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Introduction
This booklet contains descriptions of the individual research projects available in the academic
year 2021/2022. Each entry contains a brief outline of the background to the project along with
a summary of the type of work involved and several references where more information can
be obtained. The booklet will be made available to students at around the start of September.
This will give students about a month to read through the booklet before the start of term on
5th October. In addition to the booklet, many supervisors will provide a short video describing
their project and will provide an opportunity to participate in a group zoom meeting at which
students can ask the supervisor questions.
The student-project ratio is close to unity. As a consequence, students cannot expect to be
allocated their first, second or even third preference. In the past, students’ top preferences
have been strongly clustered around a subset of the projects and it is then impossible to satisfy
top preferences across the entire cohort. I will therefore ask that students rank order their top
ten projects. Supervisors will also be invited to express their preference of student, if they so
wish. Student and supervisor preferences will then be fed into a complex computer code which
is designed to maximise overall satisfactions (with high weight assigned to student
satisfaction). We will trawl for student and supervisor preferences at the start of Michaelmas
term and the project allocations will be announced by Monday 11th October.
Please bear the above paragraph in mind when reading the project booklet. Use coarsegrained, rather than fine-grained, criteria for choosing a project. For example: Are you more
interested in theory or experiment? Are you more interested in cosmology, exoplanets, or
some other type of astrophysics? Are you comfortable with numerical work? Any
considerations at a more fine-grained level are likely to be impossible to satisfy given that the
student-project ratio is so close to unity.
If students have any questions, please send me an email.
Finally, I would like to thank the staff, fellows and postdocs who have contributed so
enthusiastically to this booklet. Over the next nine months I expect the new intake of Part III
/MASt students to experience the joys (and sometimes pains) of doing original research and
to make many new discoveries.

George Efstathiou, Part III/MASt Astrophysics Course Coordinator, Michaelmas term 2021
Email: gpe@ast.cam.ac.uk
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Project 1. Investigating the impact of centring on the masses of
galaxy clustering with galaxy weak lensing

Supervisor I: Naomi Robertson (ncr@ast.cam.ac.uk)
Supervisor II: Anthony Challinor
UTO: Anthony Challinor (a.d.challinor@ast.cam.ac.uk)

Project summary:
Galaxy clusters have been identified as a powerful cosmological probe; this requires an
estimate of the number of clusters as a function of mass and redshift and it is therefore
essential that the cluster mass can be accurately obtained. This can be done using galaxy
weak lensing which is sensitive to both baryonic and dark matter components. The masses of
clusters inferred from weak lensing can be biased low if the cluster centre is not correctly
identified. This project aims to assess the impact of mis-centring on mass estimates of clusters
using data from the Atacama Cosmology Telescope (ACT) and the Kilo Degree Survey (KiDS).

Project description:
In this project you will investigate the impact of cluster mis-centring on mass estimates from
gravitational lensing, using the cluster sample from ACT (Hilton et al. 2020) with galaxy lensing
data from KiDS (Kuijken et al. 2020). This can be done by measuring the cluster weak lensing
signal around several different candidate centres to determine which is the best tracer of the
centre of mass. Candidate centres can be identified using the KiDS galaxy data to locate
cluster members. Once the cluster members have been obtained the mis-centring distribution
and fraction of clusters affected can also be estimated. It will also be interesting to see how
these conclusions change with cluster redshift and mass.
Background:
Galaxy clusters pinpoint the positions of peaks in the large-scale cosmic web. They consist of
hundreds to thousands of galaxies, a diffuse ionised intra-cluster medium (ICM) and dark
matter – which correspond to 3%, 13% and 85% of the total mass respectively (see Allen et
al. 2011 for a galaxy clusters review). As a result, their properties – including number density,
masses, baryon content and evolution – contain information about the growth of structure in
the Universe and can constrain quantities such as the amplitude of matter fluctuations, the
matter density, the sum of neutrino masses and the dark energy equation of state.
Clusters can be observed in the X-ray, optical, infrared and millimetre regimes. At millimeter
wavelengths clusters can be identified from the thermal Sunyaev-Zeldovich effect (SZ), where
CMB photons are inverse Compton scattered off electrons in the hot cluster gas. In this case,
the mass observable is the volume integrated intra-cluster medium (ICM) pressure, measured
with the Compton–y parameter. The low dependence of the SZ effect on redshift allows
clusters to be detected at larger distances than with other observations.
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For any cluster detection method, the ability to use clusters for cosmology is currently limited
by the uncertainty in the mass-observable scaling relations, which need to be calibrated. Weak
gravitational lensing provides a tool for this, as it is sensitive to the entire mass of the cluster,
both dark and baryonic, and does not depend on its dynamical state. The lensing signal is
obtained by measuring the average tangential shear of background galaxies in annuli around
the clusters which provides a measure of the excess surface density.
It is expected that the brightest cluster galaxy (BCG) will be at the centre of a given cluster,
however this is not always the case; cluster halos are not perfectly spherical and also contain
substructure and irregularities resulting from their own specific mass assembly histories. The
BCG offset causes a change in the measured excess surface density (ESD) profile, which we
extract from galaxy weak lensing data, leading to a lower estimate of the mass (as shown
below; Fig 2. George et al. 2012). We therefore need to assess the impact of mis-centring and
if significant include this when modelling the ESD profile.

Figure 1: Schematic illustration of stacked lensing around different candidate centers. On the left two clusters with two
different centre candidates - blue triangle vs. purple diamond - are shown. Their shear maps are then shown stacked
around each centre in the middle. Averaging the lensing signal in annuli to compute the ESD (∆Σ) is shown on the right,
from which we can model the signal to infer the mass. A lower amplitude corresponds to a lower mass. From George et
al. 2012.

Project details:
This project will use a sub-sample of galaxy clusters from the ACT cluster catalogue which are
located within the KiDS footprint. The first stage will require using the KiDS galaxy catalogue
to identify cluster members. Once the cluster members have been identified, the BCG and
Most Massive Cluster Galaxy (MMCG) can then be selected for each cluster. Alternative
cluster centres will also be considered by computing the centroid of the member galaxies,
weighted by stellar mass and by flux.
The next step will then be to measure a stacked cluster-galaxy lensing signal around the five
different cluster centre candidates and fit a simple NFW model to obtain the average cluster
mass and see how this depends on the choice of centre. This can then be extended to
investigate if conclusions are changed by cluster mass and/or redshift. This stage will require
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writing code to measure the cluster lensing signal and fit an NFW profile to the data to obtain
the cluster mass.
If time permits the mis-centring distribution can be computed following van Uitert et al. 2018
which can then be used to improve the modelling of the cluster lensing signal to infer a more
accurate estimate of the cluster mass.

Skills required:
Skills: Programming in python. You will be required to use python libraries and interface with
public code.

Useful references: (List of important papers/review articles relevant to the project)
1.
2.
3.
4.
5.

George et al. 2012 (https://arxiv.org/pdf/1205.4262.pdf)
Johnston et al. 2007 (https://arxiv.org/pdf/0709.1159.pdf)
Zhang et al. 2019 (https://arxiv.org/pdf/1901.07119.pdf)
Ford & VanderPlas 2016 (https://arxiv.org/pdf/1605.05700.pdf)
van Uitert et al. 2018 (https://arxiv.org/pdf/1506.03817.pdf)

General references: (List papers referred to in the project description)
1. Hoekstra et al. 2013 (https://arxiv.org/pdf/1303.3274.pdf)
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Project 2. The Effect of Duplicity on Variable Stars in Clusters

Supervisor I: Christopher Tout (H61, cat@ast.cam.ac.uk)
Supervisor II:
UTO: Christopher Tout

Project summary:
Cepheid variable stars are core-helium stars that cross an instability strip during a bluward
excursion in the Hertzsprung-Russell diagram. To reach this stage of evolution most were
formerly red giants. So a star that would become a Cepheid if single does not make it in a
close binary in which Roche lobe overflow truncates the evolution. This project investigates
models of stellar populations to determine whether the variable star populations of star
clusters can reveal information about the initial distribution of binary star properties.

Project description:
Background:
Classical Cepheid variables (Leavitt 1908) and their low-metallicity counterparts, the RR
Lyrae Stars (Shapley 1916), are evolved core-helium burning stars that make a blueward
excursion in the Hertzsprung--Russell diagram crossing the Cepheid instability strip where
helium ionization drives strong pulsation by an opacity driven kappa-mechanism. In order
to reach the core-helium burning phase a star must first evolve as a red giant during which
phase of evolution it becomes much larger. Now if the star has a close enough binary
companion it may fill its Roche lobe during its red giant evolution. The result would be either
a common envelope phase of evolution or a slow stable mass transfer as an Algol system.
In either case the star can lose all or enough of its envelope to not go on to become a
Cepheid-like pulsator. To complicate matters, in old globular clusters (such as M2 in Fig.
1) binary interaction is probably necessary for core helium burning stars to become blue
enough to reach the instability strip. Thus, by looking at the number of such variable stars
in clusters we can hope to gain information on the initial distribution of binary stars within
the cluster.
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Project details:
The central part of the project is to adapt population synthesis codes to identify pulsating
variable stars. A population synthesis algorithm takes as input initial parameters of a star
or binary system, masses, separation and metallicities and calculates the evolution over
time. Calling the algorithm for a large population of stars with various initial parameters
maps out what might be observed in practice. The student will use the stellar population
synthesis codes SSE (Hurley, Pols and Tout, 2000) to model populations of single stars and
BSE (Hurley, Tout and Pols 2001) to model various binary populations. Estimate the
number of pulsating variables in both open and globular clusters. Determine how different
initial populations of binary stars affect the number of variable stars expected in a particular
cluster based on stellar evolution effects alone, ignoring dynamical interactions.

Figure 1. The Galactic globular cluster M2 in an HST blue filter (Piotto et al. 2015).
Concurrently perform a literature search for observed numbers of variable stars in various
clusters. Compare the two.
If time permits, the ideas could be extended to other kinds of variable star or to model some
of the effects of dynamical interaction within the cluster environment. Alternatively
experiments with differing mass-loss rates during mass transfer could be made.
Skills required:
This project requires manipulation of FORTAN 77 code. This should be easy for anyone
with basic programming skills. FORTRAN Is a powerful compiled high-level language.
Alternatively the FORTRAN code can be embedded in a Python script that can be used to
both call the population synthesis algorithm and analyse its output though this is likely to be
less efficient.

Useful references: (List of important papers/review articles relevant to the project)
1. Comprehensive analytic formulae for stellar evolution as a function of mass and
metallicity, Hurley J. R., Pols O. R., Tout C. A., MNRAS, 2000, 315, 569

9

2. Evolution of binary stars and the effect of tides on binary populations, Hurley J. R.,
Tout C. A., Pols O. R., MNRAS, 2002, 329, 928
General references: (List papers referred to in the project description)
1. 1777 variables in the Magellanic Clouds, Leavitt H. S., 1908, AnHar, 60, 87
2. On the changes in the spectrum, period, and lightcurve of the Cepheid variable RR
Lyrae., Shapley H., 1916, ApJ, 43, 233
3. The Hubble Space Telescope UV Legacy Survey of Galactic Globular Clusters. I.
Overview of the Project and Detection of Multiple Stellar Populations, Piotto G.,
Milone A. P., Bedin L.R. et al., 2015, AJ, 149, 91
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Project 3. The vertical structure of gas in exoKuiper belts

Supervisor I: Sebastian Marino (sm2132@ast.cam.ac.uk)
Supervisor II: Mark Wyatt
UTO: Mark Wyatt (wyatt@ast.cam.ac.uk)

Project summary:
The discovery of circumstellar gas in systems with massive exoKuiper belts has triggered a
series of studies to explain its presence, evolution and implications for planets. These studies
have shown that this gas is likely released from icy planetesimals orbiting the star in
exoKuiperbelts, and have modelled its radial evolution, successfully explaining many
observables. However, no study so far has looked in detail at the vertical structure and
evolution of this gas due to vertical diffusion, and if the assumptions employed by previous
studies hold true. The vertical structure of the gas and how its composition may vary as a
function of height strongly determines the evolution of CO gas, which is the main gas tracer
we have. The aim of this project is to study the vertical structure and evolution of the gas using
a new python software developed by the supervisor Sebastian Marino. By running simulations
with different parameters, the student will determine when vertical diffusion becomes
important and what values are consistent with observations. Finally, if time allows the student
will simulate ALMA observations of different scenarios that future observations could use as
reference.

Project description:
The aim of this project is to study in detail the vertical evolution of gas in debris discs using a
newly developed code that follows the evolution of the gas subject to photodissociation,
turbulent diffusion, ionization and viscous evolution. The vertical structure of the gas
determines how effectively carbon atoms can shield CO molecules from UV radiation, and
thus extend its lifetime. Therefore understanding it is crucial to be able to estimate the lifetime
of CO gas observed in debris disc and its evolution.
The project goals are:
-

determine how the efficiency of shielding depends on the strength of vertical diffusion
through a series of simulations with different parameters.
Evolve a series of synthetic populations of systems with different physical parameters
and see which set of parameters leads to the best match with observations.
(if time allows) produce synthetic images of CO and carbon gas lines for different
scenarios, which future observations could use as comparison with models.

Background:
Over the last few years it has become clear that solids in debris discs at tens of au (exoKuiper
belts) are rich in volatiles, and that those volatiles could play an important role for extrasolar
planets. It has been known for decades that within these belts collisions between km-sized
bodies/plantesimals produce high levels of dust which is readily detectable in the infrared,
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giving rise to debris discs. However, only very recently we have learnt that those collisions
also release gas species, such as carbon monoxide (CO) that were likely trapped inside
planetesimals, allowing us to probe the composition of extrasolar planetesimals or exocomets.
Once released into space, CO molecules are exposed to interstellar UV radiation that breaks
them (photodissociation) producing atomic carbon and oxygen gas in a timescale of only
100yr. This was problematic since some systems contain large amounts of CO gas that is
inconsistent with this short photodissociation timescale. For a long time, it was interpreted that
the gas must be then a leftover of a protoplanetary disk whose abundant and invisible H2 gas
can shield CO molecules.
More recently, it was realised that If enough carbon accumulates, carbon atoms can then
absorb the same UV photons that destroy CO molecules and thus shield CO. This extends
the lifetime of CO anc could explain all observations of gas in exoKuiper belts (Kral+2019,
Marino+2020, see figure 1a). However, how the efficiency of carbon at shielding the CO is
strongly dependent on its vertical evolution and so far no one has modelled this.
As UV photons penetrate the disc vertically, it is the CO molecules in the upper layers that are
destroyed first producing a layer of carbon (figure 1b). This layer is then very effective at
shielding the CO underneath. However, if carbon atoms diffuse fast due to turbulence they
become well mixed with CO and they are inefficient at shielding CO. This important effect of
vertical diffusion has not been studied before and is the subject of this part III project.

Figure 1 a) Radial evolution of gas. As CO is released at 100au (left), it photodissociates creating carbon that accumulates
and viscously spreads (right). Once carbon reaches a critical density (dashed line), it shields CO from UV photons and CO
can live longer and accumulate and spread. b) Vertical evolution of CO and carbon shoring the evolution of the gas density
of CO (left) and Carbon (right) as a function of height above the disc midplane. Since the UV radiation enters vertically, CO
photodissociation and thus carbon production occurs in the upper layers leading to a carbon vertical distribution that is
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very different from CO’s. c) Same as b) but now Carbon can diffuse vertically leading to similar vertical distributions
between CO and Carbon.

Project details:
The supervisor Sebastian Marino has developed a python code to model the vertical evolution
of gas. The student will use this code to run simulations and edit it if bugs are found or if new
elements need to be included.
For the second goal the student will simulate a population of systems that can be compared
with the population of observed systems. For this, the student will run thousands of simulations
using a cluster of CPU’s at the IoA, which can be accessed remotely through the terminal. The
student will need to decide what information to save from each simulation (e.g. final CO gas
mass, density, etc), to then analyse the distribution of these and compare it with observations.
Then, by varying some parameters the student will determine what set of parameters (e.g. the
diffusivity) best explains the distribution of observed CO gas. This is analogous to the work
done in Marino+2020, but that work focused on radial evolution neglecting the vertical
evolution. The aim here is to model the vertical evolution using some simple assumptions
about the radial evolution.
Finally, if time allows, the final goal will be to use their results coupled with a well-known
radiative transfer code (RADMC3D) to produce simulated observations of a case in which
carbon is well mixed, and one where carbon is in an upper layer. Future observations could
use these predictions to determine if one of the two scenarios can be ruled out.

Skills required:
Skills: programming in Python

Useful references:
1. Kral+2019 (how carbon shields CO) https://arxiv.org/abs/1811.08439
2. Marino+2020 (how carbon shields CO and population synthesis)
https://arxiv.org/abs/2001.10543
General references:
1. Hughes+2018 (review of debris discs) https://arxiv.org/abs/1802.04313
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Project 4. Deprojecting the emission of edge-on exoKuiper belts
Supervisor I: Sebastian Marino (sm2132@ast.cam.ac.uk)
Supervisor II: Mark Wyatt
UTO: Mark Wyatt (wyatt@ast.cam.ac.uk)

Project summary:
The aim of this project is to test and apply a new deprojection method to ALMA observations
of edge-on exoKuiper belts. This method has been recently developed and the student will
test it using simulated observations, and then apply it to a few ALMA observations of
exoKuiper belts to deproject their emission. By doing so, the student will determine the radial
profile and vertical thickness of the belts. Based on these derived quantities, the student will
establish if there is evidence for the presence of planets shaping the radial distribution of dust
(e.g. carving gaps around their orbits) or exciting the inclinations of solids in the belt resulting
in a vertically thicker disc.

Project description:
The student will use a python package called Frankenstein created by IoA PhD student Jeff
Jennings to retrieve the radial profile and vertical height of a small sample of exoKuiper belts
observed with ALMA. The student will first test the method using simulated ALMA observations
where we know the deprojected emission and determine how well it performs. The student will
then apply it to real ALMA data of a few exoKuiper belts and determine their radial profile and
height. These results will be used to constrain the dynamical presence of planets. Finally, the
student will compare their results and performance with the results from an alternative method
created by PhD student Yinuo Han.
Background:
Extrasolar Kuiper belts (exoKuiper belts) are a frequent dusty component of planetary systems
that lie at tens of au (Hughes+2018). Mutual collisions between km-sized bodies in these belts
trigger a collisional cascade that continuously produces dust, which is blown out by radiation
pressure once it becomes very small due to collisions. Since the collisionally generated dust
acts as trace particles, by observing it we can access unique information about the dynamics
and architecture of planetary systems at distances where other methods lack the sensitivity to
detect the presence of planets. ALMA observations, in particular, have demonstrated to be
uniquely suited for measuring how dust is distributed in exoKuiper belts and have allowed us
to learn about the dynamics at tens of au in nearby planetary systems. However, while most
systems have low inclinations (i.e. seen face-on from Earth) and thus the surface brightness
we see directly traces the distribution of dust as a function of radius, some of the best studied
belts are viewed edge-on from Earth and thus their surface brightness distribution is more
complex. Edge-on discs look like a cylinder in the sky, whose surface brightness at each point
along its spine is a combination of emission arising from different real radii. This makes the
derivation of true radial profiles (i.e. deprojection) not trivial. So far, the most common
approach to deproject the emission is to fit parametric models to the data, but these usually
come with strong assumptions about the underlying shape of the density distribution (see
Figure 1). Edge-on discs are especially interesting to study as well since they allow us to
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measure their vertical thickness, and thus determine the dispersion of inclinations of their
orbits (e.g. Matra+2019, Daley+2019). This inclination dispersion can be linked with the
presence of planets and dynamical history of the system, which for face-on discs is
inaccessible. The aim of this project is to employ a new non-parametric approach implemented
into the python package Frankenstein (Jennings+2020) to deproject the dust emission
detected by ALMA in a few edge-on discs and determine their heights.

Figure 1 a) ALMA image of AU Mic that has a exoKuiper belt seen edge-on from Earth (Daley+2019). This image was
reconstructed based on the observed visibilities. b) Preliminary deprojected emission using the python package
Frankenstein as proposed for this part III project. c) Deprojected surface density based on a parametric model and forward
modelling.

Project details:
The supervisor Sebastian Marino has devised a way in which the existing package
Frankenstein can be used to deproject the emission of dust. Frankenstein's original goal was
to derive radial profiles based on observed ALMA data which are visibilities. These visibilities
are the fourier transform of a true sky image evaluated at different spatial frequencies or
baselines. ALMA data are thus long tables of these visibilities, which through conventional
algorithms can be transformed into images. This process is usually called deconvolution.
Frank is able to skip the image reconstruction part and produce radial profiles directly from the
observed visibilities via a non-parametric deconvolution method. Because the deconvolution
problem is analogous to the deprojection problem, frank could be used to deproject the
emission of dust in edge-on exoKuiper belts directly from their visibilities.
The student will take this insight and apply Frank to a series of simulated data to test the
performance of Frank under different circumstances. Then, the student will apply Frank to the
ALMA data of a handful of edge-on discs to derive their radial profiles non-parametrically for
the first time. An updated version of frank will allow as well to constrain the vertical thickness
of the emission as well. The student will use the radial and vertical information to constrain the
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presence of planets through simple analytical formulas and comparison with existing
numerical simulations.
Finally, the student will compare their results with the results obtained from an alternative
method developed by PhD student Yinuo Han that works in the image space, and determine
in which conditions the method that uses frank performs better than the image method.

Skills required:
Skills: programming in Python

Useful references: (List of important papers/review articles relevant to the project)
1. Jennings+2020 (Frankenstein) https://arxiv.org/abs/2005.07709
2. Daley+2019 (AU Mic original observations) https://arxiv.org/abs/1904.00027
General references: (List papers referred to in the project description)
1. Hughes+2018 (review of debris discs) https://arxiv.org/abs/1802.04313
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Project 5. It’s all in the dust: tracing the arrival of planetary material
onto white dwarfs
Supervisor I: Amy Bonsor (abonsor@ast.cam.ac.uk)
Supervisor II: Sebastian Marino, Marc Brouwers (sm2132@ast.cam.ac.uk,
mgb52@ast.cam.ac.uk)
UTO: Mark Wyatt (wyatt@ast.cam.ac.uk)

Project summary:
Many white dwarfs show evidence of planetary material in their atmospheres. The accretion
of dusty planetary material is traced in the infrared. This project aims to provide crucial insights
into the structure of the accreting material, telling us how planetary material arrives into white
dwarf atmospheres.

Project description:
This project will determine which structures in the dust are consistent with infrared
observations of dusty white dwarfs. Radiative transfer models will probe the optical depth of
the dust and shed light on how planetary material arrives into white dwarf atmospheres.
Background:
Exoplanets are common around nearby stars. Most planet-host stars will end their lives as
white dwarfs. Yet it is very difficult to probe the planetary system around the white dwarf.
Whilst most exoplanets are found close to their host stars, on short period orbits that are
accessible to detections with radial velocity or transits, any inner planets around a white dwarf
would have been engulfed during the giant branch. The recent detection of WD 1856+534, a
gas giant on a 1.4 day period orbit (Vanderburg et al, 2021), raises important questions
regarding its origin.
Outer planetary systems should survive the star’s evolution and orbit white dwarfs. Comets or
asteroids from these outer planetary systems can be scattered by planets. If they are scattered
onto star-grazing orbits, the strong tidal forces of the white dwarf rip the asteroids to pieces.
Highly eccentric tidal streams are formed from which dusty material accretes onto the star.
The dusty material can be observed in the infrared, whilst the planetary material that is
accreted by the white dwarf is visible in its spectra.
White dwarfs have very strong gravity and thin (~50-100km thick) atmospheres. Anything
heavier than H/He should sink out of sight on a timescale that can be estimated theoretically.
These timescales range from days to millions of years, depending on the white dwarf age.
Thus, dusty material from a disrupted asteroid is visible in the white dwarf spectra, providing
abundances of key species such as Ca, Mg and Fe. This is a unique way to probe the
composition of exoplanetary material.
Only 1-5% (Farihi et al, 2016) of white dwarfs show emission in the infrared over and above
that expected from the stellar photosphere, whilst 30-50% of white dwarfs show evidence of
metals in their atmosphere (Koester et al, 2014, Zuckerman et al, 2010). If the infrared
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emission traces the accretion of the observed metals, it is crucial to understand how dusty
material gets onto the star without being seen (Bonsor et al, 2017).
The optical depth of the dusty material is unknown. Whilst many models suggest that the dust
is so dense, it becomes optically thick close to the star, the presence of optically thin dust is
required to explain both silicate emission features (Jura et al, 2007) and variability seen in
many dusty systems (Farihi et al, 2018, Xu et al, 2018).
The distribution of the dust is unclear, with highly eccentric asteroid streams suggested as the
origin of white dwarf pollution (e.g. Veras et al, 2014), whilst dust and planetesimals on ~4
hour orbits close to the white dwarf WD 1145 are seen in transit (Vanderburg et al, 2014).

