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Introduction 

This booklet contains descriptions of the individual projects available in the 
academic year 2015-2016. Each entry contains a brief  description  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  is 
made available just before the start of the  Michaelmas  term  to  give  students 
about 2 weeks to choose which projects they are interested in. 

George Efstathiou Part III/MASt Astrophysics Course Coordinator, 2015-2016 



1. Probing the inner regions of accreting
black holes using principal components

analysis 
Supervisors: Will Alston; H56; email: wna@ast.cam.ac.uk

Michael Parker; H52; email: mlparker@ast.cam.ac.uk 
Andy Fabian (UTO); H49; email: acf@ast.cam.ac.uk

Background 

Active Galactic Nuclei (AGN) are powered by accretion of matter through a disc which ex- 
tends deep into the gravitational well of a supermassive black hole (SMBH). A large fraction 
of the luminosity of AGN is emitted as X-rays, which originate from the immediate vicinity of 
the SMBH. Accreting black holes show variations over a broad range of timescales, with the 
X-rays exhibiting the most rapid and large amplitude variability. As the characteristic time 
scales of variability scale inversely with distance from the black hole, the variations on the 
shortest time scales are expected to originate from the most inner regions and therefore carry 
vital information about the two fundamental properties of black holes: mass and spin. The 
radiative emission from the inner regions is released through several mechanisms, including 
comptonisation in a corona of hot electrons, a blackbody disc spectrum and reflection of the 
coronal emission on the disc. This is sometimes complicated by absorption by material along 
the line-of-site. What we measure with X-ray satellites is the sum of all the variable emission 
components. In order to infer properties of the black hole and the accretion process, we must 
separate these processes, which can be done using advanced signal processing techniques. 

The project aims to disentangle the variable emission components in an AGN using principal 
components analysis (PCA). PCA decomposes a dataset into a set of orthogonal eigenvectors, 
or principal components (PCs). When applied to X-ray data, the variability of the source 
spectrum is broken down into a set of variable spectral components. If the source variability 
consists of a linear sum of uncorrelated and spectrally distinct physical components then an 
exact description of the physical components is obtained. This provides a model independent 
way of determining the nature of the X-ray emission, allowing us to correctly determine 
parameters of the black hole, such as its spin. We will apply PCA to the Seyfert galaxy, 
PG1244+026, on which we recently obtained 600 ks (that's a lot!) of high quality X-ray data 
with the XMM-Newton satellite.

Nature of the project work 

This is an observational data analysis project involving the use of new XMM-Newton X-ray
data. Python will be the main programming language used, as well as the standard X-
ray analysis software, XSPEC. This software is easy to use, and example scripts will be 
provided. An outline of the project is as follows: 

• Reduction of archival XMM-Newton data to produce spectra and light curves
• Decomposing the spectral variability using principal components analysis (PCA)

• Identifying the PCA components using simulations of spectral variability

• Fitting the X-ray spectrum using xspec to determine system parameters
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Figure 1: Left : Schematic of the black hole — accretion disc geometry (Fabian
2013,IAUS,290). The yellow star represents the ‘corona’ where the primary X-ray emis- 
sion is produced. This then illuminates the disc to create the reflection spectrum. This 
component is expected to be delayed due to the extra path taken by the photons. Right :
An example of the PCA method applied to the Seyfert galaxy, MCG-6-30-15 (Parker et al 
2014). The primary component (top) represents the changing normalisation of the primary 
power-law emission. The second component represents the spectral pivoting (in energy) of 
this power-law, and the third component is identified as ionised reflection of the power-law 
emission from the accretion disc. By understanding the  variable emission components we 
can then rule out any other contributions to the spectrum, such as from absorption. 

Useful texts 

Articles can be found online by searching for author and year at http://adsabs.harvard. 
edu/abstract_service.html or by following the link to arXiv. 

• For an overview of the X-ray variability see the review by McHardy (2010, http://
arxiv.org/abs/0909.2579).

• For an overview of the X-ray spectral components in AGN see Fabian (2006, http://
arxiv.org/abs/astro-ph/0511537)  and  Fabian  (2013,  http://arxiv.org/abs/1211.
2146). 

• For a detailed look at the use of PCA analysis on X-ray data and the work that will be
involved in this project see Parker et al (2014, http://arxiv.org/abs/1310.1945)
and Parker et al., (2015, http://arxiv.org/abs/1411.4054) and references therein.
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2. The high-frequency rms-flux relation in n accreting black holes

Supervisors:   Will Alston; Office: H56;  email: wna@ast.cam.ac.uk 
Matt Middleton; Office: H52; email: mjm@ast.cam.ac.uk Andy 
Fabian (UTO); Office: H49; email: acf@ast.cam.ac.uk 

Background 

Active Galactic Nuclei (AGN) are powered by accretion of matter through a disc which 
extends deep into the gravitational well of a supermassive black hole (SMBH). Accreting 
black holes show variations over a broad range of timescales, with the X-rays exhibiting the 
most rapid and large amplitude variability. As the characteristic time scales of variability 
scale inversely with distance from the black hole, the variations on the shortest time scales 
are expected to originate from the most inner regions. With an origin in the strongly-curved 
spacetime close to a black hole, these variations should therefore carry vital information 
about the two fundamental properties of black holes: mass and spin. The exact origin of 
the variability processes and the characteristic frequencies remain elusive. We can, however, 
begin to understand these processes using signal processing techniques. 

Figure 1a shows a 120 ks example X-ray light curve from a accreting SMBH, where large 
amplitude and rapid variations can be seen. The variability can be quantified in several 
ways and a common approach is to compute the power spectral density (PSD) as shown in 
Figure 1b. This shows the magnitude of the variations as a function of Fourier frequency 
(1/timescale). The PSD is modelled with two components: a broadband power-law and a 
Lorentzian. These two components indicate that there is more than one source of variations 
contributing to the observed light curve; broadband noise and a quasi-periodic oscillation. 
Another observed variability pattern is the linear rms-flux relation as shown in Fig. 1c. This 
says that the amplitude of variations increases as the flux (intensity) of the X-ray emission 
increases. The relation is observed to hold for a range of time scales, indicating that the 
variations on different timescales are coupled, as would be expected from variations produced 
at different radii in an accretion disc. However, deviations from the linear rms-flux relation 
have been reported in one accreting stellar mass black hole (see Fig. 1d). The gradient of the 
rms-flux relation of the QPO flattens and turns negative as the QPO increases in frequency. 
Observing this change in the rms-flux relation in an AGN will allow us to understand the 
variable emission coming from the direct vicinity of a black hole. 

The project aims are to study the X-ray PSD and rms-flux relation in a small sample (∼ 10 
objects) of nearby and highly variable AGN. We will search the high-frequency part of the 
PSD for QPOs and look for deviations from the expected linear rms-flux relation. These can 
then be compared to other system properties such as spectral hardness and time-delays. 

Nature of the project work 

This is an observational data analysis project involving the use of archival XMM-Newton 
X-ray data. IDL will be the main programming language used, as well as the standard 
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Figure 1: a (TL): X-ray light curve of an accreting black hole. b (TR): The PSD for the 
light curve in a, where two variability components are present. c (BL): The linear rms- 
flux relation observed in accreting compact objects. d (BR): The change in gradient of the 
rms-flux relation with QPO frequency in an X-ray binary (Heil et al. 2011). 

X- ray analysis software, XSPEC. This software is easy to use, and example scripts will be 
provided. An outline of the project is as follows: 

• Reduction of archival XMM-Newton data to produce spectra and light curves
• Using signal processing methods to compute the PSD and rms-flux in different X-ray

energy bands
• Modelling the PSD in a Bayesian framework and search for QPOs and measure the

gradient of the rms-flux relation

Useful texts 

Articles can be found online by searching for author and year at http://adsabs.harvard.
edu/abstract_service.html or by following the link to arXiv. 

• For an overview of the X-ray variability see the review by McHardy (2010, http://
arxiv.org/abs/0909.2579) and Vaughan (2013, http://arxiv.org/abs/1309.6435)

• For an overview of the X-ray spectral components in AGN see Fabian (2006, http://
arxiv.org/abs/astro-ph/0511537) and Fabian (2013, http://arxiv.org/abs/1211.
2146). 

• For a detailed look at the work involved in this project see Alston et al., (2014,
http://arxiv.org/abs/1407.7657) or Heil et al., (2011, http://arxiv.org/abs/
1011.6321) and references therein.
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3. Where are the debris discs orbiting first ascent giants?

Supervisors: Amy Bonsor, H57/H31, email: abonsor@ast.cam.ac.uk
Mark Wyatt (UTO), H38, email: wyatt@ast.cam.ac.uk

Background

Planetary systems contain not only planets, but a full size range of smaller bodies from large comets
or asteroids, down to micrometer sized dust particles. In the outer regions of exo-planetary systems,
where planets can be hard to detect, much can be learnt from observations of dusty material produced
in collisions between larger bodies. Such belts of rocks and dust, similar to the Solar System’s asteroid
or Kuiper belt, are known as debris discs. Observations find debris discs around about 30% of main-
sequence stars, despite only being sensitive to the brightest objects.

Main-sequence stars eventually evolve to become giant stars. Debris discs in the outer regions
should survive the giant branch, and observations should detect these belts. Bonsor & Wyatt, 2010,
predicted that 12% of a random sample of giants observed with Herschel should have detectable debris
discs. This project focuses on debris discs orbiting giant stars, the fate of any debris disc observed on
the main-sequence, including our own Kuiper belt.

Recent work by Rebull et al, 2015 and Kumar et al, 2015, have investigated the incidence of infrared
excess around giant stars. These authors were interested in the ejection of circumstellar shells in Lithium-
rich K giants. They find that the largest infrared excesses are for Lithium-rich K giants, but that for
smaller excesses, there is no correlation with the presence of Lithium. We suggest that the smaller
infrared excesses could instead be emission from debris discs.

The aim of this project is to investigate whether or not simple models to predict the observational
signatures of debris discs around first ascent giant stars match with the observations. Improvements
will be made to the models, and targets for future observations determined.

Nature of the Project Work

Using semi-analytic models to compare to observations.

* The first step will be to attempt to fit a single temperature black-body to the data for the targets
identified as having an infrared excess in Rebull et al, 2015. Those targets where no good fit exists, the 
temperature is too cool (likely to be a background galaxies) and those where the fractional luminosity
is too high for them to be optically thin debris discs will be rejected to determine the fraction of the
sample of K giants observed with WISE/IRAS that could potentially harbour debris discs.

* Using a semi-analytic model, similar to that of Bonsor et al, 2010, the fraction of a sample of debris
discs evolved from the population on the main-sequence, that would be detectable with WISE/IRAS
will be determined, and compared to the observations.

* Adjustments to the model that might bring the observations inline with the theorectical predictions
will be investigated.

* If time allows, targets for future observations will be found from the sample of K giants, for example
with ALMA or Plateau de Bure. Simple models will be used to assess whether or not future observations
could solve the dilema of whether these are debris discs (i.e. physically and optically thin discs left over
from planet formation) or material ejected from the star (spherical dust shells)?

* Attendance of the Planetary Dynamics course would be useful, but is by no means essential, for this
project

References

On Infrared Excesses Associated With Li-Rich K Giants, Rebull et al., 2015, AJ, in press
Far-infrared study of K giants in the solar neighborhood: Connection between Li enrichment and
mass-loss, Kumar et al., 2015, A&A, in press
Post-main-sequence evolution of A star debris discs, Bonsor & Wyatt, 2010, MNRAS, 409, 1631-1646
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Figure 1: A Herschel image of the debris disc orbiting the sub-giant star, κ CrB (Bonsor et al, 2013).
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4. Early photometric classification of the Gaia Science Alerts

Supervisors: Heather Campbell H23, email: hcc@ast.cam.ac.uk,
Simon Hodgkin H39, email: sth@ast.cam.ac.uk,
Gerry Gilmore (UTO), H47,  email: gil@ast.cam.ac.uk 

Background

The Gaia Science Alerts (GSA) project aims to identify photometric transients in the Gaia satellite
data, and publicly announce their discovery on a rapid timescale. Gaia is scanning the entire sky at
sub-milliarcsecond resolution with precise photometry and astrometry down to a limiting magnitude
of G∼20, G is the Gaia white light bandpass. Over the five year mission each position on the sky will
be observed on average 70 times. These repeated observations of the entire sky mean that alongside
the primary science mission of Gaia, to provide spatial, kinematic and physical parameters for a billion
stars in the Milky Way, the satellite will also observe many transient and time-domain phenomena,
which will be explored systematically by the GSA project.

A photometric science alert is the appearance of a new source, or a change in flux, which suggests
we could learn something from prompt ground-based follow-up. This does not include: periodic vari-
able stars (these sources may be better left to the end of the mission) and moving objects (however,
astrometric microlensing would be an exception). The science alerts will be made public, within one to
two days of Gaia detection, set by the timescales required for data downlink, and upstream and local
processing.

Some examples of sources which maybe potential triggers include supernovae, super-luminous super-
novae, tidal disruption events, cataclysmic variables, outbursts and eclipses from young stellar objects,
X-ray binaries, microlensing events and other theoretical or unexpected phenomena. Figure 1 shows
some of these potential triggers and the area of parameter space they occupy for their brightness as a
function of duration.

The largest problem for the GSA is attempting to predict the classification of the transients as
they are discovered so that when they are publicly announced other astronomers and amateurs have
an idea of the type of the object. Blagorodnova et al. (2015) investigated using the low resolution
spectrum from the blue and red photometer (BP/RP) to predict the type of the GSA from simulated
data. However, the shape of the rise of the Gaia light curve can also immediately aid the photometric
classification. The shape of the Gaia light curve light curve can be investigated compared to models
or templates with the first year of GSA. The distribution of the first year of GSA is shown in Figure
2., with the number of the Gaia observations so far. Additionally, simulated data can be utilised to
understand the evolution of different types objects as seen by Gaia. These could be used to train
machine learning methods, such as neural networks, or used in support of more empirical approaches,
e.g. one based on a principal components analysis.

Furthermore, the colour evolution seen by the integrated flux in the BP/RP might be an additional
characteristic which can be fed into the classification of the new discovery.

Nature of the Project Work

This is an data analysis project involving simulations and computational analysis. This will use software
and programming, preferably in Python. The project outline is as follows:

* Investigate innovative ways of estimating the classification of the GSA from the rising light curve
shape.

* Investigate the colour evolution of the GSA from the low resolution photometers (BP and RP) to see
if this aids classification or uncovers other scientifically interesting behaviour.

* Carry out comparisons between the data and models.

* Create simulations of the light curve rise of different classes of objects light curves.

References
http://gaia.ac.uk/selected-gaia-science-alerts

Part III/MASt Astrophysics 2015-2016 Version: 3rd October 2015

Project No.  4 Page No. 7



Altavilla, G., Botticella, M. T., and Cappellaro, E., 2012, 341, 163-178
Belokurov V. A., and Evans, N. W., 2003 MNRAS, 341, 569-576
Blagorodnova, N., Koposov, S. E., Wyrzykowski, L, Irwin, M, Walton, N. A., 2015 MNRAS, 42, 32
Campbell, H., Blagorodnova, N., Fraser, M., et al 2014. HTU-III, p43
Online at http://www.slac.stanford.edu/econf/C131113.1/
Fraser, M., Altavilla, G., Blagorodnova, N., et al. 2014, EAS Publications Series, 67, 295
Hodgkin, S. T., Wyrzykowski, L., Blagorodnova, N., Koposov, S., 2013, Philosophical Transactions of
the Royal Society, 371, 1992

Figure 1: There are many kinds of transients in the Universe that we are one just beginning to discover.
This shows the area of parameter space they occupy for their brightness as a function of duration. There
is also larger regions of blank space, which suggest the potential to discover new types of transients
with GSA.

