 
form commonly combined with cosmological MCMC codes. 
 
The student would be associated with the Kavli Institute for Cosmology, Cambridge (KICC). 
We have a small, modified gravity nexus belonging to the Cavendish Astrophysics Group, 
comprising Professors Lasenby and Hobson and myself.  
 
The broader environment in the Kavli is dominated by theoretical, observational, and statistical 
cosmologists. The student would be encouraged to take advantage of seminars and 
networking both at the Kavli and the CMS. There are also opportunities to liaise remotely with 
astroparticle theorists at CEICO in Prague and at the Instituut Lorentz in Leiden. 
 
Skills required: 
 
Introductory cosmology and GR courses would speed things up to begin with, and the relevant 
courses in Michaelmas of Part III would make an excellent companion to progress in the first 
term. Familiarity with a linux OS, and either Mathematica or Maple, may be useful. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. https://doi.org/10.17863/CAM.40690 

https://doi.org/10.17863/CAM.40690


Page 73 of 121 
 

2. https://arxiv.org/abs/hep-th/0306071  
 
General references: (List of papers referred to in the project description) 

1. https://arxiv.org/abs/2003.02690 
2. https://arxiv.org/abs/2006.03581 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Project 26: Is space haunted? Exorcising ghosts from the 
gravitational particle spectrum 
Supervisor I: William Barker (wb263@cam.ac.uk)  

https://arxiv.org/abs/hep-th/0306071
https://arxiv.org/abs/2003.02690
https://arxiv.org/abs/2006.03581
mailto:wb263@cam.ac.uk
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Supervisor II: N/A 
UTO: Mike Hobson (mph@mrao.cam.ac.uk) 

 
Project summary: 
 
In modified theories of gravity, i.e., alternatives to general relativity (GR), you have to be very 
careful about the nature of any new particles you are introducing into the spacetime.  
 
In this project we will study the propagator structure for a selection of modified gravity theories, 
around a variety of spacetime backgrounds. 
 
We will constrain the models by ruling out ghostly and tachyonic gravitons, which would spoil 
the quantum theory by having negative energy or moving faster than lightspeed. 
 
Our results will apply immediately by disqualifying or vindicating some models that were 
proposed in the literature, or they may drive the construction of new models, or allow concrete 
claims about the dispersion expected of gravitational waves in the related theories. 
 

 
Project description: 

We will test the health of some gravity theories in some nonlinear spacetime backgrounds, 
such as are found: 
 

● in the very early and late Universe 
● around (rotating) black holes 
● arbitrarily deep within compact stellar interiors 

 
We will do analytic work to linearise the theories in these regimes (c.f. "linear gravity" as 
introduced in basic GR courses), and apply some software to study the propagator poles. 
 
We have the option to study various theories, or various spacetimes within one theory, 
depending on interest. 
 
We will want to test unitarity of the gravitons, and look for signs of renormalisability according 
to the mass dimensions of the fields. 
 
For a more diverse project, we also have the option to study non-propagating fields, and their 
implications for fermion physics at the reheating epoch in the early Universe. 
 
Background: 
 
It is very easy to cook up a new theory of gravity, if all you care about is the small collection of 
exact solutions to the field equations which are thought to have been so far observed in 
astrophysics (e.g., Friedmann, Kerr). 
 
However, these exact solutions are each nothing but a "background": an environment which 
must play host to a healthy quantum field theory in order to exist classically in the first place. 
The backgrounds of GR are host to the standard model of particle physics, and the single 
Einstein graviton (which has two propagating polarisations, as seen in gravitational waves) 
which moves (locally) at lightspeed. 
 

mailto:mph13@cam.ac.uk
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In modified gravity models, there may be additional (massive, or massless and non-tensorial) 
graviton particles which spoil the quantum field theory. These can be systematically 
discovered by looking at the "propagator", i.e., the inverse of the graviton wave equation. 
 
Many modified gravity theories are constructed for reasons which have nothing to do with their 
particle content. For example, we may be motivated by some attractive symmetry group (c.f. 
the history of how the standard model was developed), or we may wish to tweak the 
cosmological phenomena to better fit our observations, or make stars orbit their galactic cores 
faster. 
 
So, how can we tell if these models have healthy particles? 
 

 
Figure 1.: (Top row) Propagators of some unhealthy graviton particles (ghosts) – this is what you get if you try to quantise the trace of 
the metric perturbation, whilst ignoring all the other components. (Lower row) Propagators of some healthy, massive scalar particles, all 
in units of the Planck mass. Think of the propagator as the (complex) probability of a particle moving from the origin to another point in 
the spacetime: you can see in the lower row that the light-cone structure is revealed by the physics. 
 
Project details: 
 
The project will be principally computational, but interpretation and development of the results 
will require as much analytic work as may be preferred by the student. 
 
The aim will be to work with pre-existing software (HiGGS [1]) to obtain propagators for some 
modified gravity models, and flag pathologies. 
 
A key task will be the development of tools to introduce non-Minkowskian background 
spacetimes to the models, and absorb these backgrounds into coupling constants. For 
example, what if ghosts appear only around black holes? Implementation of cosmological 
backgrounds – notably de Sitter – will also be extremely useful for testing theories in the very 
early- and late-Universe regimes where the inflaton or dark energy dominates. 
 
More ambitious modifications, for when we have sufficiently many interesting results, may be 
to extend HiGGS to cope with a novel class of modified gravity theory, the so-called "extended" 
Weyl gauge theories (eWGT [2]). 
 
Alternatively, the skills developed during the initial work would be well suited to studying the 
effective structure of the matter sector. This is an exciting new side-project that we would like 
to develop. The idea is that gravitational fields are often missing from the propagator because 
they are algebraically coupled to standard model matter. In fact, through a very simple 
calculation they can be made to drop out of the theory entirely, so that their presence is only 
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felt through "effective" interactions between standard model matter fields. We are very 
interested in these effective couplings, which can include genuine four-point Fermi interactions 
between Dirac and Majorana spinors, providing a whole new suite of "beyond standard model" 
physics with potential applications to dark matter.  
 
The student would be associated with the Kavli Institute for Cosmology, Cambridge (KICC). 
We have a small, modified gravity nexus belonging to the Cavendish Astrophysics Group, 
comprising Professors Lasenby and Hobson and myself.  
 
The broader environment in the Kavli is dominated by theoretical, observational, and statistical 
cosmologists. The student would be encouraged to take advantage of seminars and 
networking both at the Kavli and the CMS. There are also opportunities to liaise remotely with 
astroparticle theorists at CEICO in Prague and at the Instituut Lorentz in Leiden. 
 
Skills required: 
 
The student should refresh themselves (before the start of the project) on the Lagrangian 
formulation of GR, and the Einstein field equations. There are no other theoretical 
prerequisites.  
 
The quantum field theory course will make an ideal companion to your initial progress in this 
project. By the end of the first term, you should be confident in the meaning and technical 
details of the propagator analysis. The introduction to Dirac theory provided by that course will 
also leave you in a position to experiment with effective interactions during the Christmas 
vacation, time permitting. 
 
To whatever extent the student wishes to pursue the computational goals, familiarity with a 
linux OS, and any of Mathematica, python and SLURM may be useful. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. https://arxiv.org/abs/1812.02675   
2. https://arxiv.org/abs/1910.14197  

 
General references: (List of papers referred to in the project description) 

1. https://arxiv.org/abs/2206.00658 
2. https://arxiv.org/abs/1510.06699  

 
 
 
 
 
 
 
 
Project 27: Investigating Tunnelling- and Stochastic- Approaches to 
Eternal Inflation 
Supervisor I: Steven Gratton (stg20@cam.ac.uk)  
Supervisor II: George Efstathiou (gpe@ast.cam.ac.uk) 
UTO: Kaisey Mandel (kmandel@ast.cam.ac.uk)  

 
Project summary: 

https://arxiv.org/abs/1812.02675
https://arxiv.org/abs/1910.14197
https://arxiv.org/abs/2206.00658
https://arxiv.org/abs/1510.06699
mailto:stg20@cam.ac.uk
mailto:gpe@ast.cam.ac.uk
mailto:kmandel@ast.cam.ac.uk
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In this project the student will learn about inflation, eternal inflation and the need for a measure 
on the global “multiverse”.  The student will become familiar with quantum tunnelling as a 
mechanism for transitioning between different inflating states (and for ending inflation by 
entering an FRW-type universe such as our own).  The student will learn about a stochastic 
approach to inflation in which one can put a measure on inflationary histories which takes into 
account the changing amplitude of quantum fluctuations with inflation rate.  The student will 
investigate relations between the two approaches and see if it is possible to derive a key 
tunnelling result, namely the transition rate between two vacua, from the stochastic picture. 
The student may then go on to perform additional studies involving quantum tunnelling, eternal 
inflation, and measures. 
 

 
Project description: 

Taking inflation seriously suggests a very different global structure to spacetime than might 
be initially imagined, with our Universe becoming just one example of a “pocket universe” 
inhabiting a vast “multiverse” in which inflation carries on in some places forever.  Two ways 
of getting some insight into this picture are (i) considering “quantum tunnelling” between 
different “vacua” (see Ref. [1] and Fig. 1) and (ii) evolving Hubble-volume-sized regions of 
space forward in time, employing stochastic noise to model the effect of quantum fluctuations 
of the inflation field (see Ref. [2] and Fig. 2).  This project will investigate both of these 
techniques and see if it is possible to derive some of the results from the former point of view, 
in particular the bubble nucleation rate, from the latter point of view.  There is much scope for 
potential extension depending on the student’s interests. Given the recent Planck results 
favouring a period of “small-field” inflation with a flat potential [3, 4], it would be very natural to 
further investigate stochastic effects in such a scenario.  One could also for example to see 
whether a recent proposal for a solution to the “measure problem” [6], described in a tunnelling 
framework, may be successfully formulated in a stochastic manner or not.    
 
 V(φ) 

 

 

 

 

 

 

 

Figure 1.: A simple potential landscape, in which quantum tunnelling and “small-field” inflation may all occur. 
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Figure 2.: Heuristic plot of the conformal diagram of an inflating patch of the multiverse, illustrating the stochastic approach of following 
Hubble volumes forward in time.  

Background: 
 
A period of accelerated expansion, or inflation, is a widely accepted potential explanation for 
properties of our observed Universe.  Indeed, cosmic microwave background data from the 
Planck satellite [3, 4] is highly consistent with certain “small-field” models of inflation.   
 
However, it is quite possible that once inflation starts, inflation keeps going arbitrarily far into 
the future.  Then, a region like our own Universe would simply be where inflation happens to 
end, and there would generically be an infinite number of such “pocket universes”.  It therefore 
becomes tricky to make predictions in a multiverse.  A number of ideas for a measure have 
been proposed, see e.g. [5] for a review and [6] for a recent proposal.  
 
Project details: 
 
During the course of this project, the student will: 

● Learn about inflation in the early Universe 
● Learn about eternal inflation and the multiverse 
● Become familiar with the “bubble nucleation” idea for the formation of a pocket universe 

and develop an understanding of the use of instantons to compute the nucleation rate 
● Begin to think about measures in the multiverse 
● Become familiar with the stochastic approach to inflation 
● Investigate if the instanton nucleation rate can be derived from the stochastic approach 

to inflation 
and potentially: 

● See if the stochastic machinery can be applied to new approaches to the measure 
problem such as that from Ref. [6] 

● Investigate stochastic effects in “small-field” inflation models as favoured by recent 
Planck data [3, 4]  

Perform further investigations in bubble nucleation, eternal inflation, and the measure problem 
according to the student’s interests. 
 
Skills required: 
 
This project will require strong mathematical skills, a familiarity with classical field theory and 
exposure to WKB-type tunnelling calculations in quantum mechanics. 
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The project will require the numerical solution of coupled 1d differential equations, potentially 
using suitable python modules.  Extensions might involve solving 1+1d partial differential 
equations which may require coding in Fortran/C++.   
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Gravitational effects on and of vacuum decay, S. Coleman and F. De Luccia, Phys. 
Rev. D 21, 3305 (1980) 

2. Path integral for stochastic inflation: Nonperturbative volume weighting, complex 
histories, initial conditions, and the end of inflation, S. Gratton, Phys Rev D 84, 063525 
(2011) 
 

General references: (List of papers referred to in the project description) 
1. Planck 2018 Results: VI. Cosmological Parameters, Planck Collaboration, available at: 

https://www.aanda.org/articles/aa/pdf/2020/09/aa33910-18.pdf 
2. Planck 2018 Results: X. Constraints on Inflation, Planck Collaboration, available at: 

https://www.aanda.org/articles/aa/pdf/2020/09/aa33887-18.pdf 
3. Making Predictions in the Multiverse, B. Freivogel, arXiv:1105.0244 
4. Bayesian Reasoning in Eternal Inflation: A Solution to the Measure Problem, J. Khoury 

and S.S.C. Wong, arXiv:2205.11524 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.aanda.org/articles/aa/pdf/2020/09/aa33910-18.pdf
https://www.aanda.org/articles/aa/pdf/2020/09/aa33887-18.pdf
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Project 28: Secular forcing as the origin of the clump in Beta Pic’s 
debris disk 
Supervisor I: Mark Wyatt (wyatt@ast.cam.ac.uk) 
Supervisor II: Yinuo Han (yh458@cam.ac.uk)  
UTO: Mark Wyatt (wyatt@ast.cam.ac.uk) 

 
Project summary: 
 
The aim of this project is to assess whether secular perturbations from giant planets in the 
Beta Pic system are the explanation for its enigmatic clump of gas and dust seen at 85au.  
 