Figure 1 The spectral energy distribution of the dusty white dwarf, G29-38 (Reach et al, 2005 ) showing emission from the
white dwarf and dust.

Project details:
The project will:
● Compile a set of infrared observations of dusty white dwarfs
● Model the emission from dust accreting onto the white dwarf using a radiative transfer
code
● Compare the model to the observations to find the most likely structure of the accreting
material
● Determine which models to explain the accretion of planetary material are consistent
with the infrared observations
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Skills required:
Skills: Basic python and knowledge of linux would be an asset, but this can be learnt quickly.

Useful references: (List of important papers/review articles relevant to the project)
1. Brouwers, M., Bonsor, A., and Malamud, U., 2021, “A three-stage model for white
dwarf pollution: Tidal disruption, grind-down and rapid dust accretion”, MNRAS,
submitted (https://people.ast.cam.ac.uk/~abonsor/brouwers1.pdf)
2. Chen, C.H., Su, K.Y.L. & Xu, S., 2020, Spitzer’s debris disk legacy from mainsequence
stars
to
white
dwarfs.
Nat
Astron
4,
328–338.
https://doi.org/10.1038/s41550-020-1067-6 (A nice review of what has been learnt
from Spizter about dust around main-sequence stars and white dwarfs).
3. Lai et al, 2021, “Infrared Excesses around Bright White Dwarfs from Gaia and unWISE.
II”, ApJ, in press, https://ui.adsabs.harvard.edu/abs/2021arXiv210701221L
4. Reach,W. T., C. Lisse, T. von Hippel, and F. Mullally, 2009, “The Dust Cloud around
the White Dwarf G 29-38. II. Spectrum from 5 to 40 μm and Mid-Infrared Photometric
Variability,” , vol. 693, pp. 697–712, doi: 10.1088/0004-637X/693/1/697.
5. Reach, W. T. et al., 2005, “The Dust Cloud around the White Dwarf G29-38,” , vol. 635,
pp. L161–L164, doi: 10.1086/499561.
6. Farihi, J. 2016 “Circumstellar debris and pollution at white dwarf stars,” , vol. 71, pp.
9–34,, doi: 10.1016/j.newar.2016.03.001. (This is slightly out of date, but reviews
observations of dust and gas around white dwarfs. Most variability studies have
happened since this review).
General references: (List papers referred to in the project description)
1. Jura, M., Farihi, J. and Zuckerman, B., 2007, “Externally Polluted White Dwarfs with
Dust Disks,” , vol. 663, pp. 1285–1290, doi: 10.1086/518767.
2. Vanderburg, A., Rappaport, S.A., Xu, S. et al. 2020, “A giant planet candidate transiting
a white dwarf”. Nature 585, 363–367
3. Farihi, J. et al. 2018, “Dust production and depletion in evolved planetary systems”,
vol. 481, no. 2, Art. no. 2, doi: 10.1093/mnras/sty2331.
4. S. Xu et al., 2018, “Infrared Variability of Two Dusty White Dwarfs” , vol. 866, no. 2,
Art. no. 2, doi: 10.3847/1538-4357/aadcfe.
5. Veras,D., Z. M. Leinhardt, A. Bonsor, and B. T. Gänsicke, 2014, “Formation of
planetary debris discs around white dwarfs - I. Tidal disruption of an extremely
eccentric asteroid,” , vol. 445, pp. 2244–2255, doi: 10.1093/mnras/stu1871.
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Project 6. Cosmological Investigations with the 30, 44 and 70 GHz
Planck Maps
Supervisor I: Steven Gratton (stg20@cam.ac.uk)
Supervisor II:
UTO: George Efstathiou (gpe@ast.cam.ac.uk)

Project summary:
In this project you will learn about cosmology and modern data analysis through an
investigation of Cosmic Microwave Background (CMB) data gathered by the Low Frequency
Instrument (LFI) of the Planck satellite. Using the “healpy” python module, you will conduct
simulations, visualize sky maps, compute power spectra, deal with foreground contaminants
and perhaps even build your own likelihood and use it to determine cosmological parameters
using Markov Chain Monte Carlo (MCMC) techniques. You will learn about CMB polarization
and investigate the consistency between LFI polarization spectra and those from the High
Frequency Instrument (HFI), extending the work done for temperature by the Planck team.

Project description:
This project will provide an introduction to cosmology, data analysis methods and techniques
and the CMB. The work will revolve around 1) understanding the background, ideas and
concepts involved and 2) implementing an analysis pipeline in python on linux-based systems.
One will also gain some familiarity with existing software tools, and there is scope for
extensions in different directions depending on the student’s interest.
Background:
The Planck satellite was launched in 2009 and observed the microwave sky at multiple
frequencies in temperature and polarization for almost five years. The Planck collaboration
has, through multiple releases, made many data products available to the community, as well
as publishing many science papers based on the analysis of the data. By comparing the data
to expectations of different models, the Planck team has found that the simple “Lambda Cold
Dark Matter” (LCDM) cosmology fits essentially as well as any more complicated extensions
that have been proposed.
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Figure 1 A Plot of the Planck LFI 70 GHz temperature map (ESA)

Figure 2 A Plot of the temperature power spectrum derived from the LFI’s sister instrument, the HFI, compared to
predictions from the best-fitting LCDM model.
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Project details:
The student will make progress towards:
● understanding modern cosmology (the “lambda-cold-dark-matter” model)
● getting to grips with “cosmic variance”
● understanding random fields on the sphere
● getting familiar with the way CMB experiments actually work, with the effects of
telescope beams, instrument noise and so on
● simulating potential CMB temperature observations
● understanding potential foreground contaminants and ways to mitigate their effect
● becoming familiar with the idea of a “likelihood” (an approximation of the probability of
some data given a model), and implementing one for LFI
● understanding Bayesian Inference and using likelihoods with MCMC sampling to
produce posterior probabilities for model parameters
● understanding CMB polarization and extending methods to analyze this in conjunction
with CMB temperature data
● potentially performing a deeper study of polarized foreground emission
● and making a detailed comparison of the LFI polarization spectra to those from the HFI
instrument, along the lines of the work done for temperature in the “Planck 2013 results
- XXXI. Consistency of the Planck data” paper.

Skills required:
An interest in cosmology, developing confidence with the mathematics of spherical harmonics
and matrices, and a desire to learn programming with python.

Useful references: (List of important papers/review articles relevant to the project)
1.
2.
3.
4.

Planck 2018 results - II. Low Frequency Instrument data processing
Planck 2018 results - V. CMB power spectra and likelihoods
Planck 2018 results - VI. Cosmological parameters
Planck 2013 results - XXXI. Consistency of the Planck data
(Nb. the above papers are available from the relevant links given below)
5. A Detailed Description of the CamSpec Likelihood Pipeline and a Reanalysis of the
Planck High Frequency Maps, G. Efstathiou and S. Gratton, 2019,
https://arxiv.org/abs/1910.00483 .
6. The Planck Legacy Archive: https://pla.esac.esa.int/#home
7. The healpy software package: https://healpy.readthedocs.io/en/latest/
General references: (List papers referred to in the project description)
●

●
●

The Planck 2013, 2015 and 2018 results papers, available from:
a. https://www.aanda.org/component/toc/?task=topic&id=366
b. https://www.aanda.org/component/toc/?task=topic&id=460
c. https://www.aanda.org/component/toc/?task=topic&id=956
respectively.
G Efstathiou, Myths and Truths Concerning Estimation of Power Spectra, 2003,
https://arxiv.org/abs/astro-ph/0307515
ET Jaynes, Probability Theory: The Logic of Science, CUP, 2003, available from IoA
library.
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Project 7. Modelling the X-ray Variability of Supermassive Black
Holes
Supervisor I: Michael Parker (mlparker@ast.cam.ac.uk)
Supervisor II: Will Alston (ESA)
UTO: Chris Reynolds (csr12@ast.cam.ac.uk)

Project summary:
Active galactic nuclei (AGN) are supermassive black holes (106-109 solar masses) in the
centers of galaxies, accreting material from their surroundings and radiating huge amounts of
energy in the process. The temperature increases closer to the black hole, so the innermost
regions of the accretion flow shine in X-ray light. Because of their compact nature, these scales
are un-resolvable with telescopes, so much of the behaviour of black holes remains unknown.
However, they are also extremely time-variable, and by tracking this variability we can resolve
structures down to an equivalent angular resolution of nano-arcseconds, far beyond what we
can achieve spatially. In this project we will study the variability of one of the most complex
AGN with a new set of models, uncovering the physics of the inner accretion flow.

Figure 1: X-ray lightcurve in two different energy bands, and the ratio between them, for the AGN IRAS13224-3809, from
Alston et al. (2018). The source is extremely variable, changing by orders of magnitude in flux within a few hours.

Project description:
We will apply the latest models of AGN X-ray variability to X-ray time-series data from the
XMM-Newton satellite. The majority of the work will be data analysis, attempting to describe
the energy-dependent variability, in the form of variance spectra, using models of the variability
produced by different physical processes. At some point it is likely that new models will need
to be calculated, and the student will then compute simulated variability spectra and convert
them into a model that can be tested on the data. This will contribute to our understanding of
the physics in the extreme regime of accretion onto compact objects.
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Background:
Black holes have been known to vary in the X-ray band almost since their discovery. It is a
well known property of astrophysical objects that they cannot vary faster than a signal can
propagate across them, so the more compact an object the faster it can vary. Since black
holes are the most compact objects in the universe, variability is an extremely powerful way
of studying them. With the launch of XMM-Newton and Chandra in 1999 it has been possible
to study this variability as a function of energy for a great many AGN, and has revealed some
particularly extreme examples of AGN variability (Fig. 1).

Figure 2: Left: Variance spectrum of the AGN 1H0707-495. The spectrum shows how variable the emission is as a function
of energy, and the stepped lines show a model fit to the data. Several features are visible: at low energies (below 1 keV)
a broad dip in the variance is present, caused by a less variable emission component. At high energies (8 keV) a spike in
the variability is caused by an absorption line in an ultra-fast outflow with a velocity of 0.15c. Right: Equivalent variance
spectrum of the AGN NGC 4051, from Igo et al. (2020). Multiple complex features are visible.

While there are many tools and techniques that can be used to study such variability, in many
cases it is best to use the simplest possible diagnostics, as this reduces the scope for
introducing errors and makes interpretation easier. Arguably the simplest way to examine
energy-dependent variability is through the excess variance spectrum (Vaughan et al., 2003).
By splitting a dataset into different energy bands, extracting lightcurves for each, and
calculating the excess variance of each of the lightcurves we can build up a spectrum showing
how variable the X-rays coming from the accretion disk are as a function of energy.
Various processes can contribute to the total variability, which can be broadly divided into two
categories. Firstly the accretion flow itself can vary. The X-ray emitting region, known as the
corona, is very compact and changes rapidly in brightness, caused by changes in the accretion
rate, the coronal geometry, and other effects. This emission can be reprocessed off the disk
surface into a reflection spectrum, introducing delays from the light travel time around the
system and further increasing the complexity of the variability. The accretion disk can also
launch powerful outflows, which respond to the illuminating X-ray flux and enhance the
observed variability. Secondly, the environment of the AGN can introduce additional variability
through absorption. As gas clouds cover and uncover the X-ray source, they absorb some of
the X-ray photons at low energies, causing a characteristic variability pattern.
Because multiple processes contribute to the total observed variability, it is important to be
able to distinguish which processes are present in a given source at a given time. This can be
done by modelling the variance spectrum. By simulating the predicted variance spectra for
different processes and different parameter combinations we can then fit the real variance
data, determining which processes are taking place and measuring their properties in the
process. An example is shown in the left panel of Fig. 2, where the variability of an AGN is
modelled with the sum of intrinsic variability and obscuration variability.
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Ultimately, through variability we can access fundamental properties of the black hole like
mass and spin, which can be used to determine how black holes grow over cosmic time, and
study how they contribute to AGN feedback through outflows, controlling the growth of their
host galaxies.
Project details:
So far, we have only modelled a handful of AGN variance spectra in detail, targeted because
of their particularly interesting behaviour. We have now built up a library of models that can
describe most processes, so we are looking to expand to a range of different sources. For this
project, we will study the bright, variable and complex AGN NGC 4051 (e.g. Alston et al.,
2013a,b) in various different epochs and at different variability frequencies. By modelling the
variance spectra at different times, fluxes, and frequencies, we will build a complete picture of
the physics of the accretion flow around the supermassive black hole, and how it impacts its
environment.

Skills required:
Skills: Some python and/or linux experience might be useful, but is not required. As part of the
project the student will develop skills in time series analysis, MCMC, data handling and
presentation etc.
Useful references: (List of important papers/review articles relevant to the project)
1.
2.
3.
4.
5.

Parker, M. L. et al., 2020, MNRAS, 492, 1363
Igo, Z. et al., 2020, MNRAS, 493, 1088
Haerer, L. et al., 2021, MNRAS, 500, 4506
Alston, W. N. et al., 2013a, MNRAS, 429, 75
Alston, W. N. et al., 2013b, MNRAS, 435, 1511

General references: (List papers referred to in the project description)
1. Vaughan, S. et al., 2003, MNRAS, 345,1271
2. Alston, W. N. et al., 2018, MNRAS, 482, 2088
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Project 8. Astrophysical constraints from 21-cm experiments
Supervisor I: Anastasia Fialkov (afialkov@ast.cam.ac.uk)
Supervisor II:
UTO: Anastasia Fialkov (afialkov@ast.cam.ac.uk)

Project summary:
The aim of this project is to constrain properties of first stars and galaxies using the 21-cm line
of neutral hydrogen. We will use available simulations to compute the 21-cm signal as a
function of astrophysical parameters and test which parameters are compatible with currently
available observational limits. Using a Bayesian analysis we will derive constraints on the
astrophysics in the early universe.

Project description:
The student will use existing state-of-the-art simulations of the 21-cm signal (Furlanetto et al.
2006, Mesinger 2019, Barkana 2016) and recent observational data (e.g. from LOFAR,
Mertens et al. 2020; MWA, Trott et al. 2020; and HERA, in prep.) to derive limits on properties
of high-redshift astrophysical processes. The project builds on a newly developed model of
the 21-cm signal in the context of high-redshift radio galaxies (Reis et al. 2020). We use
machine learning methods to speed up the process of signal computation, and Markov Chain
Monte Carlo (MCMC) methods to infer the parameter ranges allowed by the data. For this
project we will use observational limits from LOFAR, MWA and HERA in synergy. We will also
add constraints on reionization history such as the CMB polarization and high-redshift
quasars.
Background:
The 21-cm line of neutral hydrogen is one of the most promising probes of the early universe.
It is expected to be sensitive to the details of the formation of the very first stars and galaxies
as well as properties of the first black holes. As such, detecting and interpreting the 21-cm
signal is one of the most exciting research avenues.
Observations of the 21-cm signal are challenging as the signal is buried under strong
foregrounds. The first tentative detection of the sky-averaged signal was reported in 2018 by
the EDGES collaboration (Bowman et al. 2018) and several interferometers are publishing
upper limits including LOFAR (Mertens et al. 2019), MWA (e.g. Trott et al. 2020) and HERA
(in prep.).
The first detection by the EDGES collaboration of the sky-averaged signal at z~17 is at odds
with predictions of standard astrophysical scenarios requiring either the existence of strong
radio sources at the dawn of star formation or a cooling of the intergalactic gas by interactions
with dark matter. If the EDGES signal is true, it is the first direct evidence of a stellar population
at z~17 requiring star formation in small dark matter halos (7-8 orders of magnitude lighter
than the one hosting the Milky Way) and a significant amount of heating by the first black
holes.
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The data from interferometers taken at much lower redshifts (z~8-10) have already allowed
placing first weak upper limits on the astrophysical properties of galaxies that reionized the
universe as well as black holes (e.g. Mondal et al. 2020). The results also show that some
amount of heating by early black holes is needed to explain the data.

Figure 1: Allowed and excluded 21cm power spectra (left) and gas temperatures (right). Blue-coloured models are
excluded by the LOFAR observations at z = 9.1 (shown as red dots on the left) while the yellow-coloured models are
allowed. These map to certain regions in the astrophysical parameter space which can thus be constrained by the
observations. [Figure from Mondal et al. 2020]

Skills required:
Skills: Programming in Python

Useful references: (List of important papers/review articles relevant to the project)
1. Mondal et al. 2020, Monthly Notices of the Royal Astronomical Society, Volume 498,
Issue 3, pp.4178-4191
2. Greig et al. 2021, Monthly Notices of the Royal Astronomical Society, Volume 501,
Issue 1, pp.1-13
General references: (List papers referred to in the project description)
1. Furlanetto et al. 2006, Physics Reports, Volume 433, Issue 4-6, p. 181-301.
2. Mesinger 2019, The Cosmic 21-cm Revolution, by Mesinger, Andrei. ISBN: 978-07503-2234-8. IOP ebooks. Bristol, UK: IOP Publishing, 2019
3. Barkana 2016, Physics Reports, Volume 645, p. 1-59.
4. Mertens et al. 2020, Monthly Notices of the Royal Astronomical Society, Volume 493,
Issue 2, p.1662-1685
5. Trott et al. 2020, Monthly Notices of the Royal Astronomical Society, Volume 493,
Issue 4, p.4711-4727
6. Reis et al. 2020, Monthly Notices of the Royal Astronomical Society, Volume 499,
Issue 4, pp.5993-6008
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Project 9. The first black holes and their gravitational wave
signature
Supervisor I: Nina Sartorio (sartorio.nina@ast.cam.ac.uk)
Supervisor II: Anastasia Fialkov
UTO: Anastasia Fialkov (afialkov@ast.cam.ac.uk)

Project summary:
The aim of this project is to investigate the gravitational wave of intermediate mass black holes
originated from the first population of stars (pop III stars). The student will take catalogues of
black hole mergers and investigate its gravitational wave signature. Finally the student will
establish how many detections can be expected from these early coalescences by LIGO and
LISA.

Project description:
Our group has focused on the formation and evolution of binary systems from cosmic dawn
(the time when the very first stars formed at z~30) up to the time in which Population II stars
start being the dominant stellar population (z~13). We have created catalogues of binaries
from the very first stars in the universe and evolved them using a population synthesis code
to determine the evolution of each of these systems.
The aim of this project is to analyse the data resulting from these simulations to predict rates
of these black hole mergers that could be detected with LIGO and compare them to rates
expected from direct collapse blackholes. We also want to verify if Pop III remnants could
explain the supermassive black holes observed at high redshifts or if we depend on the
existence of other mechanisms (such as direct collapse black holes).
Background:
The LIGO collaboration observed the first detection of a black hole binary (BHBs) via its
gravitational wave signal 5 years ago. This was a landmark event and led to a new window to
explore the universe. This event, GW150914, involved two black holes with masses of around
40 and 30 solar masses merging approximately 8 billion years ago (Abbott et al. 2016). While
the sensitivity of LIGO is limited to the detection of stellar mass sized BHBs, the new
generation gravitational wave detectors have the potential to detect more massive systems
out to much larger distances and redshifts. In particular the LISA due for launch in 2030 will
be able to detect BHB mergers from Pop II stars allowing us to probe black hole growth in the
early Universe.
The observations of quasars at redshifts greater than 6 (e.g. Venemans et al. 2013; Wu et al.
2015; Banados et al. 2018) has created a conundrum in astronomy. Their dependence on the
existence of supermassive black holes imposed challenges to the way black holes accreate
and grow. How could such massive objects form so early in the Universe?
Black hole growth theory relies on having large enough black hole ‘seeds’ at a given point in
time. In Volonteri et al. (2003) and Tanaka & Haiman (2009), for instance, typical seed black
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holes are the remnants of Population III stars with masses M ∼ 100– 300 solar masses formed
at high redshift (e.g. z ∼ 20– 50). Other models rely on the black holes forming from massive
gravitationally bound clouds in the early universe that would collapse under its own mass and
create a black hole without ever leading to a supernova. These so-called direct collapse black
holes are expected to have masses of a few 1000s solar masses and offer an attractive route
for supermassive blackhole formation (Basu & Das, 2019).

Figure 1 From Mezcua at al. (2017). Formation scenarios for intermediate BHs. Seed BHs in the early Universe could form
from Population III stars, from mergers in dense stellar clusters formed out either from the second generation of stars or
from inflows in protogalaxies, or from direct collapse of dense gas in protogalaxies, and grow via accretion and merging
to 10^9 solar masses by z∼7. SMBHs could also directly form by mergers of protogalaxies at z∼6. Those seed BHs that did
not grow into SMBHs can be found in the local Universe as leftover IMBHs.

Skills required:
Skills: Programming in Python

Useful references: (List of important papers/review articles relevant to the project)
1. Hartwig et al. , MNRAS (2016) - https://arxiv.org/pdf/1603.05655.pdf
2. Mezcua, M, IJMP (2017) - https://arxiv.org/pdf/1705.09667.pdf
3. Hartwig et al. , MNRAS (2018) - https://arxiv.org/abs/1805.06901
General references: (List papers referred to in the project description)
1.
2.
3.
4.
5.

Abbott B. P. et al., 2016, Physical Review Letters, 116, 061102
Banados E. et al., 2018, Nature, 553, 473
Tanaka T., Haiman Z., 2009, ApJ, 696, 1798
Venemans B. P. et al., 2013, ApJ, 779, 24
Wu X.-B. et al., 2015, Nature, 518, 512
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Project 10. Tidal Disruption Events in Cosmologies with Different
Dark Matter Models
Supervisor I: Ricarda Beckmann (ricarda.beckmann@ast.cam.ac.uk)
Supervisor II: Anastasia Fialkov
UTO: Anastasia Fialkov (afialkov@ast.cam.ac.uk)

Project summary:
The aim of this project is to explore the link between the nature of dark matter and the rate of
Tidal Disruption Events (TDEs). TDEs are disruption of stars in the gravitational field of a black
hole and their rate depends on the shape of the gravitational potential well, and on the
distribution of stars near the black hole. Using a combination of analytic and numerical
techniques we will derive the number of TDEs expected in different dark matter cosmologies
including cold dark matter (CDM), warm dark matter (WDM) and fuzzy dark matter (FDM).

Project description:
In this project we will first build a model describing how the shape of the gravitational potential
well and distribution/velocities of stars affect the expected number of TDEs. We will then process
existing data from numerical simulations of Mocz et al. 2019 for three different cosmologies (CDM,
FDM and WDM) and measure the shape of the gravitational potential well and the
distribution/velocities of stars in scenario. We will calculate and compare the rate of TDEs in CDM,
WDM and FDM. For this work, we will broadly follow the method of Pfister et al. 2021.
Background:
Massive black holes (MBH) in the centres of dark matter halos can swallow (completely or
partially) stars if the latter approach close enough to the black hole. In some cases the stars are
gravitationally distorted by the pull from a MBH and the so-called Tidal Disruption Events (TDEs,
Rees 1988) are produced. As TDEs are very bright, they can be observed using telescopes. The
rate of TDEs depends on the mass of MBH as well as on the distribution and velocities of stars.
The latter two characteristics depend on several astrophysical factors, including the shape of the
dark matter potential well.
The distribution of dark matter, gas and stars varies between different cosmologies (Figure 1). In
the most popular CDM scenario the density profile is very deep and steep (e.g. the well-known
NFW profile). In other cosmologies such as CDM and FDM the potential well is much shallower
(e.g. Mocz et al. 2019). Therefore, we expect differences between different cosmologies in how
quickly the “loss cone”, i.e., the volume accessible to the MBH, can be refilled. This, in turn, will
influence the frequency at which TDE’s occur for different cosmologies.
The aim of this project is to predict TDEs rates for the early Universe for all three cosmologies,
and determine whether observations of TDEs can potentially be used to differentiate between the
nature of dark matter.
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Figure 1: Cosmic structures in different cosmologies: CDM, WDM, and FDM cosmologies. We show: (a) the projected dark
matter distribution in the simulation domain at redshift z = 5.5; (b) projections of dark matter, gas, and stars in a filament; and
(c) slices of the dark matter through a filament. In CDM the dark matter fragments into subhalos on all scales. WDM exhibits
rich caustic structures. FDM has interference patterns at the scales of the de Broglie wavelength, which regularize caustic
singularities. These differences in small-scale structure will help constrain the elusive nature of dark matter. Adopted from
Mocz et al. 2019.