Figure 2: Sky distribution of GSA from year one, overlaid on a map of the number of observations by
Gaia over the whole sky.
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5. Understanding the anomalous and rare Fe-rich stars

Supervisors: Andy Casey, H34, email: arc@ast.cam.ac.uk

Gerry Gilmore (UTO), H47, email: gil@ast.cam.ac.uk

Background

Stellar spectroscopy involves the study of absorption lines from atomic and molecular transitions
in distant stars. These absorption features have strengths that depend on the overall properties of the
star (effective temperature, surface gravity, turbulence), as well as the detailed chemical composition.
Thus, from ground-based stellar spectra, astronomers can precisely measure the amount of individual
elements (e.g., C, Na, Li, Fe) in the atmosphere of a star. However, because stellar interiors are so
dense, we can only observe the narrow outer layer of stars (the photosphere). Although nuclear reactions
occur within the star, the photosphere remains largely unchanged throughout a star’s lifetime. For this
reason, the chemical abundances measured in the photosphere of a star provide a ‘fossil record’ of what
the conditions and gas composition were like when that star was born.

Extremely metal-poor (EMP) stars are defined by having less than 1/1,000th of metals (elements
heavier than Li) in the Sun. These objects are quite rare. Amongst this class of stars, there is an even 
rarer category: the (confusingly named) ‘Fe-rich’ stars. At present, there are only six Fe-rich stars
known. Although the name is misleading, Fe-rich stars are EMP stars, but they have an extremely 
peculiar chemical signature: they are enhanced in Fe relative to all other iron-peak and light-element
abundances. Usually these elements would be enhanced or depleted by the same level because they are
produced by similar mechanisms. Because the observed (photospheric) chemical abundances reflect the
environment when that star was born, it suggests this Fe-rich signature is a product of a very usual
supernova, unlike anything else seen in the Galaxy.

At present, every Fe-rich star has been analysed by the group who first discovered it. There are
very strong systematic differences between how astronomers measure the chemical composition of stars,
and it is unclear whether these differences are real, or an effect of systematics. The project will be the first
to analyse Fe-rich stars on a common metallicity scale in order to understand their origin.

Nature of the Project Work

Spectra for all currently known Fe-rich stars are already available. The student, once taught, will be 
expected to analyse these stars using existing software. The analysis is hoped to be thorough and state-of-
the-art. The expected measurements include stellar parameters (effective temperature, surface gravity),
as well as a comprehensive suite of chemical abundances.

The timeline for this project is arranged so that there will be relatively little time required on analysis.
The student can expect to spend most of their time interpreting the results. It is expected that the
student will have sufficient time to submit (as lead or co-lead) a refereed journal article on this work
during the course of the project.

Recommended reading for interested students
Norris et al., 2013, available from http://arxiv.org/pdf/1208.2999v1.pdf

Yong et al., 2013, available from http://arxiv.org/pdf/1208.3003v1.pdf

Frebel et al., 2013, available from http://arxiv.org/pdf/1304.2396v1.pdf
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6. Mining public Pan-STARRS data for faint extragalactic transients

Supervisors: Morgan Fraser, H25, email: mf@ast.cam.ac.uk
Gerry Gilmore (UTO), H47, email: gil@ast.cam.ac.uk

Background

We are currently entering the era of large-scale, synoptic sky surveys such as Gaia, Pan-STARRS
and LSST. These telescopes and satellites can survey thousands of square degrees per night, revealing
transient phenomena such as asteroids, flares from black holes, and stars exploding as supernovae. But
as always, the most exciting discoveries from such surveys are the serendipitous, the unexpected and
the unknown.

This project will consist of an observational search for a theorised, but hitherto unobserved type
of core-collapse supernova. Supernovae are the explosion of a massive star which has exhausted its
nuclear fuel, and are typically among the most luminous transients observed. It has been proposed
however that some stars may undergo a very faint supernova explosion if they collapse to form a black
hole without a bright optical transient (Lovegrove & Woosley, 2013). Such a transient would last for

timescales of ∼1 yr, and be ∼100 times fainter than a normal supernova. Finding such an ultra-faint
supernova would be an important discovery, and would advance our understanding of the deaths of the
massive stars.

In this project, you will use images from the PanSTARRS-1 survey to search nearby galaxies for
transients which match the expected properties of an ultra-faint supernova. If such a transient is found,
it will be compared to theoretical models, while if no convincing candidates are found then limits can
be placed on their rate through Monte Carlo simulations. Note that the PanSTARRS data is being
released publicly over the summer, however if the data release is delayed then a similar project can be
done with images from the Spitzer Space Telescope.

Nature of the Project Work

Observational, working with archival imaging data from survey telescopes. The student will use com-
mon, well-tested software to perform difference imaging. To perform Monte Carlo simulations some
experience with a scripting language or Python would be helpful.

* Familiarise oneself with PanSTARRS imaging data, construct a catalog of nearby galaxies where the
PanSTARRS data can be used.

* Learn how to perform template subtraction on images to identify supernovae, and how to measure
the magnitude of sources using photometry.

* Write some scripts to automate the template subtraction, and search a sample of galaxies for faint
supernovae.

* Either compare candidates found to the predictions of models, or use Monte-Carlo simulations to
assess the detection efficiency and set upper limits to the rate of faint supernovae.

References
Lovegrove, E., & Woosley, S. E. 2013, ApJ, 769, 109
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Figure 1: A model lightcurve for a faint supernova from Lovegrove & Woosley (2013).

Figure 2: Examples of PanSTARRS data, showing pre-supernova (top) and post-supernova (bottom)
images. The left panel shows the discovery of a supernova with a clear host, while the right panels
show an isolated transient (from the PS1SC webpages, http://www.ps1sc.org).
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7. Making stars go bang

Supervisors: Morgan Fraser, Office: H25, email: mf@ast.cam.ac.uk
Gerry Gilmore (UTO), H47, email: gil@ast.cam.ac.uk

Background

Core-collapse supernovae (SNe) arise from massive stars which have exhausted their reserves of nu-
clear fuel, and undergo a gravitationally powered explosion. They are of interest not only as spectacular
transients, but as a major source of metals in the Universe, and a key ingredient in shaping galaxies.
While the general picture of SNe is relatively well understood, many of the details remain unclear.
Among these uncertain details are the mapping between the characteristics of supernova progenitors
and the resulting explosion.

Hydrogen rich (Type II) SNe show a lightcurve which remains bright for some months, before
settling onto a steady decline which is powered by radioactive decay (Fig. 1). Much of the luminosity
of these SNe at early times comes from recombination of hydrogen that was present in the envelope
of the progenitor star, and which was ionized during the first moments of the SN explosion. Searches
for the progenitors of nearby SN in archival images from the Hubble Space Telescope have revealed
massive, red supergiant stars with extended hydrogen envelopes give rise to these supernovae. In a
handful of cases, archival images have allowed limits to be placed on the mass, radius and temperature
of a the precursor stars (Fraser et al. 2014).

In this project, you will explore the connection between the lightcurves and progenitors of hydrogen-
rich SNe using computational models. You will first use a modern stellar evolution code (MESA; Paxton
et al. 2011) to produce models of massive stars. You will then use a radiation-hydrodynamics code
(SNEC; Morozova et al. 2015) to determine the lightcurves resulting from the explosion of these models.
You will compare to observational data for a set of supernovae, determine the best fitting progenitor
model for each. Along with this, you will systematically test the effects of progenitor radius and other
properties on the resulting lightcurve.

Nature of the Project Work

Computational, with some comparison to observational data. The project will entail using two codes
written mostly in Fortran. While the student will not have to write their own code from scratch, they
will have to modify existing code, and so familiarity with coding (in any language) and unix-based
systems is an advantage.

* Understand stellar structure models produced with the MESA code. Starting from examples, test
the effects of changing the progenitor mass and other parameters.

* Produce a grid of stellar models for use with an explosion code. These models will cover a range
of progenitor masses and parameters, and will be converted into a format suitable for use with the
radiation-hydrodynamics code.

* Explode the stellar models, and calculate the resulting lightcurve using the SNEC code. Test the
effects of varying the explosion energy.

* Fit the observed bolometric lightcurves of a set of observed SNe, and compare the resulting progenitor
masses and radii to the values determined with other techniques.

References
Fraser, M., Maund, J.R., Smartt, S.J. et al., 2012, ApJ, 759L, 13
Morozova, V., Piro, A.L., Renzo, M., et al. 2015, arXiv:1505.06746
Paxton, B., Bildsten, L., Dotter, A., et al. 2011, ApJS, 192, 3
Tomasella, L., Cappellaro, E., Fraser, M., et al. 2013, MNRAS, 434, 1636
http://mesa.sourceforge.net/
http://stellarcollapse.org/SNEC
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Figure 1: Left: Bolometric lightcurves for a set of four hydrogen rich supernovae, showing luminosity
against time. Right: A single bolometric lightcurve fit with a hydrodynamic supernova model, and in
the lower panel the temperature and velocity evolution of the model (Tomasella et al. 2013).
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8. Improving visualisation of time-series and large data sets
Supervisors: Gerry Gilmore (UTO), office H47, gil@ast.cam.ac.uk 

Anna Hourihane, office H24,aph@ast.cam.ac.uk 
Clare Worley, office, H24, ccworley@ast.cam.ac.uk 

Multi-colour time-series light curves and spectra are traditionally presented in astronomy in very 
crude ways. These often provide “information” which is so condensed as to require serious study to 
understand the content. Two, much better than typical, examples are shown below in Figure 1. Rather, 
one picture should equal 1,000 words. This project is to try ways of visualising astronomy data using 
geographical mapping tools. That is, terrain display (x,y,z) data, which we recognise as hills and 
valleys. Astronomy data is (wavelength, flux, time) so can readily be mapped onto “contours” which 
our minds comprehend much better than a page of splodgy dots. A specific motivation is to develop 
an optimal way of visualising data collected for Gaia photometric transients (such as supernovae)  – 
the Gaia Science Alerts1 - which are produced at the IoA, although a successful result will be broadly 
applicable to astronomical data. 

Fairly simple public-domain capabilities exist – e.g. http://www.graphycalc.com/ among others, while 
development into some useful examples is the goal of the project. The work will be to implement 
astronomy data into terrain, with simple data management – rotation, zoom, look over the hill, … 
capabilities (see for example the apps of the British Geological Survey which implement this for 
geological terrain data2). The student will be expected to produce and compare a range of 
visualisation  attempts. This will necessarily involve exploring various colour-mapping schemes. 
Familiarity with relevant computing skills is a pre-requisite - the project will not require any major 
coding but will require the exploitation of existing software such as virtual globe and publicly 
available image manipulation programs, such as Google Earth3, NASA World Wind4 and others. 
Simple, human-readable scripts developed in Keyhole Markup Language (kml, a type of eXtensible 
Markup Language – xml – similar to Hypertext Markup Language – HTML) allow users to add their 
own geospatial data to the Google Earth canvas. To start with, mining of light curve data from 
astronomical transient or variable star surveys (e.g. Palomar Transient Factory5, among others) will 
provide a test dataset. Light curve data will then be overlaid on a canvas such as Google Earth, which 
could be in segments of terrain or wrapped around a globe.  

Knowledge of stellar properties such as temperature and luminosity and how they relate to 
observables such as colour and magnitude will be relevant, as will computing skills as described 
above. The initial phase of the project will be exploratory to assess several existing tools for 
suitability for adaptation for the purpose, which will then be developed into a range of visualisation 
attempts. 

1  http://gaia.ac.uk/alerts 

2  http://www.bgs.ac.uk/igeology/ 

3  https://www.google.com/earth/ 

4  http://goworldwind.org/ 

5  http://www.ptf.caltech.edu/iptf 
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Figure 1: Multi-colour light curve and spectral data for photometric transients. 
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9. A search for the “ghost of Lyman-α” in quasar outflows

Supervisors: Paul Hewett (UTO), Office: H19, E-mail: phewett@ast.cam.ac.uk 
         Manda Banerji, Office: K19, E-mail: mbanerji@ast.cam.ac.uk 

The existence of material in high-velocity outflows associated with many quasars is well 
established. While a model in which the material in the flow is radiatively accelerated is 
favoured theoretically, very little direct observational evidence in support is available. More than 
two decades ago the existence of the “ghost of Lyman-α” signature within the high-velocity 
outflows was proposed to provide unambiguous confirmation of the radiative acceleration model. 
While a number of careful searches have been undertaken, there is no accepted statistically 
significant detection of the ghost signature.  

The Sloan Digital Sky Survey (SDSS) is the largest astronomical survey of the sky at optical 
wavelengths. More than 350,000 spectra of quasars are included in the Legacy “DR7” and 
“DR12” releases. Recent attempts to detect the ghost-signature have concentrated on identifying 
an extremely small number of broad absorption line (BAL) quasars in which the signature is 
expected to be present. Using the much expanded size of the quasar sample now available, one 
goal of the project will be to quantify the effectiveness of targeting a small number of “favoured” 
quasars, compared to a statistical analysis of a much larger proportion of the quasar population.  

Embarking on a search for a putative weak signal in the SDSS spectra provides the opportunity 
to undertake a research investigation with a genuinely unknown outcome. Even without an 
apparent detection, which is probably the most likely result, placing quantitative limits on the 
presence of the ghost signature would represent real progress. On the other hand, clear evidence 
of a detection would be an important contribution to our understanding of the physical nature of 
outflows in quasars. 

Nature of the Project Work 
The project will involve working with a large number of optical quasar spectra from the SDSS 
along with associated information about each quasar. The search involves real observational data 
and will not be straightforward. The properties of the BAL-quasars are diverse and any ghost-
signal is bound to be weak; a number of different schemes for isolating both spectra in which the 
ghost-signature is predicted to be strongest and then to search for the signature within the spectra 
will have to be developed. 

* The first step will be to become familiar with the types of quasars in the SDSS that possess
high-velocity outflows, then to access the individual spectra and assess the range of spectrum 
signal-to-noise ratio required to undertake the search for the “ghost”.  

* Developing code (in Matlab, python or C for example) to quantify the properties of the
individual quasar spectra is essential. Sub-samples of BAL-quasars can then be selected and 
searches for the ghost signature performed. 

Subsequent steps will be determined by the outcome of the search. In the event that no ghost 
signature is detected, performing Monte Carlo simulations with the quasar spectra to quantify the 
strength of the signal that could be found would be a natural extension of the work. 

Part III/MASt Astrophysics 2015-2016 Version: 3rd October 2015

Project No. 9
Page No. 17

mailto:phewett@ast.cam.ac.uk
mailto:mbanerji@ast.cam.ac.uk


References 
Arav, N. 1996, ApJ, 465, 617 (The Introduction contains a description of the ghost-signature and 
Section 5 summarises properties of quasars in which the ghost is predicted to be present) 

Cottis, C.E. et al. 2010, MNRAS, 406, 2094 (Describes a careful search for the ghost signature 
using SDSS quasar spectra) 

The SDSS DR7 and DR12 web pages: http://www.sdss.org/dr7/ and 
http://www.sdss.org/dr12/

Figure: The broad absorption line quasar, SDSSJ094454.86+481403.5, identified by Cottis et al. 
(2010) as an object in which the ghost of Lyman-α signature may exist. The vertical dashed lines 
indicate the wavelength interval in which the signature is predicted to be present. 
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10. Eccentricity in pre-main sequence binary stars

Supervisors: Robert Izzard, H36, email: rgi@ast.cam.ac.uk,
Christopher Tout (UTO), H61, email: cat@ast.cam.ac.uk
Anna Żytkow, O32, email: anz@ast.cam.ac.uk

Background

It was recently discovered that not only are massive stars almost all in binary-star systems, many of them

are much closer than previously thought (Sana et al. 2012). Many low- and intermediate-mass stars are also

in eccentric close binaries. When making population models of binary stars, a set of initial distributions of

periods and eccentricities is assumed, usually at the beginning of the main-sequence phase of evolution when

hydrogen burning begins. However, stars really form as pre-main sequence objects which derive their energy

from gravity. These stars are large, convective and still contracting from their parent molecular clouds. The

binary orbit circularizes because of tides, the question is how much this happens before the stars contract to

the point of starting their nuclear burning (Mathieu 1994).