 
Background: 
 
After a star’s protoplanetary disk has dispersed it is left with whatever planets and 
planetesimals were able to form in the disk. The planetesimal population is known as the star’s 
debris disk and is readily traced by the dust and gas produced in their collisions. Beta Pictoris 
was the first star to have its disk imaged, helped by its proximity to Earth (19pc), youth (22Myr, 
which means its planetesimal population has yet to decay), and edge-on orientation (which 
increases its surface brightness). Many asymmetries are seen in the disk and are thought to 
be signatures of perturbations from planets (see Fig. 1 left, Apai et al. 2015). Indeed, a warp 
in the disk at ~80au was used to infer the presence of a ~9 Jupiter mass planet that was later 
discovered in direct imaging orbiting at ~10au, Beta Pic-b (Lagrange et al. 2010). One feature 
of the disk that has evaded explanation is a clump seen at 85au comprised of micron-sized 
dust (Telesco et al. 2005) and CO gas (Dent et al. 2014). The leading explanation for the 
clump was that the clump arises from planetesimals trapped in resonance with a planet 
orbiting at ~50au (Wyatt 2003). However, this would require the clump to be orbiting the star, 
and recent observations have shown the clump to be stationary (Han et al., submitted). The 
alternative explanation for a stationary clump was that this is the site of a past giant collision 
between Mars-sized bodies, since the fragments created in such a collision are put on orbits 
that have to pass through that point and so this would be a location of enhanced collisions 
(Jackson et al. 2014). However, this is disfavoured by the radial extent of the clump (Matra et 
al. 2017) and the 100s of Mars-sized bodies required in the disk for us to be likely to witness 
such a collision (Han et al., submitted). 
 
This project aims to explore the possibility that the clump is instead caused by the same 
dynamics that created the warp. The warp was caused by secular perturbations from the 
planet Beta Pic-b; these arise from the long-term effect of the planet, and are equivalent to 
spreading the planet’s mass along the wire described by its orbit. The warp arises because 
the planet’s orbit was inclined by a few degrees to the disk, since those perturbations tend to 
align the disk to its orbital plane but do so faster for orbits that are closer to the planet. 
However, if the planet is also on an eccentric orbit then this causes a spiral to propagate 
through the disk (Wyatt 2005) which would coincide with the warp (see Fig. 1 right). It has 
been suggested that this could also explain the clump (Nesvold & Kuchner 2015), but this 
possibility has not been explored in detail and the approach of the SMACK model used by 
Nesvold & Kuchner restricts it to small numbers of particles limiting its accuracy. Since the 
new observations seem to have ruled out the alternative models for the clump (Han et al. 
submitted), it is now vitally important to assess this possibility, particularly as new observations 
of the clump will be made with JWST in the coming months, making model predictions very 
timely.    

mailto:wyatt@ast.cam.ac.uk
mailto:yh458@cam.ac.uk
mailto:wyatt@ast.cam.ac.uk
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Figure 1.: (Left) Collection of images of the Beta Pic debris disk (from Apai et al. 2015). The warp is most clearly seen in the STIS image, 
while the clump is seen in the TRECS MIR and ALMA CO images. (Right) The structure of a debris disk caused by a planet (from Matthews 
et al. 2014). The image shows the spatial distribution of planetesimals in a disk that extends 20-60au at a time 100Myr after a Jupiter mass 
planet formed at 5au on an orbit with eccentricity 0.05 that is inclined 3 deg to the disk. The disk is shown both face-on and from two 
edge-on orientations. The white ellipse shows the planet’s orbit.  
 
Project details: 
 
This project will develop a model for the structure of a debris disk caused by secular 
perturbations. The starting point will be to use analytical equations to describe the orbital 
evolution of planetesimals in the disk (e.g., Wyatt et al. 1999). In this way images like those of 
Fig. 1 right can be made very quickly, since the disk can be populated with 109 particles only 
needing to solve Kepler’s equation for each, rather than having to evolve their orbits forwards 
in time (as in Nesvold & Kuchner 2015). It will then be necessary to tune the orbit of the planet 
and disk to match the observations of the warp. The structure of the planetesimal disk can 
then be assessed as a function of planet eccentricity. However, to consider the formation of 
the clump requires an additional step, which is to consider the rate at which collisions amongst 
planetesimals occur in the disk, since this is likely to be enhanced in the warp due to the 
increased density there. The collision rate of each planetesimal will be determined from the 
model by searching for its nearest neighbours, since that gives an estimate of both the density 
of nearby planetesimals and their relative velocity. That would be used to produce a collision 
rate map to determine the enhanced rate of collisions in the warp. This would already answer 
whether this rate is enhanced enough to make the giant impact model viable in terms of the 
number of Mars-sized impactors in the disk. The project would be further continued to model 
the distribution of dust created in collisions, since planetesimals could be assumed to create 
dust at their derived collision rate, and the orbits of dust with different sizes (and so different 
radiation pressure coefficients beta) are placed on orbits that differ from their parent 
planetesimals in well-defined ways (see Wyatt 2006). The predicted dust distributions would 
be compared with observations like those in Fig. 1 left, and with new observations of the Beta 
Pic disk expected to appear over the year from JWST GTO observations. 
 
Skills required: 
 
The student would be expected to write their own programmes. This can be in any language, 
and Python should be suitable. 
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Useful references: (List of important papers/review articles relevant to the project) 
1. Apai et al. 2015, ApJ, 800, 136 
2. Dent et al. 2014, Science, 343, 1490 
3. Jackson et al. 2014, MNRAS, 440, 3757 
4. Lagrange et al. 2010, Science, 329, 57 
5. Matthews et al. 2014, Protostars & Planet VI, 914, 521 
6. Matra et al. 2017, MNRAS, 464, 1415  
7. Nesvold & Kuchner 2015, ApJ, 815, 61 
8. Telesco et al. 2005, Nature, 433, 133 
9. Wyatt et al. 1999, ApJ, 527, 918 
10. Wyatt 2003, ApJ, 598, 1321 
11. Wyatt 2005, A&A, 440, 937 
12. Wyatt 2006, ApJ, 639, 1153 
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Project 29: The distribution of interstellar dust – foregrounds 
beyond Planck to B-modes? 
Supervisor I: Gerry Gilmore (gil@ast.cam.ac.uk)  
Supervisor II: Kaisey Mandell (kaisey@ast.cam.ac.uk)  
UTO: Kaisey Mandell (kaisey@ast.cam.ac.uk)  

 
Project summary: 
 
The Galactic ISM is a strong foreground which limits observational determination of 
fundamental cosmological parameters, with topical interest in B-mode polarisation signals 
testing inflation models. The ISM is traced in large part by dust, seen as extinction towards 
stars. Recent 3-D dust determinations need to be checked against each other at an accuracy 
and spatial resolution close to the possible optimum. That is this project. 
 

 
Project description: 
 
There are several recent determinations of the 3-D dust distribution, all to some extent either 
based on Gaia (Green et al 2019, Amo et al 2021) or as part of Gaia APSIS (Andrade et al 
2022). This project will check these determinations against each other to test their consistency, 
and the spatial resolution vs accuracy trade-offs available. The project will compare available 
results, and quantify how reliably one use these data to integrate the total effect of several 
line-of-sight dust distributions into a single integral number, with a complex error distribution 
and potentially complex pixel-pixel correlations. Since the 2-D and 3-D distributions are 
complex, of interest here is to compare the best feasible 2-D projections with the Planck map 
(Figure 1), to test the accuracy with which the un-resolved complex distribution is represented. 
The Planck data are available on-line, and see reference 2 as one of several descriptions and 
analyses of the data. 
 
Background: 
 
This background is a foreground. One may wish to study stars, gas, galaxies or the CMB. In 
all cases, dust in the Galactic ISM affects what we can measure. Of specific interest here, we 
are interested in how well, given recent Gaia data releases, it is possible to determine the 2-
D and 3-D distribution of interstellar dust. One wishes to do this partly to improve stellar 
astrophysical parameter determinations from Gaia and spectroscopy, but equally to remove 
the dominant polarisation foreground from the CMB which is imposed by the foreground 
polarised dust emission. Starlight polarization, discovered in the 1940s, is ascribed to 
differential extinction by aspherical dust grains with a preferential alignment related to the 
configuration of the interstellar magnetic field. For dust grains aligned with respect to the 
Galactic magnetic field, the observed emission is also partially linearly polarized. Because the 
spin axis of a dust particle is perpendicular to its long axis and alignment is statistically parallel 
to the local orientation of the magnetic field, the polarization of starlight transmitted through 
interstellar dust reveals the average orientation of the magnetic field projected on the plane of 
the sky, whereas the direction of polarized emission is rotated by 90 with respect to the 
magnetic field. So, ISM dust becomes a major challenge for inflationary universe cosmology. 
Much work is underway to map stellar polarisation, but that is not yet available. For now we 
will use just the dust, knowing that at high Galactic latitudes all is correlated. Our challenges 
are: how well is the dust extinction currently known? To what spatial and line-of-sight 
distances? Given the complexity of the 3-D distributions, how well do the best integrated data 
actually map to the CMB-deduced Planck map (Figure 1)? 

mailto:gil@ast.cam.ac.uk
mailto:kaisey@ast.cam.ac.uk
mailto:kaisey@ast.cam.ac.uk
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Figure 1.:  Map of the polarised emission from Galactic dust derived from Planck, aka starless night (Courtesy Efstathiou).  
See also https://sci.esa.int/web/planck/-/55393-polarised-emission-from-milky-way-dust 
 
Project details: 
 
We will select high-latitude areas of sky (starting b>50deg), and compare in 2-D and 3-D 
determinations of dust extinction from recent Gaia-based and Gaia-informed published maps. 
Determining the available spatial and line-of-sight resolution, and determining ways to 
bin/resolve data to allow comparison will be the first step. When an area is quantified, 
comparison with the CMB-derived map will be made. This will involve careful integration over 
potentially complex DFs to reproduce the Planck pixel resolution. Correlations in 3-D will be 
compared with the integrated and smoothed 2-D Planck map. 
 
Possible Extension: Dust and HI are tightly correlated in the diffuse ISM. Thus, one can use 
information from the available surveys of HI line emission spectra to infer properties of the 
distribution of atomic gas, and consequently dust, along each line of sight. The HI data will 
also provide information on expected dust morphology. Given time, checking the consistency 
of HI data with 3-D deduced dust distributions will sanity check current results. Note this is 
viable only at high Galactic latitudes, and this whole project will focus on high latitudes, where 
the cosmology signal is of most interest. 
 
Skills required: 
 
SQL, programming in Python. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Dickinson 2016 arxiv:1606.03606 is a good introductory overview  
2. Planck 2018 results XII. Galactic astrophysics using polarized dust emission A&A 641 

A12 2020 
3. Green et al ApJ 887 93 2019 3-D dust determination 
4. Andrade et al (from Gaia web page) APSIS system for Gaia parameters, incl. extinction 
5. Amo et al 2021 MNRAS 508 1788 
 
General references: (List of papers referred to in the project description) 

https://sci.esa.int/web/planck/-/55393-polarised-emission-from-milky-way-dust


Page 85 of 121 
 

1. Gaia Data Release 3: Exploring and mapping the diffuse interstellar band at 862nm 
arxiv:2206.05536 & Gaia website 

2. Panopolou et al ApJ 2019 872:56 Demonstration of Magnetic Field Tomography with 
Starlight Polarization toward a Diffuse Sightline of the ISM; and arxiv:2106.14267 

3. The Galactic Faraday rotation sky 2022 A&A 657 A43 
1. Interstellar Dust Grains Bruce Draine ARAA 2003 41:241 
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Project 30: Formation of an exo-Oort cloud and comet delivery to 
the habitable zone 
Supervisor I: Jessica Rigley (jkr40@cam.ac.uk)  
Supervisor II: Mark Wyatt (wyatt@ast.cam.ac.uk) 
UTO: Mark Wyatt (wyatt@ast.cam.ac.uk)  

 
Project summary: 
 
26% of nearby main sequence stars have warm dust lying in their habitable zone, which is a 
key source of noise in the search for exo-Earths. This dust is seen to correlate strongly with 
the presence of an exo-Kuiper belt, and could originate from comets which are being scattered 
close to the star. Yet some stars with habitable zone dust do not have a detectable 
planetesimal belt. One explanation is that they have an Oort cloud of comets very far from the 
star, which can act as a reservoir of comets as in the Solar System. In particular, the star HD 
69830 is known to have a large quantity of dust at ~1 au, and three Neptune-mass planets 
within 1 au, but no exo-Kuiper belt. The aim of this project is to run simulations and model the 
formation of an exo-Oort cloud, and the rate at which comets are scattered from this cloud into 
the habitable zone. This will then be used to estimate the rate at which comets bombard the 
planets known to lie close to HD 69830, and so the viability of an exo-Oort Cloud as the 
explanation for its habitable zone dust. 
 

 
Project description: 
 
The goal of this project is to model the formation of an Oort cloud around another star. This 
will be done by running N-body simulations for the evolution of a population of bodies, starting 
from a belt, and allowing them to interact with planets and the Galactic tide. Once an exo-Oort 
cloud has been formed, the student will continue the simulations to find the rate at which 
comets are scattered into the habitable zone. This will allow them to determine whether 
comets from an exo-Oort cloud are a feasible source of habitable zone dust around HD 69830. 
They will find the rate of collision of comets with the known mini-Neptune planets, and the rate 
at which dust could be supplied to the habitable zone. 
 
Background: 
 
We detect bright analogues of the Solar System’s Kuiper belt around 20% of main sequence 
stars, typically at tens or hundreds of au from the star (Hughes et al. 2018). In these belts, km-
sized bodies collide to produce microscopic dust particles, which can be observed at infrared 
wavelengths. Similar to our Kuiper belt, it is likely that these exo-Kuiper belts are sources of 
comets in their planetary systems, with planets dynamically interacting with the belt and 
scattering bodies in towards the star (Wyatt et al. 2017).  
 