Skills required:
Skills: Programming in Python

Useful references: (List of important papers/review articles relevant to the project)
1. Rees M. J., 1988, Nature, 333, 523
General references: (List papers referred to in the project description)
1.
2.
3.
4.

Mocz et al. 2019, Physical Review Letters, Volume 123, Issue 14, id.141301
Pfister et al. MNRAS, Volume 500, Issue 3, pp.3944-3956
Dai, L., McKinney, J. C., Roth, N., Ramirez-Ruiz, E., & Miller, M. C. (2018)
Gezari S., 2021, arXiv, arXiv:2104.14580
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Project 11. Cosmic rays in galaxy groups and clusters

Supervisor I: Ricarda Beckmann (ricarda.beckmann@ast.cam.ac.uk)
Supervisor II: Debora Sijacki
UTO: Debora Sijacki (deboras@ast.cam.ac.uk)

Project summary:
In this project, we aim to study if and how cosmic rays generated by accreting supermassive
black holes are able to suppress cooling flows of their host galaxy groups and clusters. To do
so, we will run and analyse a series of magnetohydrodynamical simulations of galaxy groups
and clusters of different masses, with different fractions of cosmic rays injected via the Active
Galactic Nucleus (AGN) in the center of the cluster. By comparing and contrasting the amount
of cold gas, warm gas and star formation in the cluster, we aim to understand how the
efficiency of cosmic rays in suppressing cooling flows depends on cluster mass.

Project description:
This is a numerical project, which uses simulations to study gas physics in galaxy groups
and clusters. This will be the first work to explore in a systematic manner the impact of cosmic
rays on the gas properties of the intracluster medium for a range of galaxy group and cluster
masses, using a suite of simulations with coherent parameter choices, which will be crucial to
isolate the impact of cosmic rays on cluster cooling flows and cluster star formation.
Background:
Massive galaxy clusters and groups are filled with hot gas, which (in the absence of strong
feedback) has a comparatively short cooling time. This would suggest that gas should be
cooling rapidly, becoming cold and collapsing onto the cluster center where it will form stars.
However, observed clusters show little star formation and only small amounts of cold and
warm gas, much less than would be expected. This is known as the cooling flow problem (see
e.g. Fabian 1994 for a review on cluster cooling).

To avoid overcooling, clusters must either cool much less efficiently than expected, or be
constantly reheated. Clusters and groups almost all contain an AGN in the center, which
injects energy back to the hot cluster gas via large-scale jets (see e.g. Russell et al. 2013).
They also show signs of complex multi-phase gas in their centre, with gas phases ranging
from cold, dense gas that could be star forming via warm, diffuse gas to the hot ionized
background medium (Conselice et al. 2001, Fabian et al. 2008). This multi-phase gas hints at
a complex cooling cycle and understanding its properties might hold the key to understanding
why massive galaxy clusters form far fewer stars than expected and avoid strong cooling flows
(Kempski et al. 2019).

32

Project details:
Many studies into the formation and evolution of multi-phase gas in galaxy clusters have been
limited to hydrodynamics only, i.e disregarded non-thermal energies such as those from
magnetic fields and cosmic rays. Recently, work has been done to include such energy
sources, as in Beckmann et al, in prep. (see image below) and it has been shown that cosmic
rays in particular can slow down cluster cooling flows by trapping gas in the warm phase
(Wang et al. 2019, Butsky et al. 2020). However, so far efforts have focused predominantly
on massive galaxy clusters.

Figure 1 Impact of strong (top) versus weak (bottom) cosmic ray injection for a simulated massive galaxy cluster. Images
taken from Beckmann et al, in prep.

In this project the aim will be to study galaxy groups and clusters with a range of different
masses to understand how the role of cosmic rays in slowing down cooling flows changes with
the mass of the cluster. This work will be the latest in a series of investigations into cooling
flows in galaxy clusters, building on Beckmann et al. 2019 and Beckmann et al. 2021
(unpublished but available to the student at the start of the project).
After the student familiarises themselves with the literature and existing works in the field, we
will provide an initial set of 3 simulations, spanning the mass range from a small group to a
massive cluster. The student will use the open source visualization software “yt project” to
visualise the simulations and extract data to be used for detailed analysis. They will then use
this data to compare and contrast the evolution of the cooling flow in different clusters. Based
on these first results, we will jointly decide on further simulations to be added to the sample.
We will provide the student with the simulation code RAMSES, initial configuration files,
access to local supercomputing resources and technical support to run the simulations. The
student will run the simulations and continue the data analysis on the expanded sample.
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Skills required:
Skills: This project has a substantial computational component and the student is
expected to be comfortable working using a UNIX shell and programming with a scripting
language of choice (preferably python). Some familiarity with compiled languages (such as
C or Fortran) is preferred to facilitate the analysis. Students should also be familiar with the
content of Part II ‘Astrophysical fluid dynamics’ course (Clarke & Carswell, 2014).

Useful references: (List of important papers/review articles relevant to the project)
1. Butsky, I. S., Fielding, D. B., Hayward, C. C., Hummels, C. B., Quinn, T. R., & Werk,
J. K. (2020). The Impact of Cosmic Rays on Thermal Instability in the Circumgalactic
Medium. The Astrophysical Journal, 903(2), 77.
https://doi.org/10.3847/1538-4357/abbad2
2. Wang, C., Ruszkowski, M., & Yang, H.-Y. K. (2019). Chaotic cold accretion in giant
elliptical galaxies heated by AGN cosmic rays. https://doi.org/10.1093/mnras/staa550
3. Beckmann, R. S., Dubois, Y., Guillard, P., Salome, P., Olivares, V., Polles, F., Cadiou,
C., Combes, F., Hamer, S., Lehnert, M. D., & Pineau des Forets, G. (2019). Dense gas
formation and destruction in a simulated Perseus-like galaxy cluster with spin-driven
black
hole
feedback.
Astronomy
&
Astrophysics,
631,
A60.
https://doi.org/10.1051/0004-6361/201936188
General references: (List papers referred to in the project description)
1. Fabian, A. C. (1994). Cooling Flows in Clusters of Galaxies. Annual
Review of Astronomy and Astrophysics ,
32 (1), 277–318.
https://doi.org/10.1146/annurev.aa.32.090194.001425
2. Russell, H. R., McNamara, B. R., Edge, A. C., Hogan, M. T., Main, R. A., & Vantyghem,
A. N. (2013). Radiative efficiency, variability and Bondi accretion on to massive black
holes: the transition from radio AGN to quasars in brightest cluster galaxies. Monthly
Notices
of
the
Royal
Astronomical
Society,
432(1),
530–553.
https://doi.org/10.1093/mnras/stt490
3. Conselice, C. J., Gallagher III, J. S., & Wyse, R. F. ~G. G. (2001). On the Nature of the
NGC 1275 System. The Astronomical Journal, 122(5), 2281–2300.
https://doi.org/10.1086/323534
4. Fabian, A. C., Sanders, J. S., Taylor, G. B., Allen, S. W., Crawford, C. S., Johnstone,
R. M., & Iwasawa, K. (2006). A very deep Chandra observation of the Perseus cluster:
shocks, ripples and conduction. Monthly Notices of the Royal Astronomical Society,
366(2), 417–428. https://doi.org/10.1111/j.1365-2966.2005.09896.x
5. Kempski, P., & Quataert, E. (2019). Thermal Instability of Halo Gas Heated by
Streaming Cosmic Rays. Monthly Notices of the Royal Astronomical Society, 493(2),
1801–1817. https://doi.org/10.1093/mnras/staa385
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Project 12. Simulations of quasar mode feedback in a Perseus-like
galaxy cluster core
Supervisor I: Dr. Prakriti PalChoudhury (Hoyle 25, prakriti.pc@ast.cam.ac.uk)
Supervisor II: Prof. Chris Reynolds (Hoyle 15, csr12@ast.cam.ac.uk)
UTO: Prof. Chris Reynolds (Hoyle 15, csr12@ast.cam.ac.uk)

Project summary:
Galaxy clusters are observed to be huge reservoirs of X-ray emitting hot (~ 107 K) gas,
sustained at such temperatures and a small amount of cold gas ( 104−5K) embedded within
that hot, diffuse phase. When the central AGN luminosity is high, the radiation field and the
hot gas exchange energy by Compton or inverse Compton process. Inverse Compton leads
to excess cooling of the hot ICM core, which already emits by free-free mechanism very
efficiently. Hence inverse Compton scattering will either escalate the cooling process to a
runaway accretion onto the black hole or self-regulate by outflows driven by the strong
radiation pressure. We will use hydrodynamic simulations to address the behaviour of these
exotic Compton-powered cluster-hosted quasars. Does the medium within ~ a few kpc
become multiphase resulting from the resultant dynamics? Is there a net negative feedback
(deposition of energy back to the gas in return of accreting gas)? Does this feedback work in
conjunction with radio/kinetic mode (typically common in low luminosity AGN) or sustainable
on its own? How fast are these radiation force driven outflows? Do these outflows cool?

Project description:
The student, along with Supervisor I, will work with an existing Perseus-cluster-like ICM
simulation (Fig 1) modeled using the PLUTO hydrodynamic code (with provision to include
magnetohydrodynamics). This is currently being used to understand large-scale energy
propagation into the ICM across ~100 kpc from moderately powered simple thermal feedback.
The current simulation includes a 3D viscous ICM in hydrostatic equilibrium with the dark
matter gravity and a standard optically thin cooling function that takes into account free-free
emission of the hot gas. In the proposed project we will include additional energy due to
Compton cooling/heating of the gas. We will add a radiation force as a body force into the
Eulerian framework of PLUTO. The student will analyse the simulations to explore (1) the gas
temperature distribution within a few kpc, (2) if radiation & outflows resulting from radiation
force work as positive or negative feedback (3) how fast the outflows are and if these are
cooling rapidly after being shocked.
Background:
A galaxy cluster (107 𝐾, 1 𝑀𝑝𝑐 ) is primarily made up of hot X-ray emitting gas in the most
massive dark matter halos in the universe (halos are the virialized units of structure formation
and are strongly gravitationally bound). The central galaxy hosts a supermassive black hole
and as gas accretes into it, it releases a large amount of energy into the medium. When the
luminosity is high, this central engine (also known as active galactic nucleus or AGN) is known
to be in its quasar mode. A quasar’s energy is primarily released in the form of a radiation
field. On the other hand, the bulk ICM gas pervading out to 100s of kpc is ionised, supported
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by thermal pressure and emits by free-free process (free electrons in the hot ionized gas losing
kinetic energy in the electric field of atomic nuclei). This hot gas closer to the black hole (within
a few kpc) will be heated by the radiation field due to Compton scattering events. A fraction of
this gas may also cool by inverse Compton scattering with the radiation field. This excess
cooling (in addition to free-free emission) may lead to a catastrophe as the gas completely
loses pressure support and collapses into the gravitational potential well. However, as gas
cools out and accretes, the luminosity of the radiation field will increase and this potentially
leads to a strong radiation force in addition to Compton heating. Is this whole process selfregulating? This project will explore such a coupling between quasar mode emission and hot
ICM gas.

Figure 1: The two upper panels show volume rendered initial pressure (left) and density (right)
of the simulated ICM in cgi units. The lower panel shows how a simple treatment of feedback, in
the form of moderately powered thermal injection, works at large scales. The ejecta interacts
and mixes with the ICM gas within 50-100 kpc via sound-waves/ instabilities/ internal-gravitywaves.
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Project details:
The student will learn about the implementation of radiative cooling in the code and actively
contribute to include the energy term due to Compton cooling/heating into the hydrodynamic
equations that PLUTO solves. In order to do so, the student will use a luminosity spectra to
calculate the Compton temperature of the radiation field. Further, in the physical model, the
luminosity will be coupled to gas accretion. The student will learn to write a short parallelised
module to add this additional cooling/heating term that depends on the gas dynamics. The
student will also add a body force into PLUTO to include radiation pressure term.
In the analysis part, the student will learn to handle datasets in HDF5 format and read/calculate
temperature, velocity, etc. This will lead to understanding the thermodynamics of the gas
within a few kpc. Further the student will explore the outflow characteristics from the velocity
distribution. Finally, the student will assess if the quasar can efficiently work to sustain a
negative feedback in the long run or leads to overcooling.

Skills required:
The project requires familiarity with Part II Astrophysical Fluid Dynamics. It has a very strong
computational component -- simulations will be performed using the PLUTO code, a massively
parallel hydro code written in C. Analysis of the simulations will be done in Python. All
computational work will occur within a Linux environment. The student will also have the
opportunity to participate in the activities of the High Energy Astrophysics group at IoA.

Useful references:
1.
2.
3.
4.

Weinberger, R. et al, 2018, MNRAS, 479(3), 4056
Sijacki, D., 2007, MNRAS, 380(3), 877
Fabian, A. C, 2012, ARAA, 50, 455
Hlavacek-Larrondo, J. et al, 2013, MNRAS, 431(2), 1638
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Project 13. Measuring the cosmological redshift drift with the
Lyman-alpha forest in gravitationally lensed quasars
Supervisor I: Martin Haehnelt (K27, haehnelt@ast.cam.ac.uk)
Supervisor II: Vid Irsic (K06, vi223@cam.ac.uk)
UTO: Martin Haehnelt

Project summary:
It is well established that our Universe is expanding and that the wavelength of characteristic
spectral features increases as the expansion progresses. In principle this could be observed
directly. This phenomenon is known as redshift drift, but the wavelength changes are very
small for even tens of years between two epochs of observations. In this project we will explore
a different approach. For this we will model the spectral shift of the Lyman-alpha forest in the
spectra of gravitationally lensed quasar systems where the observed light of the different
quasar images travels along different paths and was thus emitted at different times. If
sufficiently bright quasars with sufficiently long time delays can be found, this could allow us
to measure the redshift drift in single epoch measurements without the need to wait for tens
of years between measurements.

Background:
As the Universe expands the wavelength of the photons increases compared to their values
in a laboratory on Earth. The absorption by the intervening neutral hydrogen
along the line of sight to distant quasars leads thus to a characteristic “forest” of absorption
features bluewards of the rest-frame Lyman-alpha wavelength at the systemic redshift of the
quasar itself. As time progresses the wavelength of the Lyman alpha forest absorption
features very slowly drift. The idea of measuring redshift drift was first entertained by
Sandage (1962) and discussed for the Lyman-alpha forest in quasars by Loeb (1998). This
effect will hopefully be observed in future, but this will require very accurate spectroscopic
measurements spaced ten or even several tens of years apart (Liske et al. 2008).

Figure 1: Multiple images formed by a gravitational lens
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Another option would be to observe gravitationally lensed quasars. A massive object like a
galaxy or galaxy group/cluster located along the line-of-sight between quasar and observer
leads to a deflection of the light path and in the case of slightly misaligned configurations of
the “gravitational lens” and the “lensed” quasar to multiple images instead of an Einstein ring
(Figure 1). Photons contributing to the different lensed images follow different paths through
the Universe and the spectra experience different amounts of shift due to the expansion of the
Universe. The differences in light travel time are related to the image separation and depend
on the mass (distribution) of the gravitational lens which can be modelled. By identifying
characteristic features in the brightness evolution of the quasar, the differences in the light
travel time can also be directly measured.
Project description:
We will use simple models for the mass distributions to model the light path for multiple images
in gravitationally lensed quasars. To obtain realistic mock Lyman-alpha forest spectra we will
use hydrodynamical simulations from the Sherwood simulation suite.
The project will involve:
●
●
●

Writing your own code to create mock absorption spectra from hydro-dynamical
simulations
Calculating the redshift drift along the light path for multiple images for simple lens
models
Simple estimates how well the redshift drift can be measured.

Skills required:
The project will require programming in Python. Knowledge of C would be beneficial. The Part
II courses “General Relativity”, and “Introduction to Cosmology” and the Part III courses
“Cosmology” and “Formation of Galaxies” are desirable.

Useful references: (List of important papers/review articles relevant to the project)
1. Dodelson (2003), “Modern Cosmology”, Amsterdam: Academic Press
2. Bartelmann (2010), “TOPICAL REVIEW Gravitational lensing”, Classical and Quantum
Gravity, Volume 27, Issue 23, id. 233001
3. Sandage (1962) “The Change of Redshift and Apparent Luminosity of Galaxies due to
the Deceleration of Selected Expanding Universes”, ApJ, 136, 319
4. Loeb (1998), “Direct measurement of cosmological parameters from the cosmic
deceleration of extragalactic objects”, ApJ 499, L111
5. Liske et al. (2008) “Cosmic dynamics in the era of Extremely Large Telescopes”,
MNRAS, 386, 1192
6. Kim et al. (2015), “Giving Redshift Drift a Whirl”, Astroparticle Physics 62,195
7. Piattella & Giani (2017), “Redshift drift of gravitational lensing”, Phys. Rev. D 95,
101301(R)
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Project 14. Binaries during population transition

Supervisor I: Nina Sartorio (sartorio.nina@ast.cam.ac.uk)
Supervisor II: Anastasia Fialkov
UTO: Anastasia Fialkov (afialkov@ast.cam.ac.uk)

Project summary:
The project aims at creating catalogues of binaries based on a semi analytical code for the
formation of stars. Multiple catalogues will be created in order to explore different scenarios of
early universe evolutions, by considering a number of different stellar initial mass functions
(IMFs), binary fractions, star formation rates, orbital properties. These catalogues will serve
as the foundation for a number of studies that rely on accurately predicting the number and
type of binaries present at high redshifts.

Project description:
The student who undertakes this project will be creating catalogues of binary stars for
population III and population II stars. In order to perform such a task the student will derive
total stellar mass as a function of halo mass and redshift using a semi-analytical model
developed by Fialkov (e.g. Fialkov et al. 2012). The student will sample stellar masses given
a shape of IMF and sample properties of binaries (such as mass of the stars, orbital
parameters,etc). At the first instance these catalogues will be used to explore populations of
high-redshift X-ray binaries.
Background:
The first stars formed in the universe developed from a pristine metal free gas. As a result it
was believed for a long time that this absence of metals would make the fragmentation of gas
clouds into binaries and multiple systems very unlikely. However, hydrodynamics simulations
as the one illustrated in Figure 1 indicate that multiplicity was common for Pop III stars and
indeed around half of all stars were expected to have a companion (Stacy et al. 2013, Greif et
al. 2012, Sugimura 2020).
Since the evolution of binary systems and their final fate are very different from those of single
stars, it is paramount to be able to predict the impact of binary stars in the early universe as
they will lead to significantly altered feedback effects. These binaries, through emission of UV
and X-ray radiation, SN explosions will affect the metallicity evolution, the ionization and
heating of the gas in the early universe. Furthermore, binary systems are correlated to a
number of interesting phenomena such as fast-radio bursts (FRBs), X-ray binaries and the
formation of gravitational waves (GWs). The indirect detection of binaries in the early universe
via these channels will be able to give us a glimpse of what these early stars looked like as
well as gaining cosmological constraints (Fialkov et al. 2017; Sartorio et al. 2021 (in prep) and
Heimersheim 2021 (in prep)).
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In the next decades we expect to get an abundance of data from LIGO (Hartwig 2016) and
LISA (Hartwig et al. 2018) for GWs detections, from FAST (Zhang 2018) for FRBs and possibly
from 21-cm line signal measurements to constrain X-ray feedback. In order to use this data to
make predictions for the early universe an accurate model of Population II and Population III
binary abundance and evolution will be critical. Thus far there is a lack of studies that focus
on early binary populations especially when considering the transition between Population II
and Population III stars, which is exactly the range we may be able to observe in more detail.

Figure 1 Formation of a Pop III star binary. The figure shows a volume rendering of the density field, together with
ionization fronts (yellow surfaces) and protostars (black dots), 2.2 × 104 yr after the first protostar formation. From
Sugimura et al 2020.

Aims:
The project aims at creating catalogues of binary stars from the very first stars (population III)
through to more metal rich (population II) stars up to a redshift z=7. These catalogues will
reflect parameters intrinsic to star formation such as the initial mass function and the star
formation rate and their changes over time. As such, every catalogue will be a sampling of a
potential history of the early universe.
Once the catalogues are created we will use them in conjunction with a binary population
synthesis code in order to make a number of predictions to be compared with (future)
observations such as:
●
●
●
●

Different X-ray feedbacks and their impact on 21-cm line and on the cosmic X-ray
background
Compact object mergers gravitational waves (to compare with data from LISA)
Number of predicted FRBs
Supernovae of different types and metal enrichment
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This will give us the means, once the observations are done, to start constraining star
formation that happened billions of years ago and, thus, to also impose limits on other
intercorrelated cosmological parameters.
We will start by using the catalogues to predict X-ray feedback in the early universe and test
which scenarios are compatible with the detected excess cosmic x-ray background. Time
allowing we will take this a step further and predict the 21-cm line scenarios which are
consistent with the most plausible histories determined.

Skills required:
Programming in Python, Matlab

Useful references:
1. Stacy & Bromm, 2013 - https://arxiv.org/abs/1211.1889
2. Liu, 2021 - https://arxiv.org/abs/2010.05824
3. Chen, 2015, https://arxiv.org/abs/1407.7545
General references:
1.
2.
3.
4.
5.
6.

Fialkov A., et al. 2017, MNRAS, 464, 3
Fialkov A., et al., 2012, MNRAS, 424, 2
Greif et al. , 2012, MNRAS, 424, 399
Zhang B., 2018, ApJ , 867, L21
Hartwig et al. ,2016, MNRAS, 460, L74-L78
Hartwig et al. ,2018 MNRAS, 479, L23
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Project 15. Heating galaxy clusters by AGN-induced turbulence

Supervisor I: Chris Reynolds (csr12@ast.cam.ac.uk)
Supervisor II: Prakriti PalChoudhury (prakrita.pc@ast.cam.ac.uk)
UTO: Chris Reynolds

Project summary:
It is widely believed that the energy released by active galactic nuclei (AGN) has a dramatic
effect on the evolution of cosmic structure. This phenomenon is known as AGN feedback.
Galaxy clusters are an environment where the need for AGN feedback is particularly apparent;
without heating by a central AGN, the hot intracluster medium (ICM) would undergo
catastrophic cooling and hence lead to levels of star formation in the central galaxy that exceed
observational bounds by 1-2 orders of magnitude. While the need for heating is clearly
established, the physical mechanisms by which central AGN heat the ICM remain unclear. In
this project, we use 3-d hydrodynamic simulations to explore a particular class of models in
which the AGN is treated as a “stirrer”. We will explore the generation and propagation of the
hydrodynamic waves created by the AGN, and the subsequent transition to turbulence which
will then heat the ICM. Ultimately, by comparing our models with observational data, we will
assess the viability of the turbulent heating model and the need for additional physics.

Project description:
Background:
Galaxy clusters are the most massive bound systems in the Universe. However, the actual
galaxies themselves account for a small part of the mass budget. The mass and hence the
gravitational potential is dominated (80%) by dark matter which forms an approximately
spherical halo with a virial radius of 1Mpc. Most of the baryons reside in a hot (>10 million K)
and tenuous (n<0.1/cm^3) atmosphere of ICM plasma that is in a state of approximate
hydrostatic equilibrium. The density and temperature structure of the ICM can be readily
studied by X-ray telescopes. We find that, in the central ~100kpc, the density and temperature
imply a radiative cooling time that is <1Gyr, implying that the core regions of the ICM will
undergo catastrophic cooling on Gyr timescales. We see no evidence for such cooling
catastrophes (large amounts of cold gas, prodigious star formation etc), at least in low-redshift
clusters, implying that the core regions of the ICM must be actively and continuously heated.
Given the energetics, only accretion onto the supermassive black hole in the central galaxy is
sufficiently efficient to drive such heating.
While the relevance of AGN feedback in the cores of galaxy clusters is widely accepted, the
physical mechanisms by which the AGN actually heats the cluster core is very uncertain.
Many models attach importance to the energy flow down the relativistic jets produced from the
AGN. Indeed, X-ray observations show the ICM atmospheres to be disturbed, with at least
some of the disturbances being clearly associated with jet activity (Figure 1). Jet activity can
drive shocks that directly heat the ICM. At the same time, jets can inflate cavities within the
ICM which then buoyantly rise and disrupt, stirring the ICM. Our group has been engaging in
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a systematic study of these processes. Our previous work has focused on heating by shocks
and acoustic modes (e.g. Bambic & Reynolds 2019). This current project explores an extreme
form of the alternative scenario, where the AGN acts as a pure stirrer. It has been posited
that prolonged stirring of the ICM atmosphere will eventually drive the ICM into a state of
volume filling turbulence which can then heat the ICM (Zhuravleva et al. 2014). We will explore
the viability of this model.