During the pre-main sequence, planets form around stars, so understanding the true birth eccentricity

of such systems is an important ingredient in predicting planet formation. Despite this, stellar and orbital

evolution in the pre-main sequence is not usually followed in stellar population simulations. Recent updates

to our models (Railton et al. 2014) allow consistent modelling of both the stars and binary orbit in the pre-

main sequence phase, but we have not yet investigated the effect on the orbital eccentricity because of the

interaction between the stars and the orbit through tides. This is the aim of this project.

Nature of the work: theory and computation

• The main task is to use the binary_c code (Izzard et al. 2004, 2006, 2009) to evolve a population of eccentric pre-

main sequence binary stars to determine quantitatively how tidal interaction circularises the binary systems.

The pre-main-sequence eccentricity distribution will then be determined. The binary_c code is written in

both C and Perl, so basic programming and Unix (Linux) skills are required. The code is very well documented

and help is available, both in person and online.

• The Railton et al. (2014) formulae are limited, so part of the project will be to implement Dr. Tout’s existing

detailed pre-main sequence stellar evolution models, made with the Cambridge STARS stellar evolution code

(http://www.ast.cam.ac.uk/~stars/), into binary_c.

• There is a possibility that new detailed pre-main sequence models could be made, covering a wider parameter

space, but this is not envisioned to be a requirement.

Izzard, R. G., Dray, L. M., Karakas, A. I., Lugaro, M., & Tout, C. A. 2006, A&A, 460, 565

Izzard, R. G., Glebbeek, E., Stancliffe, R. J., & Pols, O. R. 2009, A&A, 508, 1359

Izzard, R. G., Tout, C. A., Karakas, A. I., & Pols, O. R. 2004, MNRAS, 350, 407

Mathieu, R. D. 1994, ARA&A, 32, 465

Railton, A. D., Tout, C. A., & Aarseth, S. J. 2014, PASA, 31, 17

Sana, H., de Mink, S. E., de Koter, A., et al. 2012, Science, 337, 444

Figure 1: The period-eccentricity distribution of pre-main sequence stars (red) and main-sequence stars

(blue, Mathieu 1994). The pre-main sequence stars are more eccentric at shorter periods, indicating that

circularization by tides is important during pre-main sequence evolution.
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11. Ionizing flux from X-ray binary stars

Supervisors:   Robert Izzard, H36, email: rgi@ast.cam.ac.uk,
 Christopher Tout (UTO), H61, email: cat@ast.cam.ac.uk
Anna Żytkow, O32, email: anz@ast.cam.ac.uk

Background

It was recently discovered that not only are massive stars almost all in binary-star systems, many of them are

much closer than previously thought (Sana et al. 2012). Massive stars mostly end their lives in supernova

explosions, forming compact objects such as neutron stars and black holes. Some binary systems survive

this process and can later interact when the, initially lower-mass, secondary star transfers material on to its

compact yet massive companion. Some of the gravitational energy released by this accretion process is lost

as X-rays which we can observe and which may contribute significantly to the ionization and energy content

of the Universe (Power et al. 2013). The latest observational work suggests that X-ray binaries are many times

more important in the early universe, and may significantly impact the evolution of high-redshift galaxies and

be a source of energy for Universal reionization (Douna et al. 2015). Quantitative predictions of the X-ray flux

from stellar populations are thus a crucial ingredient in cosmological and galactic formation simulations.

Nature of the work: theory and computation

• The main task is to evolve populations of stars of varying metallicity with the binary_c code (Izzard et al.

2004, 2006, 2009) to estimate the emitted X-rays flux. The new Sana et al. (2012) distribution of binary mass

ratios and periods will be employed for massive stars, unlike in previous studies which use outdated initial

distributions such as the classical Öpik distribution (e.g. Fragos et al. 2013b).

• The sources of X-rays will have to be identified in binary_c and template spectra will have to be implemented,

either taken from the literature (Fragos et al. 2013a) or in collaboration with the IoA’s X-ray group. All sources

should be considered, such as the well-known low- and high-mass X-ray binaries, but massive binaries with

colliding, fast winds should also be included given that the Sana et al. (2012) initial distributions predict a

large number of such systems.

• The rate at which X-ray binaries form in stellar clusters is far higher than in the field. An estimate of this rate

increase should be made and implemented in the models.

• If time permits, updates to the stellar physics package in binary_c could be considered, e.g. the stellar wind

mass loss rate and the supernova kick velocity distribution.

• The binary_c code is written in both C and Perl, so basic programming and Unix (Linux) skills are required.

The code is very well documented and help is available, both in person and online.

Douna, V. M., Pellizza, L. J., Mirabel, I. F., & Pedrosa, S. E. 2015, A&A, 579, A44

Fragos, T., Lehmer, B., Tremmel, M., et al. 2013a, ApJ, 764, 41

Fragos, T., Lehmer, B. D., Naoz, S., Zezas, A., & Basu-Zych, A. 2013b, ApJ, 776, L31

Izzard, R. G., Dray, L. M., Karakas, A. I., Lugaro, M., & Tout, C. A. 2006, A&A, 460, 565

Izzard, R. G., Glebbeek, E., Stancliffe, R. J., & Pols, O. R. 2009, A&A, 508, 1359

Izzard, R. G., Tout, C. A., Karakas, A. I., & Pols, O. R. 2004, MNRAS, 350, 407

Power, C., James, G., Combet, C., & Wynn, G. 2013, ApJ, 764, 76

Sana, H., de Mink, S. E., de Koter, A., et al. 2012, Science, 337, 444

Figure 1: Artist’s impression of an X-ray binary. The yellow star is the main-sequence (hydrogen burning)

donor. The accretor is a neutron star or black hole, surrounded by a disc. Material falls from the disc on to the

surface of the compact object, heats up and emits X-rays. Source: NASA/ESA.
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12. Three-dimensional Chemical Cartography of the Milky Way

Supervisors: Keith Hawkins, H27, email: khawkins@ast.cam.ac.uk

Paula Jofré, H34, email: pjofre@ast.cam.ac.uk

Figure 1: Visualization the distribution of magnesium respect to iron and superimposed on a model
Galaxy. The visualizations are courtesy of Greg Stinson and Maria Bergemann, Max Planck Institute
for Astronomy, Germany. In this project, the student will make a visualization like this but for up to
15 different chemical elements.

Background

Our home galaxy, the Milky Way, is a rather complex galaxy, with four primary “internal” com-
ponents – the bulge, the thin disk, the thick disk and the halo, and one “external” component – the
accreted material. These components form the basis of any attempt to model, to simulate and to
understand the formation and evolution of our Galaxy over the last two decades or so. However the
spatial, chemical, and kinematic behaviour of these components are far from being clear.

With the advent of the Gaia-mission1, and in the context of current large datasets, a critical step
is to map the distribution of chemical elements throughout each of these components. For example,
the Apache Point Observatory Galactic Evolution Experiment (APOGEE2) recently released a paper
(Hayden et al. 2015) which used chemical cartography – the art of looking at the spatial and chemical
distribution simultaneously – to infer properties about Galactic evolution. They considered iron and
the so-called α-elements (e.g. abundances of Mg, Ti, Si, Ca, O, and S) showing for example that the

1http://sci.esa.int/gaia/28820-summary/
2http://www.sdss.org/dr12/irspec/

Gerry Gilmore (UTO), H47, gil@ast.cam.ac.uk
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migration of stars away from their birth radius is an important factor in Galactic evolution. While
Hayden et al (2015) shows that chemical cartography with APOGEE is both possible and can yield
important fundamental results, they only made use of iron and α, not exploiting the full chemical
content APOGEE survey, which involves up to 15 chemical elements. Furthermore, the stars still lack
a direct distance measurement from Gaia, so their distances rely on models that are uncertain.

We propose to explore the power of Galactic chemical cartography beyond the simple α-elements,
and iron to all elements APOGEE publicly reports using a new model-independent method to determine
distances of twin stars (see IoA Press Release3).

Nature of the Project Work

The student will work with the newest data from the APOGEE survey and will predict the distances
that Gaia will eventually measure for these stars during the time of this project. This can be done either
using the twin stars method or another similar machine learning algorithm method, both developed by
post-docs at IoA. With distances in hand, the student will be able to create a cartography that will
allow us to visualise possible chemical gradients and understand better how our home Galaxy formed
and has evolved.
References Hayden, et al., 2015, ApJ, 808, 132H
http://www.cam.ac.uk/research/news/using-stellar-twins-to-reach-the-outer-limits-of-the-galaxy
http://www.sdss.org/dr12/irspec/

3http://www.cam.ac.uk/research/news/using-stellar-twins-to-reach-the-outer-limits-of-the-galaxy
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13. Towards creating a standard link between an 
exoplanet and its host star

Supervisors:
Paula Jofré, H34 – email: pjofre@ast.cam.ac.uk
Quentin Kral, H31 – email: qkral@ast.cam.ac.uk

Gerry Gilmore (UTO), H47 – email: gil@ast.cam.ac.uk

(a) Transit method to detect exoplanets (b) Radial velocity method to detect exoplanets

Background

Almost 2000 exoplanet detections are confirmed as of today and another thousands of candidate
planets are waiting to be promoted. Thanks to the data collected with space missions CoRoT and
Kepler, planetary sciences are becoming more connected to big data science. CoRoT and Kepler
have not only massively influenced planetary sciences, but also asteroseismology: their light curves
allow astronomers to infer properties of the interior of stars, such as their masses, radii and ages.
Since asteroseismology and planetary sciences are the newest research branches in Astronomy, they
cannot progress without the input from older, more classical branches, such as stellar astrophysics
and Galactic archaeology. The latter consist in analysing the distribution of chemical elements in the
Milky Way as shown by the imprint of chemical signatures in the atmosphere of stars. The output
from asteroseismic and planetary analyses requires as input the temperature and the metal content
of the star, which is usually determined from the stellar spectrum. In coordination with CoRoT
and Kepler, the stellar community is running several big observational campaigns to gather chem-
ical elements extracted from millions of high resolution spectra (Gaia-ESO, GALAH, APOGEE,
4MOST, etc) combined with their distances and proper motions extracted from the rosetta stone
in Galactic, stellar and planetary sciences: the Gaia satellite.

Like models of galaxy formation, models of planet formation need to be tested with observations. 
Nowadays, they are tested not only with one set of observations, but with many of them. Applying

1
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the same model to different observations is one of the major challenges in stellar and Galactic
astrophysics today, especially when the observations are taken by different instruments and analysed
by different teams. Because the life of a planet is extremely connected to the properties of its host
star, we can anticipate that this current challenge will soon become a major obstacle in planetary
sciences. Planet radii (transit method, see Fig. 1a) and masses (Radial velocity technique, see
Fig. 1b) are measured relatively to the host star parameters. Any biais or error on the star mass or
radius propagate directly to the planet parameters. In the literature, we note that at the moment,
star parameters are taken from different works. As it is well known in the stellar community, these
inhomogeneous choices can lead to severe systematic differences. How can planet measurements
be consistent if the stellar parameters are not analysed homogeneously? We propose to make up
for that and provide a new scale of atmospheric parameters for planet-hosting stars, which will be
homogeneous and well scaled to Gaia and its complementary spectroscopic surveys.

Nature of the Project

The student will start by collecting all available spectroscopic data from Gaia-ESO, APOGEE,
public archives, etc, of planet-hosting stars found on the exoplanets.eu database. The spectra

will be homogenised and analysed with the tools developed for the spectroscopic survey Gaia-ESO,
led by G. Gilmore at the IoA. The final aim is to replace the old inhomogeneous parameters by the
new parameters derived by the student, in the exoplanet databases. The work is interdisci-
plinary, as it will involve databases, analyse stellar spectra and provide to the exoplanet
community fundamental material on the properties of their host star. The supervisors are experts
in stellar spectra (Jofre), planetary sciences (Kral) and Galactic archaeology (Gilmore), providing
an opportunity for the student to learn the most on all topics.

References

• http://astrobites.org/2011/06/07/measuring-stellar-radii-to-understand-exoplanets/:
Why do we care about stellar parameters when measuring exoplanets?

• http://exoplanets.eu: The exoplanet database (almost 2000 planets referenced)

• http://planetquest.jpl.nasa.gov/page/methods: Exoplanet detection methods

• http://kepler.nasa.gov: Kepler mission

• http://sci.esa.int/gaia/: Gaia mission

• http://www.mso.anu.edu.au/saga/saga_home.html: Asteroseismology to measure star’s
parameters (SAGA)

2
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14. Observability of circumplanetary discs at near-infrared wavelengths

Supervisors: Attila Juhasz, H22, email: juhasz@ast.cam.ac.uk
Cathie J. Clarke (UTO), H10, email: cclarke@ast.cam.ac.uk

Background

As of now there are about two thousand extrasolar planets discovered using various techniques from
radial velocity to direct imaging. Most of them are orbiting old main-sequence stars or even evolved
stars. So far there is no direct observational evidence for a young proto-planet or planetary embryo
still embedded in its parental protoplanetary discs. The low contrast between the proto-planet and
the surrounding disc and the central star makes direct detection of embedded exoplanets extremely
challenging. Such observations would, however, help immensely to understand the physics of planet
formation as well as the architecture and frequency of extrasolar planetary systems and the origin of
the Solar System.

In the past years vast amount of observations were focusing on indirect evidences for embedded
planets in protoplanetary accretion discs. Primary targets were transition discs showing large gaps
or holes in their radial density structures. Such gaps or holes are expected to be opened by massive
giant planets in the disc due to angular momentum exchange between the planet and the surrounding
disc (see Figure 1Left and [1] for a review). However, the presence of a gap or hole in the disc is not
an unambiguous evidence for an embedded planet. Large holes can be created also by the inside-out
clearing of the disc by photoevaporation, the most important process responsible for the dispersal of
gas in discs.

Therefore very recently observational studies started to focus on the detection of circumplanetary
discs (CPDs, see e.g. [2]). The circumplanetary disc forms around a giant protoplanet for the same
reasons as the protoplanetary disc itself, to transport angular momentum and regulate accretion onto
the planetary core [3]. Therefore CPDs can play an important role in determining the amount of gas
a giant proto-planet can accrete and thus the final mass of the forming planet. Direct observational
studies of CPDs can provide us even more important information on the formation of planets than
direct detection of the planets themselves.

So far all studies attempted to observe a CPD exclusively at sub-millimetre wavelengths looking
at the thermal emission of large dust grains in the circumplanetary region. The new generation of
instruments at infrared wavelengths (e.g. SPHERE/VLT, GPI/GEMINI) that came online last year
might offer an alternative to this by detecting the CPD at infrared wavelengths. However, the de-
tectability of a CPD at these wavelengths have not yet been investiaged. Initial models show that in
some cases the CPD can be detected (see Figure 1Right), but the a systematic feasibility study on the
detectability of circumplanetary discs in the near-infrared would be highly valuable for the community
and an enormous help for the preparation of the observations.

Nature of the Project Work
This is a mostly computational project. The student will use a state of the art 3D radiative transfer
code to make predictions for the observability of circumplanetary discs embedded in a transition disc
at near infrared wavelengths. Running the code does not require high level programming skills but
analysis of the models require some visualisation/plotting skills in python.

• The student should get familiar with the 3D radiative transfer code RADMC-3D [4]. Models for
a protoplanetary disc containing a CPD will be provided, the student is not required to write new
models although this possibility is not excluded.

• Using the provided models the student should calculate images at near infrared wavelengths both
in total and in polarised intensity. The images should be degraded in resolution comparable to
the real observations by convolving the images with a synthetic point spread function to assess
the detectability.
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• The student should perform a parameter space exploration by changing fundamental parameters
of the model (e.g. size of the CPD or inclination of the disc) and study their effect on the
detectability.

• Finally it should be investigated whether there are any indirect evidences for a CPD in the images,
e.g. a shadow cast by the CPD on the outer parts of the circumstellar disc.
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Figure 1: : Left: Surface density of a protoplanetary disc with an embedded 10 MJup planet (hydrody-
namic simulation). The planet is opening a large gap in the disc and the circumplanetary disc is fed
with gas by spiral streams. Right: Synthetic scattered light observation of a transition disc with an
embedded circumplanetary disc (semi-analytical model) in the H-band (1.65µm) total intensity. The
image resolution is 0.04”, the corresponding to the resolution of SPHERE on VLT.