Some nearby stars exhibit warmer infrared emission which is believed to be due to warm dust 
lying in the habitable zone (Ertel et al. 2020). Understanding this dust is crucial to the search 
for life, as it obscures the habitable zone, impeding detection of exo-Earths (Roberge et al. 
2012). It is difficult to explain the presence of this dust, as an asteroid belt analogue would 
quickly be depleted by collisions between bodies. One possible source of habitable zone dust 
is that comets are being scattered in from further out in the planetary system, and either 
sublimating or fragmenting to produce dust. Studying habitable zone dust thus also provides 
an opportunity to study cometary bombardment of habitable zone planets, a key delivery 
mechanism of ingredients for the development of life.  
 

mailto:jkr40@cam.ac.uk
mailto:wyatt@ast.cam.ac.uk
mailto:wyatt@ast.cam.ac.uk
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Many of these stars with warm dust are known to have Kuiper belt analogues, from which 
comets could be scattered into the habitable zone. However, several stars have warm dust 
without any observable exo-Kuiper belt. One particular star of interest is HD 69830, a K star 
which has a very bright population of warm dust, but no outer belt. Radial velocity searches 
have shown that it has three mini-Neptune planets very close to the star, with the outermost 
one likely to lie in the habitable zone (Lovis et al. 2006 and Figure 1). A bright excess of 
emission at 8 to 35 μm suggests it has a large quantity of dust close to its habitable zone, at 
around 1 au from the star (Beichman et al. 2005 and Figure 2).  
 
An isotropic cloud of comets, known as the Oort cloud, is believed to lie far from the Sun (at 
>10,000 au), and is the source of long-period comets in the Solar System (Kaib & Volk, 2022). 
It is not yet possible to detect Oort clouds around other stars, as their large distance from the 
star makes them too faint to detect. However, these are likely to be another source of comets 
around other stars and could therefore explain systems which exhibit warm dust but no exo-
Kuiper belt such as HD 69830. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.: Schematic of the HD 60830 planetary system (Tanner et al. 2015), showing the three Neptune-mass planets, HD 69830 b, c, and 
d. The location of the habitable zone is shown in grey, for conservative assumptions (light grey) and optimistic assumptions (dark grey). 

  

 

 

 

 

 

 

 

 

 

Figure 2.: The spectral energy distribution of HD 69830 (Beichman et al. 2011). Data at 7-35 μm from Spitzer (red) and a model of the 
stellar photosphere (black) are overlaid. The excess emission at 8-35 μm relative to what the star should produce is likely due to the 
presence of dust in the habitable zone. 
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Project details: 
 
The student will run N-body simulations using a Python package called REBOUND. The effect 
of the Galactic tide and stellar encounters will be added as an additional force term. Starting 
from a disc of planetesimals, the simulations will be run assuming a given planetary system, 
which will be chosen to be efficient at scattering. The evolution of planetesimals will be 
followed as they are scattered out of the disc and into an Oort cloud by a combination of 
interactions with planets and tides. These simulations will also be used to find the rate at which 
comets are scattered into the inner planetary system from the exo-Oort cloud. Finally, the 
student will use the data from the N-body simulations to find the rate of cometary impacts with 
the inner planets. This will allow the student to study how often comets deliver material to the 
habitable zone, and thus whether an exo-Oort cloud could supply the warm dust. 
 
Skills required: 
 
Programming in Python. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Kral, Q. et al., Exozodiacal clouds: hot and warm dust around main sequence stars. 
2017, Astron. Rev., 13, 69 - review of warm dust 

2. Dones, L. et al., Origin and Evolution of the Cometary Reservoirs. 2015, Space Sci. 
Rev., 197, 191 - review of Solar System comet reservoirs, including the Oort cloud 

 
General references: (List of papers referred to in the project description) 

1. Beichman, C. A. et al., An Excess Due to Small Grains around the Nearby K0 V Star 
HD 69830: Asteroid or Cometary Debris? 2005, ApJ, 626, 1061 

2. Beichman, C. A. et al., Multi-epoch Observations of HD 69830: High-resolution 
Spectroscopy and Limits to Variability. 2011, ApJ, 743, 85 

3. Ertel, S. et al., The HOSTS Survey for Exozodiacal Dust: Observational Results from 
the Complete Survey. 2020, AJ, 159, 177 

4. Hughes, A. M. et al., Debris Disks: Structure, Composition, and Variability. 2018, 
ARA&A, 56, 541 

5. Kaib, N. A. & Volk, K., Dynamical Population of Comet Reservoirs. 2022, arXiv, 
arXiv:2206.00010 

6. Lovis, C. et al., An extrasolar planetary system with three Neptune-mass planets. 2006, 
Nature, 441, 305 

7. Roberge, A. et al., The Exozodiacal Dust Problem for Direct Observations of Exo-
Earths. 2012, PASP, 124, 799 

8. Tanner, A. et al., Stellar Parameters for HD 69830, a Nearby Star with Three Neptune 
Mass Planets and an Asteroid Belt. 2015, ApJ, 800, 115 

9. Wyatt, M. C. et al., How to design a planetary system for different scattering outcomes: 
giant impact sweet spot, maximizing exocomets, scattered discs. 2017, MNRAS, 464, 
3385 
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Project 31: Dark Energy Model Comparison with Type Ia 
supernovae 
Supervisor I: Suhail Dhawan (sd919@ast.cam.ac.uk)  
Supervisor II: Will Handley (wh260@cam.ac.uk)  
UTO: Will Handley (wh260@cam.ac.uk)  

 
Project summary: 
 
The discovery of accelerated expansion of the universe has been a cosmic surprise. The 
physical mechanism driving this acceleration is still poorly understood. Over the last two 
decades, Type Ia supernovae (SNe Ia) have been refined as a precision probe of cosmology. 
The latest compilation of SNe Ia, Pantheon+, has over 1500 SNe Ia with unique control on 
systematic uncertainties. This project is aimed at using Bayesian model selection techniques 
to determine which potential dark energy models are a viable explanation of the observations. 
The student will set up a model comparison machinery to infer parameter values and Bayesian 
evidence for a wide range of physically viable dark energy models and use comparison 
techniques to determine which models are favoured/ruled out by current data. Time permitting, 
the student will also look into forecasts for future SN Ia survey with the Rubin Observatory and 
Roman Space Telescope, both online imminently. 
 

 
Project description: 
 
The student will write code for model selection using nested sampling software, e.g., 
PolyChord. The project will involve Bayesian parameter inference and model selection for a 
large set of physically well-motivated dark energy models using the SN Ia magnitude-redshift 
relation. For each model, the student will also test which source of systematic error in the SN 
Ia hubble diagram is the most important to improve for reducing the uncertainty in the model 
parameter estimates. If time allows, the student will apply the techniques to forecast 
constraints from future surveys like the Rubin Observatory and Roman Space Telescope.  
 
Background: 
 
Type Ia supernovae, bright thermonuclear explosions of a white dwarf in a binary system, 
have been demonstrated as excellent distance indicators. They were instrumental in the 
discovery of accelerated expansion, driven by an unknown “dark energy” (Riess et al. 1998, 
Perlmutter et al. 1999). Since dark energy forms ~ 70% of the energy budget of the universe, 
it is crucial to understand its physical origin.  In recent years, with more than an order of 
magnitude improvement in the sample size and significant reduction in systematic errors, SNe 
Ia have become a precision probe of dark energy (Scolnic et al. 2021, Brout et al. 2022). With 
previous compilations, there have been studies comparing dark energy models (Dhawan et 
al. 2017b) using tools to infer the Bayes Factor (Feroz et al. 2013, Handley et al. 2015), 
however, several well motivated models, e.g., vacuum phase transitions, quintessence, 
bigravity, were at the time still permitted by the data. In recent years, there has been a factor 
2 increase in the statistics of the SN Ia sample, owing to surveys like DES, Pan-Starrs and an 
improved understanding of systematics, e.g., survey selection, photometric calibration, 
reddening. This has further sharpened SNe Ia as a tool to measure dark energy properties 
and conduct model selection.  
 
In this project, the student will use software like PolyChord to compute the Bayesian evidence 
and parameter estimations for a series of viable dark energy models that include phase 
transitions, dynamical scalar fields, and modified gravity. The first investigation will be only 
with the Pantheon+ SN Ia compilation, however, time permitting this can include probe 

mailto:sd919@ast.cam.ac.uk
mailto:wh260@cam.ac.uk
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combination with Baryon Acoustic Oscillations as well as strong lensing. An additional 
improvement of the Pantheon+ compilation is a joint inference method for both dark energy 
properties and the Hubble constant, hence, the project can also include tests of which models 
can potentially resolve the Hubble tension (e.g., see Dhawan et al. 2020, Riess et al. 2022 for 
details).  
 
Future facilities like the Vera Rubin Observatory and the Roman Space Telescope (Hounsell 
et al. 2018) are designed to answer key questions about the nature of dark energy with a large 
SN Ia component to the missions. The student will forecast constraints on model selection for 
the future SN Ia surveys.  

 
Figure 1.: (Left): The SN Ia magnitude-redshift relation from the Pantheon+ compilation (Brout et al. 2022). The total of 1550 SNe ia extend 
the Hubble diagram to z > 1. (Right): A Bayes factor inference using the JLA compilation computed with Multinest (Dhawan et al. 2017b). 
Project details: 
 
The project requires knowledge of Bayesian statistics and nested sampling techniques. 
Methods like MultiNest and nestle have been used incontext of SN Ia data analysis. This 
project will therefore require the student to: 
● perform a literature review of well-motivated dark energy models and datasets used to 

constrain them. 
● write code to utilise cutting edge softwares like PolyChord for Bayesian evidence 

calculation. 
● analyse the model parameter constraints under different groupings of SN Ia systematics. 
● infer Bayes Factor values for dark energy models. 
● combine SNe Ia data with complementary dark energy probes like BAOs, lensing. 
● if time allows, apply the method to future survey predictions from the Rubin Observatory 

and Roman Space Telescope. 
 
Skills required: 
Experience with python would be beneficial. Some prior experience with MCMC techniques, 
though not required, will be useful. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Handley et al. 2015, MNRAS, 453, 4384 
2. Dhawan et al. 2017, JCAP, 10, 4 
3. Dhawan et al. 2020, ApJ, 894, 54 
4. Scolnic et al., 2021, arXiv:2112.03863 
5. Brout et al. 2022, arXiv:2202.04077 

 
General references: (List of papers referred to in the project description) 

1. Riess et al. 2022, ApJ, 934, 7 
2. Scolnic et al. 2018, ApJ, 859, 101 
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Project 32: Dwarf galaxy interactions in the ARTEMIS Cosmological 
zoom-in suite 
Supervisor I: Vasily Belokurov (vasily@ast.cam.ac.uk) 
Supervisor II: Andreea Font (A.S.Font@ljmu.ac.uk), Ian McCarthy 
(i.g.mccarthy@ljmu.ac.uk) 
UTO: Vasily Belokurov (vasily@ast.cam.ac.uk) 

 
Project summary: 
 
The Project will investigate the effects of binary dwarf galaxy interactions prior to the in-fall 
onto the host galaxy on the resulting properties of the merger remnant. The student will work 
with the ARTEMIS numerical simulations suite to identify dwarf galaxies similar to i) the 
Sagittarius dwarf and ii) the GS/E-Sequoia progenitor. For the Sagittarius analogs, the aim is 
to find out whether an interaction with a similar mass dwarf 1) can reduce the system’s mass-
to-light ratio, and 2) produce a stream bifurcation. For the GS/E-Sequoia analogs, the objective 
is to compare the properties of the tidal debris left behind by a binary dwarf system to those 
produced by a rotating disky dwarf progenitor. 
 

 
Project description: 
 
This Project’s objective is to quantify the results of binary dwarf galaxy interactions in 
Cosmological galaxy formation simulations inspired by the recent observations in the halo of 
the Milky Way. 
 
Background: 
 
The accretion history of the Milky Way is punctuated by three merger events: Gaia 
Sausage/Enceladus 8-11 Gyr ago, Sagittarius dwarf ~6 Gyr ago and the Magellanic Clouds in 
the past 1-2 Gyr. Reflecting the times of their arrival, today these three largest Galactic 
satellites display distinct stages of dissolution: GS/E is completely destroyed with its tidal 
debris sufficiently phase-mixed, the Sgr dwarf is at its last breath having scattered most of its 
Dark Matter and stars around the Milky Way in a spectacular, gigantic stream, while the Clouds 
having lost a good fraction of their gas do not show any other signs of tidal disruption. The 
Clouds are also an interacting binary system with a more massive LMC and a smaller SMC.  
 
Curiously, there are multiple - albeit indirect - signs that both Sgr and the progenitor of GS/E 
had companions shortly before the in-fall. For Sgr, one important clue is the tidal stream’s 
bifurcation (see Figure 1). Discovered some 15 years ago (Belokurov et al 2006) the 
bifurcation has recently been traced all the way to the remnant (Vasiliev et al 2021, Ramos et 
al 2021) indicating that the stellar streams come out of the satellite already in a bi-modal 
configuration. As of today, after a number of attempts, no working model for such a bifurcation 
has been found. Note that a binary dwarf hypothesis, whilst seemingly straightforward, has 
not been explored for the Sgr stream bifurcation. A second, less obvious clue to the Sgr dwarf 
being somewhat unusual is the diversity of its stellar populations. The progenitor is shown to 
have hosted very metal-poor and metal-rich stars, both contributing considerably to its tidal 
tails (Gibbons et al 2017, Johnson et al 2020). 
 