Figure 1 : Chandra X-ray Observatory image of the Perseus cluster of galaxies. Left panel shows the fullband image, and the right panel shows the structure in the image via Gaussian Gradient Magnitude (“edgedetection”) processing. The inner cavities are associated with cavities blown by the radio jets from the
central AGN. The interpretation of much of the rest of the structure is controversial, with suggestions
including turbulence, acoustic waves, and large scale sloshing motions.

Project details:
You will use the massively-parallel hydrodynamic code PLUTO running on the Cambridge
supercomputer to construct a simple and idealized 3-d model of an ICM atmosphere (e.g. as
described in Reynolds et al. 2002). You will develop a module to stir the atmosphere in its
centre in a purely “solendial” manner (minimizing the acoustic waves produced). In the first
phase of the investigation, you will model stirring with a fixed power, measure the strength and
radial propagation of the hydrodynamic gravity-waves that are raised, and study the decay of
those modes into turbulence. In the second phase of the project, you will introduce radiative
cooling into the atmosphere and couple the power of the stirring with a measure of the
accretion onto the central black hole. You will determine whether a self-regulated system can
be achieved and, if so, the level of turbulence that is required. This will be compared with
measurements of turbulence from X-ray spectroscopy (Hitomi Collaboration 2016), thereby
assessing the viability of this model.

Skills required:
Skills: This is a computational fluid dynamics project. A knowledge of astrophysical fluid
dynamics up to at least the Part II level is required. A basic level of comfort with coding, and
a basic knowledge of C, is necessary.
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Useful references: (List of important papers/review articles relevant to the project)
1.
2.
3.
4.

Bambic C., Reynolds, C.S., 2019, ApJ, 886, 78
Hitomi Collaboration, 2016, Nature, 535, 117
Reynolds, C.S., Heinz, S., Begelman, M.C., 2002, MNRAS, 332, 271
Zhuravleva, I., et al., 2014, Nature, 515, 85
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Project 16. Modeling spectro-astrometric signatures of disc winds

Supervisor I: Cathie Clarke (cclarke@ast.cam.ac.uk)
Supervisor II: Mike Irwin (mike@ast.cam.ac.uk)
UTO: Cathie Clarke

Project summary:
This project examines how spectro-astrometric data can be used to explore the observational
evidence for powerful winds from protoplanetary discs. These winds are believed to be
important for disc evolution and dispersal but to date there has been no attempt to compute
the spectro-astrometric predictions of accurate hydrodynamical winds models. The student
will use these models to make a set of observational predictions for different lines of sight to
the plane of the disc. Through comparison with published observational data, the student will
be able to critically evaluate how well these models apply to real disc systems.

Project description:
Background:
Winds from the surface of protoplanetary discs are believed to be important drivers of disc
evolution, controlling the loss of dust and gas from the disc and ultimately determining the
epoch over which planets can form (Ercolano & Pascucci 2017). Popular wind models involve
either thermally driven winds (where the disc surface is heated by ultraviolet/X-ray radiation
from the star ) or MHD winds accelerated by magnetic fields threading the disc. These winds
are relatively tenuous and so hard to detect except through their spectral line emission. Since
line emission contains information about the velocity field of emitting material, mapping the
line emission at different Doppler shifted velocities could in principle constrain both the density
and velocity structure of the wind. In practice, however, the emission is too compact for this to
be possible, being concentrated within a few 10s of AU of the star. Most studies to date have
simply measured spatially unresolved line profiles and compared these with the predictions of
wind models (e.g. Ballabio et al 2020).
The technique of spectro-astrometry (Bailey 1998) provides a way to gain some spatial
information about the emitting material while still using existing technologies. The technique
relies on the fact that the astrometric precision of telescopes (i.e. the accuracy with which they
can determine the centre of light of a distribution) is generally far superior to their resolving
power. Although the wind region is too compact to be resolved, it is possible to pin down the
centroid of the emission to within < a milli-arcsecond (~ 0.1 AU in the case of young stars in
nearby star forming regions). Since different parts of the wind have different velocity
components along the line-of-sight, their emission is Doppler shifted to different frequencies.
Spectro-astrometric measurements map how the centroid of the emission moves spatially as
a function of line-of-sight velocity and thus contain information about not only the relative
amounts of emission with different Doppler shifts but also about their spatial location (see
Figure). Evidently such measurements are much harder to interpret than a set of well resolved
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images of line emission from the wind and need to be compared quantitatively with the
predictions of disc wind models. This project uses an analytic model for thermal disc winds
(Clarke & Alexander 2016) to generate synthetic spectro-astrometric signatures to compare
with observations.

Figure 1 Left: spectro-astrometric data for the young star RU Lupi in an emission line of ionised sulphur (Whelan et al
2021). The asterisk shows the stellar position, the red arrow is the intersection of the disc and sky planes and the circles
denote the emission centroids whose line of sight velocities are shown by the colour scale. Right: streamlines for analytic
disc wind model of Clarke & Alexander 2016 compared with hydrodynamical simulation of Sellek et al 2021.

Project details:
This project involves a forward modelling exercise – i.e. the application of an analytic model
for disc winds to generate the expected spectro-astrometric signature as a function of the
inclination of the observer’s line of sight to the disc plane. In detail, the model predicts the
density and velocity of emitting material as a function of position in the wind. This information,
along with the gas temperature, can be used to predict the line emission from each volume
element in the wind, both the line flux and the velocity component along the line of sight to the
observer. Thus a map can be constructed of the emission at each Doppler shifted velocity and
from this the centroid of the emission can be determined for this velocity value. This map of
how the centroid’s position on the sky varies with the Doppler shifted velocity can then be
compared directly with observational data (see Figure 1). If time permits the student can
extend this modelling to magnetohydrodynamical winds.

Skills required:
The project will require programming in a language of the student’s choice. A background in
fluid dynamics, for example, the Part II course “Astrophysical Fluid Dynamics” is desirable.

Useful references: (List of important papers/review articles relevant to the project)
1. A self-similar solution for thermal disc winds, Clarke, C., Alexander, R., 2016. MN 460,
3044
2. Spectroastrometry: a new approach to astronomy on small spatial scales, Bailey, J.,
Proc. SPIE Vol. 3355, p.932-939
3. Evidence for an MHD disk wind via optical forbidden line spectro-astrometry. Whelan,
E. et al 2021, arXi.2104.055661
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General references: (List papers referred to in the project description)
1. The dispersal of planet forming discs: theory confronts observations, Ercolano, B.,
Pascucci, I., 2021, Royal Soc. Open Science Vol, 4, Issue 4, id 170114
2. The general applicability of self-similar solutions for disc winds, Sellek, A. et al
2021,arXiv 2106.05362
3. Forbidden line diagnostics of photoevaporative disk winds Ballabio, G. et al 2020, MN
492,2932
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Project 17. AGN and magnetic fields: galaxy formation and black
hole evolution in magnetohydrodynamical simulations with AGN
feedback
Supervisor I: Sergio Martin-Alvarez (smartin@ast.cam.ac.uk)
Supervisor II: Debora Sijacki
UTO: Debora Sijacki (deboras@ast.cam.ac.uk)

Project summary:
Galaxy formation simulations struggle to explain how supermassive black holes (SMBHs)
grew to their extreme observed masses in such brief periods of time. Due to the strong
dependence of accretion on the BH mass, the major obstacle to reach large masses is their
low accretion rate during the early stages of their evolution. In turn the growth of these SMBHs
will affect the evolution of their host galaxies through the extremely energetic action of active
galactic nuclei (AGN).
While frequently missing in galaxy formation simulations, strong magnetic fields appear to
contribute to the growth of SMBH in early galaxies by shrinking galaxies and centrally
concentrating their mass. While this may aid the growth of SMBHs, accreted mass may drive
powerful AGN outflows that thwart additional mass accretion onto the black hole, or even
suppress the galaxy’s growth. Employing the magnetohydrodynamical code RAMSES, the
student leading this project will generate their own cosmological zoom-in simulations of the
formation of a galaxy hosting a supermassive black hole with AGN feedback and exploring
different levels of magnetisation. They will then analyse their simulations to study for the first
time in such a context how magnetisation, SMBH growth and AGN interact with each other in
such a complex scheme, and whether the growth of either the SMBH and the galaxy are
affected.

Project description:
The aim of this project is to investigate how a galaxy, its SMBH and AGN co-evolve under
different magnetisations in realistic cosmological simulations of the formation of a galaxy. With
this as a goal, the student will be provided with all the software and data required to run the
simulations: initial conditions, example configuration files, and the cosmological MHD code
RAMSES. Using this, the student will generate three simulations, each including a SMBH with
AGN feedback in the galaxy and with different ab-initio magnetic fields: a run with no magnetic
fields, a run with strong magnetic fields, and a run with extreme magnetic fields – all within the
current observational constraints for primordial magnetic fields. An additional no-AGN run will
be generated for reference. The student will investigate AGN activity, SMBH mass and stellar
mass evolution over time. This dependence will then be related to the local properties of the
gas surrounding the black hole. Finally, the student will compare their simulations with
observed galaxy – BH relations such as bulge mass vs BH mass.
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Background:
MBH (103 < M / M⊙< 106) and SMBH (M / M⊙ > 106) reside at the central spheroidal component
of galaxies (Ferrarese & Merritt, 2000; Ferrarese & Ford, 2005). The accretion of gas onto this
SMBH fuels active galactic nuclei (AGN; Rees, 1984) that generate powerful outflows which
can influence the entire galaxy, even extending to distances of several Mpc.
The figure below depicts the radio emission from the radio jets generated by a SMBH at the
centre of Cygnus A. The interaction between the galaxy providing mass for accretion and the
AGN activity influencing the host
galaxy allows a feedback loop
between the SMBH and its host,
establishing a physical relation
between the mass of the black hole
and the properties of the bulge of
the host galaxy (Kormendy & Ho,
2013, Sijacki et al. 2015).
The early stages of SMBH
formation are not yet understood,
though various plausible formation
mechanisms have been proposed.
Each mechanism will have a
different associated initial mass, all
well below the SMBH mass range. SMBH are most likely born as MBH and accrete mass from
their surroundings until they reach SMBH masses (Volonteri, 2010). This leads to one of the
main questions revolving around SMBH: how do they reach their observed masses in
extremely short periods of time (Haiman & Loeb, 2001). The so-called Bondi accretion model
(Bondi & Hoyle, 1944) approximates accretion onto compact objects as a spherical
phenomenon. This model is generally used
in simulations to represent the accretion of
mass onto SMBHs. However, numerical
simulations struggle to evolve MBH from
their initial mass (or seed mass) into their
final SMBH masses. The Bondi model is
known to be incomplete: the flows around
accreting BH are complex (Beckmann et al.
2018) and other physics such as magnetic
fields are likely to play a role in the process
as well (Lee et al. 2014). However, the
properties of the hosting galaxy are also
important. In particular, those from the
central spheroid of the galaxy, as SMBH
accrete mass from the centre of galaxies.
Recent work suggests that magnetic fields
affect the distribution of mass in galaxies,
concentrating it towards their centre (MartinAlvarez et al. 2020).
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The student leading this project will generate their own simulations of the same galaxy (the
galaxy is presented in the left panel figure or in the animation here:
https://youtu.be/Z1H0sEINvIo ), now including SMBHs and AGN feedback. For this, they will
use a modern version of the well-known astrophysical code RAMSES (Teyssier, 2002) and
SMBH models similar to those employed by the HorizonAGN simulation (Dubois et al. 2014),
with radio and quasar feedback modes for AGN (Volonteri et al. 2016). With these brand-new
simulations, they will explore, for the first time, how galactic magnetic fields and AGN regulate
the growth of the SMBH and its hosting galaxy. As a result, they will answer the question of
whether magnetic fields alleviate the tension between simulations and the observed growth of
SMBH and whether magnetic fields or AGN feedback are more important for the evolution of
supermassive black holes.
Project details:
The research project presented here is based on generating and analysing new numerical
magnetohydrodynamical cosmological zoom-in simulations of galaxy formation. For this, the
student will be provided with initial conditions and the appropriate executable of the RAMSES
code that they will use to run the simulations. The project will proceed in the following stages:
1. The student will review the relevant literature, focusing on understanding the important
processes of galaxy formation, the picture around SMBHs as well as the paradigmatic
Bondi model of accretion onto compact objects, and the effects of AGN feedback.
2. The student will familiarise themselves with operating on high performance computing
(HPC0 environments and submitting message passing interface (MPI) jobs. The
student will prepare to run the main simulations by comparing a no-AGN and an AGN
run with radio and quasar feedback modes. Both runs will feature no magnetic fields,
and will be used to review how AGN affects the growth of the host galaxy. The student
will generate a plot of the stellar mass growth and basic projected maps and
animations (videos) of the galaxy formation. Some example codes will be provided for
this.
3. The student will generate the three main simulations of this work, spanning different
magnetic field strengths, and evolving them until redshift z ~ 6 - 4.
4. While the simulations evolve, the student will prepare their main analysis codes.
Aspects to be studied are the effect of magnetic fields on SMBH mass growth, AGN
activity and stellar mass. They will also review how these interrelate with the properties
of the local gas around the SMBH. They will also compare the properties of the galaxy
with empirical relations between SMBH and their galaxy host.
5. Extra: for ambitious students with good computational skills and the desire to carry on
doing additional work, various extensions are possible:
a. Extending the accretion model to account for the local presence of magnetic
fields (Lee et al. 2014).
b. Exploring a basic implementation of a magnetised AGN prescription.
c. Simulating the galaxy in the presence of astrophysical instead of ab-initio
magnetic fields to compare the effect of different magnetisation channels.
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Skills required:
This project has a substantial computational component. Consequently, the student is
expected to be comfortable working using a UNIX shell and programming with a scripting
language of choice (preferably python). Some familiarity with compiled languages (such as C
or Fortran) is preferred to facilitate the analysis. Students are encouraged to discuss any other
computational abilities they may have that could be of use for the project e.g. CUDA,
MPI/OpenMP protocols, AI frameworks, etc. Students should also be familiar with the Part II
‘Astrophysical fluid dynamics’ course (Clarke & Carswell, 2014), while good knowledge of
‘Structure and evolution of stars’ and ‘Stellar dynamics and structure of galaxies’ is desirable.

Useful references: (List of important papers/review articles relevant to the project)
1. Clarke & Carswell. Principles of Astrophysical Fluid Dynamics. Cambridge University
Press.
2. Kormendy J., Ho L. C., 2013, ARA&A, 51, 511.
3. Martin-Alvarez S., Slyz A., Devriendt J., Gómez-Guijarro C., 2020, MNRAS, 495, 4475.
4. Lee, A. T., Cunningham, A. J., McKee, C. F., et al. 2014, ApJ, 783, 50.
5. Sijacki D., Vogelsberger M., Genel S., et al. 2015, MNRAS, 452, 575
6. Vogelsberger M., Marinacci F., Torrey P., Puchwein E., 2020, Nat. Rev. Phys., 2, 42.
7. Volonteri, M. 2010, A&ARv, 18, 279.
8. Volonteri M., Dubois Y., Pichon C., Devriendt., 2016, MNRAS, 460, 2979.
General references: (List papers referred to in the project description)
1.
2.
3.
4.
5.
6.
7.
8.

Beckmann R. S., Slyz A., Devriendt J., 2018, MNRAS, 478, 995.
Bondi, H., Hoyle, F., 1944. MNRAS 104, 273–282. doi:10.1093/mnras/104.5.273.
Dubois Y., Peirani S., Pichon C., MNRAS, 463, 3948.
Ferrarese L., Merritt D., 2000, ApJL, 539, L9.
Ferrarese L, Ford H, 2005, Space Science Reviews 116:523–624.
Haiman, Z., & Loeb, A. 2001, ApJ, 552, 459.
Rees M. J., 1984, ARA&A, 22, 471.
Teyssier, 2002. A&A, v.385, p.337-364 (2002).
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Project 18. High resolution spectroscopy of an exoplanetary
atmosphere
Supervisor I: Nikku Madhusudhan (nmadhu@ast.cam.ac.uk)
Supervisor II:
UTO: Nikku Madhusudhan

Project summary:
The project involves inferring atmospheric signatures of a transiting exoplanet using very high
resolution spectroscopy of the star-planet system observed with a large ground-based
telescope. The spectral signatures of the planet are deduced by detecting the Doppler shift of
the planetary atmospheric spectrum relative to the stellar spectrum. This involves first
accurately removing the systematics and telluric features from the combined spectrum and
then cross correlating the observed spectrum with model template spectra of the planet to
infer the planetary signal.

Project description:
In the present project we will use high-resolution spectroscopy to infer the atmospheric
properties of a transiting planet using archival observations of the system. This technique
involves the detection of absorption lines in the planetary spectrum that are Doppler shifted in
wavelength due to the radial velocity of the planet (Snellen et al. 2010, Brogi et al. 2012, Birkby
2013). For close-in hot Jupiters, the orbital velocities can be over 100 km/s whereas the stellar
orbital velocities are significantly lower (below 0.1 km/s). Thus the Doppler-shifted spectral
lines of the planetary atmosphere are identifiable compared to those in the stellar spectrum
as well as those in the Earth’s telluric spectrum which is relatively static. A template spectrum
of a model planetary atmosphere that includes the sought after atom or molecule is crosscorrelated with the observed spectrum to detect the Doppler shift in the spectral lines with
phase thereby revealing the presence of the chemical species in the planetary atmosphere.
Critical to this method is the high resolution of the observed spectrum so that individual atomic
or molecular lines can be resolved. Many of the successful observations in this area have
been made using high-resolution spectrographs such as CRIRES in the near-infrared or
HARPS in the optical, with spectral resolving power of ~105 (Birkby 2013, Hawker et al. 2018,
Cabot et al. 2020). This method has been successfully applied to a number of hot Jupiters
orbiting relatively bright, i.e., nearby, stars. We will implement the same for a selected
exoplanet with available observations.
Background:
In recent years robust detections of several atoms and molecules in exoplanetary
atmospheres have been made using high-resolution atmospheric spectroscopy. These
include molecules such as CO, H2O and HCN (Brogi et al. 2012, Birkby 2013, Hawker et al.
2018) and a variety of atoms and ions (Hoeijmakers et al. 2017, Cabot et al. 2020). The
detections of these particular molecules and atoms are favored by the fact that they are
expected to be the most dominant chemical species in hot Jupiter atmospheres at high
temperatures in the ~1500-3000 K range. These species also have detectable absorption lines
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in the optical and near-infrared where these atmospheres are most conducive to observe from
ground. While molecular features are prominent in the infrared the atomic features are
primarily in the optical. Snellen et al. (2010) reported the first detection of CO using this
technique in a hot Jupiter in transit which also led to a constraint on the wind velocity in the
planetary atmosphere. Subsequent observations have led to the detections of CO, H2O and
HCN in the atmospheres of several transiting and non-transiting hot jupiters (e.g. Brogi et al.
2012, Birkby et al. 2013, Hawker et al. 2018, Cabot et al. 2019) and atomic species in several
transiting ultra-hot jupiters (Hoeijmakers et al. 2017, Cabot et al. 2020).
Project details:
The goal of the project is to constrain the atmospheric properties of an exoplanet using highresolution spectra from archival data. The project will involve data analysis of the spectra,
including accurate detrending and telluric removal, and using a high-resolution model grid to
search for planetary spectral signatures in the data. The initial reduction of the raw data will
be conducted using an existing pipeline. The rest of the analyses will be conducted using tools
built in the current project. This includes identification and removal of bad pixels, detrending,
removal of telluric features, etc. The corrected spectra will then be cross-correlated against
existing model template spectra to identify planetary signals in the data. More details on the
method can be found in the references listed below.

Skills required:
The project will require adequate computing skills including some familiarity with data handling
and numerical methods. Prior experience with astronomical spectroscopy is desirable.
Proficiency in Python is desirable but at least some experience with Python is essential. PartII level physics and astronomy will be sufficient for the project.

Useful references: (List of important papers/review articles relevant to the project)
1.
2.
3.
4.

Birkby, J. 2018 Handbook of Exoplanets, Springer
Madhusudhan, N., et al. 2016, Space Science Reviews, 205, 285
Hawker et al. 2018, ApJL, 863L, 11H
Cabot et al. 2020, MNRAS, 494, 363C

General references: (List of papers referred to in the project description)
1.
2.
3.
4.
5.
6.
7.
8.

Snellen et al. 2010, Nature, 465, 1049
Brogi et al. 2012, Nature, 486, 502
Brogi et al. 2013, ApJ, 767, 27
Birkby et al. 2013, Messenger
Hawker et al. 2018, ApJL, 863L, 11H
Hoeijmakers et al. 2017, Nature, 560, 7719, 453
Cabot et al. 2019, MNRAS, 482, 4422C
Cabot et al. 2020, MNRAS, 494, 363C
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Project 19. Constraints on Late Time Decaying Dark Matter
Supervisor I: George Efstathiou (gpe@ast.cam.ac.uk)
Supervisor II:
UTO: George Efstathiou

Project summary:
Dark matter comprises about 25% of the energy density of the Universe, yet we know very
little about its nature. The aim of this project is to investigate the observational constraints on
the lifetime of decaying dark matter. If time allows, the project could be extended to investigate
interactions between dark matter and dark energy.

Project description:
Background:
The six parameter ΛCDM model provides an amazingly accurate description of a wide range
of high precision observational data, including anisotropies of the cosmic microwave
background (CMB) radiation, baryon acoustic oscillations (BAO) and the Type Ia supernova
magnitude-redshift relation. In the ΛCDM model, dark energy is assumed to be a cosmological
constant and the dark matter is assumed to be stable and cold. However, the nature of the
dark matter is not known. The aim of this project is to set limits on the lifetime of a cold dark
matter particle. Decaying dark matter has been considered in many research articles, see eg
Ichiki etal (2004), Audren etal (2014), Enquist etal (2015), Vattis etal (2019), Clark etal (2021)
and references therein. The analysis of Vattis etal is the closest in spirit to this project and
should be used as a primary reference. One of the claims made by Vattis etal is that late time
decaying dark matter can solve the Hubble tension (Riess etal 2019, Freedman 2021). This
conclusion conflicts with my recent paper (Efstathiou, 2021) in which I claimed that changes
to the late time expansion history of the ΛCDM model cannot solve the Hubble tension. The
minimal aim of the project is to resolve the discrepancy between myself and Vattis etal.

Project details:
If we allow the possibility of dark matter decay, we need to address the question of what does
the dark matter decay into. The simplest possibility is that it decays into some type of `dark
radiation’, i.e. a neutrino-like relativistic component with an equation of state p=1/3⍴c2 . More
generally, as discussed in Vattis etal, the decays might involve dark radiation and a less
massive dark matter particle (potentially warm dark matter, depending on the model
parameters). The project will consist of three parts:
(i)
calculation of the expansion history H(z) as a function of the model parameters
characterising the decays;
(ii) perform a Monte-Carlo Markov Chain (MCMC) analysis using BAO and Type Ia
supernovae (i.e. an inverse distance ladder) as in Efstathiou (2021) to constrain
the decay parameters and the present day value of the Hubble constant H0
(see Figure 1);
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(iii)

discuss the theoretical implications of the results of part (ii).

Figure 1 The points show H(z) determined from BAO measurements. The green line shows H(z) for the six
parameter ΛCDMcosmology fitted to the CMB measurements from Planck with the grey bands denoting 1
and 2𝛔 errors. The dashed line shows an expansion history that matches the Riess etal measurement of
H0. As discussed in Efstathiou 2021, such an expansion history conflicts with the inverse distance ladder.

The results of part (ii) will lead to constraints on the lifetime of decaying dark matter that are a
few times the age of the Universe. From the theoretical point of view, this raises a `why now’
problem (as does the value of Λ). This is an unattractive feature of a decaying dark matter
scenario. At the minimum level, I would want students to mention and comment on this
problem. The project can, however, be extended by linking dark matter decays to the dark
energy thereby replacing two `why now’ problems by the single `why now’ problem of ΛCDM.
Some authors have even suggested that a link between dark matter decay and dark energy
might be expected according to string theory (see Agrawal et al 2021). Part (iii) can therefore
be extended to include a review of dark matter/dark energy interactions and possibly to derive
constraints on particular scenarios.