Part III/MASt Astrophysics 2015-2016 Version: 3rd October 2015

Project No. 14 Page No. 28



15. Temporal variability of protoplanetary discs as a new diagnostic tool

Supervisors: Attila Juhász, H22, email: juhasz@ast.cam.ac.uk
Cathie J. Clarke (UTO), H10, email: cclarke@ast.cam.ac.uk

Background

Protoplanetary discs around young stars form as a natural by-product of the star formation process
due to angular momentum conservation and the initial rotation of the molecular cloud. Initially these
discs serve as a reservoir for mass accretion, and later may become the birthplace of planetary systems.
One of the striking results of recent years disc research was the discovery of photometric variability of
discs at infrared wavelengths on time-scales of months to years (e.g. [1,2,3]). In many cases not only
the amplitude but also the direction of the variability changes with wavelength. E.g. when the flux
increases in the near-infrared it decreases in the mid-infrared (see e.g Figure 1Left and [4]).

It is believed that the observed flux variations are related to non-axisymmetric changes in the disc
density structure [4,5]. Due to the short time-scales involved, these changes must occur in the inner
regions of the disc only a few few astronomical units away from the central star at most. Several
models have been proposed for the nature of the perturbation, including a precessing warp induced
by an unseen companion (see Figure 1Right) or the stellar magnetic field, spiral wave launched by an
embedded planet or a disc wind responsible for the dispersal of these discs [5].

Since the perturbation responsible for the variability cannot be spatially resolved in imaging ob-
servations with current telescopes and there are only very limited number of simple theoretical model
predictions, it is difficult to assess the validity of individual models. With detailed model predictions
it is, however, possible to construct a very powerful tomography-like diagnostic technique. Since the
main heating source of circumstellar dust in these discs is absorbed stellar radiation, the different parts
of the disc are radiatively coupled to each other. Therefore changes in the inner disc structure affects
the thermal structure of the disc further out via shadowing. The radial temperature gradient in the
disc allows to relate a specific wavelengths to certain parts of the disc. Studying variability at different
wavelength we can study the response of different parts of the disc to the same perturbation [1,2,5].

With this tomography-like technique it is possible to study the dynamics of the innermost astro-
nomical unit of a protoplanetary disc in real time which was so far not possible. Since this region is
exactly where terrestrial planets form and some of the proposed perturbations (e.g. spiral wave) are
directly related to the presence of a planet embedded in the disc this technique can be very important
for planet formation studies.

Nature of the Project Work
This is a mostly computational project requiring some python programming skills mostly associated
with visualisation/plotting. The aim of the project is to do a systematic modelling study of all of the
so far proposed perturbation mechanism using a state-of-the art 3D radiative transfer code. The goal
is to make predictions for various observational techniques and look for the characteristic signatures of
the perturbations that would help to identify them in real observations. Since most previous studies
used significantly simpler (1+1D) models (see e.g. [4,5]) such systematic and detailed modeling study
will be highly valuable due to the ever increasing amount of observational data of individual sources
and large surveys.

•The student should become familiar with the 3D radiative transfer code RADMC-3D [6]. Models
for several perturbations are already implemented and the student is not required to write new
models although this possibility is not excluded.

• As a first step spectral energy distributions and images for a series of models should be calculated
and a time-series of observables, e.g. synthetic photometric light curves and images should be
generated. Then the light curves and images at various wavelengths should be compared to each
other to find correlations that could distinguish individual perturbations.
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• In the second part the parameter space should be explored and the student should study how the
observable diagnostics would change if a specific parameter of the model is changed.

• In the final part the main characteristics of model predictions, e.g. the type of correlations
between light curves at specific wavelengths, should be compared to real observational data from
the literature. The comparison can be done to either an individual source or a specific class of
sources from a survey. Observational data will be taken full reduced from a public database or a
specific publication, no data reduction will be needed.
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Figure 1: Left: Mid-infrared variability of discs around young T Tauri stars (figure from Espaillat et
al. 2011). The different lines in each panel show the mid-infrared spectrum of the source at different
epochs as observed with the Spitzer IRS spectrograph. For these sources the direction of the variability
is opposite in the opposite ends of the spectrum. Right: Radiative transfer image of a warped disc at
10µm at two different azimuth angles. Due to the precession of the warp the total integrated flux in
photometric measurements changes.
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Supervisors:  Grant Kennedy, H36, email: gkennedy@ast.cam.ac.uk

Mark Wyatt (UTO), H38, email: wyatt@ast.cam.ac.uk

Background

STEREO1 is a pair of essentially identical satellites orbiting the Sun, whose main purpose is to study
the environment between the Sun and the Earth. Their orbits are slightly outside and inside the Earth’s,
so since their launch in 2006 they have been leading and trailing the Earth at increasingly large distances
(Fig. 1). During this time thousands of images of the space between the Sun and the Earth have been
taken, and these were recently used to detect an overdensity of dust just outside Venus’ orbit (Fig. 2a,
Jones et al. 2013). A similar circumsolar ring is also known to exist just outside the Earth’s orbit (Fig. 2b,
Reach et al. 1995), and together these form part of the Solar System’s Zodiacal cloud. The explanation for
both overdensities is that dust grains that are spiralling in towards the Sun via Poynting-Robertson drag are
being trapped in high-order mean-motion resonances with Venus and the Earth (Dermott et al. 1994), and
their increased residence times is therefore the cause of the overdensities. An additional effect seen for the
Earth’s circumsolar ring is azimuthal variation; a “trailing blob” that follows the Earth as it orbits the Sun.

Such structure is of great interest to both Solar System and exoplanet scientists. In the Solar System
the whole Zodiacal cloud can be modelled and compared to observations to learn about the dust dynamics.
Also, understanding these structures will be key for the future detection and characterisation of Earth-like
planets around other stars, because they could masquerade as planets.

The Project

While Venus’ circumsolar ring was detected and may show variation (Jones et al. 2013), the level of
variation and in particular any azimuthal dependence was not quantified. Therefore, the goal of this project
is to first reproduce the Jones et al. (2013) results, and then extend them to derive the azimuthal structure
in the Venusian ring, for example to quantify whether Venus has a trailing blob similar to the Earth’s.
This project will involve developing some computer code to process the images from the STEREO satellites.
Some knowledge of small grain dynamics will aid in the understanding and interpretation, so attending the
Planetary System Dynamics lectures is recommended, but not essential.
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This preprint was prepared with the AAS LATEX macros v5.2.
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120 images, with an integrated exposure time of
!8 days). Surface brightnesses were determined
over a grid with extent |b| < 8.5° and 35.0° < l! <

60.0° (HI-2A) or "60.0° < l! < "35.0° (HI-2B),
with cell size of 0.5° in l! and 1.0° in b. For each
cell, the cumulative probability distribution of

surface brightness was determined by using the
image pixels within that cell (typically !14,000
values). The surface brightness of each cell was
estimated as that corresponding to a probability
of 0.45 (a value slightly lower than the median is
expected due to the presence of point sources).
This grid was treated as a series of independent
scans at constant b, which were fitted to a power
law, k|l!|"n (20).Each scanwas detrended by using a
box-car filter of width 6.5° (i.e., 13 cells of 0.5°
width), followed by subtraction of the result of
applying the filter to the best-fitting power law
for that scan. The resultant scans are used in two
ways: as a map of extent 38.0° # |l!| # 57.0° and
|b| # 8.5° and as a mean scan along the ecliptic
plane (covering 38.0° # |l!| # 57.0°) by averaging
over |b| # 4.5°.

An example map from a 10-day observation
period of HI-2B data starting on 7 June 2008
00:00 UTC (all data sets are referred to by their
starting date) shows a bright feature coincident
with the tangent to the orbit of Venus (Fig. 2A).
This is as expected for a dust ring along a line of
sight where the dust column density is maxi-
mized (Fig. 1; the position of the tangent point
with respect to Venus is given by the azimuthal
angle q). Given the sensitivity of these maps to
systematic errors, this is in itself insufficient to

Fig. 2. A bright feature and its change of
position with varying heliocentric distance of
the STEREO-B spacecraft. (A) The surface bright-
ness map (bottom) and mean scan (top) of a 10-day
integration of HI-2B data starting on 7 June 2009
00:00 UTC. The orbit of Venus as viewed from
STEREO-B at the start and the end of the integration
time is shown by black dots. Surface brightness is
expressed in DN s!1 pixel!1 [pixels are those of the
charge-coupled device (CCD) of the HI-2 instrument].
(B) Surface brightness mean scans for a sequence of
10 10-day periods (b1 to b10 in Fig. 1) starting on
18 April 2008 00:00 UTC. (C) The helioecliptic lon-
gitude of the midrise point on the sunward side of
the peaks in (B) against the heliocentric distance of
STEREO-B. The gray curves show the expected be-
havior if the feature is associated with a physical ring
at the indicated radii. Error bars indicate 1-s mea-
surement uncertainties.

A
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Fig. 1. The viewing geom-
etry (from ecliptic north)
of a circumsolar dust ring
at Venus from STEREO-B.
Planet and STEREO space-
craft (A and B) positions are
for 12 June 2008. A ring at
the orbit of Venus (thick gray
band) is viewed tangentially
from B along a line of sight
passing through T. The range
of helioecliptic longitude l!
mapped is indicated (pale gray).
Crosses indicate the locations
of T in the observations pres-
ented here. The start dates of
the STEREO-A data sets are
(a1) 9 June 2009, (a2) 29 June
2009, (a3) 19 July 2009, and
(a4) 12November 2008. There
are 10 consecutive sets of
STEREO-B data: (b1) 18 April
to (b10) 17 July 2008.
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Fig. 1.— Geometry of the leading (“ahead”, or “A”) and trailing (“behind”, or “B”) STEREO satellites
with respect to the orbits of the Earth and Venus in June 2008. The light grey cone shows the region of
space between Venus and the Earth imaged in Fig 2.
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experiment. At 3.6 and 5.8 lm, the IRAC electronic bias is unstable. At 4.5 lm the
sky brightness was too low to allow high-precision measurements. IRAC absolute
brightness calibration is relative to an internal cold shutter, which was operated be-
fore launch during laboratory testing (but not during the mission). The sky bright-
ness observations span 2003 September 30 to 2009 April 25.

Fig. 2 shows the brightness of the North Ecliptic Pole (NEP) measured Spitzer.
The average NEP brightness, 7.5 MJy/sr, is compatible with measurements from
COBE/DIRBE of 0.49 and 20 MJy/sr at 4.9 and 12 lm wavelengths, respectively
(Kelsall et al., 1998). Some of the diffuse brightness is due to the interstellar

medium (ISM) and the cosmic infrared background; the former is estimated to be
only 0.2 MJy/sr based on the atomic gas column density and spectral energy
distribution of the ISM. The cosmic infrared background is not well known at these
wavelengths; interpolating between the upper limits set by the COBE/DIRBE team
(Hauser et al., 1998), we expect <1.8 MJy/sr of the sky brightness is of extragalactic
origin. Thus most of the sky brightness is from the interplanetary dust cloud; and
the temporally variable portion is of Solar System origin. The annual variation in po-
lar brightness is due to three effects: the tilt of the zodiacal cloud with respect to
the Earth’s orbit, the eccentricity of Spitzer’s orbit, and the mean eccentricity of dust
particle orbits near 1 AU. To improve upon our knowledge of the zodiacal cloud
structure, without being limited by simplified models, we use empirical methods
to search for deviations from annual symmetry. Fig. 2 shows a sinusoidal fit to
the data. This sinusoid should, to first order, remove all annual effects, which is
to say all effects due to the repeating, symmetric structure of the cloud observed
during five revolutions about the Sun. The fits are reasonably good, but the devia-
tions are highly statistically significant (goodness of fit per degree of freedom,
v2

m ! 36).

3. Results

Fig. 3 shows the residuals from the sinusoidal fit. The residuals are clearly struc-
tured and not random, both from their evident gradual variations over month- and
year-long time scales and the amplitude of the residuals compared to the uncertain-
ties in the measurements. To quantify the most prominent observed structure,
which is likely due to an over-density of dust in a cloud trailing the Earth, a Gauss-
ian function of distance behind the Sun was fitted, yielding centroid 0.20 ± 0.03 AU
behind the Sun (corresponding to a heliocentric angular separation from Earth to
cloud center of 11.5! ± 1.7!), with a full-width at half maximum intensity of
0.08 ± 0.01 AU. This fit only approximates the properties of the circumsolar ring,
since part of the signal has been absorbed into the sinusoidal fit, and the spacecraft
travels both vertically and radially with respect to the dust distribution. As an inde-
pendent confirmation, note that the observations at 4.5 lm with IRAC (using sepa-
rate electronics and detector technology) have the same general pattern as seen in
Fig. 3, with an excess relative to the sinusoidal fit at approximately the same date
and with approximately the same width.

To validate the empirical, sinusoidal fitting approach, we predicted the zodiacal
light brightness using the full DIRBE model (Kelsall et al., 1998), including a smooth
cloud, dust bands, and a circumsolar ring Gaussian in distance from Sun and dis-
tance from midplane, with an elliptical Gaussian profile in cylindrical coordinates.
All components are inclined from the ecliptic and slightly offset from the Sun. The
model parameters were determined from a fit to the temporal variation of the sky
observed by DIRBE over 1.25–240 lm wavelength. The predictions were analyzed
in the same manner as the observations (i.e. evaluated from the location of Spitzer
for the duration of the cryogenic mission, and fitted with a sinusoid). The same
model was then re-evaluated, but this time with the Earth’s resonant ring removed.
The predictions of both these models are shown in Fig. 3. The model with no reso-

Sun Earth

Spitzer
spaceraft

2004

2009

Fig. 1. Simulation of the Earth’s circumsolar ring (color image, adapted from
Dermott et al., 1994) with the trajectory of the Spitzer spacecraft overlaid (red). This
image is in a co-moving frame with the Earth fixed and Spitzer’s relative location
shown. The red filled circles show the location of the spacecraft at the beginning of
each calendar year from 2004 to 2008. The observations presented in this Letter
show the effect on the sky brightness as Spitzer passed through the Earth’s ring,
including the enhancement in density predicted to be trailing the Earth.

Fig. 2. The brightness of the North ecliptic pole measured at 8 lm wavelength as
measured by the Infrared Array Camera on Spitzer. The annual variation over this
5 year observing span is due to the inclination and eccentricity of the spacecraft’s
orbit with respect to that of the interplanetary dust cloud. The solid curve is a
sinusoidal fit to the data. Spitzer from Earth drifts approximately 0.12 AU per year,
and its distance behind Earth can be estimated from the horizontal axis as
0.03 + (days after 2004 January 1)/2976 AU.

Fig. 3. The residual variation of the sky brightness as seen by Spitzer, after
subtracting a sinusoidal fit to the annual variation as fitted in Fig. 2. The symbols
with error bars are the measurements. The solid curve is a simple Gaussian fit to the
data. The dashed curve is a prediction for a model cloud with no circumsolar ring, as
would be viewed from Spitzer and with annual sinusoid fitted and removed in the
same manner as was done for the observations. This null hypothesis is ruled out
with high confidence. The dotted curve is the prediction for the COBE/DIRBE model,
which includes an Earth-trailing cloud that is far wider (azimuthally), and located
closer to Earth, than the new Spitzer observations indicate.

Note / Icarus 209 (2010) 848–850 849

Fig. 2.— (left panel): Detection of Venus’ circumsolar ring (Jones et al. 2013). The red region is brighter
and at the expected location relative to Venus’ orbit (black dots). The goal of this project is to create
these images over many years, thus mapping out the entire Venusian ring. (right panel): Simulated image of
azimuthal structure in Earth’s circumsolar ring, the dark region behind the Earth’s location is the so-called
trailing blob (Dermott et al. 1994).
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17. Exploit spacing of Kepler planets to study planet masses

Supervisors: Quentin Kral, H31, email: qkral@ast.cam.ac.uk

Figure 1: Plot of the confirmed exoplanets with known radii (exoplanets.eu).