The GS/E’s progenitor was probably the most massive dwarf the Milky Way had a chance to 
interact with so far (see Belokurov et al 2018) and thus its debris, unsurprisingly, dominate the 
stellar halo around Solar radius. A combination of the Gaia astrometric data and the high-
resolution spectroscopy helped to identify an additional accreted component in the stellar halo 
close to the Sun. The debate is currently ongoing about the nature of this new retrograde halo 

mailto:vasily@ast.cam.ac.uk
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sub-structure: it was hypothesised that these stars originally resided in the outer portions of 
the GS/E’s progenitor (Koppelman et al 2020), alternatively, it was suggested that these stars 
came from a different dwarf galaxy accreted around the same time as the GS/E dwarf (the so-
called Sequoia galaxy, Myeong et al 2019). Figure 2 shows stars in the GS/E analog in the 
G42 ARTEMIS host, color-coded by metallicity. The dwarf starts as a disk at redshift z=2, 
completely disrupts and phase-mixes inside the MW halo by z=0, but the metallicity gradient 
appears to be preserved. 
 
In this Project we will identify and analyse analogs of the Sgr dwarf, GS/E and Sequoia in 
ARTEMIS, a new Cosmological hydrodynamical suite of zoom-in simulations of Milky Way-
mass galaxies (Font et al 2020).  
 

 
Figure 1.: Sagittarius leading tail bifurcation in the SDSS data. Colour correlates with heliocentric distance with redder (bluer) pixels 
dominated by the stars further away from (closer to) the Sun, see Belokurov et al (2006). 

 
Figure 2.: A GE/S analogue in the Artemis simulations shown at the time accretion onto the Milky Way (at redshift z~2) and during its 
tidal disruption until present time (z=0). The four panels represent four different redshifts, which are labelled on the top left. The star 
particles are colour-coded by metallicity (red - more metal rich, yellow/green/blue - progressively more metal poor).  
 
Project details: 
 
The first task is to familiarise yourself with the ARTEMIS simulation products (redshift 
snapshots, merger trees etc). Then, coming up with the selection criteria best suited for the 
GS/E and Sgr dwarfs (masses before the in-fall, accretion times etc) identify their numerical 
counterparts. Compute the incidence of dwarf binaries as a function of the in-fall phase. Study 
and classify possible dwarf interaction products as a function of the mass ratio and the time 
spent as a pair. Characterise the tidal debris morphology (in phase space and integrals-of-
motion space) originating from binary dwarf mergers and compare to single dwarf accretion 
(also look for stream bifurcations). Study the evolution of the mass-to-light ratio of the binary 
system (is the DM heated during the binary interaction). 
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Skills required: 
 
Some knowledge of Python, stellar evolution, galaxy formation and galactic dynamics would 
be beneficial. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Belokurov et al, 2006, “The Field of Streams: Sagittarius and Its Siblings”, 
2006ApJ...642L.137B 

2. Vasiliev et al, 2021, “Tango for three: Sagittarius, LMC, and the Milky Way”, 
2021MNRAS.501.2279V 

3. Ramos et al, 2020, “Full 5D characterisation of the Sagittarius stream with Gaia DR2 
RR Lyrae”, 2020A&A...638A.104R 

4. Gibbons et al, 2017, “A tail of two populations: chemo-dynamics of the Sagittarius 
stream and implications for its original mass”, 2017MNRAS.464..794G 

5. Johnson et al, 2020, “A Diffuse Metal-poor Component of the Sagittarius Stream 
Revealed by the H3 Survey”, 2020ApJ...900..103J 

6. Belokurov et al, 2018, “Co-formation of the disc and the stellar halo”, 
2018MNRAS.478..611B 

7. Koppelman et al, 2020, “The messy merger of a large satellite and a Milky Way-like 
galaxy”, 2020A&A...642L..18K  

8. Myeong et al, 2019, “Evidence for two early accretion events that built the Milky Way 
stellar halo”, 2019MNRAS.488.1235M 
Font et al, 2020, “The ARTEMIS simulations: stellar haloes of Milky Way-mass 
galaxies”, 2020MNRAS.498.1765F 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://ui.adsabs.harvard.edu/abs/2006ApJ...642L.137B/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.2279V/abstract
https://ui.adsabs.harvard.edu/abs/2020A%26A...638A.104R/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464..794G/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...900..103J/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478..611B/abstract
https://ui.adsabs.harvard.edu/abs/2020A%26A...642L..18K/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.1235M/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.1765F/abstract
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Project 33: Detection of warm Jupiters around nearby stars using 
high-resolution infrared spectroscopy 
Supervisor I: Mathias Nowak (mcn35@ast.cam.ac.uk)  
Supervisor II: N/A 
UTO: Nikku Madhusudhan (nmadhu@ast.cam.ac.uk) 

 
Project summary: 
 
The aim of the project is to demonstrate that the cross-correlation technique, which is now 
commonly used to study the atmosphere of known planets with high-resolution spectroscopy, 
can be used to blindly search and detect a particular type of planet: young warm Jupiter. 
  
These planets, which are currently difficult to detect with available methods (radial velocity, or 
direct imaging), are excellent targets to constrain the planet formation models. Their 
distribution can be used to test some predictions of the Tidal Downsizing formation scenario; 
they are currently our best option to fill out the mass-luminosity diagram, and compare the 
predictions of the gravitational instability and core-accretion scenarios. 
 

 
Project description: 
 
This Project’s objective is to quantify the results of binary dwarf galaxy interactions in 
Cosmological galaxy formation simulations inspired by the recent observations in the halo of 
the Milky Way. 
 
Background: 
 
Warm Jupiters are young (< 100 Myr) giant planets orbiting at a few astronomical units (au) 
from their host stars, and which are still warm from the energy released during their formation. 
Their exact temperature, atmospheric composition, and orbits hold crucial information on 
planet formation processes. Only a handful of young giant planets have been detected so far, 
mostly with direct imaging with instruments like SPHERE on the Very Large Telescope, or GPI 
on the Gemini telescopes, and therefore at large separation from their stars (> 10 au). But the 
population of these young giants is expected to peak at smaller separations, closer to the H2O 
iceline. Furthermore, studying the population of giant planets around the exclusion zone of 
their host stars (a few au) can also be a powerful method to test hypotheses of planet formation 
theories, such as tidal downsizing. 
 
But these warm Jupiters orbiting at a few AUs are extremely difficult to detect. They are both 
too close to their host stars, and at too high contrast, to be accessible to the current generation 
of direct imaging instruments, and too far to be detected by radial-velocity. Indeed, the 
combination of a long orbital period (1 - 3 years) and of the strong activity of their young host, 
makes it extremely difficult to extract their RV signature. 
 
More recently, the GRAVITY beam combiner on the Very Large Telescope Interferometer has 
been shown to be a useful tool to observe such young warm Jupiters, and to obtain precise 
information on their atmospheric characteristics. But although GRAVITY can observe at 
smaller separation than direct imagers, its limited field-of-view makes it ill-suited for a blind 
planet search. Therefore, there is currently a strong need for new methods to find warm Jupiter 
candidates around young nearby stars. 

mailto:mcn35@ast.cam.ac.uk
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Figure 1.: (Left panel): Cross-correlation map showing the detection of CO in the dayside atmosphere of tau Boo b (Brogi et al. 2014).  
(Right panel): Combined image showing the detection of a planet in a series of simulated high-contrast images.  This image is the result 
of a blind search in orbital parameter space, with an algorithm combining images on all possible orbits to look for hidden companions 
(Nowak et al. 2018). The proposed project involves the combination of the two techniques to detect warm Jupiter in high-resolution 
spectroscopic data.  
 
Project details:  
 
In this project, we will explore the possibility of using high-resolution spectroscopic data in the 
near infrared (for example, CRIRES at the VLT, or SPIROU at the CFHT) to search for warm 
Jupiters around nearby stars. Using cross-correlation methods with high-resolution 
spectroscopic data, planets have been successfully detected and studied, but mostly on 
relatively short orbits (< 1 yr). However, in the case of warm Jupiters, several important 
differences will complicate the observations and analyses. For example, the detections of hot 
Jupiters are often supported by radial velocity observations which constrain the orbit and 
phases of the planet. When targeting young stars, such radial velocity data may not be 
available (because of the lack of spectral lines in the near infrared), or unusable (due to stellar 
activity). If the orbits of the potential planets are totally unknown, a blind search may be 
necessary. The longer orbital periods of warm Jupiters (a few years) also raise the question 
of the stability of the spectrographs, which need to be good enough so that spectroscopic data 
obtained on up to a few years can be properly combined together. 
 
The goal of this project will be to demonstrate the feasibility of detecting warm Jupiters with 
high-resolution spectroscopy in the infrared. For this, a first version of the data-reduction 
algorithm will be built (in Python), and a series of injection tests will be performed, in which 
fake planets will be injected in real data (most probably, a set of publicly available SPIROU 
data), and retrieved with the algorithm. 
 
Skills required: 
 
Programming in Python. 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Hoeijmakers, H.J. et al. "Searching for reflected light from τ Bootis b with high-
resolution ground-based spectroscopy: Approaching the 10^-5 contrast barrier", A&A 
610, A47 (2018) 

2. Brogi, M. et al. "The signature of orbital motion from the dayside of the planet t Boötis 
b", Nature 486, 502–504 (2012). 

3. Nowak, M. et al "K-Stacker: Keplerian image recombination for the direct detection 
4. of exoplanets", A&A 615, A144 (2018) 
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5. Lacour, S. et al. "The ExoGRAVITY project: using single mode interferometry to 
characterise exoplanets", Proceedings Volume 11446, Optical and Infrared 
Interferometry and Imaging VII; 114460O (2020)     

6. Vigan, A. et al. "The SPHERE infrared survey for exoplanets (SHINE). III. The 
demographics of young giant exoplanets below 300 au with SPHERE”,   A&A, 
Forthcoming article 
Nowak, M. et al "Direct confirmation of the radial-velocity planet β Pictoris c", A&A 642, 
L2 (2020) 
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Project 34: Unlocking the properties of dark matter: Using machine 
learning to identify the tiniest galaxies 
Supervisor I: Alexandra Amon (alexandra.amon@ast.cam.ac.uk) 
Supervisor II: Debora Sijacki (deboras@ast.cam.ac.uk) 
UTO: Debora Sijacki (deboras@ast.cam.ac.uk) 

 
Project summary: 
 
The goal of the project is to measure the first detection of the weak gravitational lensing signal 
around dwarf galaxies. This will be a landmark measurement that has the potential to lay the 
foundation towards a new probe of dark matter. These tiny galaxies are comprised of relatively 
high fractions of dark matter compared to ‘normal’ matter, and their halo profiles, which we 
measure directly with weak lensing are sensitive to dark matter models. We will use the Dark 
Energy Survey (DES) – the state-of-the-art photometric dataset and largest weak lensing 
catalogue to date (over 100 million galaxies!) – to extract the sample of low-redshift candidate 
dwarf galaxies. Using a machine-learning framework developed for the main cosmology DES 
analysis, we will estimate the redshift distribution of the dwarf sample and use that to measure 
the halo profile, or the stacked mass density profile of the dwarf sample.  
 

 
Background: 
 
Dark matter comprises 85% of the mass in the Universe. It exists everywhere, forming the 
scaffolding of the Universe, and without it, the galaxy we call home would not exist. It is a 
cornerstone to our Standard Model of Cosmology, which remarkably describes a plethora of 
cosmological observations. Yet, we do not know what dark matter is: one of the biggest 
challenges in modern physics. To shed light on this dark entity, a compelling avenue is dwarf 
galaxies [1], like the Magellanic Clouds. Comprised of relatively high fractions of dark matter 
compared to ‘normal’ matter, these tiny galaxies provide mighty potential as a unique probe 
of the nature of dark matter. 
  
This project will study dwarf galaxies in a new way: using weak gravitational lensing. This 
measures the distortion in the shapes of far-away galaxies due to intervening structures, 
‘lenses’, in this case, the dwarves. Statistical measurements of this effect – the lensing signals 
of the dwarf galaxies – reveal the profile of the mass, and therefore the dark matter in the 
galaxy [e.g., 2]. Predictions of dwarf mass profiles are highly sensitive to the dark matter 
model, therefore key to distinguishing between different models [3]. To date, the dwarf lensing 
signal has not been detected: as dwarves are small, their total mass and therefore the lensing 
signal is small. Compounding the problem, with few stars, dwarf galaxies are faint and difficult 
to detect. A detection requires a large sample of these elusive galaxies, which demands 
observations over a large patch of sky. 
  
DES has imaged 1/8th of the sky and released a new 100-million galaxy catalogue, five times 
larger than the next-biggest experiment [4]. Meanwhile, the SAGA survey has obtained 
spectroscopic redshifts and successfully identified 127 satellite dwarf galaxies. To measure 
the lensing profile, we need a few ingredients:  

1. The background `source’ catalogue, with positions, shapes, and estimated redshifts. 
For this we use the Dark Energy Survey Year 3 catalogue, mentioned above. 

2. A foreground `lens’ sample - the dwarf sample. We will use the DES catalogue above, 
and the selection criteria defined by the SAGA survey to select SAGA-like galaxies 
from the entire DES area, giving us a much larger sample than SAGA alone. 

3. For the `lens’ dwarf sample, we need to estimate their redshift distribution. This will be 
a tricky bit. We’ll use the machine-learning framework that I helped develop for the 
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DES cosmology analysis, and the spectroscopic SAGA galaxies as a training sample, 
to do this.  

4. We measure the galaxy-galaxy lensing, or tangential shear using the shapes of the 
background galaxies and the positions of the foreground galaxies.  
5. Then we convert that into the physical quantity, a halo mass profile, using the 
estimated redshift distributions. 

 
Figure 1.: SAGA survey galaxies: 127 spectroscopically confirmed satellites around 36 hosts. This figure is taken from 
https://sagasurvey.org. 
 
Project details:  
 
Using public Dark Energy Survey catalogues, apply the selection criteria used for the SAGA 
target selection. This forms a SAGA-selection-like sample.  
 