Skills required:
Good knowledge of general relativity and theoretical cosmology.
Part (ii) involves running Monte Carlo Markov Chains. I can supply fortran 90 routines and I
used the MULTINEST sampler in my 2021 paper. If the student is unfamiliar with fortran 90,
then these routines can either be rewritten, or interfaced, with the python sampler emcee.
The student will also need to be able to analyse the MCMC chains and to produce high quality
plots to visualise the parameter constraints. Part (ii) represents the main part of the
project and requires computational skills.
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Useful references:
1. Vattis etal, 2019,arXiv: 1903.06220
2. Efstathiou, G., 2021, arXiv:2103.08723
General references:
1.
2.
3.
4.
5.
6.
7.

Ichiki, K., etal, 2004, arXiv:0403164
Audren, B., etal, 2014, arXiv:1407.2418
Enquist, K. etal, 2015, arXiv: 1505.05511
Clark, S. J., etal, 2021, arXiv:2006.03678
Riess, A., etal 2019, ApJ, 876, 85
Freedman, W., 2021, arXiv:2106.15656
Agrawal, P. etal 2021, arXiv:1906.08261
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Project 20. Searching for warm dust in the habitable zone of nearby
M-stars
Supervisor I: Mark Wyatt (wyatt@ast.cam.ac.uk)
Supervisor II: Grant Kennedy (University of Warwick)
UTO: Mark Wyatt

Project summary:
The aim of this project is to determine how much warm dust can be present in the habitable
zone of nearby M stars. Such dust is called an exozodi and may have its origin in exocomets
or collisions between planetary embryos. Its presence is informative about these origins, but
at even modest levels also acts as noise that can prevent the detection and characterisation
of habitable exo-Earths. This project will take an unbiased sample of nearby stars from Gaia
(i.e., the targets for future exo-Earth surveys, most of which are M stars) and use the WISE
survey to set constraints on the amount of warm dust that can be present. This will be
compared with results from previous surveys for warm dust (that were biased to higher mass
stars) and the implications for exo-Earth imaging considered. The project will also consider
the possibility of getting improved constraints using JWST.

Project description:
Background:
The last decades have seen the discovery of a wide diversity of exoplanets, but there are none
yet quite like the Earth – the hunt for habitable exo-Earths around other stars is on! One of the
challenges when attempting to image and then take a spectrum of an exo-Earth is that the
planet is not the only source of light in its vicinity. One of these sources of confusion is the
system’s exozodi, i.e., dust in the system that may be created in the break-up of asteroids and
comets (or even planets), analogous to the zodiacal cloud in the solar system (e.g., Roberge
et al. 2012). We now know that bright exozodi (i.e., those with mid-IR emission that are >10%
as bright as the star) are relatively rare, being present in photometric surveys like WISE
towards 0.1-1% of Sun-like stars (Kennedy & Wyatt 2013). However, lower levels of emission
are still problematic for exo-Earth imaging and are more common, being found around ~20%
of stars using nulling mid-IR interferometry with the Large Binocular Telescope Interferometer
(LBTI) (Ertel et al. 2020, see Fig. 1 right). This calls into question whether these exozodi will
be a limiting factor for exo-Earth surveys like LIFE (Quanz et al. 2021). This problem is
compounded by the fact that most of the targets that are amenable to searching for exo-Earths
are low mass M-stars for which there are as yet no constraints on their exozodi (see Fig. 1
left).
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Figure 1: (Left) Volume-limited sample of nearby stars (Reyle et al. 2021). Those below the yellow and blue lines are
amenable to searching for life around habitable exo-Earths with a LIFE-like space mission (Quanz et al. 2021). Those below
the green line can be searched for faint exozodi with LBTI (Ertel et al. 2020), but those above have as yet no constraints
on the presence of warm dust. (Right) Exozodi luminosity function, showing the fraction of Sun-like stars with fractional
excesses in the mid-IR larger than a given level (Kennedy & Wyatt 2013). A similar and more detailed procedure will be
applied in the project to determine fractional excesses for M stars.

Project details:
The sample of stars that are amenable to characterising habitable zone exo-Earths in the midIR with LIFE is well defined: they must be near enough that an Earth-like planet is bright
enough to detect and that the habitable zone is far enough from the star to be resolvable (see
Fig. 1 left). This project will start with the unbiased sample of nearby stars taken from Gaia of
Reyle et al. (2021). It will then correlate these stars with other catalogues to characterise the
stellar photosphere and predict its emission in mid-IR wavelengths. These predictions will then
be compared with WISE observations of these stars to determine whether any excess
emission is present, and if not what its maximum level can be. Any detection would be a
significant discovery, and careful consideration of false positives such as due to stellar
multiplicity would be carried out. The results would be used to create the exozodi luminosity
function for the sample, which would be compared to that known for higher mass Sun-like
stars (see Fig. 1 right); e.g., even with non-detections it would be possible to tell that the M
stars have lower exozodi levels than Sun-like stars boding well for exo-Earth imaging. The
project would also consider the possibility of achieving more accurate constraints with JWST,
a proposal which could be submitted in cycle-2. Photometrically it will only be possible to
detect >10% excess levels, but with spectroscopy it should be possible to reach levels of a
few %.

Skills required:
Programming in Python would help.

References:
1.
2.
3.
4.
5.

Ertel S., et al. 2020, AJ, 159, 177
Kennedy G. M., Wyatt M. C. 2013, MNRAS, 433, 2334
Quanz S., et al. 2021, A&A, submitted, arXiv:2101.07500
Reyle C., et al. 2021, A&A, 650, A201
Roberge A., et al. 2012, PASP, 124, 799
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Project 21. The star-formation history of the universe at redshifts
z<1.5 using emission-line galaxies detected in the SDSS quasar
catalogue
Supervisor I: Paul Hewett (H19, phewett@ast.cam.ac.uk)
Supervisor II:
UTO: Paul Hewett

Project summary:
The first phase would be the construction of the definitive catalogue of star-forming galaxies
detectable in the spectra of the final release of the Sloan Digital Sky Survey (SDSS) quasar
catalogue of 750,000 objects. Once the selection function, defining the probability of selecting
a galaxy as a function of emission-line flux and redshift, is determined the evolution of the starforming galaxy luminosity-function for redshifts z=0.1-1.5 can be investigated.

Project description:
The project will involve working with large numbers of quasar spectra from the SDSS Data
Release 16 (DR16) and is an observational/data-focussed investigation by nature.
Background:
Determining the star-formation history of galaxies as a function of their mass is one of the
fundamental observations underpinning our understanding of the nature of galaxy evolution.
The history of star-formation in massive galaxies has been established for some years, with a
significant decline in the rate seen from a peak at redshifts z=2-3 to the present day, at redshift
zero. The observational task is more difficult when considering galaxies of lower mass
because the galaxies are fainter and the star-formation rate per galaxy is smaller. The optimal
method for identifying galaxies undergoing current star-formation (within the last 10 million
years) is to detect the strong hydrogen and oxygen emission lines produced in the ionised gas
surrounding massive O and B stars. The optical spectra obtained as part of the SDSS with a
resolution R (= δλ/λ) = 2000 are ideal for detecting such emission lines from galaxies with
velocity widths of 50-200 km/s (see Figure 1). Given the large size of the SDSS survey the
quasar spectra allow a survey over a significant area of sky to relatively faint emission-line
fluxes. Analysis of the luminosity function of a large sample of emission-line galaxies will
provide information on the evolution of the star-formation rate in low-mass galaxies over the
redshift range z=0.1-1.5 (the last 9 Gyr of cosmic time).
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Figure 1: The SDSS spectrum of the redshift 1.205 quasar SDSSJ1403+3513 with the wavelength scale in
the rest-frame of the redshift z=0.445 emission-line galaxy detected serendipitously in the spectrum. The
narrow (~100 km/s) emission from ionised neon, oxygen and hydrogen gas is detected at high signal-tonoise ratio.

Project details:
The SDSS DR16 quasar catalogue spectra are available and the first element of the project
would be to code an emission-line detection scheme and to then develop criteria to select
emission that originates from star-formation in (unseen) galaxies that lie in the same part of
the sky as the quasars. The project can allow considerable flexibility in terms of direction and
emphasis. The number of emission-line galaxies present in the quasar spectra increases
rapidly as the emission-signal becomes weaker and one option would be to undertake a
careful quantitative determination of the `selection function’ for the galaxies as a function of
the emission-line properties and the redshifts of the galaxies and the quasars. An alternative
option would be to investigate the statistical properties of the star-forming galaxies identified
and spend more time relating the properties of the galaxies to existing work probing different
volumes and luminosities.

Skills required:
The student will need to be comfortable with an exploratory “population” or “statistical”
approach to a research problem. While the detection of emission-lines is conceptually simple,
developing an effective identification scheme with well-parametrized detection probabilities is
a task that involves many factors and an eye for detail is essential. There is considerable
flexibility in what exactly is investigated but the ability to code in python or MatLab is essential.
There will naturally be a degree of background reading and familiarisation with astrophysical
properties and analysis techniques but no specific lecture courses are prerequisites.
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Useful references:
1. The SDSS DR7 and DR16 web pages with much information about the surveys are:
http://classic.sdss.org/dr7/ and http://www.sdss.org/dr16/
2. The
DR16
quasar
catalogue
description
is,
Lyke
et
al.
2020,
https://ui.adsabs.harvard.edu/#abs/2020ApJS..250....8L/abstract
3. Drozdovsky et al. 2005 https://iopscience.iop.org/article/10.1086/430884/pdf description of an emission-line galaxy search using very low-resolution Hubble Space
Telescope data. The analysis and construction of luminosity functions could be similar
for the SDSS sample.
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Project 22. Dynamical friction on supermassive black holes in
galaxy formation simulations
Supervisor I: Debora Sijacki (K17, deboras@ast.cam.ac.uk)
Supervisor II: Sophie Koudmani (O15, skoudmani@ast.cam.ac.uk)
UTO: Debora Sijacki

Project summary:
The systematic study of supermassive black hole orbits in simulated galaxies to pin down the
regime in which dynamical friction is acting properly and to devise new prescriptions that take
into account dynamical friction effects on the unresolved scales.

Project description:
Accurate motions of supermassive black holes (SMBHs) in supercomputer simulations of
galaxy formation are needed not only to follow their dynamics meaningfully, but also to be able
to couple energy released by accreting black holes in correct spatial locations. Moreover, with
the advent of gravitational wave astronomy it is of paramount importance to pin down the
cosmic merger rates of supermassive black holes whose predictions rely crucially on accurate
black hole orbits. Current state-of-the-art simulations (e.g. Vogelsberger et al. 2014,
Weinberger et al. 2017) adopt very crude prescriptions that take into account dynamical friction
on unresolved scales leading to a poor tracking of black hole orbits. This project attempts to
improve upon this by performing a series of idealized galaxy simulations where black hole
orbits will be studied as a function of resolution and where different models for unresolved
dynamical friction (e.g. Wurster & Thacker 2013, Hirschmann et al. 2014, Petts et al. 2016,
Tremmel et al. 2015, 2017, Pfister et al. 2019; see also Mannerkoski et al. 2021) will be
explored and compared against analytical predictions (e.g. Chandrasekhar 1943, Binney &
Tremaine 2008).
Background:
There is firm observational evidence that SMBHs, with masses in excess of 106M⊙, reside in
the centres of a large fraction of galaxies, including our own galaxy the Milky Way (for a review
see Kormendy & Ho, 2013). Gas accretion onto SMBHs has been identified as the most likely
mechanism powering active galactic nuclei (Lynden-Bell 1969, Rees 1984) which may affect
the entire galaxy in which they reside, through a series of physical mechanisms involving
radiation, relativistic jets, and fast, mass-loaded outflows. In fact, currently all galaxy formation
models include supermassive black holes and their energetic feedback effects as a key
ingredient needed to reproduce the morphological diversity of galaxies. While it is still largely
debated how active galactic nuclei affect their host galaxies, it is equally important to establish
where the feedback energy is released. This depends entirely on the location of the black hole
which needs to be tracked accurately in numerical simulations. While in principle this can be
achieved self-consistently with an accurate gravity solver, in practice the spatial and mass
resolution of galaxy formation simulations is often not sufficient to capture the dynamical
friction from dark matter, gas and stars acting on black holes properly, instead giving rise to
N-body numerical scattering and physically incorrect black hole motion.
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Project details:
The initial conditions of simulations consisting of a live dark matter halo with an embedded
baryonic component made of stars and gas will be provided. An off-centred SMBH will be
added to this halo and the aim is to study its motion. The student will be expected to use the
massively-parallel moving mesh code AREPO and to perform several simulations on our local
high performance computing (HPC) facilities using these initial conditions. Basic scripts to
read simulation data will be provided but the student will need to modify these for the purpose
of the project. The project structure is modular. First, purely collisionless simulations at
different resolutions will be performed and results will be compared against analytical
predictions. Second, a gaseous component will be added to understand how this collisional
component affects black hole decay to the centre. Third, several models for incorporating
unresolved dynamical friction in a semi-analytical fashion will be considered (see e.g. Figure
1 from Tremmel et al. 2015, and also Petts et al. 2016, Pfister et al. 2019). This will require
some coding in AREPO. Fourth, time permitting, simulations with black holes accreting at the
Bondi-Hoyle-Lyttleton rate and the subsequent injection of feedback will be considered as well
as full cosmological runs.

Figure 1. Simulated dwarf galaxy with two different prescriptions for unresolved dynamical friction acting
on SMBHs. Adapted from Tremmel et al. 2015.

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 “Stellar Dynamics and Structure of
Galaxies” are required.

Useful references: (List of important papers/review articles relevant to the project)
1. Chandrasekhar, 1943, ApJ, 97, 255
2. Binney & Tremaine, Galactic Dynamics, Princeton University Press, Princeton, NJ
USA, 2008.
3. Kormendy & Ho, 2013, ARA&A, 51, 511
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4. Vogelsberger et al., 2014, MNRAS, 444, 1518
5. Weinberger et al., 2017, MNRAS, 465, 3291
6. Wurster & Thacker, 2013, MNRAS, 431, 2513
7. Hirschmann et al., 2014, MNRAS, 442, 2304
8. Tremmel et al., 2015, MNRAS, 451, 1868
9. Tremmel et al., 2017, MNRAS, 470, 1121
10. Petts et al., 2016, MNRAS, 463, 858
11. Pfister et al., 2019, MNRAS, 486, 101
12. Mannerkoski et al., 2021, ApJ, 912L, 20
General references: (List papers referred to in the project description)
1. Lynden-Bell, 1969, Nature, 223, 690
2. Rees, 1984, ARA&A, 22, 471
3. Silk & Rees, 1998, A&A, 331L, 1
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Project 23. Quantifying low-redshift cosmological anisotropy
Supervisor I: Hayley Macpherson (DAMTP B1.23, h.macpherson@damtp.cam.ac.uk)
Supervisor II: Suhail Dhawan (sd919@ast.cam.ac.uk)
UTO: George Efstathiou (gpe@ast.cam.ac.uk)

Project summary:
The standard cosmological model, termed “ΛCDM”, has proven an exceptional, consistent fit
for a large and diverse set of observations. However, some tensions exist between ΛCDM and
our observations. Most notably, current measurements of the Hubble constant from the
Cepheid-based distance ladder are in tension with the early universe inference, assuming
standard cosmology. These tensions could be signs of cosmological physics not captured
within ΛCDM.
Recent studies have claimed detection of local anisotropic signatures in quasar and Type Ia
supernova data, violating the assumptions underlying ΛCDM (Secrest et al 2021, Colin et al
2019). Macpherson & Heinesen (2021) recently showed significant local anisotropies in
numerical simulations, which could impact our low-redshift measurements such as the local
Hubble constant.
In this project the student will study anisotropies in cosmological parameters for a set of 100
observers placed in a general-relativistic cosmological simulation. The student will use existing
data from Macpherson & Heinesen (2021) to perform a thorough quantitative study of lowredshift anisotropies “measured” by these synthetic observers, including studying the
amplitude and direction of dominant multipoles.

Project description:
The student will write code to perform analysis and extract angular power spectra of highresolution sky maps for 100 synthetic observers. Ideally this will be done in Python, using the
healpy package. The student will also perform fits to the different multipoles in the data to find
their best-fit preferred directions. If time allows, the student will use their analysis to compare
with anisotropies in real data sets of observed Type Ia supernovae.
Background:
Modern cosmology relies on the assumptions that the Universe is both the same everywhere
(homogeneous) and the same in all directions (isotropic). In General Relativity this amounts
to adopting the Friedmann-Lemaitre-Robertson-Walker (FLRW) description of space-time,
forming the basis of ΛCDM and therefore almost all cosmological data analysis today.
Recent studies have claimed detection of a non-zero dipole anisotropy in large sets of Type
Ia supernovae (SNe Ia) data (e.g. Colin et al 2019). Forthcoming surveys like the Rubin
Observatory and the Roman Space Telescope will increase the amount of SN Ia data by an
order of magnitude. This will greatly improve the constraining power of our data and allow us
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to make stronger determinations about our local Universe. Hence, it is timely to study these
potentially important low-redshift anisotropies.
Heinesen (2021) recently derived a completely model-independent framework for
cosmological data analysis. With the help of our upcoming large SNe Ia datasets, this
framework will allow us to drop simplifying assumptions commonly made in cosmology and
directly infer properties about local inhomogeneities and anisotropies. Before these large data
sets are available, it is useful to study these effects in cosmological simulations. Macpherson
& Heinesen (2021) calculated local anisotropies in cosmological parameters using numerical
relativity (NR) simulations. NR allows us to perform simulations without assuming the model
universe is homogeneous or isotropic, making them ideal to test these key assumptions.
Macpherson & Heinesen (2021) found significant anisotropic signals in all cosmological
parameters, an example of which we show in Figure 1 below. Each plot shows a sky-map of
the cosmological parameters for an observer in the simulation. We show the Hubble,
deceleration, curvature, and jerk parameters (top-left to bottom-right, respectively), each
normalised by their FLRW counterparts. All parameters show significant deviation across the
observer’s sky. Anisotropies like these could greatly impact our low-redshift data analysis,
because most of this data does not fairly sample the sky.

Figure 1: Anisotropy in effective cosmological parameters relative to their FLRW (homogeneous and isotropic)
counterparts (Macpherson & Heinesen, 2021). We show Mollweide projections across one synthetic observer’s sky of the
expansion rate or Hubble parameter (top left), deceleration parameter (top right), curvature parameter (bottom left), and
jerk parameter (bottom right). The student will use these same maps to quantify the level of anisotropy measured by
different observers.

Project details:
The purpose of this project is to extend upon the work presented in Macpherson & Heinesen
(2021). The student will use a set of 100 existing high-resolution sky maps of anisotropic
cosmological parameters (for example, in Figure 1) to quantify the level and type of anisotropy
measured by different observers located in different regions in the simulation. This will allow
us to understand the statistical properties of, e.g., dipolar and quadrupolar anisotropies across
a set of observers living in a realistic model universe.
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Specifically, the student will:
- Perform a literature review to become familiar with the FLRW luminosity-distance
redshift relation widely used for low-redshift data analysis, and it’s recent
generalisation to an inhomogeneous, anisotropic spacetime in Heinesen (2021). Read
the recent work of Macpherson & Heinesen (2021), and recent observational studies
into local anisotropy.
- Reproduce a sky-map as shown in Figure 1 for a few select observers to familiarise
themselves with the data.
- Take angular power spectra of the sky-maps for all 100 observers and assess
statistical qualities of the multipoles.
- Perform dipolar and quadrupolar fits to the Hubble and deceleration parameters to find
their best-fit preferred directions.
- If time allows, compare these best-fit directions to, e.g. the direction of the dipole in the
CMB (Planck Collaboration, 2018).
- If time allows, perform more comparisons to data by performing new analysis of lowredshift data including the impact of anisotropy.
- If time allows, repeat the analysis using fully general-relativistic ray tracing results and
compare to initial calculations.

Skills required:
Required: an interest and motivation to learn basic Python programming and analysis of real
cosmological data, basic knowledge of cosmology.
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. Macpherson & Heinesen (2021) “Luminosity distance and anisotropic sky-sampling at
low redshifts: a numerical relativity study”
https://arxiv.org/abs/2103.11918
2. Heinesen (2021) “Multipole decomposition of the general luminosity distance 'Hubble
law' -- a new framework for observational cosmology”
https://arxiv.org/abs/2010.06534
3. Visser (2004) “Jerk, snap and the cosmological equation of state”
https://arxiv.org/abs/gr-qc/0309109
General references: (List papers referred to in the project description)
1. Secrest et al (2021) “A Test of the Cosmological Principle with Quasars”
https://arxiv.org/abs/2009.14826
2. Colin et al (2019) “Evidence for anisotropy of cosmic acceleration”
https://arxiv.org/abs/1808.04597
3. Planck Collaboration (2020), “overview and cosmological legacy”
https://arxiv.org/abs/1807.06205
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Project 24. Lyman alpha forest as a biased tracer on large scales
Supervisor I: Zvonimir Vlah (K21, zv217@cam.ac.uk)
Supervisor II: Vid Irsic (K06, vi223@cam.ac.uk)
UTO: George Efstathiou (K15, gpe@ast.cam.ac.uk)

Project summary:
The project aims to study the behavior of the two-point correlation function of composite, dark
matter, operators on large cosmological scales. These constitute the building blocks of the
comprehensive perturbation theory for the Lyman-alpha forests, one of the leading tracers of
large-scale structure formation.

Project description:
One of the main observables in the study of Lyman-alpha forests is the two-point correlation
function. On small cosmological scales, these correlations can be studied with computationally
intensive hydro simulations. However, on large scales, these correlators should be well
described by cosmological perturbation theory [1]. To date, a comprehensive perturbation
theory for Lyman-alpha has not yet been developed. One of the primary reasons for this is the
appearance of many so-called 'composite operators’. These are operators that consist of two
or more field powers evaluated in the same spatial point. Unlike in simpler versions of
cosmological perturbation theory, these operators here contribute even to the leading order in
perturbation theory.
This project aims to study several of the leading correlators of such composite fields, e.g., <
𝛿 2 | 𝛿 2 >, < 𝛿 | 𝛿 3 >, etc., in order to examine their large-scale behavior. Understanding
the large-scale behavior and renormalisation procedure of several of these correlators
constitutes an initial stepping stone in developing the perturbation theory for Lyman alpha
forests. These perturbative results can be represented using Feynman diagrams, as shown in
Figure 1. for the simplest < 𝛿 | 𝛿 2 > contribution, which can also be utilized to represent
and simplify the results of interest for this project.

Figure 1. Characteristic representation of the correlators in terms of Feynman diagrams. The shown diagram
represents the leading, one-loop contribution to the < 𝛿 2 𝛿 > correlator.
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The second part of this project is the numerical implementation of the obtained results using
Fast Fourier Transform (FFT) methods [3] within the ΛCDM universe framework. For this part
of the project, some familiarity with Python or C++ programming languages is required.
Background:
The last two decades have seen dramatic improvement in the precision of the 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 to understand the validity of
the standard model of cosmology. As the precision of the measurements improves, so does
the need to provide accurate theoretical predictions.
A theoretical framework able to accurately predict the clustering of matter on large scales is
the cosmological perturbation theory. In the past decade this framework was expanded from
the clustering of matter to clustering of galaxies. However the galaxies farther away and further
into the Universe’s past grow dimmer and fewer in number, which prompts us to look for
alternative astrophysical objects that trace the matter field. Such objects we call dark matter
tracers, or simply tracers. One of the tracers that has been gaining a lot of prominence with
the recent large-scale structure survey is the Lyman-alpha forest -- a collection of absorption
features in spectra of distant quasars. These absorption troughs and dips are an excellent
tracer of the cold neutral hydrogen gas that is predominantly found between galaxies and in
the filamentary structure of the cosmic web.
While the Lyman-alpha forest is at an advantage over galaxies because the mapping between
the matter field and the observed flux in the spectra is very well known, it is also highly nonlinear. The resulting observable could be expanded in Taylor series as 𝛴 𝑎𝑛 𝛿 𝑛 . The
perturbation theory then requires tracking of two expansions, that of 𝛿 𝑛 and of how 𝛿depends
on the linear theory (which is the standard cosmological perturbation theory).
Project details:
Project stepping stones:
● Using the standard bias expansion (see. e.g. [1]) up to the third order in the matter
field student should build correlators, correlating different powers of the matter field.
●
●

Examples of these correlators are < 𝛿 | 𝛿 2 >, < 𝛿 2 | 𝛿 2 >, < 𝛿 | 𝛿 3 >, etc.
Based on these calculations, students should identify and check the consistency of the
counterterm renormalisation procedure.
In the last part, the student writes a code for efficient numerical evaluation of these
correlators. This constitutes writing the results in a form suitable for the Fast Fourier
Transform (FFT) implementation (relevant reference is [3]).