Background
The quest to discover more exoplanets led to the confirmation of almost 2000 exoplanets (exoplanets.

eu). Exoplanets are mainly discovered with two methods: 1) Radial velocity method, which measures
the wobbles of stars due to the presence of exoplanets and 2) The transit technique, which measures a
periodic dimming in stellar luminosity as the planets cross the stars. Kepler used this latter technique
to discover planets by measuring the brightness variations of more than 100,000 stars for 4 years. An
up-to-date plot of the confirmed exoplanets with known radii is presented on Fig. 1.

The Kepler mission has led to the discovery of an increasing number of multi-planet systems (almost
500 in total including all detection techniques). This number is big enough to start making some
comparison between the different systems and study them statistically to derive some general properties.
For instance, multi-planet systems seem to be coplanar (Johansen et al. 2012) and closely-packed (Fang
& Margot 2013).

Let us define the dimensionless orbital spacing Di for adjacent planets of semi-major axis ai: Di =
2ai+1−ai

ai+1+ai
. This number will vary between 0 and 2 and log(D) is plotted for observed planets on Fig. 2(a).

It seems well fitted with a gaussian function that peaks close to -0.3. Kepler systems seem indeed
closely-packed as it translates as ai+1

ai
∼ 1.7. Can these observed spacings give more information on the

planetary systems?
Indeed, there is a link to the dynamical stability of multi-planet systems. A planet observed in these

packed systems should be able to be stable on long timescales, which gives interesting information. The
orbital stability of closely-spaced planets have been studied analytically and numerically (Chambers et
al. 1996, Smith & Lissauer 2009). In the case of a two-planet system, the system is stable only if the
orbital spacing D is greater than K(µ3 )1/3, where µ is the sum of the two planet masses divided by the
stellar mass and K = 2

√
3. For more complicated cases where there are more than 2 planets, there

is no such analytical result but numerical studies start to give values (greater than 2
√

3) for different
planet masses and orbital spacings. Numerical simulations show that the link between planet spacing
and planet masses is chaotic, so is K, so that only a statistical study is possible. The distribution of K
is not simple and depends on the planetary architecture such as the number of planets, planet masses,
eccentricities, mutual inclinations...

The student will explore this K dependence in further detail through numerical simulations using 
state-of-the-art N-body simulations. The CPU power is now large enough to explore further the large 
parameter space and give the probability distribution function of K. Having done this work which 
gives valuable information on the stability of planetary systems, one can try to deduce what it infers

Andrew Shannon, H32, email: shannon@ast.cam.ac.uk 
Gerry Gilmore (UTO), H47, email: gil@ast.cam.ac.uk
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as for the planet mass distribution function. Given a system spacing and assuming a value for K, one
can deduce µ or the planet masses in a statistical way.

Planet masses are not known for Kepler planets and are usually worked out with a large uncertainty
with radial velocity technique as it depends on the sin(i), where i is the planet inclination in regards
of the line of sight. Moreover, results are biased as bigger planets close to their host star are more
easily detected (Fig. 2b). Having an independent method such as the one proposed here would be a
major advance. The knowledge of the planet mass function would give more accurate values as for the
abundance of planets such as our Earth and give greater insights on the planet formation processes.

Nature of the Project Work

Mathematical and numerical work.

* Understand exoplanet detections methods and which parameters they give access to. Understand the
possible link between the spacing of exoplanets and their masses through the K parameter.
* Run Mercury simulations (Chambers et al. 1999) to determine K for a wide parameter space (plan-
etary masses, eccentricities, orbital periods, ...)
* Give results of the simulations in a concise, neat way, that can be useful for planetary sciences
community.
* If enough time, use the results to deduce what it implies as for the planet mass distribution function.

References (the most important ones)

http://exoplanets.eu: The exoplanet database (almost 2000 planets referenced)
Fischer et al. 2015 (http://arxiv.org/abs/1505.06869) and http://planetquest.jpl.nasa.gov/
page/methods: Exoplanet detection methods
http://kepler.nasa.gov: Kepler mission
Malhotra, 2015, The mass distribution function of planets (http://arxiv.org/pdf/1502.05011v2.
pdf)
Smith & Lissauer, 2009, Orbital stability of systems of closely-spaced planets (http://www.sciencedirect.
com/science/article/pii/S0019103508004570)
Chambers et al. 1996, The stability of multi-planet systems (http://www.sciencedirect.com/science/
article/pii/S0019103596900196)

(a) (b)

Figure 2: Left: Distribution of orbital spacing in multi-planet systems for adjacent planets observed by
Kepler. Right: Distribution of exoplanet masses known as of Sept. 2014. Malhotra, 2015.
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18. An up-close view of black holes

Supervisors: Anne Lohfink, H55, email: alohfink@ast.cam.ac.uk
Michael Parker, H52, email: mlparker@ast.cam.ac.uk
Andy Fabian (UTO), H49, email: acf@ast.cam.ac.uk

Background

Black holes are the most extreme objects in the Universe. They come in two flavors,
some have masses close to ten times that of the Sun, while others have masses of a million
times that of the Sun or more. Despite being seemingly different (for example, the two
“types” can be found in very different environments) all astrophysical black holes are
fundamentally the same and can be described by two characteristics; their mass and their
angular momentum (also called spin). Accreting black holes make ideal study objects, as
they allow us to probe the immediate vicinity of the black hole and even the black hole
itself by studying the radiation produced there. For example supermassive black holes in
the centers of some galaxies are the most energetic sources of electromagnetic radiation in
the Universe. Due to their power, these sources are called active galactic nuclei (AGN).
Equally accreting lower mass black holes, the so-called X-ray binaries, emit are strong
emitters of radiation.

The origin of their electromagnetic radiation is complex, with many different pro-
cesses at work. Black holes produce X-rays when photons from the black hole’s accretion
disk, scatter off nearby hot electrons, increasing the photons’ energies up into the X-
ray range. These X-rays are referred to as the continuum emission. Some of these
X-rays then shine onto the disk and backscatter off it, producing the so-called reflection

spectrum. This reflection spectrum not only carries with it the fingerprint of the disk
material, but it is also distorted by gravitational effects in the immediate vicinity of
the black hole (Fig. 1). By comparing the measured reflection spectrum with a pre-
computed model spectrum, parameters such as the spin of the black hole can be deduced
(Fabian 2006, Longair 2011).

The wealth of information contained in the reflection spectrum makes it one of
the major research areas in X-ray astrophysics today. However, the information we
obtain from it can only be as good as the model spectrum we use. In recent years
improvements have been made to the atomic data used and the way the relativistic effects
are incorporated. One major issue however remains; the primary emission irradiating the
accretion disk and producing our observed reflection spectrum. In the most studied X-
ray band (2-10 keV) the primary continuum can be approximated as a simple power law
and this has also been assumed in the current generation of synthetic reflection spectra.
With the recently launched NuSTAR satellite the energy range has been expanded up
to 80 keV, where the continuum significantly deviates from a simple power law. The
expanded energy range therefore allows us to constrain the true continuum shape much
better. This raises the question whether we are now at the point where we need to
update our reflection models. To assess this we have computed new reflection models
with a more complex irradiating continuum.

Nature of the Project Work

The primary goal of this project is to investigate the effect of changing the irradiating
continuum on the key physical parameters such as the black hole spin. To do this we
will re-analyze the spectra of some accreting black holes that have NuSTAR data, which
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has been analyzed already with the old reflection models. This will allow us to directly
compare results, and give us an idea of how robust previous measurements are. An
example of the actual data used is shown in Figure 2.

Useful skills

* basic knowledge of Linux (how to work in a terminal)

* keen interest in Astronomy/Physics

References

Good introductory book: Longair, M. S, 2011, “High Energy Astrophysics”
An overview of the X-ray spectral components in AGN: Fabian, A.C., 2006, ESASP,
604, 463
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Figure 1: Sample ionized reflection spectrum (black) and one affected by relativistic
effects (red) as it can be found as a component of an black hole X-ray spectrum.
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Figure 2: Example of an observed X-ray spectrum from the supermassive black hole
Mrk 335 exhibiting strongly blurred ionized reflection.
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19. Volcanism on Extrasolar Planets
Supervisors: Nikku Madhusudhan, (UTO) H18, email: nmadhu@ast.cam.ac.uk

Recent advancements in astronomical observations are making it possible to detect thermal
emission and atmospheric features of a wide range of extrasolar planets (Madhusudhan et al.
2014). While observing atmospheres of small rocky exoplanets it is important to understand
the effects of their geological processes on their atmospheric compositions, both short-term and
long-term. In particular, volcanic activity in rocky planets can contribute significant short-term
variability in their atmospheric compositions as has been observed for terrestrial planets in the
solar system. Similar phenomena may also be observable in extrasolar planets (e.g. Kaltenegger
et al. 2011). Recently, we observed the first evidence of variability in thermal emission from
a super-Earth, 55 Cancri e, which could potentially be caused by intense volcanic activity on
the dayside of the planet (Demory et al. 2015). However, the planet is vastly different from
terrestrial planets in the solar system. 55 Cancri e has a mass of 8 Earth masses and a radius
of ∼2 Earth radii, and orbits a nearby sun-like star in an 18-hour tidally-locked orbit, implying
dayside temperatures in excess of 2000 K. There is currently no established wisdom on how
volcanism should operate on such extreme planets. Motivated by this case, the goal of the
present project is to investigate factors that govern volcanic activity on exoplanets.

The project will involve developing a model of a volcanic plume in a rocky planet of a given
interior composition and atmospheric structure. We will focus on a semi-analytic model moti-
vated by models of volcanic plumes in terrestrial planets in the solar system (e.g. Wood and
Bower 1995). The dependance of the plume properties on the planetary parameters will be
explored systematically. A literature survey will be conducted to identify key characteristics
of volcanism observed in the solar system and our model will be used to identify key features
that may be expected to be different in rocky exoplanets. The model will be used to interpret
existing data on 55 Cancri e discussed above as well as to predict signatures of volcanism on
other known exoplanets that may be observed with current and upcoming telescopes.

Prerequisites

Basic physics at part-I level is expected along with some background in basic fluid dynam-
ics. Experience in computational work is expected as the project will involve solving coupled
differential equations numerically. Basic knowledge of astronomy is preferable but not necessary.

References

1. Madhusudhan, N., Knutson, H., Fortney, J. J. & Barman, T. 2014, Exoplanetary Atmo-
spheres, Protostars and Planets VI, Henrik Beuther, Ralf S. Klessen, Cornelis P. Dulle-
mond, and Thomas Henning (eds.), University of Arizona Press, Tucson, p.739-762

2. Kaltenegger, L., Henning, W. G., & Sasselov, D. D. Detecting Volcanism on Extrasolar
Planets, 2010, The Astronomical Journal, 140, 1370

3. Demory, B-O., Gillon, M., Madhusudhan, N., & Queloz, D. Variability in the super-Earth
55 Cnc e, 2015, astro-ph arXiv:1505.00269

4. Woods, A. W. & Bower, S. M. 1995, The decompression of volcanic jets in a crater during
explosive volcanic eruptions, Earth and Planetary Science Letters, 131, 189
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20. Chemical Diversity of Rocky super-Earths

Observational surveys for discovering exoplanets are increasingly discovering low-mass planets
around nearby stars with the ultimate aim of discovering Earth analogs in nearby systems.
To date, masses and radii have already been measured for over 20 super-Earths, defined as
planets with masses between 1 and 10 Earth masses. There are no super-Earth analogs in
our solar system. Internal structure models of super-Earths (e.g. Baraffe et al. 2014) based
on present data suggest that super-Earths may span a wide range of possible compositions
from iron-rich super-Mercuries and molten lava planets, to water worlds with thick steamy
envelopes and carbon-rich planets. Knowledge of the mineralogy of super-Earth planets is
essential to understanding their interior structure, thermal behavior, and long-term evolution.
The mineralogy will depend on bulk composition as well as the pressures and temperatures of the
interior. Additionally, the surface temperatures of known super-Earths are expected to range
from 600 K to 3000 K, implying diverse mineral phases in their interiors. Beyond about 2000
K, the surface temperatures are above the melting temperatures of most rocks on Earth, and
thus may result in partially or fully molten surfaces and interiors. Cooler surface temperatures
allow for a brittle crust and potentially volatile-rich oceans and atmospheres. Thus there is a
rich diversity of chemical compositions and phases of materials to be expected in super-Earth
interiors.

The present project will investigate the range of mineral compositions and phases to be ex-
pected in rocky super-Earths based on two key parameters - temperature and bulk elemental
abundances. Firstly, we will build a planetary internal structure model (e.g. Madhusudhan et
al. 2012) to simulate rocky super-Earths of different compositions. The planets will be then be
subjected to a range of surface temperatures and the corresponding phases of minerals in their
interiors will be studied. Secondly, we will use a range of elemental abundances (e.g. of C, O,
Mg, Ca) that are observationally expected to be prevalent in rocky planetary environments to
investigate their implications on the mineral compositions and observable properties of rocky
exoplanets (e.g. Moriarty et al. 2014) .

Prerequisites

Basic physics at part-I level is expected. Experience in computational work is expected as
the project will involve solving coupled differential equations numerically. Basic knowledge of
astronomy and/or geosciences is preferable but not necessary.

References

1. Baraffe, I., Chabrier, G., Fortney, J., & Sotin, C. 2014, Planetary Internal Structures,
Protostars and Planets VI, Henrik Beuther, Ralf S. Klessen, Cornelis P. Dullemond, and
Thomas Henning (eds.), University of Arizona Press, Tucson, p.763-786

2. Moriarty, J., Madhusudhan, N., & Fischer, D. 2014, Chemistry in an Evolving Protoplan-
etary Disk: Effects on Terrestrial Planet Composition, The Astrophysical Journal, 787,
81

3. Madhusudhan, N., Lee, K. K. M., & Mousis, O. 2012, A Possible Carbon-rich Interior in
Super-Earth 55 Cancri e,, The Astrophysical Journal Letters, 759, L40

 Supervisors: Nikku Madhusudhan (UTO), H18, email: nmadhu@ast.cam.ac.uk
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21. Molecular curves of growth

Supervisors: Thomas Masseron, H34, email: tpm40@ast.cam.ac.uk
Gerry Gilmore (UTO), H47, email: gil@ast.cam.ac.uk

Background

The majority of existing stars are cool enough to form molecules in their atmosphere. With the
advance of large spectroscopic survey - including the Gaia satellite - several millions of those cool stars
are now spectroscopically observed. One of the major challenge that comes from these large amount of
data is to derive the physical properties out of the individual spectra (i.e. effective temperature, surface
gravity, and chemical composition). Because absorption features (so-called lines) in any spectrum are
all sensitive to those parameters but in a different way, the traditional technique to infer stellar physical
properties consists in studying the variation of lines strength against those parameters. These are called
curves of growth. Up to now, only atomic lines have been studied and used. Unfortunately, all cool stars
properties are currently poorly constrained because atomic lines are dominated by molecular features.
Nevertheless, a better understanding of the molecular spectroscopic signatures and a study of the
complex interplay between molecular equilibrium and molecular line formation in a stellar atmosphere
environment may allow the development of new techniques to decipher stellar properties.

Figure 1: Examples of stellar spectra with various molecular features.
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Nature of the Project Work

The project is mostly theoretical and consist in studying the curves of growth of some relevant molecules.

* Understand the equations and the approximations used to generate a stellar spectrum and more
specifically molecular lines.

* Compute synthetic spectra and obtain line strengths (also called equivalent widths). The code to
calculate stellar spectrum already exists and the candidate would have only to know how to run it and
how to vary the input parameters.

* Compare and study the behaviour of the strengths against various parameters.

* Discuss and suggest possibilities to recover stellar parameters from line strengths measurements.