Redshift sample estimation and dwarf-sample fine-tuning. For this we use the methodology 
developed for DES Y3, with a self-organising map (SOM). We’ll need to modify the code 
slightly. No prior knowledge of machine-learning needed, but this is a good opportunity to learn 
about the SOMs! 
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Measure the cross-correlation of weak lensing and large-scale structure, galaxy-galaxy 
lensing (shear from the background galaxies cross-correlated with the positions of the 
foreground dwarf sample). We can use a publicly available code for this, with little 
modifications.  
 
Skills required: 
 
Programming in Python. 
The Part II course “Cosmology” is recommended. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Bullock & Boylan-Kolchin 2017: Small-Scale Challenges to the LCDM Paradigm 
2. Wechsler and Tinker 2018: The Connection between Galaxies and their Dark Matter 

Halos 
3. Simon 2019: The Faintest Dwarf Galaxies 
4. Amon et al 2021:  Dark Energy Survey Year 3 Results: Cosmology from Cosmic Shear 
5. DES Collaboration 2021: Cosmological constraints from lensing and clustering  
6. Amon and Robertson et al 2022: Consistent lensing and clustering in a low-S8 

Universe 
7. Mao et al 2020: SAGA: The SAGA Survey. II. Building a Statistical Sample of Satellite 

Systems around Milky Way-like Galaxies 
8. Myles, Alarcon, Amon et al 2021: Phenotypic redshifts with self-organising maps: A 

novel method to characterise redshift distributions of source galaxies for weak lensing 
 
General references: (List of papers referred to in the project description) 

1. Vera Rubin Observatory: https://www.lsst.org    
2. DES Collaboration 2021: Cosmological constraints from lensing and clustering  
3. https://sagasurvey.org  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Project 35: Exploring the use of new radio surveys for the 
discovery of accreting supermassive black holes in the epoch of 
reionisation 
Supervisor I: Richard McMahon (rgm@ast.cam.ac.uk)  
Supervisor II: Raphael Shirley (ras81@cam.ac.uk)  

https://www.lsst.org/
https://sagasurvey.org/
mailto:rgm@ast.cam.ac.uk
mailto:ras81@cam.ac.uk
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UTO: Richard McMahon (rgm@ast.cam.ac.uk)  
 
Project summary: 
 
Quasi-stellar objects or quasars are the observable manifestation of accreting supermassive 
(>106 Msol) black holes. This observational data analysis project aims to explore the use of 
optical, near infra-red and radio observations to identify high redshift (z>5.5) radio-loud quasar 
candidates powered by relativistic jets. After the radio-loud quasar candidates have been 
selected you will classify them using their observed spectral energy distribution into foreground 
galactic stars, lower redshift quasars or other contaminants. In addition, you will derive 
estimates with uncertainties of the redshifts and intrinsic physical properties. 
 

 
Project description: 
 
The aim of this project is to evaluate the potential of new deep radio surveys combined with 
optical and near infra-red data to discover new radio-loud quasars with redshifts above 5.5. 
The project has three parts.  

(a) you will review the status of our current knowledge of the radio properties of quasars  
(b) you will use recently published deep radio observations from the Australian Square 

Kilometre Array Pathfinder (ASKAP) radio telescope to identify radio-loud quasar 
candidates using optical observations from the Dark Energy Survey and near-infra-red 
observations from the VISTA survey (McMahon et al, 2019) following the techniques 
developed by Reed et al. (2017) and Pons et al. (2019) 

(c) you will use the optical and infra-red data to derive redshifts with uncertainties and  
compare your detection rates as a function of luminosity and redshift with published 
results in the literature. 

 
Background: 
 
The ‘Epoch of Reionization (EoR) at redshifts z > 5.5, 1.0 billion years after the Big Bang is a 
fundamental milestone in the history of the Universe. The EoR marks the end of the cosmic 
Dark Ages when the first luminous ultraviolet sources ionised the neutral intergalactic medium 
when the first galaxies and supermassive black holes (SMBH) formed. Optically luminous 
quasars powered by accretion onto supermassive black holes (106 to 109 Msol) at the centres 
of galaxies are observed over the electromagnetic spectrum from radio, through the optical 
and X-rays to Gamma rays. The existence of 106 to 109 Msol super-massive black holes 
powering bright quasars in this redshift range are important constraints on the formation and 
growth of supermassive black holes since timescales for the formation of supermassive black 
holes are constrained by the Eddington limit (Rees 1988) and feedback processes (Sijacki et 
al, 2015). Understanding the coeval formation and evolution of the first quasars, their accreting 
supermassive black holes, and their massive host galaxies is an important observational and 
theoretical problem. As well as the intrinsic interest in the formation of these supermassive 
black holes, quasars also act as bright background beacons that can be used to probe the 
physical state and metallicity of the gas phase of the Universe via the study of intervening 
absorption lines, as shown in Figure 1.  
 
The discovery of high redshift quasars (e.g. Reed et al., 2017) is primarily observation driven. 
During the next 10 years, the main observational discovery survey facility will be the Vera 
Rubin Observatory (VRO) which is currently under construction. The  Vera Rubin Observatory 
8.4 diameter telescope will carry out a 10-year Legacy Survey of Space and Time (LSST  
https://www.lsst.org) is the most ambitious optical sky survey ever planned imaging the whole 
visible portion of the southern sky twice a week for 10 years from late 2023. The integrated 
depth of the final stacked images will be 100 times deeper than the Sloan Digital Sky Survey 

mailto:rgm@ast.cam.ac.uk
https://www.lsst.org/
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and Gaia space satellite. In this project, you will use new radio observations and existing 
optical and infra-red observations (e.g. McMahon et al, 2013, Shirley et al, 2021) that cover 
around 200 square degrees of the sky, which is 1% of the future sky coverage of LSST to test 
whether LSST has the potential to discover radio-loud quasars with redshifts about 5.5. and 
estimate the numbers in order to plan future multi-wavelength observations to understand the 
structure, formation and evolution of supermassive black holes, relativistic jets and accretion 
discs. 
 
Figure 1 shows a simulated quasar with a redshift of z=6.6. The sharp drop in flux around a 
wavelength of 8500Angstroms is caused by foreground neutral hydrogen. This distinctive drop 
is used to select high redshift quasars. Figure 2 also shows the location in the wavelength 
dimension of the optical and near-infra observations used in this project. 

 
Figure 1.: Optical spectrum of a high redshift quasar showing redshifted hydrogen Lyman-a alpha (rest wavelength =1216Angstoms) 
emission and absorption for hydrogen and metals. (from Becker, et al, 2015)

 
Figure 2:. Example model quasar spectra (blue line) at redshift 6.5. The cyan squares are the integrated flux over each of the filters 
shown in the bottom panel (from Pons et al., 2019).  
 
Project details:  
 

1. The work is a mixture of observational and computational work and will involve working 
with multi-wavelength tabular catalogues of parameters and images. 

2. The work will include a literature review to compile a summary of radio properties of 
z>4.5 quasars from existing published data and new measurements. 
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3. If time permits you will explore the use of machine learning techniques such as 
decision trees and random forests. No prior experience in machine learning is required.  
 

Skills required: 
 
Basic statistics; programming in Python 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Coevolution (Or Not) of Supermassive Black Holes and Host Galaxies, Kormendy 
and Ho, 2013, ARAA, 51, 511. 

2. Relativistic Jets in Active Galactic Nuclei, Blandford, Meier and Readhead, 2019, 
ARAA, 57, 467https://arxiv.org/abs/1812.06025. 

3. Black hole models for Active Galactic Nuclei, Rees, M.J, 1984, ARAA, 22, 471. 
4. Software libraries:  

a. Astropy; https://docs.astropy.org  
b. Scikit-Learn: https://scikit-learn.org 

 
General references: (List of papers referred to in the project description) 

1. Deep ASKAP EMU Survey of the GAMA23 field: properties of radio sources, 
Reionisation and High-Redshift Galaxies, Gurkan et al, 2022, MNRAS, 512, 6104. 

2. The View from Quasar Absorption Lines’, Becker et al., 2015, PASA, 32, 45.,  
3. First Scientific Results from the VISTA Hemisphere Survey (VHS), McMahon et al 

2013. 
4. Eight new luminous z ≥ 6 quasars discovered via SED model fitting of VISTA, WISE 

and Dark Energy Survey Year 1 observations, Reed, McMahon et al., 2017, MNRAS, 
468, 4702. 

5. A new bright z = 6.82 quasar discovered with VISTA: VHS J0411-0907, Pons, 
McMahon et al., 2019, MNRAS, 484, 5142. 

6. HELP: the Herschel Extragalactic Legacy Project,  Shirley et al, 2021, MNRAS, 507, 
129. 

7. The Illustris simulation: the evolving population of black holes across cosmic time, 
Sijacki, et al., 2015, MNRAS, 452, 575. 
 

  

https://ui.adsabs.harvard.edu/abs/2013ARA%26A..51..511K/abstract
https://arxiv.org/abs/1812.06025
https://ui.adsabs.harvard.edu/abs/1984ARA%26A..22..471R/abstract
https://docs.astropy.org/
https://scikit-learn.org/
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.6104G/abstract
https://ui.adsabs.harvard.edu/abs/2015PASA...32...45B
https://ui.adsabs.harvard.edu/abs/2013Msngr.154...35M
https://ui.adsabs.harvard.edu/abs/2013Msngr.154...35M
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.4702R
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.4702R
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.5142P
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.5142P
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507..129S
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507..129S
https://ui.adsabs.harvard.edu/abs/2015MNRAS.452..575S/abstrac
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Project 36: Stellar multiplicity with Gaia 
Supervisor I: Vasily Belokurov (vasily@ast.cam.ac.uk) 
Supervisor II: Cathie Clarke (cclarke@ast.cam.ac.uk)  
UTO: Vasily Belokurov (vasily@ast.cam.ac.uk) 

 
Project summary: 
 
This Project uses the trick of exploiting the uncertainties in the Gaia astrometric and 
spectroscopic measurements to detect and study unresolved stellar multiples (systems with 
two or more stellar companions). The Project will take advantage of tens of millions of stellar 
measurements available publicly to identify trends in the properties of the multiple-companion 
systems as a function of the underlying stellar population properties. No other dataset to date 
provides a volume of a similar size, thus we are bound to find new and unexpected results. 
 

 
Project description: 
 
This is a Gaia Data Release 3 project with the aim to provide new observational constraints 
on the theory of formation and evolution of stellar multiples. 
 
Background: 
 
Multiple (binaries, triples, and higher orders) stellar systems play a crucial role in Astrophysics. 
Binaries (and possibly triples) are progenitors of Type Ia (and likely other subtypes of) 
Supernovae, sources of gravitational waves and progenitors of gamma ray bursts. At high 
redshift, binaries (and their products) are the main contributors to the stellar ionising radiation. 
Stellar multiples provide the most stringent constraints on the theories of star formation. The 
incidence and the properties (such as separations and mass ratios) of stellar multiples are 
expected to be a strong function of stellar population properties such as mass, age and 
metallicity (Duchene & Kraus 2013, Offner et al 2022). However, observational constraints so 
far have been scarce. With the advent of massive spectroscopic surveys such as APOGEE 
(Price-Whelan et al 2018) our knowledge of the stellar multiplicity has been rapidly advancing. 
The arrival of the data from the ESA’s Gaia Observatory is set to completely revolutionise the 
field. 
 
Gaia offers multiple ways to study stellar multiples. Wide-separation systems - those that are 
resolved - are identified straightforwardly because they have the same distance and proper 
motion (El-Badry & Rix 2018). Small-separation, unresolved systems display additional motion 
either on the sky or along the line-of-sight and thus are picked up due to their poor goodness-
of-fit statistics for Gaia’s astrometric or spectroscopic model predictions (Belokurov et al 2020, 
Penoyre et al 2020, Andrew et al 2022) as illustrated in Figure 1. This uses nearby stars in 
Gaia Data Release 3 to show how the excess reduced χ2 depends on extinction-corrected 
colour and absolute magnitude. Regions of clear and systematic excess - corresponding to a 
high fraction of stellar multiples - are readily identifiable such as e.g., the multiples main 
sequence running parallel and above the single star main sequence. 
 

mailto:vasily@ast.cam.ac.uk
mailto:cclarke@ast.cam.ac.uk
mailto:vasily@ast.cam.ac.uk
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Figure 1.: Excess in RUWE (reduced χ2) of the astrometric (left) and spectroscopic (right) model fit as a function of the extinction-
corrected colour and absolute magnitude for nearby stars in Gaia Date Release 3. Regions with systematic RUWE excess (orange and 
red) likely correspond to a large fraction of unresolved binaries (and other multiples). Adapted from Andrew et al (2022). 
 
Project details:  
 
Using astrometric and spectroscopic RUWE values provided as part of Gaia DR3 measure 
the incidence of stellar multiples as a function of Galacto-centric coordinates R and z and as 
a function of age, taking the vertical velocity dispersion as a proxy for the age of a population. 
Additionally, the incidence of stellar multiples can be studied as a function of the integrals of 
motion, such as total Energy and angular momentum. Additionally, we will consider using 
estimates of stellar metallicity. Other population selections can be made, for example, pre-
main sequence stars, variable stars, evolved stars (see e.g., a study of White Dwarf binaries 
in Korol et al 2022). Complement the incidence study by measuring the distributions of the 
period (separation) and the mass ratio using the formulae presented in Andrew et al (2022). 
Compare the Gaia DR3 measurements with the previous results in the literature and available 
models. 