Skills required:
Strong background in mathematics, cosmology and general relativity.
Programing in Python, C++ or Fortran
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Useful references: (List of important papers/review articles relevant to the project)
1. Desjacques, Jeong, Schmidt, “Large-Scale Galaxy Bias”, Physics Reports Volume
733, 1-193, 2018, arXiv:1611.09787.
2. Assassi, Baumann, Green, Zaldarriaga, “Renormalized Halo Bias”, JCAP 08 (2014)
056, arXiv:1402.5916.
3. Schmittfull, Vlah, McDonald, “Fast Large Scale Structure Perturbation Theory using
1D FFTs”, Phys. Rev. D 93, 103528 (2016), arXiv:1603.04405.
General references: (List papers referred to in the project description)
1. Dodelson (2003), “Modern Cosmology”, 2003.
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Project 25. Optimizing the evolution of perturbations in the ΛCDM
universe
Supervisor I: Zvonimir Vlah (K21, zv217@cam.ac.uk)
Supervisor II:
UTO: Anthony Challinor (K02, a.d.challinor@ast.cam.ac.uk)

Project summary:
This project aims to study the exact time evolution of cosmological fluctuations within
cosmological perturbation theory. The goal is to develop the solution to the time-evolution
equations of fluctuations using a decomposition in the Legendre polynomial basis. The need
for such solutions goes hand in hand with the requirements to have efficient and optimized
tools for the fast analysis of cosmological datasets.

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].
Until recently, all frameworks for perturbative analysis of dark matter fluctuations relied on the
Einstein–de Sitter (EdS) approximation, even for the ΛCDM universe. In this context, EdS is
used as a quasi-static approximation, which assumes that the time evolution of the
gravitational coupling kernels at a given perturbative order can be ignored. In recent years,
the full solution for the time-dependent kernels has been obtained in the general ΛCDM
cosmology [2,3], where the time coefficients are given either in a coupled integral form, or in
the form of coupled differential equations. Results for the two-point correlation function (i.e.,
the power spectrum), at the next-to-leading perturbative order, and their deviation from the
constant EdS values are shown in Figure 1.
Starting from the known solution of the time-evolution coefficients, the goal of this project is to
provide the expansion of these coefficients in terms of the (shifted) Legendre polynomials.
The current known solutions are given in the closed integral form or in the form of coupled
differential equations. Given that the deviation of these coefficients from the EdS values is
very mild on the whole time domain 𝑎 = (0,1), such a polynomial expansion is expected to
provide a convenient and fast-converging approximation. Using this basis expansion, the
coupled integral (or alternatively differential) equations should reduce to coupled algebraic
equations. This would provide a fast and efficient solution to the problem of the loop
calculation, essential for the analysis of cosmological datasets (power spectra and correlation
functions).
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Figure 1. Ratio of the ΛCDM and EdS power spectrum at one-loop. We see that even at one-loop level the deviations can
be several percent. Three different spectra are shown: matter–matter 𝑃𝛿𝛿 ; matter–velocity 𝑃𝛿𝜃 ; and velocity–velocity
𝑃𝜃𝜃 . This prompts us to have an efficient and fast way to estimate the values of this deviation for any cosmological
parameters. Gray bands indicate the potential degeneracy with the perturbation theory free parameters (counterterms).

The first original part of this project involves obtaining the required analytical solution to the
integral or differential equations for the time-evolution coefficients, for which some familiarity
with Legendre polynomials is required. The second part of the project consists of the numerical
implementation of the obtained solution, for which some familiarity with Python or C++
programming 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 to understand the validity of
the standard model of cosmology. As the precision of the measurements improves, so does
the need to provide accurate theoretical predictions.
A theoretical framework able to predict accurately the clustering of matter on large scales is
provided by cosmological perturbation theory. In the past decades, this framework has been
well studied; however, most results rely on the Einstein–de Sitter (EdS) approximation,
where the gravitational coupling kernels are assumed to be static at each perturbative order.
This approximation has been accurate enough so far, yielding percent-level accuracy for the
matter and velocity fluctuation two-point statistics.
With upcoming and future cosmological surveys, this accuracy will not be enough. The full
time evolution of the gravitational couplings needs to be taken into account within the ΛCDM
cosmological framework. These results become even more critical as we extend our analysis
to smaller scales where two- and higher-loop perturbative results are needed. There, the
deviations in the two-point statistics can range from a few to tens of percent. Thus, in order to
have robust and highly accurate theoretical models to analyze this upcoming data, these timeevolution effects need to be taken into account.
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Project details:
Project steps:
1. Review the perturbative approach to the evolution of dark matter fluctuations and the
formal solutions for the time-dependent couplings derived in [2].
2. Work out the orthogonality, completeness and product expansion expressions for the
shifted Legendre polynomials and apply to the system of equations reviewed in Step
1.
3. Obtain expressions for the basis-function solution to the time-evolution equations for
the fluctuation coefficients in ΛCDM models.
4. Write code for efficient numerical implementation of the results in Step 3. This requires
some basic familiarity with Python or C++.

Skills required:
Strong background in mathematics, cosmology and general relativity.
Programing in Python, C++

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:astroph/0112551
2. Fasiello, Vlah, “Nonlinear fields in generalized cosmologies”, Phys.Rev.D 94 (2016) 6,
arXiv:1604.04612
3. Sefusatti, Vernizzi, “Cosmological structure formation with clustering quintessence”,
JCAP 03 (2011) 047, arXiv:1101.1026
General references: (List papers referred to in the project description)
1. Dodelson, Schmidt (2020), “Modern Cosmology”, 2nd Edition, 2020
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Project 26. Discerning the Dust Properties in the Host Galaxies of
Type Ia Supernovae
Supervisor I: Kaisey Mandel (kmandel@ast.cam.ac.uk)
Supervisor II: Suhail Dhawan (sd919@ast.cam.ac.uk)
UTO: Kaisey Mandel

Project summary:
In this project, the student will analyse optical and near-infrared (NIR) light curve (time
series) data of well-observed nearby Type Ia supernovae (SNe Ia). By examining the colourcolour diagrams derived from these light curves, the properties of the interstellar dust in the
host galaxies of the SNe Ia can be discerned. In particular, the student will investigate the
ratio of total-to-selective extinction RVthat parametrizes the dust extinction law.

Project description:
This project focuses on data analysis of published nearby Type Ia supernova light curves.
Background:
Type Ia supernovae (SNe Ia) are exploding stars that are effective cosmological probes as
“standardizable candles”: their peak luminosities can be inferred from their optical light curve
shapes and colours, so their distances can be estimated from their apparent brightnesses.
The nature of the dust in SN Ia host galaxies is fundamental to the largest “correction” in
standardising SNe Ia, that due to colour. Incorrect modelling of the SN Ia colour-magnitude
relation is therefore a major source of systematic error in SN distances and cosmology. For
example, a contemporary debate is focussed on whether or not variation in the dust
extinction laws could account for a systematic difference in SN luminosities observed in lowvs. high-mass SN host galaxies (Uddin+20, Ponder+20, Brout & Scolnic 2021, Thorp+21,
Johannson+21).
However, the correct values(s) of the RVparametrizing the dust extinction law has long been
a matter of confusion, and its proper estimation is fraught with statistical subtleties. Naive
linear regression of optical SN Ia absolute magnitudes versus apparent colours at low
reddening [E(B-V) < 0.4] has led to low colour-magnitude slopes that some have interpreted
as evidence for low RV2values. However, this confounds the dust extinction-reddening with
the intrinsic luminosity-colour variation of the SNe Ia, and when this is properly modelled,
values of RV3 are found, consistent with normal Milky Way dust (Mandel+17). Meanwhile,
a few very red SNe Ia, with very high values of the reddening [E(B-V) > 1] that dwarf any
intrinsic colour variation, appear to still have low RV1.5values, which some have speculated
could be caused by circumstellar dust (Goobar 2008).
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The combination of optical and NIR data better constrains the host galaxy dust extinction
and the shape of the dust law as a function of wavelength (Krisciunas+07, Mandel+11).
Multi-dimensional colour information is useful as it provides constraints on the dust
properties while being insensitive to the distance estimate (and its errors). We can exploit
the fact that joint optical and NIR data allows us to constrain the dust effects over a much
wider wavelength range than is possible conventionally with the optical data alone. In recent
years, the CfA Supernova Group (CfA) and the Carnegie Supernova Project (CSP) have
published well-sampled quality optical and NIR light curves of nearby SNe Ia (z < 0.05)
(Friedman+15, Hicken+09,12; Krisciunas+17). Colour measurements derived from these
data can provide important insight and cross-checks into the nature of dust in SN Ia host
galaxies (Folatelli+10, Burns+14, see Fig. 1 from Mandel+20).

Figure 1: Constraints on the host galaxy dust RV from optical-NIR colours at the phase of maximum light in the optical,
derived from a hierarchical Bayesian model for SN Ia spectral energy distributions (Mandel+20).

Project details:
The student will examine published optical and NIR (BVriYJH) light curve data from CfA and
CSP, a subset of which was compiled and analysed by Avelino+19 and Mandel+20. This
subset can be supplemented by very low redshift (z < 0.01) well-sampled SNe Ia that were
excluded from these Hubble diagram analyses. The student will correct for Milky-Way
reddening and apply K-corrections. Using simple model-independent methods (e.g. linear,
polynomial, or Gaussian process fits), the student will construct colour curves and measure
the optical-NIR apparent colours near peak brightness and in the late-time nebular phase
(~35 days after peak) for sufficiently well-sampled light curves. The student will investigate
whether the “Lira Law” linear trend of optical colour vs time at late-times is found in opticalNIR colours. By analysing colour-colour plots of these measurements, the student will
investigate constraints on the dust laws of host galaxies. While the CSP sample has
previously been analysed in a similar way (Folatelli+10, Burns+14), the CfA sample has not.
Thus, this project will provide both new colour measurements and cross-checks on previous
analyses. If time allows, the student may construct and fit statistical models for intrinsic and
dust variation in the SN colour data (e.g. Mandel+14, Burns+14).
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Skills required:
Python preferred, aptitude for statistical analysis of data. Part III/MASt course on
Astrostatistics may be helpful.

Useful references:
1. Avelino+2019, “Type Ia Supernovae are Excellent Standard Candles in the Near
Infrared,” ApJ, 887, 106.
2. Mandel+2020,“A Hierarchical Bayesian SED Model in the Optical to Near-Infrared,”
https://arxiv.org/abs/2008.07538
3. Mandel+2017, “The Type Ia Supernova Color-Magnitude Relation and Host Galaxy
Dust,” ApJ, 842, 93.
4. Folatelli+2010, “The Carnegie Supernova Project: Analysis of the First Sample of
Low-Redshift Type Ia Supernovae,” AJ, 139, 120.
5. Burns+2014, “The Carnegie Supernova Project: Intrinsic Colors of Type Ia
Supernovae,” ApJ, 789, 32.
6. Thorp+2021, “Testing the Consistency of Dust Laws in SN Ia Host Galaxies: A
BayeSN Examination of Foundation DR1,” https://arxiv.org/abs/2102.05678
General references:
1. Friedman+2015, ApJS, 220, 9
2. Hicken+2012, ApJS, 200, 2
3. Hicken+2009, ApJ, 700, 1
4. Krisciunas+2007, AJ, 133, 58
5. Krisciunas+2017, AJ, 154, 5
6. Goobar, 2008, ApJL, 686, 103
7. Uddin+2020, ApJ, 901, 143
8. Ponder+2020, arXiv:2006.13803
9. Brout D., Scolnic D., 2021, ApJ, 909, 26
10. Johansson+2021, arXiv:2105.06236
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Project 27. Quasar emission line properties in high redshift
quasar spectra
Supervisor I: Vid Irsic (K06, vi223@cam.ac.uk)
Supervisor II: Martin Haehnelt (K27, haehnelt@ast.cam.ac.uk)
UTO: Martin Haehnelt

Project summary:
Spectra of distant quasars are routinely observed in large spectroscopic surveys, and these
data are used in the clustering analysis that can help measure the Hubble constant and
matter content of the Universe. The limiting factor of such an analysis is often our knowledge
about the intrinsic spectrum that quasars emit. Quasar spectra can be modelled as a powerlaw with frequency plus emission lines of hydrogen-like atoms originating in the corona
around the supermassive blackholes inside the quasars. If the properties of the different
emission lines depend on the same physical process, then they should not be independent.
To investigate this we will look at the large sample of SDSS-IV/eBOSS quasar spectra, from
which we will extract emission line information and explore empirical correlations between
emission lines of different atoms. If sufficiently strong correlations are found between the
emission line properties of different atoms, this could be used to fit the strong emission lines
to predict the weaker lines, especially in the regions of the spectrum that also exhibit
absorption due to the Lyman-alpha forest.
Background:
Quasi-stellar objects (quasars) are some of the most luminous astrophysical sources
observed up to the dawn of star formation, thirteen billion light years in the past. Some of
the light from quasars that is most commonly studied is likely emitted in a coronal region
around the supermassive blackhole sitting in the centre of the quasar. The spectra of
quasars can be approximated as a featureless power-law with several superimposed
emission lines coming from various ionization states of hydrogen and heavier elements (e.g.
C, Si, N, Fe, Mg). Studying the properties of the emission lines and the spectral slope of
the continuum emission enables detailed analysis
of the central region around
supermassive black holes including the accretion disc powering the emission.
While emitted quasar spectra show little features apart from the emission lines, the
observed spectrum of high redshift quasars is full of absorption series due primarily to the
scattering of light by intervening neutral hydrogen atoms in the intergalactic medium. These
absorption features are collectively called the Lyman-alpha forest. They are a detailed
tracer of the matter distribution at 2<z<5 and are used to determine matter clustering
properties, similar to how galaxies are used at lower redshifts. A key aspect of analysing the
spectra is estimating the quasar continuum i.e. the emission without intervening absorption
to determine the (mean) transmission levels. With upcoming large-scale clustering surveys
(e.g. DESI or WEAVE) the cosmological analyses hope to achieve percent precision on the
clustering measurements. This will only be possible with a proper characterization of the
emission lines within the Lyman-alpha forest.
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Figure 1 A spectrum of a redshift z=2.3 quasar, with the fitted power-law continuum and labeled emission lines.

Project details:
●
●
●
●

Extract publicly available eBOSS quasar spectra and determine the optimal data
cuts based on observed properties (redshift range, signal-to-noise ratio of spectra)
Estimate the average composite quasar spectrum in narrow redshift bins and identify
potential emission lines
Fit a power-law continuum to each of the quasar spectra and determine its
dependence on the quasar magnitude and redshift
Fit for the emission lines on top of the quasar continuum and determine correlations
between their properties

Skills required:
Programming in Python, C or Fortran

Useful references: (List of important papers/review articles relevant to the project)
1. Greig et al. (2017), “Lyα emission-line reconstruction for high-z QSOs”, MNRAS, 466
2, 2017
2. Harris et al. (2016), “The composite spectrum of BOSS quasars selected for study of
the Lyα forest”, AJ, 151 155, 2016
3. Vestergaard & Wilkes (2001), “An Empirical Ultraviolet Template for Iron Emission in
Quasars as Derived from I Zwicky 1”, ApJS, 134 1, 2001
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Project 28: Testing Quasar Physics with Models of Accretion Disc
Winds
Supervisor I: James Matthews (H25, matthews@ast.cam.ac.uk)
Supervisor II:
UTO: Paul Hewett (phewett@ast.cam.ac.uk)

Project summary:
Quasars are some of the most luminous objects in the universe, with their light produced by
accretion onto supermassive black holes. As well as accreting material from their
surroundings, quasars also blast material into the surroundings in the form of “accretion disc
winds”. In this project, we will aim to use physically motivated models for disc winds to
understand their spectral imprints and interpret the observational properties of quasars in
the rest-frame UV. The precise direction of the project is flexible, but will involve building
computational models for winds rising from the accretion disc. These models will be used to
investigate the expected absorption and emission line signatures from a disc wind and
ascertain if a “unification” model for quasars [e.g. 1,2] can be constructed based on viewing
angle alone.

Background:
The disc winds described in the project summary are important astrophysically because they
affect the host galaxy, possibly quenching or stimulating star formation, and may explain the
origin of scaling relations between the black hole and stellar content of the galaxy. Disc
winds are detected via blue-shifted absorption (and emission lines) in ultraviolet and X-ray
spectra, and objects showing broad absorption features are known as “broad absorption line
(BAL)” quasars (see Fig. 2, right, and ref [3]). However, the detailed formation of these
features and the physical mechanism that drives the wind is not clear, although the
mechanism must be connected to radiation pressure, radiative heating, or magnetic fields.
In this project, we are therefore interested in exploring various fundamental questions: What
drives quasar disc winds? What is the geometry of the wind geometry? What is the
connection between the disc wind and the spectral features we observe? Do all quasars
have disc winds? How much mass and power is associated with the outflowing material,
and how significant is that power compared to the binding energy of the galactic bulge?
Project details:
There are a few different directions this project can go, but all involve considering a
“biconical” disc wind rising from an accretion disc (see Fig. 1, left). The student will begin by
familiarising themselves with the observational constraints on disc winds [e.g. 3] and
understanding the basic physics and geometry. The next step will involve one of the
following main goals:
● Developing a new code to simulate helical streamlines from an accretion disc,
parameterised by a covering factor, velocity law, and poloidal launch angle, to see if
a model with symmetry breaking in the azimuthal direction can produce BALs of
sufficient column with sufficient portions of the accretion disc covered.
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●

●

Modelling CIV Blueshifts using Monte Carlo radiative transfer: Conducting
simulations using a Monte Carlo radiative transfer code using an existing disc wind
model (Matthews et al. 2020) to see under what conditions blue-shifted Carbon IV
emission lines are produced. The simulations would be used to estimate
Monte Carlo radiative transfer simulations of MHD winds: In this project, the aim
would be to write a code that produces self-similar wind models of the form discussed
by, e.g., Chajet & Hall 2013, which could then be imported into the radiative transfer
code.

Typically, the outputs from the simulations will be an observational prediction (either line
optical depths or full synthetic spectra) which can be compared to data as a function of
viewing angle. The choice of the above projects 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 and data visualisation skills will all be
useful for a number of future career paths, including, but not limited to, computational
astrophysics.

Figure 1: Left: A schematic showing a 2D cut-through of an azimuthally symmetric biconical wind model, of the
type use in the simulation. Right: An example of a broad absorption quasar spectrum (black line) from Rankine
et al. 2020 [3], showing broad, wind-formed absorption lines in CIV 1550A.

Skills required:
The Part II course “Physics of Astrophysics” is desirable, and an intention to take the Part
III course “Galaxies” would also help. The project will be quite computing heavy. It is not
essential to have advanced pre-existing computing skills, but the student should have an
interest in coding and computational astrophysics, and a willingness to learn new skills. The
majority of the analysis will be done using the Python programming language. Support will
be provided in this area.
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References:
1. Stratified disc wind models for the AGN broad-line region: ultraviolet, optical and Xray properties, Matthews, J. et al., MNRAS, 492, 5540:
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.5540M/abstract
2. A Structure for Quasars, Elvis, M., 2000, ApJ, 545, 63:
https://ui.adsabs.harvard.edu/abs/2000ApJ...545...63E/abstract
3. BAL and non-BAL quasars: continuum, emission, and absorption properties
establish a common parent sample, Rankine, A., et al. 2020, MNRAS, 492, 4553:
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.4553R/abstract
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Project 29. Chaos and Time Variability in the Cosmic Ray
Anisotropy
Supervisor I: Vanessa López-Barquero (Hoyle 55, v.lopezbarquero@ast.cam.ac.uk)
Supervisor II: James Matthews (Hoyle 25, matthews@ast.cam.ac.uk)
UTO: Chris Reynolds (Hoyle 15, 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 and cause their trajectories to display
chaotic behavior, 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 distill information about the CR propagation. Chaotic effects can be a
fundamental contributor to this anisotropy. In this project, we will explore the possibility of
time variability in the cosmic ray arrival distribution as a consequence of chaotic trajectories.

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 an 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 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, inducing chaotic behavior in their trajectories. Chaotic trajectories are highly
sensitive to their initial conditions so that the minimum change can cause monumental
effects. This process intrinsically alters their motion so that 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 chaotic trajectories of trapped cosmic rays generate a change in the
CR anisotropy?
Project details:
In this project, you will work with simulations of cosmic-ray trajectories in an axially
symmetric magnetic bottle configuration with time perturbations. This model is chosen
because of its confinement and magnetic mirroring properties, and it can be used to
represent a variety of magnetic structures. It is based on the heliospheric dimensions and
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magnetic characteristics. However, magnetic mirrors are present in various astrophysical
environments over a wide range of scales, such as planetary magnetospheres, the Local
Bubble, super-bubbles, galactic halos, or basic structures as in the case of those from spatial
intermittency.

Figure 1: 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 largescale 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 color indicates that the
relative intensity is higher than the all-sky mean intensity. On the other hand, the blue color 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.

Figure 2. Left Panel: The magnetic bottle field geometry used as a toy model to study the behavior of trapped
particles. 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.

These trajectories are used to study how the cosmic rays' arrival direction distribution is
perturbed when they stream along the magnetic fields. You will learn how to use Python,
and 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 that chaos could create temporal variations in the maps.
Essentially each realization of an arrival distribution can correspond to different detection
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times or when a specific perturbation is acting on the system. 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 and study the
broader applications in different astrophysical systems. A more specific analysis can be
made using similar trajectories in an MHD-kinetic simulation of the heliosphere, depending
on progress.

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:
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
4. Lopez-Barquero, V. & Desiati, P. 2019, 36th International Cosmic Ray Conference
(ICRC2019), 36, 1109
5. López Barquero, V. Xu, S., Desiati, P., et al. 2017, ApJ, 842, 54.
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Project 30. The thermal history of white dwarf pollutants
Supervisor I: Oliver Shorttle (IoA) (shorttle@ast.cam.ac.uk)
Supervisor II: Amy Bonsor (IoA) (abonsor@ast.cam.ac.uk) & Tim Lichtenberg (University
of Oxford)
UTO: Oliver Shorttle (IoA)

Project summary:
White dwarfs provide a unique archive of exoplanet composition, having accreted rocky
debris which pollutes their otherwise clean hydrogen/helium atmospheres with heavy
elements. Many white dwarf pollutants appear differentiated, having formed a metal-rich
core and rocky-mantle, a process presumed to have occurred at the start of the planetary
system’s life. In this project, the student will model the thermal evolution of white dwarfs
during the post-main sequence life of the system, and investigate the implications for their
differentiation and volatile loss.

Project description:
This project will employ thermal models to investigate the effect of post-main sequence
heating processes on planetesimal populations. Planetesimals will be investigated for
volatile loss and differentiation as a result of stellar heating, and these results compared to
the catalogue of white dwarf pollutant compositions.
Background:
Many white dwarfs have recently accreted planetary material, leaving a chemical fingerprint
of heavy elements in their otherwise clean H/He spectra (Figure 1). These spectra provide
constraints on key abundance ratios of the accreted exoplanetary material, such as Mg/Fe,
Si/Fe and Mn/Mg, which can be used to probe the formation processes of planetary bodies,
including how they have lost and gained volatiles (e.g., Jura & Young, 2014). To date there
are several hundred white dwarfs where multiple elements are detected. Within the next
decade, we anticipate a ten-fold increase in this number, based on follow-up observations
of the many thousands of white dwarfs being discovered by Gaia.
Moderately volatile elements, such as Na and Mn, provide powerful tracers of volatile loss
processes during planet formation (e.g., Harrison et al. 2021). With this small set of
elements, all detectable in white dwarf atmospheres, three major stages of volatile loss may
be identified and distinguished: 1) the incomplete condensation of the nebula gas as the
protoplanetary disk cools (Figure 1A); 2) subsequent post-nebula loss of volatiles as rocky
bodies are melted by impacts and the decay of short-lived radionuclides (Figure 1B); and 3)
a final late loss of volatiles as planetary bodies are heated by their host star’s asymptotic
giant branch (AGB) phase.
To be able to use polluted white dwarfs to constrain rocky planet formation processes we
need to be able to distinguish chemical evolution planetesimals experience in the post-main
sequence stage from that they experience during their formation. To this end this project
will employ thermal modelling of planetesimals during their host star’s post-main sequence
life, to identify how much chemical processing of planetesimals may occur in this epoch, and
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whether this can explain any features of the white dwarf catalogue (e.g., the ubiquity of
differentiated material, Bonsor et al. (2020)).