References

The Observation and Analysis of Stellar Photospheres Gray, D.F., 3rd edition CUP
Molecular abundances in stellar atmospheres. , Tsuji, T, 1973, Astronomy & Astrophysics, 23, 411
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22. Constraining the chemistry the first stars of the Galaxy

Supervisor: Thomas Masseron, H34, email: tpm40@ast.cam.ac.uk

Gerry Gilmore (UTO), H47, email: gil@ast.cam.ac.uk
Background

Most of the first stars of the Galaxy and by extension the first stars of the Universe are now
extinguished and cannot be observed anymore. However, they have left distinct chemical imprints on
the few stars that survive since the beginning of the Universe (those are stars are relatively light with
less than 80% of the Sun mass and with a much uncluttered composition). Indeed, the observation and
the chemical analysis of those survivors offer a unique opportunity to study how the first stars were
although they have now disappeared. For example, one of the most surprising findings about those
stars reveal that a majority of them have a very high content of carbon. Actually, the most ancient
star known ( 13.5 billion years!) contains as much carbon as the young Sun (only 4.5 billion years
old), while all the other elements are 10000000 less abundant. To explain the origin of such chemical
peculiarities, the astronomers found two distinct origins of the progenitors: massive stars that exploded
as supernovae and giant stars that dump their material onto their companion. The challenge is now to
learn more details about those primordial progenitors through the study of other elements.

Figure 1: Artistic illustration of a giant star polluting its companion, leaving afterwards some distinct
chemical imprints.
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Nature of the Project Work

The project consists in trying to infer more properties of the first stars of the Galaxy by looking at the
chemical composition of their still alive companion. To do that, the basic concept implies gathering
elemental abundances of old stars, check in for any useful correlation and interpret it. Furthermore,
there is some flexibility concerning the way the project can be handled and any of the following suggested
list of possible things can be chosen:

* Collect abundance from literature

* Measure values from actual spectra

* Plot abundances

* Interpret correlations and compare to stellar models predictions
The project by nature requires relatively little use of computation but will lead the candidate to learn
about stellar physics and stellar spectroscopy.

References

Here is a link about the oldest star known:
http://www.independent.co.uk/news/science/oldest-known-star-in-the-universe-discovered-9118643.html
Here are the most relevant Pr. Pettini lecture notes for this project:
http://www.ast.cam.ac.uk/ pettini/STARS/Lecture06.pdf
http://www.ast.cam.ac.uk/ pettini/STARS/Lecture13.pdf
And here a more detail example of a study of old stars composition:
Masseron, T.; Johnson, J. A.; Plez, B.; van Eck, S.; Primas, F.; Goriely, S.; Jorissen, A., A holistic
approach to carbon-enhanced metal-poor stars, Astronomy & Astrophysics, 509, 93
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23. Shedding light on the dark:
Cross-correlation of the cosmic gamma-ray and microwave

backgrounds using Fermi-LAT and Planck data
Supervisors: Andrés Curto, K03, email: acurto@mrao.cam.ac.uk

Marina Migliaccio, K07, email: mm858@ast.cam.ac.uk

Background

In the past few decades, satellite missions have opened an exciting window to study cosmic
gamma-ray emission across the full-sky at increasing angular and energy resolution. The most
accurate maps of the gamma-ray sky to date are those produced by the NASA Fermi Large
Angular Telescope1. Launched in 2008, Fermi-LAT has been collecting millions of events within
an energy range of 20 − 3 × 105 MeV.
The full-sky gamma-ray maps have a complex morphology (see Figure 1), with evident and
dominant emissions from our own Galaxy and from compact extragalactic sources. They also
feature a fainter Diffuse Gamma-Ray Background (DGRB) whose origin and composition remain
unexplained, although various gamma-ray emitting sources have been proposed as contributors.
Examples are: blazars, star-forming galaxies, radio galaxies, gamma-ray bursts, and pulsars
among others [1]. More interestingly, part of the diffuse emission could even be contributed
by annihilating or decaying dark matter. On large scales the background appears isotropic,
whereas fluctuations (anisotropies) are present on small angular scales. The study of the angular
distribution of these anisotropies across the entire sky can shed light on its nature and origin [2].
Moreover, DGRB data trace the large-scale structures of the Universe over a large fraction of
the sky. Therefore, cross-correlating the anisotropies of the DGRB and the Cosmic Microwave
Background (CMB) radiation using data from Fermi-LAT and Planck2 one can, in principle,
detect the Integrated Sachs-Wolfe (ISW) effect (Sachs & Wolfe 1967) [3]. The ISW signature is
a direct proof of Dark Energy and it has been detected using different tracers of the large-scale
structure [4]. The cross-correlation analysis proposed here could provide a complementary piece
of evidence.

Nature of the Project Work

The purpose of this project is to analyse state of the art gamma-ray and microwave data from the
Fermi-LAT and Planck satellites in order to derive a characterisation of the angular distribution
of the anisotropies in the DGRB and to constrain the ISW signature.

The project will likely be divided into three phases.

1. Introduction to Fermi-LAT and Planck data. The student will then learn how to manipu-
late anisotropy maps projected onto the sphere using the HEALPix package3 in conjunc-
tion with IDL and Fortran programming languages.

2. Compute the two-point (auto- and cross-) correlation functions of the maps, also known
as power spectra, using a code (in Fortran) that we will provide and that is based on the
formalism described in [5].

3. Develop tools to compute the theoretical expectations for the ISW signal and compare
them to the power spectra obtained from the data.

Depending on progress, the work might be extended to include also cross-correlation analy-
ses with the Planck lensing reconstruction and galaxy surveys [6]. These would improve the
characterisation of the DGRB and the constraints on the ISW effect.

1http://fermi.gsfc.nasa.gov/
2www.cosmos.esa.int/web/planck
3http://healpix.jpl.nasa.gov/

Anthony Challinor (UTO), K02, email: adc1000@ast.cam.ac.uk
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Some programming and scripting skills, together with a basic knowledge of cosmology, would
be advantageous, but not essential.

References

[1] For a comprehensive review on the nature of the DGRB, refer to the following paper and
references therein: “The nature of the Diffuse Gamma-Ray Background”, Mattia Fornasa
and Miguel A. Sánchez-Conde (arXiv:1502.02866)

[2] “Anisotropies in the diffuse gamma-ray background measured by the Fermi LAT”, Fermi
LAT Collaboration and E. Komatsu, Physical Review D, 85, 083007, 2012 (arXiv:1202.2856)

[3] “A cross-correlation study of the Fermi-LAT gamma-ray diffuse extragalactic signal”, Xia
J-Q et al., MNRAS, 416, 2247-2264, 2011 (arXiv:1103.4861)

[4] “Planck 2015 results. XXI. The integrated Sachs-Wolfe effect”, Planck Collaboration,
(arXiv:1502.01595)

[5] “MASTER of the Cosmic Microwave Background Anisotropy Power Spectrum”, Hivon,
E. et al., ApJ, Vol 567, Issue 1, pp. 2-17, 2002 (arXiv:astro-ph/0105302); and “Myths
and truths concerning estimation of power spectra: the case for a hybrid estimator”,
Efstathiou, G., MNRAS, 349, 603-626, 2004 (arXiv:astro-ph/0307515)

[6] Optional references, only relevant for an extended project:
“Evidence of Cross-correlation between the CMB Lensing and the gamma-Ray Sky”,
Fornengo N. et al., ApJL, Vol 802, pp 6, 2005 (arXiv:1410.4997); and “Tomography of the
Fermi-LAT gamma-Ray Diffuse Extragalactic Signal via Cross Correlations with Galaxy
Catalogs”, Xia J-Q et al., ApJS, Vol 217, pp 27, 2015 (arXiv:1503.05918).

Figure 1: Maps of the gamma-ray intensity in four energy bins logarithmically spaced between 1 and
50 GeV. The maps are shown in Galactic coordinates and have been built using Fermi-LAT Pass 7 data
corresponding to the period 2008-2013.
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24. The fight between cooling and heating
in ellipticals, groups and clusters of galaxies

Supervisors: Ciro Pinto, office H56, email cpinto@ast.cam.ac.uk
Andy Fabian (UTO),  office H49, email acf@ast.cam.ac.uk

BACKGROUND

Clusters of galaxies are the largest gravitationally-bound individual objects in the Universe. The
vast majority of their baryonic mass is found in the form of hot 106-8 K gas, known as the intra-
cluster medium (ICM). The density of this gas strongly increases in the cores of the galaxies where
the radiative cooling time is less than 1 Gyr. Theoretical models predict large mass deposition of up
to 100s of solar masses per year in the cores of these objects. Such high values are not detected, in
particular  there  is  a  significant  lack  of  cool  gas  below 6  ·  106 K,  presumably  due  to  heating
produced by galaxy mergers, sloshing of gas within the gravitational field or most likely by the
tremendous amount of energy that is thrown by matter accreting on the supermassive (106-9 Msun)
black holes host in the centers of the galaxies. It is still under debate which of these scenarios is
most feasible, but possibly each of them is relevant at certain galactic or cluster scales. 

Figure 1: Chandra X-ray image of the Perseus cluster
with  low-pressure  expanding  regions,  in  purple,  filled
with relativistic particles from the outbursts of the central
supermassive  black  hole  (left).  XMM-Newton X-ray
spectra  of  clusters  showing  the  missing  cool  Fe  XVII
phase predicted by cooling flow models in green (right).

The recent discovery of cool (~ 2 mln K) gas by our group in a sample of giant elliptical galaxies,
which are found in clusters, opened up a new window to understand the cooling in these objects.
This was revealed by the detection of O VII emission lines in the high-resolution XMM-Newton
grating spectra (see Figure 2). So far, O VII is detected mostly in galaxies that also exhibit cooler (~
104 K gas) Hα visible Balmer emission and dust lanes. The comparison of the gas fractions from
106-8 K gas all  the way down to 104 K reveals the cooling – heating balance in these massive
astronomical objects, the energetic processes and therefore their evolution. An important property is
the gas turbulence, which is produced by jets from the active galactic nuclei (AGN feedback), by
galactic mergers and gas sloshing. It can be measured with the widths of the X-ray lines produced
by the hot  gas  and from suppression of  optically-thick lines.  The measurements  have shown a
general agreement between the energy stored in the turbulence, in the cavities of the hot gas, and the
cooling luminosity (see Figure 2), which suggests that AGN feedback is quenching cooling.
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Figure 2: AGN-driven-cavity power versus cooling luminosity with trends of work to inflate the cavities ( left).
Ratio between the upper-limits on the Mach numbers and the Mach numbers to balance cooling – assuming
heating by turbulence dissipation – versus the temperature (center). All objects may exhibit balance without strong
dependence on size (r500) and entropy (K0). XMM-Newton spectrum of NGC 1316 showing O VII lines (right).

NATURE OF THE PROJECT

We  need  a  systematic  comparison  of  all  the  properties  mentioned  above  in  a  large  sample:
turbulence, presence of cool phases, AGN radio jets, galactic mergers, and sloshing as well as other
physical characteristics such as metal abundances that are indicators of star formation in galaxies.
Different  supernovae  produce  indeed  different  elements  and  energetics.  This  project  has  the
ambitious goal to perform such a comparison and to address in each object of our rich sample of
ellipticals, groups and clusters of galaxies whether there is cooling – heating balance and its origin.

This work compares theoretical predictions and observations pleasing students interested in either 
theoretical aspects of astrophysics or observational techniques. It would be interesting to develop a 
theoretical model to determine hot gas turbulence in galaxies from the ratio between resonance 
optically-thick lines (affected by turbulence) and optically-thin (unaffected) lines. This can be done 
in IDL and C/bash-shell, which are our programming languages,  or in any other langugage 
preferred by the student.

We will constrain gas cooling by measuring gas masses below 107 K through the X-ray Fe XVII and
O VII lines, and the far-UV O VI lines (peaking at 5 · 105 K). O VII has never been detected in the
central  brightest  cluster  galaxies  (BCG),  but  we  will  use  a  new optimal  core-selection  region
successfully  tested  on  groups-dominant  galaxies  (see  Figure  2,  right).  This  work  will  use  the
advanced UV /  X-ray spectral  fitting  package SPEX which  is  optimal  for  plasmas  in  extreme
conditions and is very easy to learn as well as the reduction software for  Chandra (CIAO) and
XMM-Newton (XMM-SAS) data. The X-ray satellites data archive has exceptional, high quality
data  that  will  be  quickly  reduced  providing  well-exposed  spectra.  SPEX enables  an  advanced
modeling of the spectra to retrieve the mass deposition rates, the metal abundances, the turbulence,
the temperature structure and other important properties to compare with the nature of the sources
and the presence of heating phenomena like AGN radio jets, galactic mergers and sloshing.

USEFUL REFERENCES

- A review on heating of galaxies with AGN http://arxiv.org/abs/0709.2152 
- A review on cooling flows in clusters of galaxies http://adsabs.harvard.edu/abs/1994ARA%26A..32..277F
- A review on X-ray spectroscopy of galaxy clusters http://arxiv.org/abs/0907.4277
- My recent papers on O VII discovery in ellipticals http://arxiv.org/abs/1411.0709
  and turbulence constraints in ellipticals, groups and clusters of galaxies http://arxiv.org/abs/1501.01069
- A paper on resonant scattering theoretical modeling  http://arxiv.org/abs/astro-ph/0604575
- A paper on the cooling flow problem http://arxiv.org/pdf/astro-ph/0210662v1.pdf
- A paper on cavities dynamics in galaxy groups and clusters http://arxiv.org/pdf/1407.6614v1.pdf
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25. Chemo-dynamics of the Milky Way using the Gaia-ESO survey

Supervisors: Jason Sanders, H33, email: jls@ast.cam.ac.uk

Background Our Galaxy, the Milky Way, is a very typical star-forming galaxy. However, it is the only 
galaxy for which we can map out the full positions, velocities and compositions of many stars. In recent 
years, the advent of large-scale stellar spectroscopic surveys has allowed us to trace the chemical and 
kinematic structure of the Galaxy and the upcoming data from the Gaia satellite will complement this with 
a detailed 3D spatial map of one billion Milky Way stars. The Gaia-ESO survey [1] is a spectroscopic 
survey designed to complement Gaia and is in the process of observing ∼ 100000 stars. Its aim is to answer 
questions on the formation, history and present structure of the Milky Way.

The processes that control the formation and evolution of the Galaxy are complex. Stars are believed to 
form on near circular orbits in clusters within the Milky Way gas disc. They then undergo kinematic 
heating by the spiral arms in the Galaxy which scatter the stars on to more eccentric orbits and are 
scattered on to more vertically extended orbits by molecular clouds [2]. Additionally, the phenomenon of 
radial migration [3], whereby stars are scattered from circular orbit to circular orbit when they co-
rotate with a transient spiral, is believed to have a considerable impact on the current structure of the 
Galaxy. To probe these dynamical processes we need tags that tell us where a star has come from and 
these are provided by the abundances from spectroscopic surveys such as Gaia-ESO.

In order to understand this high-quality detailed data we need models of the Galaxy that we can 
compare with the data. One modelling approach is to begin by assuming the Galaxy is in dynamical 
equilibrium. This restricts the models to depend only on integrals of motion, or actions, through 
Jeans’ theorem. Sanders & Binney (2015) [4] presented extensions of dynamical models to include 
the dependence on the metallicity, [Fe/H], of the stars, and demonstrated how these models could be 
applied to data from the Geneva-Copenhagen survey and the SEGUE survey (see Fig. 1 for an example 
of a model and data comparison). Clearly, the next step is to apply these models to current data.
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Figure 1: 2D histograms in the planes (|z|, vφ), ([Fe/H], vφ) and ([Fe/H], |z|) – the coloured histogram
shows the Geneva Copenhagen survey data and the black logarithmically-spaced contours are for the
mock GCS catalogue drawn from the model of Sanders & Binney (2015). The red and gold lines give
the mean [Fe/H] in equal-width bins centred on the dots for the data and model (taken from Sanders
& Binney, 2015).