 
Skills required: 
 
Some knowledge of SQL, Python, stellar evolution, galaxy formation and galactic dynamics 
would be beneficial. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Duchene & Kraus, 2013, “Stellar Multiplicity”, 2013ARA&A..51..269D 
2. Offner et al, 2022, “The Origin and Evolution of Multiple Star Systems”, 

2022arXiv220310066O 
3. El-Badry & Rix, 2018,“Imprints of white dwarf recoil in the separation distribution of 

Gaia wide binaries”, 2018MNRAS.480.4884E 
4. Price-Whelan et al, 2018, “Binary Companions of Evolved Stars in APOGEE DR14: 

Search Method and Catalog of ∼5000 Companions”, 2018AJ....156...18P 
5. Belokurov et al, 2020, “Unresolved stellar companions with Gaia DR2 astrometry”, 

2020MNRAS.496.1922B 
6. Penoyre et al, 2020, “Binary deviations from single object astrometry”, 

2020MNRAS.495..321P 
7. Andrew et al, 2022, “Binary parameters from astrometric and spectroscopic errors--

candidate hierarchical triples and massive dark companions in Gaia DR3”, 
2022arXiv220604392A 

8. Korol et al, 2022, “A gap in the double white dwarf separation distribution caused by 
the common-envelope evolution: astrometric evidence from Gaia”, 
2022MNRAS.515.1228K 

 
 

https://ui.adsabs.harvard.edu/abs/2013ARA%26A..51..269D/abstract
https://ui.adsabs.harvard.edu/abs/2022arXiv220310066O/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.480.4884E/abstract
https://ui.adsabs.harvard.edu/abs/2018AJ....156...18P/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.1922B/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495..321P/abstract
https://ui.adsabs.harvard.edu/abs/2022arXiv220604392A/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.515.1228K/abstract
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Project 37: Studying X-ray variability around black holes to 
understand the behaviour of the accretion flow and its jets 
Supervisor I: Greg Marcel (Hoyle 33, Greg.Marcel@ast.cam.ac.uk) 
Supervisor II: Julien Malzac (Toulouse, France, visiting the IoA monthly) 
UTO: Chris Reynolds (Hoyle 15) (csr12@ast.cam.ac.uk)  

 
Project summary: 
 
This project focuses on black hole X-ray binaries and their observed variability. These systems 
are usually studied by fitting their spectral shape and its multiple features. Recently, we started 
to also use the fast variability of the spectra themselves to constrain the shape and geometry 
of the emitting region. Debates about the geometry have been ongoing for decades and 
studying the variability could be key in helping solve the issues. In this project, we study the 
variability within the JED-SAD model. This paradigm stands as the best physically motivated 
model to reproduce the continuum X-ray emission observed as well as multiple associated 
features. This project aims at adding variability to the model. 
 

 
Project description: 
 
The variability detected in X-rays is studied using Fourier transforms of the detected signals 
in multiple bands. You will apply an already tested method to a few other examples to not only 
familiarise with the method, but also better constrain the model. You will then participate in 
generalising the method, building a user-friendly tool that would both fit the X-ray spectrum 
and its detected variability within a unique procedure. A couple models exist in the literature 
to fit the given variability, but they are phenomenological and do not fit within a physical 
framework such as ours. The entire study can be done in Python, but the use of other 
languages is also possible. 
 
Background: 

During this project, you will work on X-ray 
binaries (see Figure 1). These systems are 
composed of a stellar mass black hole and an 
orbiting companion star (usually a few solar 
masses). Since their first discovery in the 
1960's, we are limited by both the absence of 
any spatial distribution (too far away) and their 
extremely fast variability timescale of a few 
milliseconds. While they spend most of their 
lives in a barely detectable state, they 
sometimes experience sudden outbursts that 
can last months to years, i.e. billions of times 
bigger than the variability timescale. Their spectrum usually changes daily/weekly, in all 
spectral bands in both shape and flux, and often by more than 5 orders of magnitude! 

We believe the X-ray emission comes from the inner regions of the accretion flow around the 
black hole, but the geometry of this region is still debated to this day. While the X-ray spectral 
shape and its features have been extensively studied, the observed variability has only 
recently become constrained enough thanks to the arrival of new instruments (NICER, 2017). 
Studying such variability is now key in our understanding, and it may help solve the ongoing 
debates. This project takes place within the JED-SAD paradigm (Ferreira et al. 2006, Petrucci 
et al. 2008,2010), using a recently developed model (Marcel et al. 2018a,b,2019) that aims at 

mailto:Greg.Marcel@ast.cam.ac.uk
mailto:csr12@ast.cam.ac.uk
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explaining all the observed features of X-ray binaries. The model has successfully been 
applied to many observables of X-ray binaries (see for example Ursini et al. 2020, Marino et 
al. 2022, Barnier et al. 2022, Marcel et al. 2020,2022). This project aims at testing and 
implementing the variability in the model. 

Project details:  

The project will take place in different phases: 

● The student familiarises themselves with the required literature on both the used model 
(Ferreira et al. 2006, Marcel et al. 2018a,b,2019), as well as the current methods to 
study the variability (e.g., Kawamura et al. 2022). This should only take a few days of 
work, 

● The student will reproduce a study already done by Julien Malzac and presented in 
two conferences this summer. This should take a few weeks, as the methods are 
already developed (in python) and the student will only need to develop their own 
procedure (in python or another language if desired), 

● The student will then apply their own model to a few other data. This part of the project 
may require that the student learns to use Xspec, the most common tool used by X-
ray astronomers. This should take a few more weeks and getting used to. 

During the entire project, the student will take part in discussions with the observers and 
theoreticians of the model. These results will impact the model and its future, and help us 
understand the accretion flows around X-ray binaries deeper than anyone before. 

Skills required: 
 
Programming: Intermediate level in Python 2 or 3. Tcl/Tk helpful but not required. 
Physics: Basic understanding of accretion physics. Some fluid/MHD knowledge would be 
helpful. 
Maths: Minimal knowledge of Fourier transforms. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. The JED-SAD paper series “A unified accretion-ejection paradigm for black hole X-
ray binaries” (here). Paper I is the theory, papers II and III are the code, and papers 
IV, V, and VI are applications of the model. 

2. Other applications to observations: Ursini et al. 2020 (here), Marino et al. 2021 
(here), Barnier et al. 2022 (here). 

3. Inspiration for our study: Kawamura et al. 2022 (here), and presented in an invited 
talk this summer, see slides (here). 

4.  
General references: (List of papers referred to in the project description) 

1. Review on accretion physics by Done et al. 2007 (here) or more recently on the more 
theoretical side Yuan & Narayan 2014 (here), 

2. Observational reviews: Dunn et al. 2010 (here), or Bahramian & Degenaar 2022 (here). 
 

 
 
 
 
 
 

https://ui.adsabs.harvard.edu/search/q=title%3A%22A%20unified%20accretion-ejection%20paradigm%20for%20black%20hole%20X-ray%20binaries.%22%20%20bibstem%3A%22A%26A%22&sort=date%20desc%2C%20bibcode%20desc&p_=0
https://ui.adsabs.harvard.edu/abs/2020A%26A...634A..92U/abstract
https://ui.adsabs.harvard.edu/abs/2021A%26A...656A..63M/abstract
https://ui.adsabs.harvard.edu/abs/2022A%26A...657A..11B/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.511..536K/abstract
https://drive.google.com/file/d/1E86JvnYK4s48F0gutLzY9LaNOdJwKyFa/view?usp=sharing
https://ui.adsabs.harvard.edu/abs/2007A%26ARv..15....1D/abstract
https://ui.adsabs.harvard.edu/abs/2014ARA%26A..52..529Y/abstract
https://ui.adsabs.harvard.edu/abs/2010MNRAS.403...61D/abstract
https://ui.adsabs.harvard.edu/abs/2022arXiv220610053B/abstract
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Project 38: Simulation of galaxy clusters with MHD - a magnetical 
FABLE 
Supervisor I: Martin Bourne (mabourne@ast.cam.ac.uk) 
Supervisor II: Debora Sijacki (deboras@ast.cam.ac.uk) 
UTO: Debora Sijacki (deboras@ast.cam.ac.uk) 

 
Project summary: 
 
This Part III project involves performing cosmological simulations to explore the evolution of 
magnetic fields and their role in galaxy cluster evolution. This will involve re-running a subset 
of the FABLE simulation suite (Henden et al. 2018, 2019, 2020) with the key difference of 
including ideal-magnetohydrodynamics (MHD, Pakmor et al. 2011). The project provides the 
opportunity to study the evolution of magnetic fields in galaxy clusters over cosmic time and 
to understand the importance of magnetic fields in galaxy cluster evolution by comparing 
cluster properties in runs with MHD to the original FABLE simulations. 
 

 
Project description: 
 
The project will use state-of-the-art MHD simulations to investigate the co-evolution of 
magnetic fields and galaxy clusters, that is, how galaxy cluster formation amplifies magnetic 
fields and how magnetic fields impact cluster formation. The student will perform simulations 
by re-running the FABLE suite of simulations including magnetic fields. The simulation code 
(AREPO, Springel 2010), initial conditions and sample analysis scripts, as well as access to 
the original FABLE data, will be provided to the student. The student will then calculate how 
the magnetic field strength evolves over cosmic time as well as the magnetic field morphology 
in galaxy clusters. Additionally, the student will make mock cluster observations and scaling 
relations to compare to both real observations and the original non-MHD FABLE simulations. 
 
Background: 
 
Galaxy clusters represent the culmination of successive mergers and accretion of galaxies 
over cosmic time, growing primordial density fluctuations into the most massive gravitationally 
bound objects in the Universe (Kravtsov & Borgani, 2012). These systems host thousands of 
galaxies orbiting in a hot, X-ray emitting plasma known as the intracluster medium (ICM, 
Boehringer & Werner, 2010). Our understanding of such systems has been advanced in recent 
years through the use of large scale cosmological simulations of galaxy cluster formation (e.g. 
McCarthy et al. 2017, Henden et al. 2018, Barnes et al. 2018) that have been able to match a 
range of observed galaxy cluster properties. This being said, such simulations, by necessity, 
do not include all physics required to explain the galaxy cluster ecosystems. 
 
Faraday rotation measurements and observations of radio emission in galaxy clusters show 
that the ICM contains extended magnetic fields (e.g. Bonafede et al. 2010, Feretti et al. 2012). 
However, the inclusion of magnetic fields in cosmological simulations of galaxy clusters is 
somewhat limited (e.g., Biffi et al 2013, Vazza et al 2014, Marinacci et al 2018). In this project 
the student will use the state of the art moving mesh code AREPO to re-run the FABLE suite 
of cosmological cluster simulations (see Fig. 1), this time invoking the MHD solver to model 
the evolution of magnetic fields. 
 

mailto:mabourne@ast.cam.ac.uk
mailto:deboras@ast.cam.ac.uk
mailto:deboras@ast.cam.ac.uk
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Figure 1.: A visualisation of the gas properties of a massive FABLE cluster at z = 0. The main panel shows a slice through the cluster 
with panels on the right hand side zooming in on individual galaxies and the cluster core. The bottom-right panel shows the gas 
temperature distribution of a group of galaxies of various sizes and morphologies. The top-right panel shows the surface density of gas 
surrounding an individual spiral galaxy on the cluster outskirts, revealing the onset of ram pressure stripping of cold galactic gas as the 
galaxy approaches the dense cluster environment. Lastly, the middle-right panel shows the X-ray surface brightness. 
 
Weak magnetic fields seeded in the early Universe are expected to be amplified via 
cosmological structure formation as gas cools and condenses into filaments and galaxies, as 
well as via astrophysical processes such as stellar and black hole feedback (Pakmor et al. 
2014, Vazza et al. 2014, Martin-Alvarez et al. 2018, 2022). The simulations performed will 
allow for the study of how this amplification proceeds. 
 
The yardstick against which any galaxy formation simulation is measured is through their 
ability to match observations. In addition to observations matched by the original FABLE 
simulation suite, the inclusion of magnetic fields will allow the production of Faraday rotation  
and radio emission maps, which can be compared to observations and used to make 
predictions for future observational missions (e.g. the Square Kilometre Array, SKA). 
Observed galaxy cluster scaling relations provide insight into the formation mechanisms that 
set galaxy properties. Of specific relevance for this project are the radio power - cluster 
property scaling relations (e.g. Cassano et al. 2013). These can be produced from simulation 
data (see e.g. Marinacci et al 2018) and be used to evaluate how well the physical models 
included in FABLE perform in matching real observations of galaxy clusters and equally 
importantly highlight potential shortcomings where additional physics or alternative models 
may be required to explain cluster properties. 
 
Project details:  
 
Firstly the student should become acquainted with the original FABLE simulation suite and 
relevant literature. The student will then re-run (a subset of) the FABLE simulation suite 
including MHD. As a first check, the student should produce plots showing the redshift zero 
galaxy stellar mass function, as well as halo stellar mass and gas mass fractions to compare 
to both the original FABLE runs (to see any effect of including magnetic fields) and to 
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observations to ensure a good match. Once this is done there are several options in terms of 
what to investigate depending on their interests, such as (but not limited to):  

4. Investigate how the magnetic field strength evolves with redshift as a function of the 
environment. 

5. Study the magnetic field morphology in the ICM and produce Faraday rotation and 
synchrotron emission maps to compare to observations. 

6. Recalculate cluster scaling relations (e.g. those calculated in the original FABLE runs) 
and cluster thermodynamic profiles to investigate the impact of magnetic fields. 

7. Calculate scaling relations between radio power and other cluster properties to be 
compared to observations and previous simulation works. 
 