Figure 1.

Project details:
The student will undertake thermal modelling using the code developed by Lichtenberg et
al. (2019). Two heating scenarios will be explored: 1) investigating planetesimal heating as
the host star enters the AGB phase; and 2) investigating heating as the planetesimal is
perturbed onto short period orbits near the white dwarf. The thermal histories will then be
interpreted in terms of two processes: the heating required to segregate an initially
homogeneous planetesimal into a metal rich core and rocky mantle (‘differentiation’), and
the heating required to drive volatile loss, in particular of Na (e.g., Harrison et al. 2021).

Skills required:
Programming in Python

Useful references:
1. Harrison et al. (2021), Evidence for post-nebula volatilisation in an exo-planetary
body, Earth and Planetary Science Letters, doi: 10.1016/j.epsl.2020.116694
2. Bonsor et al. (2020), Are exoplanetesimals differentiated? Monthly Notices of the
Royal Astronomical Society, doi: 10.1093/mnras/stz3603.
3. Lichtenberg et al. (2019), A water budget dichotomy of rocky protoplanets from 26Al
heating, Nature Astronomy, doi: 10.1038/s41550-018-0688-5
4. Malamud & Perets (2016), Post-main sequence evolution of icy minor planets:
implications for water retention and white dwarf pollution, The Astrophysical Journal,
doi: 10.3847/0004-637X/832/2/160
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General references:
1. Jura & Young (2014), Extrasolar Cosmochemistry, Annual Reviews of Earth and
Planetary Sciences, doi: 10.1146/annurev-earth-060313-054740.
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Project 31. Prebiosignatures: Detecting the origin of life
Supervisor I: Paul Rimmer (pbr27@cam.ac.uk)
Supervisor II: Sarah Rugheimer (U. Oxford)
UTO: Oliver Shorttle (shorttle@ast.cam.ac.uk)

Project summary:
Prebiotic chemistry is the chemistry that procedes from plausible abiotic starting materials
to life’s building blocks and ultimately to the first living organism. Atmospheric or surface
signatures of prebiotic chemistry are called prebiosignatures. The student will take a list of
known prebiosignatures and search for their spectral features in spectral databases. The
student will then use the spectra to estimate how much of each molecule would be required
in the atmosphere of an exoplanet to be detectable by low-to-mid-resolution transmission
and emission spectroscopy, as a function of the distance to that planet. If there is time, the
student will conclude by constructing a list of observational targets for prebiosignatures.

Project description:
This project will identify the spectral fingerprints of prebiosignatures in exoplanet
atmospheres.
Background:
In the past ten years, a promising scenario for prebiotic chemistry has been discovered that
starts with nitriles, sulfur and phosphorus species in liquid water. After irradiating these
species in a sequence of reactions, the major building blocks of life are formed selectively
and at high yield. This is called the cyanosulfidic scenario.
Prebiosignatures are signatures for any prebiotic chemical scenario. We concentrate on this
particular scenario because (i) it is the best-developed scenario for synthetic origins of life’s
building blocks on Earth, (ii) there is core expertise for this scenario at Cambridge, and (iii)
it depends on the light of the star and so is especially amenable to investigation on
exoplanets.
There are two kinds of prebiosignatures: primary and secondary. Primary prebiosignatures
are spectroscopic features that indicate the presence of a molecule directly required for the
prebiotic chemistry. For example, hydrogen cyanide is required for the cyanosulfidic
scenario, and so detecting hydrogen cyanide in an exoplanet atmosphere is evidence that
the planet in question meets at least one requirement for the scenario. Secondary
prebiosignatures are spectroscopic features that provide evidence for physical processes
such as giant impacts, volcanism or lightning. These processes may be needed to produce
the molecules for the scenario, or may be needed to provide local environments where the
scenario can take place. A list of known prebiosignatures is given in Rimmer et al. (2021a),
shown in Figure 1.
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Project details:

Figure 1. A list of known prebiosignatures, showing whether they are primary or secondary
prebiosignatures, and what physical events they count as signatures. There is also an
indication, based on spectral databases, of where spectrally these molecules may be
detected.
The student will begin by familiarizing themselves with the literature about the cyanosulfidic
scenario (Patel et al. 2015, Sutherland 2017, Ranjan et al. 2017, Rimmer et al. 2018,
Rimmer et al. 2021b) and about prebiosignatures (Rimmer & Rugheimer 2019, Rimmer et
al. 2019), especially the review that explicitly discusses prebiosignatures (Rimmer et al.
2021b), and a paper in preparation that assesses the detectability of two of these signatures
(Rugheimer & Rimmer, forthcoming). The data for Figure 1 can be found here:
https://doi.org/10.7910/DVN/UTFCHI.
The student will start with this collected data and expand their search to determine the
spectroscopic signatures for as many of the molecules listed in Figure 1 as possible. Once
the features are determined, the line strengths must be estimated based on existing data.
Then the student will use a simple radiative transfer calculation to estimate the amount of
these molecules that will be needed to observe them in an exoplanet atmosphere, and
estimate the resolution and sensitivity required.
This task alone is sufficient for successful completion of the project. The project can be
further extended as follows:
If time allows, the student will work with a radiative transfer model that can calculate
transmission and emission spectra (Mollière et al. 2019). They will then determine whether
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these signatures remain detectable within a plausible planetary context based on whether
the features are observable. They will then vary the distance between Earth and the host
star, in order to determine at what distance these signatures remain detectable. They can
conclude by using this information and a list of known exoplanet systems to construct a
target list for prebiosignatures.

Skills required:
Knowledge of Python

References:
1. Mollière, P., Wardenier, J.P., van Boekel, R., Henning, T., Molaverdikhani, K. and
Snellen, I.A.G., 2019. petitRADTRANS-A Python radiative transfer package for
exoplanet characterization and retrieval. Astronomy & Astrophysics, 627, p.A67.
2. Patel, B.H., Percivalle, C., Ritson, D.J., Duffy, C.D. and Sutherland, J.D., 2015.
Common origins of RNA, protein and lipid precursors in a cyanosulfidic
protometabolism. Nature chemistry, 7(4), pp.301-307.
3. Ranjan, S., Wordsworth, R. and Sasselov, D.D., 2017. The surface UV environment
on planets orbiting M dwarfs: implications for prebiotic chemistry and the need for
experimental follow-up. The Astrophysical Journal, 843(2), p.110.
4. Rimmer, P.B., Xu, J., Thompson, S.J., Gillen, E., Sutherland, J.D. and Queloz, D.,
2018. The origin of RNA precursors on exoplanets. Science advances, 4(8),
p.eaar3302.
5. Rimmer, P.B. and Rugheimer, S., 2019. Hydrogen cyanide in nitrogen-rich
atmospheres of rocky exoplanets. Icarus, 329, pp.124-131.
6. Rimmer, P.B., Ferus, M., Waldmann, I.P., Knížek, A., Kalvaitis, D., Ivanek, O.,
Kubelík, P., Yurchenko, S.N., Burian, T., Dostál, J. and Juha, L., 2019. Identifiable
acetylene features predicted for young Earth-like exoplanets with reducing
atmospheres undergoing heavy bombardment. The Astrophysical Journal, 888(1),
p.21.
7. Rimmer, P.B., Ranjan, S., Rugheimer, S. 2021a, Starting Life and Searching for Life
on Rocky Planets, Elements.
8. Rimmer, P.B., Thompson, S.J., Xu, J., Russell, D.A., Green, N.J., Ritson, D.J.,
Sutherland, J.D. and Queloz, D.P., 2021b. Timescales for Prebiotic Photochemistry
Under Realistic Surface Ultraviolet Conditions. Astrobiology.
9. Rugheimer, S. & Rimmer, P.B. Forthcoming.
10. Sutherland, J.D., 2017. Opinion: Studies on the origin of life—the end of the
beginning. Nature Reviews Chemistry, 1(2), pp.1-7.
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Project 32. Milkomeda
Supervisor I: N. W. Evans (nwe@ast.cam.ac.uk)
Supervisor II: E. Vasiliev (vasiliev@ast.cam.ac.uk)
UTO: N. W. Evans

Project summary:
The Andromeda Galaxy is approaching the Milky Way at about 110 kilometres per second.
The two spiral galaxies are predicted to undergo an almost head-on collision in about 4.5
billion years time. The galaxy product of the collision has been nicknamed the Milkomeda.
The project is to simulate this collision using the most recent kinematic and mass constraints
(see Figure 1 for an example) and to study the orbital evolution of the encounter, the
properties of the merger remnant and the long-term fate of the Sun.

Figure 1 (taken from the work of Dubinski) shows the encounter of M31 and the Milky Way to make Milkomeda.

Project description:
The student will create a suite of Andromeda-Milky Way collisions, consistent with the most
recent transverse velocity data (80±30 km/s, as measured by the Gaia satellite). The
simulations will be run with the publicly available GyrfalcON code, available as part of the
NEMO stellar dynamics toolkit. Each spiral galaxy will be modelled as a stellar disc and
bulge, embedded in a dark halo, and the collision set running with a possible transverse
velocity. Given the uncertainties in the encounter parameters, the student will build up a
library of possible Milkomedas
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Background:
The long term fate of our Milky Way Galaxy has been studied before by van der Marel et al
(2012) and by Cox & Loeb (2008). The transverse, or sideways, speed of the Andromeda
galaxy across the sky has never been measured directly until the Gaia satellite did so
(Salomon et al 2021). It has an important effect on the timing of the encounter and the
outcome. Also uncertain are the total masses of both the Milky Way and M31, though here
too the Gaia satellite has improved our knowledge. We wish to understand if a collision is
inevitable. If so, what are the range of timings of the encounter and the evolutionary
sequences of the orbits. Depending on progress, the project could examine the fates of the
central black holes and the globular clusters of the host galaxies during the merger. The
merger remnant is expected to be an elliptical or lenticular galaxy, though its geometry is
uncertain. The ultimate fate of the Sun is also worthy of study.
Project details:
The suite of simulations covering a grid in masses and transverse velocities will be run in
Michaelmas term, with the aim of having the simulation data available by mid-term. The
encounter geometry and orbital history are the first topics of study with a view to quantifying
their uncertainties. The radial mass profile of the merger remnant and its extent will be then
studied and compared with present-day elliptical or lenticular galaxies. Which nearby galaxy
does Milkomeda most resemble? Then, the project will focus on what happens to stars in
the disk of the Milky Way to understand where the Sun ends up after the merger. Extensions
to investigate the fates of black holes and/or globular clusters are envisaged if the project
runs smoothly.

Skills required:
Skills: programming in Python (essential). Prior attendance at a galaxies/stellar dynamics
course (such as Part II Galaxies) is highly desirable.

Useful references: (List of important papers/review articles relevant to the project)
1. The M31 Velocity Vector. III. Future Milky Way M31-M33 Orbital Evolution, van der
Marel et al, ApJ, 753, 9 (2012)
2. The proper motion of Andromeda from Gaia eDR3: confirming a nearly radial orbit,
Salomon et al, arxiv 2012.09204
3. The collision between the Milky Way and Andromeda, Cox and Loeb, MN, 386, 461
(2008)
General references: (List papers referred to in the project description)
1. NEMO--a stellar dynamical toolkit (https://teuben.github.io/nemo/)
2. Galactic Dynamics, Binney & Tremaine 1987 (especially chapter 8)
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Project 33. The Phase-Space Structure of the Milky Way

Supervisor I: Gerry Gilmore (H47, gil@ast.cam.ac.uk)
Supervisor II: Clare Worley (ccworley@ast.cam.ac.uk)
UTO: Wyn Evans

Project summary:
The stellar populations near the Sun contain the history of Galaxy formation and (chemical
and structural) evolution. A new large data set provides kinematics, chemical abundances and
elemental abundances for a large carefully selected stellar sample. This project will determine
the overall distribution of stars in each population, and normalise the 6-8D data into
probabilistic stellar populations. This will inform evolutionary models of the Galaxy.

Project description:
A new large data set of nearby stars with high-quality spectroscopy and Gaia astrometry has
just become available, internally to the Gaia-ESO Survey team. This is an opportunity to
develop an improved set of distribution functions of these stars by population type, and
address the still poorly known local density normalisations. That is, how many
(probabilistically) of these stars can be assigned to the main stellar populations: thin disk, thick
disk, accreted halo, in-situ halo. A variety of sub-sub-population types are also discussed –
eg, metal-rich thick disk, metal-poor thin disk, and can also be investigated as sample size
and statistical weight allow. Each type corresponds to an aspect of Galaxy evolution.
The population assignments will use 3-D kinematics – derivable from Gaia EDR3 data, overall
metallicity [M/H], and elemental ratio [X/Fe] for the several dominant nucleosynthetic channels
– alpha, p, r, s, n, to derive normalised distribution functions.
Background:
The Gaia-ESO Public Spectroscopic Survey, the first large-telescope large-sample multipopulation stellar spectroscopy survey, has delivered its final data release, available as yet
only internally to the Survey team. The survey, Co-led by Gerry Gilmore (Cambridge) and
Sofia Randich (Arcetri, Florence) is designed to provide complimentary high-quality
spectroscopy for large samples of stars representing all stellar population types. This both
complements and helps calibrate Gaia astrometry, and is of intrinsic scientific importance. The
study of many aspects of Galaxy formation and evolution is enabled by this, with well over 100
Gaia-ESO team science papers published to date. One sub-sample, especially relevant to this
project, was chosen to avoid age-metallicity stellar evolutionary bias, and allow quantification
(normalisation of the distribution functions) of the relative numbers of each population. This in
turn addresses key Galaxy evolutionary factors, from the merger history to the importance of
radial stellar migration.
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Project details:
The Gaia-ESO data are available locally (and so far, only locally) in a large FITS file. Each
unique star has derived astrophysical parameters (log g, Te, [M/H]), a range of up to 20
elemental abundances, various quality and multiplicity flags, and is cross-matched to a unique
Gaia EDR3 source. The whole Gaia-ESO Survey has processed some 200,000 spectra of
100,000 stars. Among these are about 5,000 specially selected stars designed to form a
sample to address exactly the question posed in this project.
The work involves selecting the relevant sample from the main file, understanding its selection
function (Stonkute et al), calculating 3-D kinematics from Gaia data (specialist codes and
support are available for this step), and assigning each star to one or more of a set of
“population types” using the full available data set. The data handling is fairly straightforward,
but understanding and managing the many possible biases and systematics in any multidimensional data set are an important learning opportunity. The analysis has not been done
yet, so this is original research.

Skills required:
SQL, programming in Python

Useful references: (List of important papers/review articles relevant to the project)
1. On the local stellar populations Fuhrmann, Klaus ; Chini, Rolf ; Kaderhandt, Lena ;
Chen, Zhiwei Monthly Notices of the Royal Astronomical Society, Volume 464, Issue
3, p.2610-2621
2. Metallicity Distribution of Disk Stars and the Formation History of the Milky Way
Toyouchi, Daisuke ; Chiba, Masashi The Astrophysical Journal, Volume 855, Issue 2,
article id. 104, 21 pp. (2018)
3. APOGEE: the Sloan Digital Sky Survey Apache Point Observatory Galactic Evolution
Experiment. Insights into the Galactic Disk: A Review Holtzman etal
2018IAUS..334..101H
4. Selecting accreted populations: metallicity, elemental abundances, and ages of the
Gaia-Sausage-Enceladus and Sequoia populations Feuillet etal. arXiv:2105.12141
5. Sausage and Mash. Grand etal arxiv:2001.06009
General references: (List papers referred to in the project description)
1. The Gaia-ESO Public Spectroscopic Survey Gilmore etal . 2012Msngr.147...25G
2. The Gaia-ESO final data release papers [Gilmore etal; Randich etal] are available in
near-final preprint form.
3. The Gaia-ESO Survey: the selection function of the Milky Way field stars Stonkute etal
Monthly Notices of the Royal Astronomical Society, Volume 460, Issue 1, p.1131-1146
4. Chemistry and Kinematics in the Solar Neighbourhood: Implications for Stellar
Populations and for Galaxy Evolution Wyse & Gilmore Astronomical Journal v.110,
p.2771 1995
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Project 34. Modeling intrinsic alignments as a function of physical
galaxy properties
Supervisor I: Alexandra Amon (alexandra.amon@ast.cam.ac.uk)
Supervisor II: Anthony Challinor (a.d.challinor@ast.cam.ac.uk)
UTO: Anthony Challinor

Project summary:
The most direct way to measure the evolution of large-scale structure, or the amplitude of
matter density fluctuations is through weak gravitational lensing, or cosmic shear, with
current surveys placing the most precise constraints on the late-time Universe (DES
Collaboration 2021, Heymans etal 2021). Modelling of the intrinsic alignments of galaxies –
the fact that the shapes of galaxies are not entirely random, but intrinsically aligned to the
matter density field in their vicinity (see, e.g., Mandelbaum 2017 Section 3.4, for a review)
– is difficult, and it has been identified as the factor that most limits the cosmological
precision of the state-of-the-art Dark Energy Survey (DES) Year 3 cosmic shear analysis
(Amon etal 2021). The degree to which galaxies are intrinsically aligned depends on
physical galaxy properties, i.e., their luminosity, redshift, stellar mass, and star-formation
history. In this project, we seek to uncover the scaling of intrinsic alignments of the DES Y3
galaxy sample with those properties, to better inform future weak-lensing analyses.
Project description:
In this project, we will inform the scaling of intrinsic alignments of the DES Y3 galaxy sample
on certain physical galaxy properties. To this end, we will develop a way of suitably splitting
the source galaxy sample by colour and redshift, and determining the joint distribution of
redshift and other physical galaxy properties in each subset, with methods closely related
to the Y3 redshift calibration. With these subsets of the galaxy sample, the cosmic shear
measurements are re-analysed to constrain the intrinsic-alignment model. The end-goal for
the group that the student will work with is to constrain the dependence of the intrinsicalignment model on a range of galaxy properties and formulate a more data-driven approach
to modelling this nuisance effect. We expect this effort to do less well in terms of
cosmological constraining power due to added parameters, but have the benefits of resulting
in physically interesting information about intrinsic alignments, and of being able to compare
to and possibly including from the literature direct measurements of intrinsic alignments for
galaxy samples.
Background:
Cosmic structures, or spatial fluctuations of matter density on the scales of a few to tens of
Mpc, are seeded in the early inflationary Universe. The amplitude of fluctuations increases
over time by gravity, but that growth is eventually slowed down by the effect of dark energy
that is thought to drive the present-day accelerated expansion. By observing the evolution
of structure across time and redshift, we can thus test models of dark energy and other
fundamental physics.
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The most direct way to do this is through weak gravitational lensing. When the light of distant
galaxies passes matter density fluctuations on the way to us, its path is distorted. One effect
of this is that the images of distant galaxies appear tangentially sheared relative to
foreground matter overdensities. Statistics of the shear of multiple galaxies, across angular
scales and different redshifts, can be compared to predictions as a function of cosmological
model parameters. The most common statistic used is the two-point correlation of (“source”)
galaxy shapes (“cosmic shear”). In order to interpret these statistics correctly, the redshift
distributions of the galaxies that set the geometry of the lensing effect must be known
extremely accurately, and the response of measured galaxy shapes to applied shear (which
is not quite 1:1 for all practical estimators) must be calibrated to few percent as well.
One substantial nuisance to these kinds of analyses is that the shapes of galaxies are not
entirely random, but intrinsically aligned to the matter density field in their vicinity. This
causes a non-lensing-based correlation of the shapes of pairs of galaxies that are physically
close to one another, and a correlation of the shapes of foreground galaxies and background
galaxies, because the latter are being gravitationally lensed by matter overdensities that the
former are intrinsically aligned with. The state-of-the-art is an agnostic, symmetry based
approach to intrinsic alignments. Shear or intrinsic alignments are spin-2 fields – rotating
everything by 180 degrees, things look exactly the same. The spin-2 quantity that results
from matter density fluctuations is the tidal tensor. Hence if we select some sample of
galaxies, its intrinsic alignment statistics must be related to statistics of the tidal tensor of
matter density fluctuations. The two leading terms are linear (called “tidal alignment”; TA)
and quadratic (called “tidal torque”; TT) in the tidal tensor. Giving (more or less) a free
amplitude to each, we arrive at the TATT model of intrinsic alignments used by, e.g., the
DES Y3 analyses.
Nothing is wrong with this approach, but it does come with a few unfortunate consequences,
most importantly that with an agnostic prior on the amplitudes of these two types of
alignments, and their evolution with redshift, a lot of the statistical power of current leading
cosmic-shear analyses is absorbed by the intrinsic-alignment model space. At face value,
they are barely competitive with respect to earlier analyses that use much less data but
assume simpler intrinsic-alignment models (see Amon et al. 2021 for details).
In addition, we do not actually learn anything about how the intrinsic alignment of galaxies
depends on their physical properties (luminosity, redshift, spectral energy distribution,
morphology). No such dependence is assumed in the model, and the distribution of these
physical properties is not used in its application. Related to the latter, while there are direct
measurements of the intrinsic-alignment amplitudes of certain samples of galaxies,
characterized by their physical properties, we cannot use these as constraints to our model.
There is no way to connect these constraints to the intrinsic alignment of the samples of
galaxies with a range of physical properties we use in our analysis without a model that
actually uses those physical properties.
Project details:
We will pursue the following approach. Make the ansatz that the degrees of TA and TT
alignment a galaxy is subject to depends on its colour and redshift, and a quantitative
measure of where on the (fairly bimodal) continuum of early- to late-type galaxies it falls.
With that in mind:
1. Repeat the DES Year 3 cosmic shear analysis for subsets of redshift to test the
redshift dependence of the intrinsic alignment amplitude. It would involve running
Monte Carlo Markov Chains (MCMC) in Cosmosis.
2. Select sub samples of galaxies from DES wide-field survey data, perhaps by colour,
but also by redshift.
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3. For the colour split, repeat the calibration of redshift distributions for the subsamples
of galaxies selected above (I can help with this step, using the existing DES code).
4. As a first pass, repeat the cosmic shear analysis for the subsets of the populations,
to understand how the intrinsic-alignment properties in the analysis depend on the
galaxy
properties.
This
closely
follows
Samuroff
et
al
2018
(https://arxiv.org/abs/1811.06989).
5. Time permitting, there are several interesting avenues to explore afterwards! One
could split the galaxy population by other properties, such as stellar mass or
luminosity, and there are steps to refine the accuracy of the selection of subsets of
galaxies.

Skills required:
Skills: Programming in python and running MCMC chains on a cluster using Cosmosis
(https://bitbucket.org/joezuntz/cosmosis/wiki/Home). You will be required to use python
libraries and interface with public code.

Useful references: (List of important papers/review articles relevant to the project)
1. Mandelbaum 2017 Section 3.4 on intrinsic alignments:
https://arxiv.org/pdf/1710.03235.pdf
2. DES Year 3 Cosmic shear Amon et al: https://arxiv.org/pdf/2105.13543.pdf – the
penultimate section shows the factors limiting the precision.
3. Secco & Samuroff et al: https://arxiv.org/pdf/2105.13544.pdf – details the options for
intrinsic-alignment modelling tests in this analysis.
4. DES Y1 Red/Blue split paper Samuroff et al: https://arxiv.org/abs/1811.06989 –
demonstrated with broad priors that blue galaxies do not have much intrinsic
alignment. The approach taken in this paper is close to that we will use here.
5. DES Year 3 Redshift calibration Myles et al: https://arxiv.org/abs/2012.08566 – we
will have to re-run this process for splits of the galaxy samples, but there will be
support for that.
6. Troxel & Ishak 2015: https://arxiv.org/pdf/1407.6990.pdf – mostly theory; see Section
3 for a review of intrinsic alignments
General references: (List papers referred to in the project description)
1. DES
Year
3
Combined
cosmology
analysis
DES
Collaboration:
https://arxiv.org/pdf/2105.13549.pdf
2. Kilo-Degree Survey Combined cosmology analysis Heymans et al:
https://arxiv.org/pdf/2007.15632
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Project 35. Molecular mapping in dual-field spectro-interferometric
data
Supervisor I: Mathias Nowak (mcn35@ast.cam.ac.uk)
Supervisor II:
UTO: Nikku Madhusudhan (nmadhu@ast.cam.ac.uk)

Project summary:
The main obstacle to the direct detection of young exoplanets is the extreme contrast of the
objects relative to their host stars (10-4 best case, and 10-6 for young Jupiters). There is no
single-technique today which makes it possible to reach such contrast levels. Instead, most
direct-detection studies rely on a number of techniques to filter the stellar light, which when
combined together, achieve the required contrast levels. High-contrast instruments such as
SPHERE on the VLT use extreme adaptive optics, a coronagraph, and specific postprocessing methods (Angular of Spectral differential imaging). With GRAVITY, on the VLTI,
we use an adaptive optics system, a single-mode filtering, an interferometric combination, and
some modeling of the stellar light at the data-reduction level. In parallel, a number of advanced
reduction techniques have been shown to be extremely powerful at increasing the contrast of
some instruments. Molecular mapping, which is based on the cross-correlation of the data
with planetary atmosphere models, has been used to detect young planets at 10-4 contrast on
integral-field medium resolution (R=5000) data, without the use of a coronagraph. This method
is not, in principle, limited to spectro-imaging data, and could be adapted to spectrointerferometric data. The goal of this project is to adapt the molecular mapping technique to
spectro-interferometric dual-field data at R=4000 obtained with VLTI/GRAVITY, so as to
improve its contrast limits. If the project is successful, the methods could be used to search
for planets which may have eluded detection in the data obtained within the ExoGRAVITY
Large Program.