Nature of the Project Work The project would begin by becoming familiar with code to construct
chemo-dynamical models of the Galaxy. The bulk of the project would be producing a mock Gaia-ESO
sample from an extended distribution function by replicating the selection function of the survey. The
mock sample would then be compared with the data to understand the strengths and deficiencies of the
modelling. Additionally, the data will test the symmetry assumptions made in the modelling and the
assumption of dynamical equilibrium. Finally, the samples would be compared with other surveys such
as APOGEE, RAVE and SEGUE to understand whether all surveys are pointing towards the same
deficiencies of the models, or in fact there is some tension between the surveys.

Some familiarity with programming in C or Python, as well as an undergraduate level course in
dynamics, would be useful.

  Wyn Evans, H50, email: nwe@ast.cam.ac.uk
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26. Analytic models of galaxies with kinematically-decoupled cores

Background Early observations of the dynamics of galaxies suggested that many elliptical galaxies 
have a triaxial shape – that is, they are eight-fold symmetric. These conclucions were based on the 
observations that some galaxies exhibit isophotal twisting in the surface brightness distribution and 
others show velocity gradients along the observed minor axis [1]. More recently, some galaxies have been 
observed to host kinematically-decoupled cores, i.e. the centre of the galaxy is rotating in the opposite 
sense to the bulk of the galaxy (see Fig. 1. for an example galaxy with a kinematically-decoupled core). 
Such structures can result if the galaxy has recently experienced a merger, or if the galaxy is triaxial. In 
recent years, the advent of integral-field spectrographs such as SAURON or ATLAS-3D have produced 
detailed maps of the line-of-sight velocity distributions for large samples of local galaxies and revealed 
the rich range of kinematics galaxies can exhibit [2].

The modelling of triaxial galaxies has been largely restricted to constructing so-called Schwarzschild 
models [3]. In this modelling approach a dynamical model of the galaxy is constructed by integrating 
orbits and then taking a weighted sum to recover the target density. These models have exhibited 
many of the observed features of the data. An alternative approach to constructing dynamical models 
is to use a smooth function of integrals of motion, or action integrals. The actions are conserved 
quantities that one can use to sensibly label orbits. In a recent paper, Sanders & Evans (2015) [4] 
constructed several self-consistent triaxial models that are based on analytic functions of the action 
integrals and demonstrated that the models generically exhibited isophotal twisting (see Fig. 2 for 
an example model), but the diverse range of possible models one could construct with this approach 
remains unexplored.

Figure 1: Mean velocity and velocity disper-
sion of NGC 5813 with a clear kinematically-
decoupled core (from Krajnović et al., 2015).
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Figure 2: Triaxial galaxy model with isophote
twisting (from Sanders & Evans, 2015).

Nature of the Project Work The project will begin by becoming familiar with the construction
of dynamical galaxy models based on action integrals and with the procedure to make these models
self-consistent. The main element of the project would involve constructing triaxial galaxy models
that have kinematically-decoupled cores by modifying the analytic distribution functions used. This
should involve investigations into the range of possible features one can produce from the models by
varying both the intrinsic model properties as well as the angle at which we are viewing the galaxy.
Finally, if there is time, we can begin comparisons to data from ATLAS-3D of galaxies that have
kinematically-decoupled cores and attempt to reproduce the observed structure and kinematics.

Supervisors: Jason Sanders, H33, email: jls@ast.cam.ac.uk   
  Wyn Evans UTO), H50, email: nwe@ast.cam.ac.uk
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Some familiarity with programming in C or Python, as well as an undergraduate level course in 
dynamics, would be useful.
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27. Single Star Progenitors of Type Ia Supernovae

Supervisors: Christopher Tout (UTO), H61, email: cat@ast.cam.ac.uk
Robert Izzard, H36, email: rgi@ast.cam.ac.uk
Anna Żytkow, O32, email: anz@ast.cam.ac.uk

Background

Type Ia supernovae are characterized by spectra that show no hydrogen lines but strong silicon lines.
The nature of their progenitors has still not been established. Much evidence points to the explosion of
a cold carbon–oxygen white dwarf that ignites carbon at a mass of 1.38M⊙ owing to the high density
in its core as it approaches the Chandrasekhar mass. In the single degenerate model the white dwarf
accretes from a sub-giant companion that has filled its Roche lobe. In the double degenerate model the
massive white dwarf accretes or merges with another white dwarf. Both these models have observational
and theoretical problems that could rule them out if another model were to satisfy the constraints.

Carbon–oxygen white dwarfs form as the cores of asymptotic giant branch stars. The final stages of
their evolution is a competition between core growth by nuclear burning and mass loss in stellar winds.
For stars of solar metallicity, the expectation is that mass loss removes the envelope to leave the naked
carbon–oxygen core that then cools to a white dwarf of mass somewhat below that required to ignite the

carbon. However without mass loss even a 2 M⊙ star would grow a core to 1.38 M⊙ at which point carbon
would ignite degenerately and drive a thermonuclear explosion just as in a type Ia supernova except that the
hydrogen envelope would be apparent in the spectrum. At zero metallicity mass-loss rates are expected to
be somewhat lower and some evolution models predict a thermonuclear explosion often called a supernova of
type I.5. Thus we can imagine that at some metallicities and some mass-loss rates there is a fine balance 
between core growth and envelope loss that leads to degenerate carbon ignition and explosion just when so
little hydrogen envelope remains that it is no longer apparent in the supernova spectra.

Related Courses

Some knowledge of stellar evolution is essential. The part II course on Structure and Evolution of Stars
suffices but the part III course is desirable. The part III course on Binary Stars could be useful.

Nature of the Project Work

Mathematical and computational.

* Understand the evolution of AGB stars and construct a synthetic evolution algorithm that allows variation
of metallicity and mass-loss rates.

* Use this algorithm to determine the range of metallicities and mass-loss rates at which single stars might
end their lives as type Ia supernovae.

* Estimate what contribution such supernovae might make to the total SNe Ia rate.

* If time allows other possibilities can be investigated. For instance a star that loses its hydrogen envelope
very early on the AGB could go on to grow a degenerate carbon–oxygen core as a naked helium star.

References

Tout C. A., 2005, in Hameury J.-M., Lasota J.-P., eds, ASP Conf. Ser. Vol. 330, The Astrophysics of
Cataclysmic Variables and Related Objects. Astron. Soc. Pac., San Francisco, p. 279
Lau H. H. B., Stancliffe R. J., Tout C. A., 2008, MNRAS, 385, 301
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Figure 1: The type Ia supernova 1994D in the galaxy NGC 4526. Type Ia supernova are among the
brightest objects known, sometimes outshining their host galaxies. As calibrated standard candles they
can be used to measure the expansion of the Universe.
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28. Weighing Supermassive Black Holes in Local Active Galaxies

Supervisors: 
Dr. Ranjan Vasudevan, H55, ranjan@ast.cam.ac.uk 
Prof. A. C. Fabian, H49, acf@ast.cam.ac.uk
Dr. Anne Lohfink, H55, alohfink@ast.cam.ac.uk 

Background
Active Galactic  Nuclei  (AGN) are powered by accretion onto supermassive black holes

(SMBHs) of masses between 106-1010 solar masses.  The accretion disc around the black hole itself
emits thermally in the optical and UV band, but the most unambiguous signature of an accreting
SMBH is emission at high energy ('hard') X-ray wavelengths (> 10 keV).  For some AGN, this
optical,  UV  and  X-ray  emission  reaches  the  observer  directly,  and  such  AGN  are  called
'unobscured'.  However, many AGN exhibit some some amount of dust and gas in the line-of-sight
to the observer (a 'torus', see Fig. 1), which can absorb the intrinsic emission, preventing us from
seeing the primary or intrinsic emission in full ('obscured' AGN). However, the hard X-ray emission
is least affected by absorption and is evident in both unobscured and obscured AGN.  This project
employs an unbiased sample of AGN selected at hard X-ray energies (14-195keV), providing the
most representative picture of local active galaxies to-date.  

Figure  1:  The  central  engine  of  an  AGN,  under  the
standard 'unification model'. The torus (orange) plays a
huge role in determining the spectrum of emission seen in
a particular line of sight. Objects viewed with the line of
sight  not  passing  through  the  torus  see  the  primary
optical, UV and X-ray radiation from accretion onto the
black  hole,  whereas  lines  of  sight  passing  through  the
torus would see secondary, reprocessed infrared emission.
Figure adapted from Urry & Padovani (1995).

The accreting supermassive black hole at the centre of every galaxy is the powerhouse that must be
responsible  for  significantly  shaping  galaxy  evolution.   Evidence  for  this  includes  the  well-
established correlation between the black hole mass and the velocity dispersion of the stars in the
galactic bulge (Tremaine et al. 2002) and the observation of black holes in AGN having powerful
jets  that  can  blow  'bubbles'  in  the  gas  surrounding  the  galaxy.   It  is  therefore  important  to
determine exactly how much power the accretion process produces.   Determining this requires
careful and detailed collating of a range of multi-wavelength data, from infrared, optical, UV and
X-ray  wavelengths,  and  fitting  them  with  appropriate  models  to  disentangle  the  the  different
physical  processes  at  work.    The  black  hole  mass  is  a  vital  ingredient  in  determining  the
accretion power and understanding the balance between gravity and radiation pressure in active
galaxies. This key ingredient can be determined by measuring motions of material around the black
hole (e.g., Bentz et al. 2015) or by using established relations between host galaxy properties and
black hole mass (e.g., Graham 2007). 

Nature of Project Work
  This project aims to determine the black hole masses for a sample of 100 nearby AGN

(low-redshift,  z < 0.2), selected using the Swift/BAT instrument in the hard X-ray 14-195 keV
energy band, providing an excellent springboard for studies of the intrinsic AGN power.  The hard
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X-ray selection ensures that this sample is truly representative of local AGN and unbiased with
respect  to  absorption  and host  galaxy contamination.   Determining black  hole  masses  requires
careful consideration of the environment of the black holes themselves, and methods appropriate for
obscured AGN differ from those for unobscured AGN.  Black hole masses can be determined from
optical and infrared spectral data, a host of which already exists in the archives, and for this project,
the student will be involved in collating this data to calculate black hole masses.  Time permitting,
the student will also contribute to assembling these data in a compendium of broad-band spectra or
spectral energy distributions (SEDs, Elvis et al. 1994, Vasudevan et al. 2007, Fig. 2), allowing the
student to contribute to the understanding of the accretion disc emission and dust/gas enshrouding
in this representative AGN sample, which will prove very useful for future AGN studies.

The project will involve:
1) Familiarising oneself  with the  different data archives  available,  including infrared and
optical/UV data;
2) Using automatic methods and scripts to assemble these data for the 100 objects in the
sample, converting all data to uniform units/formats for further analysis;
3) Carefully determine the method appropriate for black hole mass determination for each
active galaxy by considering its environment;
4) Calculating black hole masses;
5) If time permits, assemble broad-band data to construct SEDs and fit physical accretion disc
models to the data using the black hole masses and SEDs.

This project is an observational data analysis project, involving programming and scripting.
Many of the existing scripts for this work are in Python, the preferred programming language for
this project for backwards compatibility, but skills in any appropriate scripting language would be
useful.

Figure  2:  A  typical  spectral  energy
distribution  for  an  AGN,  showing  infrared
(red points), optical/UV (in the blue box) and
X-ray (points on far-right, with model fitted
as well; solid line). This shows emission from
the  accretion  disc  (optical/UV),  corona  (X-
rays) and re-processed heat from dust (IR).
Much of  the  optical/UV/X-rays  is  shrouded
by dust.
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29. Understanding the evolution of AGN feedback in galaxy 
clusters out to high redshift using X-ray observations

Supervisor: Stephen Walker, H54, email: swalker@ast.cam.ac.uk
Co-Supervisor: Andy Fabian (UTO), H49, email: acf@ast.cam.ac.uk

Background

Galaxy clusters are the largest gravitationally bound and virialised structures in the universe,
whose hierarchical formation continues to the present day, as sub groups of galaxies merge together
and gas and dark matter continue to accrete onto them. They typically contain hundreds of galaxies,
but the majority of the baryonic mass lies in the intracluster medium (ICM), which is an optically
thin plasma formed from gas which has been heated to high temperatures as it has accreted onto
the cluster and fallen into its gravitational well.

The intracluster medium emits X-rays through thermal bremsstrahlung. The density of the ICM
increases in the cores of galaxy clusters, peaking at the central, brightest cluster galaxy (BCG).
Since the rate of bremsstrahlung scales as gas density squared, this increase in density reduces the
cooling time of the gas. In the very centres of clusters, the ICM cooling time is much shorter than
the age of the universe, meaning that we would expect large amounts of gas to be cooling from the
X-ray emitting phase, resulting in high rates of star formation of the order thousands of solar masses
per year and the formation of a ‘cooling flow’. One of the greatest puzzles in cluster astrophysics
is that the observed rates of star formation are much lower than this. This indicates that some
physical process is reheating gas in the centres of galaxy clusters, preventing the formation of a
cooling flow, and severely limiting star formation.

Figure 1: Left : Spectacular cavities at the centre of the nearby Perseus cluster (z=0.018) ob-
served with Chandra. Right : Possible cavities in high redshift clusters (z=1.209 and z=1.075) from
Hlavacek-Larrondo et al. (2014) shown as green ellipses. At high redshifts the reduction in data
quality makes it challenging to distinguish cavities from noise.

One of the main breakthroughs in understanding this puzzle has been provided by NASA’s
Chandra X-ray observatory. Chandra has discovered large cavities in the intracluster medium
surrounding the brightest cluster galaxies of many galaxy clusters. The spectacular cavities in the
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nearby Perseus cluster are shown in the left panel of Fig. 1 (Fabian et al. 2005). It is believed
that these cavities are the result of bubbles blown into the ICM by the relativistic jets from the
supermassive black hole lying at the centre of the BCG (the active galactic nucleus, AGN). This
phenomenon is called AGN feedback.

By measuring the volumes of these cavities, it is possible to work out the power deposited into
the ICM by the AGN feedback. Studies of low redshift clusters have found that this power is in
good agreement with the power needed to balance the cooling of the gas.

Recent studies (Hlavacek-Larrondo et al. 2014) have extended the search for cavities out to
high redshift (up to z = 1.2, where the universe was less than half its current age), to study the
evolution of the interplay between feedback and cooling through cosmic time. However as we move
to these more distant, higher redshift clusters, there is a decrease in data quality, as clusters become
fainter and extend smaller angles on the sky. This introduces challenges in identifying cavities from
the intrinsic noise of the data (see the right hand panel of Fig. 1).

Aim of Project

This project will explore how the detectability of cavities depends on a number of parameters;
namely the cluster distance, the physical size of the cavities, the depth of X-ray observations, and
the orientation of the cavities relative to out line of sight. The project will use an existing code
which simulates Chandra X-ray images of clusters with cavities.
The aim is to understand the limits of what the Chandra X-ray observatory can measure accu-
rately, which is important for accurately understanding the observational biases in surveys of AGN
feedback out to high redshift. This project will address many important questions, such as: What
is the maximum redshift out to which we can reliably detect cavities with Chandra? How long do
the observations need to be to detect these cavities? How reliably can we measure the volumes
of the cavities (and thus the energy deposited by AGN feedback), and how does this vary as a
function of cluster distance and observation exposure time?
This project will therefore provide important insights into the systematic biases that data quality
place on the detectability of cavities in clusters, and how accurately we can understand AGN
feedback through cosmic time.

Nature of the Project Work

This is an observational data analysis project involving the use of the IDL programming language
to simulate Chandra images using an existing, easy to use code. No prior programming knowledge
is necessary. An outline of the project is as follows:

* Use existing code to simulate Chandra images of clusters with cavities. Explore how the de-
tectability of these cavities varies with cluster redshift, cavity size and exposure time.

* Use the simulations to calculate the limits of AGN feedback measurements, and explore the
implications for designing future X-ray surveys of high redshift galaxy clusters.

* Explore how the angle to the line of sight of the cavities affects measurements of their volume.