Skills required: 
 
The student should be keen on programming and have a good knowledge of C and Python. 
The Part II courses “Astrophysical Fluid Dynamics” and “Cosmology” are required. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

5. Henden et al., 2018, MNRAS, 479, 53 
6. Henden et al., 2019, MNRAS, 489, 24 
7. Henden et al., 2020, MNRAS, 498, 21 
8. Pakmor et al., 2011, MNRAS, 418, 2 
9. Feretti et al., 2012, A&AR, 20, 54 
10. Bonafede et al., 2010, A&A, 513, 30 
11. Marinacci et al., 2018, MNRAS, 480, 4 
12. Biffi et al., 2013, MNRAS, 428, 1395 

 
General references: (List of papers referred to in the project description) 

8. Springel, 2010, MNRAS, 401, 791 
9. McCarthy et al., 2017, MNRAS, 465, 2936 
10. Barnes et al., 2018, MNRAS, 481, 1809 
11. Kravtsov & Borgani, 2012, ARA&A, 50, 353 
12. Boehringer & Werner, 2010, A&AR, 18, 127 
13. Cassano et al., 2013, ApJ, 777, 141  
14. Martin-Alvarez et al., 2022, MNRAS, 513, 3326 
15. Vazza et al., 2014, MNRAS, 445, 1672 
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Project 39: Exploring the formation of ultra-compact protoplanetary 
discs  
Supervisor I: Cathie Clarke (cclarke@ast.cam.ac.uk) 
Supervisor II: Andrew Sellek (ads79@ast.cam.ac.uk) 
UTO: Cathie Clarke (cclarke@ast.cam.ac.uk) 

 
Project summary: 
 
ALMA, the Atacama Large Millimetre Array, has mapped hundreds of protoplanetary discs, 
tracing the thermal emission due to cool dust. Recent high-resolution studies have revealed 
the existence of a surprising new category of discs that are extremely compact at mm 
wavelengths, being no more than a few Astronomical Units (A.U.) in size. It is currently unclear 
how such ultra-compact discs are formed, whether their distribution of circumstellar gas is 
similarly compact, and what sort of planetary systems would be likely to form from them. This 
project focuses on the evolutionary histories of ultra-compact discs, exploring the idea that 
their compactness is related to the location of the water snow-line, which separates warm 
interior regions (where water is in vapour form) from exterior colder material where water exists 
as icy mantles on grain surfaces. Interior to the snow-line, grains are bare and relatively fragile, 
and thus more easily subject to fragmentation by grain-grain collisions.  These smaller grains 
have different radiative and dynamical properties from the larger grains outside the snow-line 
and this may imprint a characteristic scale for dust emission that is close to the water snow-
line. While this is a promising explanation, it is yet to be explored what differences in 
evolutionary histories lead to some discs becoming so compact while others are more than an 
order of magnitude larger in size. By running evolutionary models for the dust and gas in 
protoplanetary discs, this project should uncover the parameters that control different 
evolutionary paths. The project may be extended to also predict gas emission from ultra-
compact discs for comparison with observations.  
 

 
Project description: 

This project involves running models that track the evolution of dust and gas in protoplanetary 
discs. The gas evolves spatially due to viscous diffusion while the dust grains evolve in size 
as a result of collisional growth and fragmentation: the dust grain sizes then influence both the 
emissivity of the dust and its dynamical coupling to the evolving gas, thus determining the 
evolving spatial distribution of the emission. It will be necessary to explore a range of initial 
conditions and model parameters to discover what conditions are required for discs to evolve 
towards an ultra-compact state in the millimetre continuum. A further check will be to assess 
whether the models predict emission from the gas (as traced by CO) that is consistent with 
observations.  

Background: 
 

The spatial extent of dust emission in protoplanetary discs spans a large dynamic range. While 
a number of well-studied discs are more than 100 A.U. in extent, moderate resolution surveys 
reveal that a large fraction of the population are smaller than 20 A.U. (Andrews et al. 2018, 
Ansdell et al. 2018, Tazzari et al. 2021) though mostly only place an upper limit on the disc 
sizes. One possible origin of the large dynamic range of sizes is that while many larger discs 
show substructures in the form of prominent rings (thought to result from the trapping of dust 
in the outer disc), other discs may be smoother and end up more compact. Since nascent 
planets are the most tantalising potential cause of substructures, the existence of compact 
discs may offer a window into alternative pathways of planet formation and thus the diversity 
of planetary systems (e.g. van der Marel & Mulders 2021) Higher resolution surveys are now 
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revealing that some of these unresolved sources are indeed extremely compact (van der Marel 
et al. 2022), with two examples of systems where the millimetre emission is confined to A.U. 
scales (Figure 1). 

Previously, Boneberg et al. (2018) also inferred an ultra-compact dust distribution in order to 
explain the spectral energy distribution of the source V410 X-ray, although there is no 
confirmatory ALMA detection in this source. Such ultra-compact sources have radii that are 
suggestively close to the water snow-line and this has prompted the suggestion that there are 
evolutionary tracks that preferentially lead to sources lingering at sizes close to the water 
snow-line. The argument here hinges on the fact that the snow-line separates a regime of bare 
grains (inside) from grains with icy mantles (outside) and that this changes the propensity to 
fragmentation. Consequently grains inside the snow-line are small and hence well coupled by 
drag forces to the gas. Outside the water snow-line, icy grains are more resilient to 
fragmentation and hence grow larger, hence being less well coupled to the gas. Such large, 
poorly coupled grains tend to move inwards relative to the gas by a process known as radial 
drift (Birnstiel et al. 2012). The net result of this scenario is that solid material accumulates 
interior to the water snow-line (Figure 2), weighting the dust emission towards small radii.  
Boneberg et al. showed that such models are compatible with observations of V410 X-ray but 
did not explore their prior evolutionary history.  

In this project the student will use a pre-existing one-dimensional code (Booth et al. 2017) that 
models dust grain growth and radial evolution of both dust and gas under the action of radial 
drift and viscosity, while solving for the freeze-out and transport of volatile molecules such as 
H2O, CO2, NH3, CO and N2 in order to determine the iciness of the dust grains. The aim is to 
constrain the expected incidence of such ultra-compact dust discs given plausible initial 
conditions. A further consistency check will be to evaluate the predicted emission of gas (12CO) 
in the models (the models predict that the spatial extent in gas should be considerably larger 
than in the dust but it remains to be seen whether the predicted emission exceeds 
observational upper limits). 
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Figure 1.: (Left) The distribution of disc fluxes against their radii. Few discs are resolved below radii of around 20 au with a large number 
of upper limits at this size (blue triangles). The two ultra-compact discs of van der Marel et al. (2022) (red circles in lower left) are 
significantly smaller than the bulk of discs detected hitherto with radii of only a few au. The aim of the project is to determine for what 
parameters the evolutionary pathways lead to the lower left of this distribution, and how many of the unresolved population may therefore 
be similar in size. From van der Marel et al. (2022) 

Figure 2.: (Right) A schematic of the process that can give rise to dust discs with sizes comparable to the water snow-line. Outside the 
water snow-line grains grow large because of the resilience provided by icy mantles. Such large grains drift inwards, being relatively 
unimpeded by gas drag. Conversely inside the water snow-line the grains are limited to small sizes, being relatively fragile once they 
have lost their icy mantles. Since these small grains are dynamically well coupled to the gas, their inward motion is impeded, and dust 
piles up within the water snow-line. From Boneberg et al. (2018). 
 
Project details:  

The first task will be to run the Booth et al. (2017) code to evolve models for a particular 
parameter choice and to compute corresponding observable quantities (mm flux and size 
enclosing 68% of the millimetre flux) from the outputs so as to construct evolutionary tracks in 
the flux-radius plane (cf Rosotti et al. 2019, Sellek et al. 2020). Then it will be necessary to 
experiment with parameter choices so as to determine the range of initial conditions and 
system parameters (e.g viscosity) that give rise to ultra-compact discs. Depending on the 
parameters that look promising, some small modifications to the code may be necessary. 

Some of the questions to then investigate include a) how long do the modelled systems spend 
with properties close to the observed ultra-compact discs and therefore how likely is it that 
such systems would be observed (and with what incidence)? b) how would the predicted 
incidence of ultra-compact discs depend on stellar mass? (the observed examples known to 
date all involve low mass stars) c) are the model predictions compatible with the upper limits 
on gas fluxes in the literature? In order to address c) it will be necessary to implement simple 
modelling of the expected 12CO fluxes from the disc (cf Zagaria et al. 2022). 

Skills required: 
 
The disc evolution code is written in Python and thus the student will require, or need to 
acquire, familiarity with Python (the object-oriented approach is particularly useful) in order to 
set up and run the code. The student may use their preferred language for analysing and 
presenting the outputs but some Python routines to read them are packaged with the code. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 
 

1. Birnstiel,T. et al. 2012, A&A 539,138 
2. Boneberg, D. et al. 2018. MNRAS 477,325 
3. Booth, R. et al. 2017. MNRAS 469,3994 
4. Van der Marel, N. et al. 2022.  arXiv:2204.08225  

 
General references: (List of papers referred to in the project description) 
 

1. Andrews, S. et al. 2018 ApJ 865,157 
2. Ansdell,M, et al. 2018. ApJ 849,21 
3. Rosotti, G. et al. 2019. MNRAS 486,63 
4. Sellek, A. et al. 2020, MNRAS 492,1279 
5. Van der Marel, N. & Mulders, G. 2021, AJ 162,28 
6. Zagaria, F. et al. in prep 

 
 

https://ui.adsabs.harvard.edu/link_gateway/2022arXiv220408225V/arxiv:2204.08225
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Project 40: New Tools for Quantifying Turbulent Behaviour in Black 
Hole Accretion Disks 
Supervisor I: Mark Avara  (Hoyle 34, mja85@ast.cam.ac.uk) 
Supervisor II: N/A 
UTO: Chris Reynolds (Hoyle 15, csr12@ast.cam.ac.uk) 

 
Project summary: 
 
The process of accretion of material onto a gravitating object (a single or binary black hole 
system in this project) is ubiquitous in the universe, and central to the evolution of many 
astrophysical systems. The detailed magnetohydrodynamic behaviour in accretion disks is 
often explored using local and global computational models, simulations evolving the MHD 
equations, informing us how to interpret real observations of these systems. An important but 
difficult step is to identify robust analytic or semi-analytic models for the behaviour uncovered 
in simulations, and to create simplified models that reveal fundamentals of the global physical 
behaviour. The precise direction of the project is flexible, but the goal is to apply new tools to 
the identification and quantification of accretion processes, especially the three-point 
correlation function or machine learning (ML) techniques. 
 

 
Background: 
 
The radio images of the inner region of two nearby accretion disks by the Event Horizon 
Telescope (See Figure 1 (right)) provide strong evidence that disks around at least some 
supermassive black holes can be magnetically dominated (MAD) disks. [3-5] These occur 
when accretion occurs in an environment with significant large-scale magnetic field, and it is 
a model for accretion with exciting ongoing development. MAD disks are thought to explain 
accretion through different fundamental MHD behaviours compared to more traditional models 
of magneto-rotational instability (MRI) dominated accretion. MAD disks utilise a wind and 
large-scale magnetic torques for energy and angular momentum transport, whereas the MRI 
has been shown [1,2 and references therein] to robustly drive turbulence for the transport of 
angular momentum outward through disks [see Figure 1 (left)].  
 
State of the art 3D-MHD simulations run on supercomputers have shown [6,10] that actual 
global behaviour of black hole accretion may involve both processes dominating in different 
regions, and it is possible that even in parts of the disk identified by total magnetic field strength 
as MAD may have MRI-driven turbulence. To reliably compare analytic models, numerical 
models, and observations we need to robustly identify the behaviour occurring in the global 
numerical simulations. Traditionally, fairly simple characteristics (e.g. magnetic pressure/gas 
pressure) have been used but these are of limited use in a mixed-accretion phase that may 
occur in MAD systems. 
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The 3-point correlation function and analogue, the bispectrum, as well as ML techniques, have 
been used [7-9] recently to interpret the MHD behaviour in the turbulent interstellar medium. 
There is an opportunity to apply these techniques directly to numerical simulations of accretion 
disks to aid in building robust analytic and semi-analytic models of accretion in complex multi-
phase states. We would like to explore various fundamental questions: Does the MRI continue 
to play a role in the MAD portion of disks? What are the key behaviours associated with 
magnetic field evolution in MAD disks? What is the role of the MRI in accretion in the disks 
around each black hole in close supermassive black hole binaries nearing merger? What 
about eccentric X-ray Binaries? The scope of these questions reveals the importance of 
having good diagnostic tools to identify the MRI and other modes of accretion in simulations. 

 
 
Figure 1.: A density rendering of a global 3D MHD model of an MRI-dominated accretion disk (left)[2]. Simulations like these subject to 
both the MRI dominated and MAD states are used to interpret various types of observations of black holes, including direct observation 
in millimetre and submillimetre radio bands via the Event Horizon Telescope (right) [Event Horizon Telescope collaboration]. 

Project details:  
 
There are a few directions this project can take, but the fundamental goal will be to utilise 
novel diagnostic techniques to interpret the MHD behaviour in simulations of accretion disks. 
Depending on their interests, the student will begin by familiarising themselves with the angle 
dependent 3 point correlation function and/or the artificial neural network techniques used by 
recent studies of the turbulent ISM [7-9]. We will determine if existing open-source codes are 
amenable to easily adapt to MHD simulations available to us. The next step will involve one 
(or more in the case of rapid progress) of the following goals: 

● Test the technique of interest in characterising the turbulent MRI in 2D, and then 3D 
shearing box MHD simulations. It will be compared to traditional diagnostics [12] as a 
way to measure convergence with simulation resolution. 

● Identify MRI dominated regions in a global MHD simulation of a MAD disk.  
● Expand the diagnostic tool for identification of other accretion states. 
● Identify MRI dominated regions and how well they meet our convergence criterion in 

3D MHD simulations of accretion onto supermassive black hole binaries [simulations 
available from Avara et al and an extended collaboration with RIT and JHU] 

Depending on interests and rapidity of student progress, the MHD simulations may be run by 
the student or provided to them. The Pluto and Athena++ codes have readily adaptable 
shearing box setups for MRI turbulence so this is a good way to gain familiarity with grid-based 
MHD codes used in astrophysics. The disk simulations are more time-consuming to set up 
and the expectation is they would be provided to the student as an existing dataset.  
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The course of action, given the available goals listed above, will be made early on in discussion 
with the student and consideration of the various pros and cons of each project (and the 
student’s preferences). The high-performance computing, numerical methods, ML, and data 
analysis and visualisation skills will all be useful for a number of future career paths, including, 
but not limited to, computational astrophysics. 
 