Project description:
The project will be centered on the development of a Python code to perform cross-correlation
of interferometric data with exoplanet and molecular models in order to search for hidden
planets. The student will learn to work with sophisticated astronomical data, and learn how to
deal with many of the problems usually encountered when working with ground-based data:
impact of the atmosphere, telescope stability issues, imperfect calibration, etc.
Background:
The VLTI/GRAVITY instrument (GravityCollaboration et al. 2017) has recently demonstrated
the potential of long-baseline interferometry for the study of young giant planet by detecting
HR8799 e (GravityCollaboration et al. 2019), and measuring the C/O ratio in the atmosphere
of the giant planet β Pictoris b (GravityCollaboration et al. 2020). This has resulted in the
attribution of a total of 14 nights on the four 8m telescopes of the VLT to the ExoGRAVITY
Large Program, dedicated to the observation of young giant planets with interferometry
(Lacour et al. 2021). One of the most recent results of the program has been the first direct
detection of the radial velocity planet β Pictoris c (Nowak et al. 2020, see Figure 1).
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However, despite these successes, GRAVITY also has its limitations, and most notably a very
limited field of view (60 mas), which makes it very inefficient at searching for new planets.
GRAVITY remains a very powerful follow-up instrument, though, and our best bet to be able
to observe and characterize some of the GAIA candidates (Kervella et al. 2019, Wallace et
al. 2021). But despite its good performances at small separations compared to other
instruments, GRAVITY is only expected to be able to observe ~10 GAIA candidates (Wallace
et al. 2021, see also Fig 2). To improve the situation, it is necessary to increase the contrast
limit achievable with GRAVITY at small separations.
One option is, of course, to improve the instrument, and in particular the adaptive optics, which
currently delivers only a moderate Strehl ratio of ~30%. This is the route followed by the
GRAVITY+ upgrade, which will bring an updated AO system, and a number of improvements
to the instrument.
Another route is to try to improve the data-reduction, and the way the stellar residuals are
subtracted from observations. The current data-reduction code (GravityCollaboration et al.
2020) uses a low-order polynomial to model the stellar residuals, and a minimum-likelihood
approach with a simple model of the planetary coherent flux to fit the data.
A number of other techniques have been demonstrated with other instruments, and give
encouraging results. Among them, the cross-correlation of high-resolution molecular
templates holds a particular place. It has initially been developed for high-resolution
spectroscopy (Snellen et al. 2010, Brogi at al. 2012), and more recently adapted to mediumresolution integral field spectroscopy (Hoejimakers et al. 2018).
The goal of this project is to adapt this molecular mapping technique to spectro-interferometric
K-band GRAVITY data, and determine the achievable contrast gain.

Figure 1 Detection of the planet beta Pictoris c with VLTI/GRAVITY.
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Figure 2. Comparison of the current performances of high-contrast imaging (blue curve) and interferometry (green curve)
for the detection of planets (the yellow points are planets of a mass > 1 MJup.

Project details:
The goal of the project will be to study the feasibility of using a cross-correlation based
technique to find fainter candidates in the GRAVITY K-band dual-field data, to develop an
algorithm to search for planets in medium-resolution dual-field data, and to determine the gain
in contrast achieved by using such a method.
As good familiarity with interferometric dual-field data will be required, the project will likely
include an initial phase devoted to the reduction of observations already acquired with
GRAVITY. Once a certain level of familiarity with interometric data is acquired, the focus of
the project will shift towards the development of a python code to calculate cross-correlation
between atmospheric models of young giant planets and K-band dual-field data. The peculiar
nature of interferometric data (coherent fluxes, which are complex numbers encoding
simultaneously the spectrum and the position of the planet) will likely require some work to
adapt the method. Also, a detailed study will need to be performed to determine whether this
technique is best used directly on the coherent fluxes, or on the interferometric visibilities
(coherent fluxes calibrated by the total flux received by the telescopes), as the first is generally
less affected by noise, but the second less affected by the atmosphere.
If time allows, and if the results are encouraging, the technique could be adapted for singlefield data, where the interferometer is used to look for a planet below the diffraction limit of
the telescope, a regime in which no planet has ever been found.

Skills required:
Programming in Python, some knowledge of interferometry would be a plus.
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Useful references: (List of important papers/review articles relevant to the project)
1. Brogi, M. et al. The signature of orbital motion from the dayside of the planet τ Boötis
b. Nature 486, 502–504 (2012).
2. GravityCollaboration et al. Peering into the formation history of β Pictoris b with
VLTI/GRAVITY long-baseline interferometry. A&A 633, A110 (2020).
3. Hoeijmakers, H. J. et al. Medium-resolution integral-field spectroscopy for highcontrast exoplanet imaging - Molecule maps of the β Pictoris system with SINFONI.
A&A 617, A144 (2018).
4. Lacour, S. et al. The ExoGRAVITY project: using single mode interferometry to
characterize exoplanets. Optical and Infrared Interferometry and Imaging VII 21 (2020)
doi:10.1117/12.2561667.
5. Nowak, M. et al. Direct confirmation of the radial-velocity planet β Pictoris c. A&A 642,
L2 (2020).
6. Snellen, I. A. G., de Kok, R. J., de Mooij, E. J. W. & Albrecht, S. The orbital motion,
absolute mass and high-altitude winds of exoplanet HD 209458b. Nature 465, 1049–
1051 (2010).
General references: (List papers referred to in the project description)
1. GravityCollaboration et al. First light for GRAVITY: Phase referencing optical
interferometry for the Very Large Telescope Interferometer. A&A 602, A94 (2017).
2. Kervella, P., Arenou, F., Mignard, F. & Thévenin, F. Stellar and substellar companions
of nearby stars from Gaia DR2 - Binarity from proper motion anomaly. A&A 623, A72
(2019).
3. Lacour, S. et al. First direct detection of an exoplanet by optical interferometry;
Astrometry and K-band spectroscopy of HR8799 e. A&A 623, L11 (2019).
4. Nayakshin, S. Dawes Review 7: The Tidal Downsizing Hypothesis of Planet Formation.
Publications of the Astronomical Society of Australia 34, (2017).
5. Wallace, A. L., Ireland, M. J. & Federrath, C. Constraints on Planets in Nearby Young
Moving Groups Detectable by High-Contrast Imaging and Gaia Astrometry.
arXiv:2101.11130 [astro-ph] (2021).
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Project 36. How Lucky Will LSST’s Science Be?

Supervisor I: Matt Auger (mauger@ast.cam.ac.uk)
Supervisor II:
UTO:

Project summary:
The highly motivated student will work with real and simulated ground-based imaging data to
quantitatively assess different strategies for robustly measuring properties of low-surfacebrightness features in the presence of bright sources. The primary goal is to measure the
properties of quasar host galaxies using a variety of different techniques and to compare and
contrast these measurements to determine the optimal method for improving the dynamic
range of current and near-future ground-based survey data. If time permits the student will
also investigate similar techniques for studying the background sources of galaxy-scale strong
lenses.

Project description:
Using pseudo-lucky-imaging techniques to investigate the properties of quasar host
galaxies.
Background:
The Vera C. Rubin Observatory's Legacy Survey of Space and Time (LSST) will create an
unprecedented time-resolved map of nearly three quarters of the night sky. The area, depth,
and cadence of LSST will open many new explorations in transient- and variable-source
astronomy, but the observing strategy of LSST will also fortuitously provide some of the
sharpest astronomical images taken with large ground-based telescopes. In the process of
imaging each area of the sky hundreds of times, LSST will happen to take some exposures
when the atmosphere is particularly quiescent, therefore providing nearly un-blurred images,
a process similar to Lucky Imaging. However, this technique has the clear disadvantage of
only using a small fraction of the total images collected by LSST, and it is therefore clearly
not suited to observing very faint objects. Nevertheless, there is a wide array of objects that
would be readily visible in comparatively shallow LSST data if the contrast against nearby
bright sources can be optimised.
Project details:
The goal of this Part III project is to determine how the dynamic range of ground-based imaging
data (i.e., the contrast between very bright and very faint sources) can be improved by cherrypicking the best images obtained by a telescope in a deep, time-resolved set of a large number
of observations. In particular, the project will quantitatively assess how well the properties of
quasar host galaxies can be recovered in the case of 1) shallow but sharp images and 2) deep
stacks of all (or most) exposures. Initially the project will focus on imaging data from VIDEO,
a deep survey with a similar number of exposures to what LSST will deliver. These near-
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infrared data are ideal for observing quasar host galaxies, and the project will determine under
what circumstances the most favourable contrast between the quasar and host galaxy is
achieved. The next phase of the project will work with 5-band data from Hyper-Suprime Cam
(HSC) that more closely mimic the wavelengths and image quality that LSST will achieve.
HSC has far fewer exposures than VIDEO (or LSST will have), but the project will still compare
using the best image or two compared to the full-depth images to see if this improves our
ability to find and model quasar hosts. Finally, time-permitting, the project will apply similar
techniques to images of galaxy-scale strong gravitational lenses, where the brighter object is
now extended and the faint object has a non-trivial morphology.

Skills required:
Skills: programming in Python; manipulating large datasets

Useful references: (List of important papers/review articles relevant to the project)
1. “The Relation between Black Hole Mass and Host Spheroid Stellar Mass Out to z ~
2” Bennert et al., 2011, ApJ, 742, 107
(https://ui.adsabs.harvard.edu/abs/2011ApJ...742..107B/abstract); very highresolution multi-band Hubble Space Telescope data were used to investigate the
properties of 11 quasar hosts
2. “Subaru Hyper Suprime-Cam view of quasar host galaxies at z < 1” Ishino et al.,
2020, PASJ, 72, 83 (https://ui.adsabs.harvard.edu/abs/2020PASJ...72...83I/abstract);
HSC grizY data were used to study lower-redshift quasar hosts; this project will use
similar data, but investigate how selectively using the best images from HSC might
improve inferences on host properties
General references:
1. LSST: https://www.lsst.org/about
2. VIDEO: http://www-astro.physics.ox.ac.uk/~video/public/Home.html
3. HSC: https://hsc.mtk.nao.ac.jp/ssp/survey/
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Project 37. Stellar streams in the evolving Galaxy

Supervisor I: Eugene Vasiliev (H53, vasiliev@ast.cam.ac.uk)
Supervisor II: N. Wyn Evans (H50, nwe@ast.cam.ac.uk)
UTO: N. Wyn Evans

Project summary:
Explore the behaviour of stellar streams formed by tidal disruptions of star clusters and dwarf
galaxies in the evolving potential of the host galaxy (the Milky Way). Develop a scheme for
inferring the host galaxy potential by fitting the stream orbit. Find out how much can be learned
about the host galaxy in a time-dependent case.

Project description:
Using pseudo-lucky-imaging techniques to investigate the properties of quasar host
galaxies.
Background:
Stellar streams are formed by tidal stripping of stars in a compact stellar system (a star cluster
or a small satellite galaxy) as it moves along its orbit in the host galaxy. The stripped stars
then keep moving on independent orbits which are close to the progenitor's orbit, but they drift
away from the progenitor as time goes by. The proximity of stream stars to a single orbit makes
them very useful probes of the gravitational potential of the host galaxy. In the case of the
Milky Way, several dozen streams have been found so far, and a few most prominent ones
have been used in numerous studies aiming at exploring the mass distribution of the Galactic
dark halo.
However, a complicating factor that is usually neglected is the time-dependence of the host
galaxy potential. We now know that our largest satellite -- the Large Magellanic Cloud (LMC)
-- is only a few times smaller than the Milky Way itself, and it has just passed the pericentre of
its orbit for the first time. The motion of stars and stellar streams in the outer parts of the Milky
Way is rather significantly perturbed by this event. A recent study by Erkal et al.(2019) even
managed to estimate the mass of the LMC from the distortion it caused in one of the longest
streams (so-called Orphan stream, because its progenitor is missing). Yet a more general
question, whether streams remain useful probes of a time-dependent gravitational potential,
remains largely unexplored, and is the primary topic of this project.
Project details:
First, the student will familiarize themselves with the mechanics of stream generation, using
both conventional N-body simulations and specialized methods for rapid construction of stellar
streams (e.g., http://gala.adrian.pw/en/latest/dynamics/mockstreams.html). The next step is to
design a framework for finding the parameters of the gravitational potential by fitting the
positions and velocities of stream members, using Markov Chain Monte Carlo (MCMC)
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exploration of the parameter space. This task has been addressed in numerous papers (e.g.,
Bonaca et al.2014, Malhan&Ibata 2019), but almost always with a restriction to a static
potential, which we shall lift in this project. To be specific, we explore the perturbation from a
massive satellite such as the LMC. We will use a suite of N-body simulations of a Milky Waysized halo, together with a recently developed approach for a compact representation of a
time-dependent potential with basis sets (Sanders et al.2020). The main question is to what
extent the true parameters of the potential can be recovered in the course of stream fitting,
and if there are any significant degeneracies of biases in this inference. If the project
progresses rapidly, we may turn to fitting the actual streams in the Milky Way, using the stateof-the-art observational data from the Gaia satellite and complementary spectroscopic
surveys.

Skills required:
Attendance at the Galaxies courses in Part III is compulsory.
Some background in astrophysics and statistics is valuable.
Familiarity with Python is highly desirable.

Useful references: (List of important papers/review articles relevant to the project)
1.
2.
3.
4.

Bonaca A., Geha M., Kuepper A., et al., 2014, ApJ, 795, 94
Erkal D., Belokurov V., Laporte C., et al., 2019, MNRAS, 487, 2685
Malhan K., Ibata R., 2019, MNRAS, 486, 2995
Sanders J., Lilley E., Vasiliev E., Evans N.W., Erkal D., 2020, MNRAS, 499, 4793
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Project 38. Probing the [OIII] Planetary Nebulae Luminosity
Function with Gaia

Supervisor I: Nicholas Walton (H37, naw@ast.cam.ac.uk)
Supervisor II: Wyn Evans (nwe@ast.cam.ac.uk)
UTO: Wyn Evans

Project summary:
This project aims to better characterise a sample of Planetary Nebulae (PN) taken from a
set with improved distances, as observed with the ESA Gaia satellite. The project will focus
on determining the PN luminosity function (PNLF) for the set of Gaia selected Galactic PN,
and comparing this with the PNLs found of nearby Local Group Galaxies.
Project description:
The ESA Gaia satellite was launched in December 2013. Over the 5 years of its nominal
mission, and now into its extended mission phase, it is mapping the positions, motions, and
parallaxes (hence distances) to over a billion stars in the Milky Way. It is sensitive to objects
to a limiting Gaia magnitude of G=20.7, achieving parallax errors of a few tens of
microarcsecs for G=15 Solar type stars. The third major Gaia Data Release (Gaia EDR3)
was released December 2020, providing parallax information for ∼1.4 billion objects brighter
than G∼20.7.
Gaia is optimised for the detection of point sources, and in general is not sensitive to
extended objects (with sizes ≥0.5 arcsec). However, Gaia is able to resolve structure within
extended objects. This is demonstrated by commissioning observations of the large PN
NGC 6543, where the complex nebula is decomposed by Gaia into thousands of individual
mapping points.
This project will investigate the sample of Milky Way PN central stars that we (Chornay &
Walton, 2020 and 2021) have matched to Gaia sources. The sample includes several
hundred PN with confident matches and several hundred with probable matches. Fig 1
shows the location of these PN. For the PN matched to Gaia sources, improved distances
will result.
The [OIII] PN luminosity function (PNLF) shows a well-defined shape and cut-off at the bright
end, largely invariant across stellar populations in the disks and bulges of spiral
galaxies, and also in elliptical and dwarf irregular galaxies. As such, the PNLF is an
important rung of the extragalactic distance ladder, having been used to determine the
distance of galaxies as far as Hydra at∼50 Mpc (e.g. Ciardullo, 2012). It is still not clear as
to why PN are such a reliable distance indicator across all galaxy types, as the brightest PN
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are thought to require higher-mass progenitors that should be absent from older stellar
populations.

Figure 1: The image shows the location of known Galactic Planetary Nebulae. Blue: the PN is matched to a
Gaia source; orange: possible match to a Gaia source: and red: no match to a Gaia source. The size of the
circle gives an indication of the diameter of the nebula. Image credit: Nick Chornay.

Studies of the PNLF have been hampered by the difficulty in determining distances to
Galactic PN. Now, with the improved GAIA selected PN catalogue, and new flux-calibrated
narrowband [OIII} imagery from a recent observational campaign, it will be possible to
accurately determine the PNLF for hundreds of PN within 3kpc of the Sun. The Gaia PN
sample is large enough to enable the PNLF to be constructed for different regions of the
Galaxy (e.g. comparing the bulge to the outer Galactic plane).
The faint end of the PNLF will be investigated as this probes the multiple populations of
different ages that have formed the Galaxy, as for the case of M31 (Bhattacharya et al,
2021). Our Gaia selected PN will probe the PNLF to sufficiently low luminosities to
investigate and unravel the effect of differing age populations, potentially probing accretion
events such as Gaia-Enceladus (Belokurov et al, 2018).
Background:
Planetary Nebulae are a brief evolutionary stage through which low and intermediate mass
stars pass towards the end of their evolution, between red giant and white dwarf. They play
an important role in the processing of a number of elements into the surrounding interstellar
medium. They act as useful probes of kinematical structure of the Milky Way, and provide
insights into the chemical evolution history of the Galaxy. Understanding the global role of
PN is limited due to large uncertainties in individual distances and to a detailed knowledge
of the dynamics of their nebulae. These factors in turn constrain the absolute parameters of
PN, such as their sizes, luminosities, masses, lifetimes and determination of the overall
Galactic PN population.
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Project details:
1. From the catalogue of PN with central stars observed by Gaia in Gaia EDR3, gather
physical properties of the PN with good Gaia matches. This will involve collating a
range of basic data about each PN, including sizes and fluxes.
2. Generate distance estimates for these PN, based on the Gaia parallaxes. This will
include an estimation of the error on those distance measurements. Update physical
parameters, such as absolute luminosity, based on the revised distances. Locate the
PN central stars on the Hertzsprung-Russell diagram.
3. Type the PN into categories, for instance those being ’Type 1’ (derived from chemical
abundances in the nebulae), and investigate potential clustering of these in the H-R
diagram.
4. Determine the [OIII] fluxes for the Gaia selected PN, using data from previous surveys,
or new data recently collected from our observational campaigns with the Isaac
Newton telescope.
5. Generate the [OIII] PN Luminosity Function for the Gaia selected PN, globally and for
various sub samples. Further investigation will focus on the faint end of the PNLF.
The project will involve extensive use of ESA Gaia data (http://gea.esac.esa.int/archive/). Gaia
EDR3 will be available for use during the project. New [OIII] imaging data will also be
available.
Skills required:
Ability to code in python will be an advantage, although not essential. Knowledge of MS Excel
(or similar) will also be useful.
The Part III/MASt courses in “Astro Statistics” and “The Structure and Evolution of Stars” are
relevant to this project.

Useful references: (List of important papers/review articles relevant to the project)
1. An example of early observations of the Cat’s Eye PN by Gaia can be found at
http://www.cosmos. esa.int/web/gaia/iow_20141205
2. Gaia Data Release 2: Gaia Collaboration, Brown et al, 2018, A&A
(https://www.aanda.org/
component/article?access=doi&doi=10.1051/00046361/201833051)
3. The Planetary Nebula Luminosity Function at the dawn of Gaia: Ciardullo, 2012,
Ap&SS, 341, 151
4. Searching for central stars of planetary nebulae in Gaia DR2, Chornay & Walton, 2020,
A&A 638, 103
5. One star, two star, red star, blue star: an updated planetary nebula central star
distance catalogue from Gaia EDR3, Chornay & Walton, 2021, arXiv:2102.13654
6. Co-formation of the disc and the stellar halo, Belokurov et al, 2018, MNRAS, 478,
611.
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Project 39. Exploring the epoch of reionisation with high redshift
quasars
Supervisor I: Richard McMahon (rgm@ast.cam.ac.uk)
Supervisor II: Raphael Shirley (ras81@cam.ac.uk)
UTO: Richard McMahon

Project summary:
This observational data analysis project aims to explore the use of optical, near infra-red and
X-ray observations to identify high redshift (z>6.5) quasar candidates. After the candidates
have been selected you will classify them using their spectral energy distribution and
morphology into galactic stars, low redshift quasars, high redshift quasars or other foreground
contaminants such as instrumental artefacts. In addition, you will be expected to derive
estimates, with uncertainties, of the redshifts for the quasars.

Project description:
The aim of this project is to evaluate the potential of the Legacy Survey of Space and Time
(LSST), to be conducted with the Vera Rubin Observatory, to discover new quasars with
redshifts above 6.5. This project has two parts.
(a) In the first part, you will use recently published deep X-ray observations from the
eRosita X-ray satellite (Salvata et al. 2021) to discriminate between foreground
galactic stars and quasars. You will use optical observations from the Subaru
telescope which are as deep as LSST and near-infra-red observations to estimate the
redshifts of the X-ray emitting quasars following the techniques published in Reed et
al. (2017).
(b) The second part of the project is to use the optical and infra-red data alone to discover
high redshift quasars. This part could be extended to use machine learning techniques.
Background:
The epoch of reionization (EoR) at z>6.5, 800 Myr 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 (107 to 109 M⨀) 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 107 to 109 M⨀ super-massive black holes powering bright
quasars in this redshift range provide important constraints on the formation and (early) 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
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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
(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
and the survey conducted with the Gaia space satellite. In this project, you will use existing
observations that cover around 150 square degrees of the sky, which is 1% of the future sky
coverage of LSST, to test whether LSST has the potential to discover large numbers (1001000) of quasars with redshifts about 6.5.
Figure 2 shows a simulated quasar with a redshift of z=6.6. The sharp drop in flux around
1micron 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-infrared observations used in this project.

Figure 1; Optical spectrum of a high redshift quasar showing redshifted hydrogen Lyman α
(rest wavelength 121.6nm) emission and absorption for hydrogen and metals. (from
Becker, Bolton and Lidz, 2015)
Skills required:
Skills: 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. Quasars and galaxy formation, Silk and Rees, 1998, 331, 1.
3. Software libraries:
a. Astropy; https://docs.astropy.org
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b. Scikit-Learn: https://scikit-learn.org
General references: (List papers referred to in the project description)
1. Second data release of the Hyper Suprime-Cam Subaru Strategic Program, Aihara,
et al., 2019, PASJ, 71, 114.
2. Reionisation and High-Redshift Galaxies: The View from Quasar Absorption Lines,
Becker et al., 2015, PASA, 32, 45.
3. A new bright z = 6.82 quasar discovered with VISTA: VHS J0411-0907, Pons,
McMahon et al., 2019, MNRAS, 484, 5142.
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. Black hole models for Active Galactic Nuclei, Rees, M.J, 1984, ARAA, 22, 471.
6. The eROSITA Final Equatorial-Depth Survey (eFEDS): Identification and
characterization of the counterparts to the point-like sources, Salvato et al., 2021,
arXiv210614520S.
7. The Illustris simulation: the evolving population of black holes across cosmic time,
Sijacki, D. et al., 2015, MNRAS, 452, 575.

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). This project will use observations from the Subaru survey (Aiha et al., 2019) and
the VISTA telescope following the data analysis techniques from Reed et al. 2017.
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