* If time allows, explore how the point spread function of the telescope affects the sensitivity with
which cavities can be detected.

References
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30. Planetary Nebulae Revealed by Gaia: Dynamics and Luminosity Functions

Supervisor: Nicholas A Walton, H37, email: naw@ast.cam.ac.uk

Background:

Planetary Nebulae (PN) 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.

The ESA Gaia satellite was launched in December 2013. Over the 5 years of its nominal mission
it will map the positions, motions, and parallaxes (hence distances) to some 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.

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,
with the sampling points enabling a detailed view of extended structure. This is demonstrated by
early observations of the large PN NGC 6543, where the complex nebula is decomposed by Gaia into
thousands of individual mapping points. With nominal lifetime Gaia astrometry, it will be possible
to accurately map the evolution of the plane of sky expansion of NGC 6543 and from line of sight
velocities, the complex dynamical structure of the expanding nebula.

This project will investigate the potential of Gaia in mapping the complex dynamics of many
extended Galactic PN throughout the Milky Way. This will set precise limits on the expansion rates in
a representative sample of PN, thus lifetimes, and hence enable an accurate population study of Milky
Way PN to be constructed. In addition the project will initiate investigations concerning the number

of Milky Way PN central stars that will be observable by Gaia, along with estimations of the distance
errors that will be achieved for those detectable by Gaia. This will prepare for an analysis of how Gaia
will improve the overal estimation of the PN Luminosity Function (PNLF), based on properties of local
PN. This impacts on the use of PN as standard candles, and their use in providing a standard distance
technique applicable to both young (population 1) and old (population 2) galaxies.

Nature of the Project Work:

There will be two main strands to this work,

a) Internal Dynamics of Planetary Nebulae
i) Generate a catalogue of potential target planetary nebulae previously observed by the Hubble Space
Telescope, generating basic information concerning these nebulae, including sizes, degree of structure
within the nebula, estimated expansion velocities within the nebulae.
ii) Investigate likely proper motion estimates from 1st (summer 2016) and final Gaia data releases,
using HST imagery as the baseline images.
iii) Compare with models, for a small number of PN. Abell 78 to investigate impact on dynamics from
the possible ’born again’ central star. The Cats Eye nebula to investigate dynamical evolution.

b) Planetary Nebulae Luminosity Function
iv) Generate a catalogue of PN with central stars observable by Gaia
v) Estimate improvements to distance estimates for those PN
vi) Generate revised PNLF for Galactic PN, and revise overal PNLF calibration

Gerry Gilmore (UTO), H47, email: gil@ast.cam.ac.uk
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References:
a) 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
b) Science performance of Gaia: de Bruijne, 2012, Ap&SS, 341, 31
c) Garćıa-Dı́az et al., 2015, ApJ 798, 129
d) The Planetary Nebula Luminosity Function at the dawn of Gaia: Ciardullo, 2012, Ap&SS, 341, 151

Figure 1: HST image of the Cat’s Eye nebula taken with the ACS/WFC (integration time 1.2 h; north
is up and east is left). The scale of the image is ∼1 by ∼1 arcminute. Overlaid are the ∼84,000
Gaia detections that were made in this area from 25 July to 21 August 2014. This shows that Gaia
is able to detect not only stars but also high surface brightness filamentary structures. HST im-
age credit: NASA, ESA, HEIC, and The Hubble Heritage Team (STScI/AURA) Gaia image credit:
ESA/Gaia/DPAC/UB/IEEC
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31. Modelling aperiodic dips in Kepler light-curves as orbiting dust clumps

Supervisors: Mark Wyatt (UTO) H38, email: wyatt@ast.cam.ac.uk),     
Grant Kennedy (H36, email: gkennedy@ast.cam.ac.uk) 

Background 

Many extrasolar planets have been discovered by the transit method, wherein the repeated 
dimming of a star when the planet crosses in front of it is noticeable in the star’s light-curve. 
The Kepler mission has been particularly successful at discovering planets due its to high 
photometric accuracy. However, not all dimming events are caused by planets, and some are 
aperiodic, leading to questions about the nature of these events. One class of events seen 
around young stars that still possess protoplanetary disks are termed aperiodic dippers (e.g., 
Cody et al. 2014; see Fig. 1 left). The favoured interpretation is that the obscuration is caused 
by material very close to the star as it is being accreted (McGinnis et al. 2015). However, an 
alternative explanation is that the dips are caused by dust clumps embedded in the disks. The 
level of clumpiness of a protoplanetary disk is poorly constrained, and these observations 
could provide the first evidence for that disk structure which could have important 
implications for how planetesimals and planets form in the disks. 

This project will explore the hypothesis that the dips seen in K2 observations of young stars 
in Sco-Cen (see Fig. 1 left) are caused by orbiting dust clumps. Some basic constraints can be 
placed on the size of obscuring clump as a function of its distance from the star based on the 
duration of the dips (see Fig. 1 right). These would need to be applied to specific light-curves 
to set constraints for each system. The analysis should be extended to consider the possibility 
of clumps on highly eccentric (comet-like) orbits. A comparison should then be made with 
models for that clumpiness; e.g., Wyatt & Dent (2002) show how planetesimal belts are 
intrinsically clumpy, since clumps continually form then disperse following planetesimal 
collisions. Planetesimal formation simulations also predict gas-dust interactions result in a 
clumpy protoplanetary disk (Johansen et al. 2011; Carrera et al. 2015). 

Nature of the project 

The project would involve the analysis of light-curves, the development of analytical models 
and their application to the data, using programs written by the student (programming 
knowledge needed). Attending the Planetary System Dynamics course would be beneficial. 

References 

Carrera et al. 2015, A&A, 579, 43 
Cody et al. 2014, AJ, 147, 82 
Johansen et al. 2011, A&A, 529, 62 

McGinnis et al. 2015, A&A, 577, 11 
Wyatt & Dent 2002, MNRAS, 334, 589 
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Figure 1: (Left) Light-curves of 12 aperiodic dippers (Andsell et al., in prep.). (Right) 
Constraints on the radius of clump required to explain dips of a given duration, assuming 
circular Keplerian orbits around a 0.5Msun star. Lack of periodicity in the light-curve implies a 
clump’s orbital period is greater than 80days, and dips of 10% the stellar brightness also limit 
the minimum clump size. 

Part III/MASt Astrophysics 2015-2016 Version: 3rd October 2015

Project No. 31 Page No. 62



32. Conductivity of dense matter and stars with neutron cores

Supervisors: Anna N. Żytkow, E-mail: anz@ast.cam.ac.uk,

Christopher Tout (UTO), E-mail: cat@ast.cam.ac.uk

Background

Most stars generate energy in their very hot central regions. The energy is then radiated away from their
surface. This means that there must be a method of transfering energy through the stellar material. In
stellar interiors, energy transfer occurs predominantly by the diffusion of radiative energy or by convection.
However, in the core or in the vicinity of the core of evolved stars, the densities and temperatures of stellar
matter may be so extreme that heat conduction might become very efficient and dominate the energy transfer.
In particular, heat conduction may play an important role in the investigation of stars which have degenerate
electron cores or degenerate neutron cores.

Stars with neutron cores are structures comprised of a neutron core surrounded by a massive diffuse envelope.
These stars were originally theoretically modelled by Thorne and Żytkow and are known as Thorne–Żytkow
objects (TŻOs). The recent observational discovery of a good TŻO candidate in the Small Magellanic Cloud,
HV2112, makes the study of various aspects of these objects an exciting and topical subject. It is not certain
how TŻOs are formed. Thorne and Żytkow originally proposed either a failed supernova or a neutron star
accreting in a binary system.

The aim of the project is to establish whether in TŻOs, their inner region, which comprises a neutron star
and has density ̺ > 3 × 108 g cm−3, is indeed extremely well decoupled from the rest of such a star, if
one takes into account all the recent develpments in treatment of conduction. Only then, the inner region’s
structure and thermal evolution would be essentially the same as for an isolated neutron star. This means
that the powerful flux of energy generated in the vicinity of the neutron star by gravitational contraction
and/or thermonuclear burning is efficiently transferred to the stellar surface as opposed to into the neutron
core.

Nature of the Project Work

Mathematical and computational.

The project will involve a study of heat conduction in extreme stellar matter. To start with, a spherically
symmetric shell of material with a given temperature and density distribution as well as the assumed energy
generation rate should be studied. The most recent results regarding heat conduction should be incorporated.
There exists a program provided by Naoki Itoh, one of the leading people in the field, which should be adapted
for the purpose. An algorithm should be developed for the study of a range of temperatures and densities
in which heat conduction is important.

Analytic estimates of heat conduction on the structure of TŻOs should be made.

Subsequently, the heat conduction could be included into the stellar evolution program used in Cambridge
and examples of its relevance produced.

The results could form an important contribution and the aim is to publish the results in the MNRAS.

Some relevant papers:

Thorne, K.S. and Żytkow, A.N. 1977, ApJ 212, 832

Levesque, E.M., Massey, P., Żytkow, A.N., Morrell, N. 2014, MNRAS 443, L94

Itoh, N., Uchida, S., Sakamoto, Y., Kohyama, Y. 2008, Ap. J. 677. 495.

and references in the above papers

Part III/MASt Astrophysics 2015-2016 Version: 3rd October 2015

Project No. 32 Page No. 63



Artist’s impression of a TZO together with its spectrum.

The discovery of the first candidate TZO in the Small Magellanic Cloud.
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APPENDIX 

Part III Research Projects - 2015-16 

A compulsory element of the course is a substantial research project, extending over two terms. This 
is undertaken with the guidance of a supervisor from the Institute of Astronomy. The research 
project accounts for a third of the total marks available for the course. 

Each year the Institute produces a booklet containing descriptions of the individual projects 
available.  Each entry contains a brief description of the background to the project along with a 
summary of the type of work involved and several references to where more information can be 
obtained. Following the project descriptions, details of the timetable, format of the project write-ups 
and the criteria to be used in the assessment of the projects are included. 

Please read the University's guidelines on plagiarism. 

Project Timetable  

Michaelmas Term 

An orientation course (5 lectures) covering unix, the Institute of Astronomy Science Cluster, LaTeX 
(text-processing facility) and information resources available on-line commences on the first 
Monday of Michaelmas Full Term (12 October 2015). 

Choice of up to five projects, in rank order, should be handed to the Course Secretary by 4.30 pm on 
the second Friday of Michaelmas Full Term (16 October 2015). Students who do not supply rank-
ordered choices by the deadline will be allocated a project by the Project Coordinator. 

Notification of approval of project choice will be made by e-mail no later than the third Tuesday of 
Michaelmas Full Term (20 October 2015). The equivalent of 3 formal Supervisions will be offered by 
the Project Supervisor in the Michaelmas Term. 

An interim progress report, length no more than 1,000 words, bearing the signature(s) of the main 
supervisor(s) and second supervisor, must be handed to Judith Moss no later than the last day of 
Michaelmas Full Term (4 December  2015).  The report should be produced with LaTeX, or an 
equivalent text-processing package and may contain material that can be incorporated in the final 
project report. The interim report must indicate the progress made so far and show preliminary 
results. It should also give a clear indication of the project aims and a detailed plan of how these 
aims will be achieved. This is particularly important where the results of the project depend on data 
that has yet to be analysed. There is no need for the interim report to reiterate the material given in 
the Project Handbook. The interim reports do not constitute part of the formal assessment but are 
regarded as an essential part of the monitoring procedure. 
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Lent Term 

The equivalent of 3 formal Supervisions will be offered by the Project Supervisor. 

Practice oral presentations, consisting of a 20 minute talk followed by up to 10 minutes of questions, 
to an audience of Part III Astrophysics students, Project Supervisors and the Project Coordinator will 
be given on the last Thursday and Friday of Lent Term (10 and 11  March 2016). A final timetable for 
the presentations will be provided by e-mail during the previous week. The presentation is not 
formally assessed but offers the opportunity to become familiar with the format of the presentation, 
to be assessed by the Part III Examiners in the Easter Term. The Project Supervisor's attendance at 
the informal presentation and subsequent feedback constitutes the fourth and final, Supervision of 
the Lent Term. 

Easter Term 

A draft of the final project report, generated with LaTeX or an equivalent text-processing package, 
should be handed to the Project Supervisor no later than 13 April 2016. An eighth Supervision, to 
discuss the draft report, should take place no later than the first Tuesday of Easter Full Term (19 
April 2016). 

Two copies of the final project report must be handed, in person to the Course Secretary no later 
than 4.30 pm on the second Tuesday of Easter Full Term (26 April 2016). Late submissions must be 
submitted via your College Tutor with an accompanying letter of explanation from the Tutor. Your 
University Examination Number must NOT appear anywhere in the report or on the cover sheet. 

A formal, assessed, oral presentation to Part III Astrophysics Examiners will take place on the second  
Thursday or Friday of Easter Full Term (28 or 29 April 2016).  A final timetable for the presentations 
will be provided via e-mail during the previous week. The presentation should consist of a 20 minute 
description of the project with PowerPoint or equivalent on a laptop computer. The presentation 
will be followed by up to 10 minutes of questions. The Examiners will allocate approximately 15% of 
the total marks for the project on the basis of the presentation. The NST Part III Astrophysics 
Examiners meeting takes place on Tuesday 14 June 2016. 

Project reports may be collected from the Course Secretary after 9.00 am on Wednesday 15 June 
2016. 

Project Report Format and Content 

The report should read as a self-contained document, presented in the style of a scientific research 
report or paper in a scientific journal. The main sections of the report will describe the work 
undertaken, the results obtained and an assessment of their significance. An Abstract, Introduction, 
Conclusions and References should also be included. Supporting Figures and Tables should be used 
both as an aid in presenting data and results and also to enhance the clarity of the submission. In 
some circumstances an appendix containing more extensive tabular material/results may be 
included. 
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Reports should consist of a text of no more than 8,000 words, not counting Figures, Tables, Captions, 
References, Equations and any Appendices. The submission must be produced with LaTeX, or 
another text-processing package, with computer generated figures. You must include a declaration 
that the text does not exceed 8,000 words excluding Figures, Tables, Captions, References, 
Equations and any Appendices. Projects found to exceed this limit will be returned for shortening 
and a penalty will apply for late submission. 

The submission should be logically structured, clear and complete, while remaining concise. The 
reader should be able to understand the context in which the investigation was undertaken, the 
main features of the project, the results and how they relate to the advancement of the subject. In 
addition to the descriptive material, questions a report would be expected to address include, "Why 
were particular approaches adopted?" - back of the envelope calculations will often be helpful and 
relevant - "What has been learnt?" and "What information/work would have helped us to learn 
more?" 

It is a fundamental tenet of scientific research that due acknowledgment is given to the work and 
ideas of others that form the basis of, or are incorporated in, a research presentation. You must 
always acknowledge the source of an idea or material you use with a specific reference. Plagiarism, 
including the use of another individual's ideas, data or text, is regarded as an extremely serious 
disciplinary offence by the University: for further guidance on what constitutes plagiarism, see  
http://www.admin.cam.ac.uk/univ/plagiarism/.   It is a requirement that the project investigation 
and the project report are both the work of the candidate alone and no form of collaboration is 
allowed. 

Each report (two copies) must be accompanied by a cover sheet that should bear (1) the title of the 
project, (2) your name, (3) your college, (4) your home address and (5) a signed declaration that 
reads: 

    I declare that this project report represents work undertaken as part of the NST Part III 
Astrophysics Examination. It is the result of my own work and, includes nothing which was 
performed in collaboration. No part of the report has been submitted for any degree, diploma or any 
other qualification at any other university and it does not exceed 8000 words, excluding Figures, 
Tables, Captions, References, Equations and any Appendices.  I also declare that an electronic file 
containing this work has been sent by email (jm@ast.cam.ac.uk) on this date. 

    Signed................. 

    Date .................. 

 If you are in any doubt as to whether you can sign such a declaration you should consult the Part III 
Coordinator before submitting your report. In the event that your project report is not collected 
after the Examinations it will be sent to the address provided on the cover sheet. 
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