 
 
Skills required: 
 
The Part II courses “Physics of Astrophysics” and “Astrophysical Fluid Dynamics” are 
desirable, and an intention to take the complimentary Part III course would be advised. This 
project will be quite heavy in computing. Advanced pre-existing computing skills (use of the 
unix/shell environment, coding in C/C++, use of python or similarly adaptable scripting 
language for analysis and visualisation) is not absolutely required, and support will be 
provided, but the student should be motivated to learn new skills independently, and have an 
interest in computational astrophysics and/or coding. The student will work closely with 
Supervisor I and have the opportunity to participate in the activities of the X-ray group here at 
the IoA. They will also be encouraged to explore inter-disciplinary venues regarding statistics 
and/or ML. 
 
 

 
Useful references: (List of important papers/review articles relevant to the project) 
 

1. https://www.astro.princeton.edu/~jstone/disks.html 
2. http://www.oa.uj.edu.pl/jets2011/talks/Abramowicz_talk_Krakow2011/001-

Slides/Alternative/09-balbus.htm 
3. Narayan, R., Igumenshchev, I. V., & Abramowicz, M. A. 2003, PASJ, 55, L69, doi: 

10.1093/pasj/55.6.L69 
4. Igumenshchev, I. V., Narayan, R., & Abramowicz, M. A. 2003, ApJ, 592, 1042, doi: 

10.1086/375769 
5. McKinney, J. C., Tchekhovskoy, A., & Blandford, R. D. 2012, MNRAS, 423, 3083, doi: 

10.1111/j.1365-2966.2012.21074.x —. 2013, Science, 339, 49, doi: 
10.1126/science.1230811 

6. Begelman, M. C., Scepi, N., & Dexter, J. 2021, arXiv e-prints, arXiv:2111.02439. 
https://arxiv.org/abs/2111.02439 

7. Portillo, et al., 2018, ApJ, Volume 862, Issue 2, article id. 119, 15 pp. (2018). 
8. Peek, et al., 2019 ApJL,Volume 882, Issue 1, article id. L12, 8 pp. (2019) 
9. O’Brien, et al, 2022, ApJ, Volume 930, Issue 2, id.149, 11 pp. 
10. Avara, et al., 2016, ApJ, Volume 462, Issue 1, p.636-648 
11. Sorathia, 2012, ApJ, Volume 749, Issue 2 
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Project 41: Deciphering the Enigma of the Cosmic Ray Anisotropy 
Supervisor I: Vanessa López-Barquero (Hoyle 55, v.lopezbarquero@ast.cam.ac.uk) 
Supervisor II: Paolo Desiati (University of Wisconsin-Madison, USA. 
desiati@icecube.wisc.edu) 
UTO: Chris Reynolds (Hoyle 15, csr12@ast.cam.ac.uk) 

 
Project summary: 
 
Over the past decade, various experiments, such as IceCube and HAWC, have observed 
cosmic-ray anisotropy in a wide energy range at different angular scales. However, no 
comprehensive or satisfactory explanation has been put forth to date. The arrival distribution 
of cosmic rays at Earth is the convolution of the distribution of their sources and of the effects 
of geometry and properties of the magnetic field through which particles propagate. It is 
generally believed that the anisotropy topology at the largest angular scale is adiabatically 
shaped by diffusion in the structured interstellar magnetic field. On the contrary, the medium-
and small-scale angular structure could be an effect of nondiffusive propagation of cosmic 
rays in perturbed magnetic fields. A possible explanation for the observed small-scale 
anisotropy at the TeV energy scale may be the effect of particle propagation in the heliosphere. 
Charged particles that the Sun continuously emits envelop our planet and its neighbours. This 
creates the heliosphere, a massive bubble that surrounds the Sun and deforms the interstellar 
medium’s magnetic field.  
 
In this project, we will explore the possibility that the heliosphere will affect the cosmic ray 
energy and arrival distributions. The project consists of generating backtracked anti-proton 
trajectories from the Sun through a magnetohydrodynamic-kinetic heliospheric model within 
an energy range from 100 GeV to 100 TeV to cover the domain of interest. Then use the time-
inverted trajectories to study how the heliospheric magnetic field deforms their distribution. 
 
This project is part of my ongoing collaboration with IceCube colleagues at the University of 
Wisconsin-Madison and the University of Alabama in Huntsville in the United States.  
 

 
Background 
 
Cosmic rays are particles that are accelerated to the highest energies found in the Universe. 
The study of cosmic rays is fundamental to understanding various environments at a wide 
range of scales. These scales could extend from the heliosphere’s size to the interstellar 
medium and even Mpc dimensions in clusters of galaxies. Cosmic rays are also involved in 
crucial processes, such as the death of stars, energy injection into the Galaxy, or turbulence.  
 
Galactic cosmic rays display anisotropy in their arrival direction. This anisotropy has a relative 
intensity on the order of 10−3. It also has a rich angular structure, with high multipole moments 
bearing power. The origin of the cosmic ray anisotropy observed over a wide range of energies 
is still largely unknown (see Figure 1). Nonetheless, it is most likely the result of a confluence 
of factors. Among these components, we have the spatial distribution of cosmic ray sources 
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in the Galaxy and the complicated morphology and features of the magnetic fields through 
which particles propagate.  
 
In a 3𝜇𝜇G magnetic field, cosmic rays with rigidity of 10 TV have a gyro-radius of about 700 
AU, which is comparable to the heliosphere's transverse diameter (i.e., perpendicular to the 
long axis. See figure 2). Therefore, it is reasonable to assume that the heliospheric influence 
is significant at lower energies (rigidity 1-10 TV) and that the interstellar influence becomes 
increasingly crucial above 10 TV. The heliosphere influences cosmic rays up to about 100 
TeV. Their direction and energy distributions are modified by trapping processes due to the 
draped local interstellar medium magnetic field and solar cycles. Accordingly, heliospheric 
effects must be considered to comprehend fully how the propagation of cosmic rays affects 
the arrival direction distribution. 
 

 
Figure 1.: Left Panel: Overview of the cosmic ray spectrum. (J. Beatty & S. Westerhoff (2009). Right Panel: All-Sky anisotropy map of 
cosmic rays at 10 TeV. (Abeysekara et al. 2019). Small-scale map. Data by the High-Altitude Water Cherenkov and IceCube observatories. 
In this figure, the relative intensity of cosmic rays is plotted as a function of the arrival direction at Earth. The red colour indicates that 
the relative intensity is higher than the all-sky mean intensity. On the other hand, the blue colour denotes a lower relative intensity; 
therefore, fewer cosmic rays coming from those directions. The residual map on the right shows the complex structure obscured in the 
overall map. 

Project details: 
 
In this project, you will generate cosmic-ray trajectories in a magnetohydrodynamic-kinetic 
model of the heliosphere.  
 
The heliosphere is the cavity in the interstellar medium created by the particles that the Sun 
emits (see Figure 2). These CR trajectories are used to study how the cosmic rays' arrival 
direction and energy distribution are perturbed when they stream along the magnetic fields 
and features of the heliosphere. The project consists in generating backtracked anti-proton 
trajectories from the Sun through the heliospheric model within an energy range from about 
100 GeV to 100 TeV to cover the energy range of interest fully. Then use the time-inverted 
trajectories to study how the heliospheric's magnetic field deforms their distribution. We will 
use a weighting scheme for the input pitch angle distribution in the ISM. We must be careful 
with the boundary conditions and study the stability of the cosmic ray distribution as a function 
of the interstellar medium distribution. You will learn to use Python, specifically healpy, to 
create anisotropy arrival maps. The propagation code is in C++, which you will also use for 
this project.  
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Figure 2:. Left Panel: Artist's concept of our Heliosphere as it travels through our galaxy with the major features labelled. Right Panel: 
Heliospheric system. An excellent example of a coherent structure that can trap particles and affect their incoming directions as they 
approach the Earth.  

Skills required: 
 
The project will be computationally oriented; knowledge in Python and C++ is highly desirable. 
Support will be provided in this area. Familiarity with the UNIX environment will also be helpful. 
In addition, you will have the opportunity to participate in the activities of the High Energy 
Astrophysics group at the IoA, and my collaboration with Paolo Desiati and Juan Carlos Diáz 
Vélez in the United States. 
 

 
Useful references: (List of important papers/review articles relevant to the project) 

1. Lopez-Barquero, V. & Desiati, P. 2019, 36th International Cosmic Ray Conference 
(ICRC2019), 36, 1109 

2. López-Barquero, V., Xu, S., Desiati, P., et al. 2017, ApJ, 842, 54. 
3. López-Barquero, V. and Desiati, P., 2021. Anisotropy of Cosmic Rays and Chaotic 

Trajectories in the Heliosphere. 
 

General references: (List of papers referred to in the project description) 
1. Aartsen, M. et al. 2013b, Astrophys. J. 765, 55 
2. Abeysekara, A. U., Alfaro, R., Alvarez, C., et al. 2019, ApJ, 871,96. 
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Project 42: What planets can hide in apparently smooth 
protoplanetary discs?  
Supervisor I: Cathie Clarke (cclarke@ast.cam.ac.uk) 
Supervisor II: Alvaro Ribas (airbas.astro@gmail.com) 
UTO: Cathie Clarke (cclarke@ast.cam.ac.uk) 

 
Project summary: 
 
Exoplanet searches suggest that low mass (~ Neptune mass) planets are abundant close to 
their host stars but their incidence at larger orbital radii is unconstrained. An opportunity to 
detect such planets at larger radii and at an earlier evolutionary phase is provided by the high 
resolution capabilities of ALMA (the Atacama Large Millimetre Array) to image dust emission 
from protoplanetary discs.  Even relatively low mass planets are predicted to generate spiral 
structure in discs, which could be potentially observable; nevertheless such spiral structures 
are relatively rarely seen and, where they are seen, are more readily attributable to more 
massive planets or other causes.  This project will involve creating simulated ALMA 
observations of discs containing planets of various masses at various locations in order to 
understand what planets can be hiding in the disc without generating detectable structure. 
These simulated observations will be compared with observations of a small sample of smooth 
discs in the Taurus star forming region.  
 

 
Project description: 

This is a project to determine what are the properties of planets that may be hiding in 
protoplanetary discs without generating observable spiral structures in the observed dust 
emission. In order to achieve this goal it is necessary to create a model for the predicted 
brightness distribution of a disc containing a low mass planet and to `observe’ this model disc 
as though it had been imaged with ALMA. By comparing the `observed model’ with the ALMA 
observations it will be possible to determine what kinds of planets could be concealed 

within a small sample of protoplanetary discs. Since ALMA is an interferometer, the 
measurements consist of a set of visibilities (amplitudes of signals combined across a variety 
of telescope baselines) and the comparison between models and observations will be 
conducted in the visibility domain.  

Background: 

Planets can sculpt protoplanetary discs in a number of ways that are potentially observable. 
Higher mass planets can create deep gaps in the disc emission and this is a popular 
explanation for the spectacular ringed structures seen in ALMA images of a number of 
protoplanetary discs (Andrews et al 2018). Lower mass planets instead create spiral structures 
(Bae & Zhu 2018), though such spirals may be harder to trace in discs that contain deep 
annular gaps. Speedie et al 2022 have quantified how the generation of spiral structure in the 
disc dust emission depends on the mass and location of the planet and on the 
thermodynamical properties (cooling time) of the disc gas, since the dust is coupled by drag 
forces to the dominant, gaseous, mass component in the disc. This study was not however 
able to identify examples of spirals driven by low mass planets in the sources examined, 
though it is arguable that this exercise was hampered by the high amplitude gaps and dust 
rings in the sample used. The approach in the current project is complementary in that a new 
sample will be used, selected to consist of discs with relatively smooth brightness profiles 
where spiral structure, if present, would be relatively easy to identify. Previous analysis of this 
sample (Jennings et al 2022) however demonstrates that these smooth sources do not contain 
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discernible spiral structure either. Such sources therefore provide the perfect testbed for 
placing limits on the masses and locations of any planets in the discs.  

Project details:  

The first task will be to select a small number of relatively smooth discs from the sample 

of Jennings et al (2022), where the azimuthally averaged brightness profiles have already 
been constructed using the frankenstein (`frank’) interferometric modelling tool (Jennings et al 
2020). The student will use the frank derived profiles as the axisymmetric brightness profile 
on which the effect of spirals of different amplitudes (corresponding to different choices of 
planet mass and location are superposed). This model disc (axisymmetric + planet induced 
spiral) is then `observed’ in the precise way that the real disc was observed by ALMA for that 
particular observation, meaning that the amplitude of visibilities on a variety of telescope 
baselines are computed. This model set of visibilities can then be compared with the visibilities 
obtained in the real ALMA observation. The task will be to measure the choices of input 
parameters that produce model visibilities that cannot be distinguished from the observed 
visibilities (given the signal to noise of the observations) and to work backwards from this to 
determine the properties of planets that may be lurking in the disc. 

 
Figure 1.: Simulated planet induced spirals in discs (Speedie et al 2022), illustrating how the prominence of spiral structure depends on 
the arrangement of gaps and rings in the dust emission. The images have been produced by `observing’ the flux distributions produced 
by the model with ALMA for a specified signal to noise and baseline configuration.  

Skills required: 

The project will require programming in Python. 
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Useful references: (List of important papers/review articles relevant to the project) 

4. Bae & Zhu 2018, Ap J 859,118  
5. Speedie et al 2022, ApJ 930,40 

General references: (List of papers referred to in the project description) 

1. Andrews, S. et al. 2018 ApJ 865,157 
2. Jennings et 2020 MNRAS495,3209 
3. Jennings et al 2022 MNRAS 509,2780 
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